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The fundamental building blocks that constitute all matter — animate and
inanimate — interact on extremely small (sub-)atomic distances (1 A = 10™° m)

and timescales (1 fs = 107 s). Unravelling these ultrasmall as well as ultrafast
dynamics would not only expand our understanding of the fascinating
nanoworld but may also lay the groundwork for the development of innovative
nanotechnology.

Lightwave-driven scanning tunnelling microscopy (LW-STM) can be used to
observe and even control these elementary dynamics, which lie at the core of
all matter. This approach complements the remarkable atomic spatial
resolution achieved by conventional STM with a simultaneous ultrashort
temporal resolution by employing the fastest transient bias voltage nature has
to offer: the oscillating carrier wave of light. By coupling a light pulse, whose
duration is shorter than a single cycle, into the tunnelling junction, the
tunnelling window into a specific energy level can be selectively opened for
durations as shortas 100 fs.

Employing this sophisticated technique, we capture a nanomovie of the sub-
picosecond (1 ps = 108 s) coherent dynamics of a single-molecule rotator
upon the application of local ultrafast forces, demonstrating the coherent
control over a molecular switching reaction. Moreover, the exact shape of the
electromagnetic near-field waveform within the atomic-scale tunnelling
junction is traced quantitatively for the first time, paving the way for the
predictive design of nanophotonic structures.
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As all motion is intricately linked to changes in the energetic structure of a
system, we aimed to further elucidate nanoscopic phenomena by visualising
the temporal evolution of energy levels after ultrafast excitation. To this end,

we investigate an atomic vacancy within a tungsten-diselenide monolayer
using LW-STM. The first observation of shifts of localised energy levels at an.
atomic vacancy with combined Angstrém spatial, sub-picosecond temporal
and 10 meV energy resolution is demonstrated. .

'

’

g !unpélling
|

Finally, to enhance the capabilities of LW-STM, a cutting-edge setup
consisting of an improved STM scan head and a laser source operating at
higher repetition rates, field-strengths, and frequencies is introduced. The use
of mid-infrared frequencies allows for the temporal confinement of tunnellin
events to a window less than 10 fs wide. In combination with a tunable source
of ultrashort visible pulses, this novel setup will allow for the real-space
investigation of intramolecular vibrations, electronic motion, and the complex
interaction of various degrees of freedom.
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Cover: Artistic visualisation of a sub-cycle light pulse (left) impinging on
a tunnelling junction between a tungsten tip (black spheres) and a single-
molecule rotator (magnesium-phthalocyanine) adsorbed on a sodium-chloride

lattice (bright spheres).
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Chapter

Tracking the building blocks of condensed

matter with ultrafast nanoscopy

“Dass ich erkenne, was die Welt

Im Innersten zusammenhdalt.”

“That I may grasp forevermore
What binds all matter at its core.”
(loose translation)
Faust, Part I (1808), Johann Wolfgang von Goethe

In the early 19 century, Goethe’s Faust was not the first yet would not be the last
persona to muse about the inner workings of the world around us. Already in ancient
Greece, great philosophers like Leucippus pondered such fundamental questions, and
humanity’s persistent endeavour to understand the elementary building blocks of
matter has only grown with the technological advancement of recent times. To sat-
isfy this inherent curiosity of mankind as well as to continuously drive innovation
in quantum-, nano- and biotechnologies, we need to find ways to delve ever deeper
into the nanocosmos. This pursuit of innovation besides pure curiosity is motivated
by the desire to revolutionise the fields of nano- and life sciences and unlock new
possibilities in areas such as electronics, quantum information processing, chemical
reaction control, photovoltaics, optogenetics, molecular nanotechnology, and beyond.

In the 19*" and 20*" centuries, the concept of atoms, molecules, and electrons, which
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had so far been only the subject of philosophical speculation, was finally backed with
experimental evidence [Dal08, Avoll, Tho01] and became the prime description of
all matter — both living and non-living — around us. Direct visualisation of these
elementary building blocks became a reality only much later due to their minuscule
size in the range of 100 pm (1pm = 107!2m) to nanometres (1 nm = 10~ m). Facili-
tated by its resolution on the order of tens of nanometres, high-resolution microscopy
(Nobel Prizes in Physics in 1986 [Nob86| as well as Chemistry in 2014 [Nob14] and
2017 [Nobl7]) has allowed researchers a glance into this whole new world that is
dictated by aspects of both classical and quantum science. Using a plethora of scan-
ning probe techniques such as scanning tunnelling microscopy (STM) or atomic force
microscopy (AFM), the exploration of structures on even smaller length scales of sin-
gle atoms — typically defined as around one Angstrém (1A = 107m) — was made
possible. This investigation of local physical properties at the nanoscale helps in
disentangling the various (and often competing) effects that influence the electronic,
optical, and geometric properties of materials.

However, the microscopic world is never static but inherently dynamic, and it is the
dynamics that govern most phenomena. Energy is unceasingly exchanged between
different subsystems or modes, atomic nuclei vibrate, electronic ordering arises and
disappears, charge carriers relocate and bind to each other, and more. Thus, to answer
the pressing questions of modern science, from unlocking the potential of quantum
materials to controlling biochemical reactions, it is crucial to directly observe the
intricate interplay between the nanoscale building blocks of matter with high spatial,
temporal, and potentially even energy resolution. Yet, this task is incredibly demand-
ing as these elementary processes unfold within femtoseconds (1fs = 107 s) or even
attoseconds (1as = 1071%s). Watching molecules move and react with one another
has been a fantasy of natural scientists since the concept of these tiny fundamental
objects of matter was postulated by Greek philosophers such as Leucippus and his
disciple Democritus [Lae53]. Thus, the development of innovative approaches that
enable the simultaneous resolution of ultrashort time as well as length scales stands
as one of the pivotal scientific and technological challenges of our time.

Since more than 50 years, researchers in the field of ultrashort laser physics have
continuously pursued the generation of ever shorter laser pulses. The invention of the

titanium:sapphire laser, initially emitting nanosecond pulses [Mou82], significantly



advanced the field. Nowadays, high-power lasers with picosecond, femtosecond, and
even attosecond pulse durations are available [Kra09]. Employing such ultrashort
pulses for the study of condensed matter has allowed for numerous intriguing achieve-
ments, including the extraction of time-dependent dielectric functions with ultrafast
temporal resolution [Eisl4] and the driving of coherent interband polarisation in
semiconductors [Sch14].

Yet, the spot size, to which one can focus light and thus is able to extract information
on the local properties of the sample, is limited by the diffraction limit of half the
wavelength of the utilised radiation. First formulated by Ernst Abbe [Abb73], this
principle limits the spatial resolution in ultrafast far-field photonics to at best a few
tens of nanometres even when using the short wavelengths of extreme ultraviolet
light. Thus, the fascinating nanoscale variations in physical properties and their
underlying origins cannot be resolved in purely laser-based microscopy.

In parallel to the advent of ultrafast laser physics, the field of scanning probe mi-
croscopy has become the standard approach for the investigation of nanoscopic and
atom-sized variations in the topography and electronic properties of various sample
surfaces. However, these techniques were limited by the bandwidth of the electronics
used — typically in the gigahertz range —, resulting in a temporal resolution in the
nanosecond regime at best [Lot10].

Thus, the reconciliation of the seemingly conflicting goals of ultrafast temporal pre-
cision and sub-nanometre spatial resolution to ultimately capture actual “movies
from the nanoworld” [Pepl7] requires us to simultaneously harness the advantages
of multiple cutting-edge fields.

After more than 50 years of development in the two fields, femtosecond optics and
scanning probe microscopy, the combination of their highest temporal and spatial
resolution has only recently become attainable [Coc16]. State-of-the-art techniques
such as lightwave scanning tunnelling microscopy (LW-STM), ultrafast scanning-type
near-field optical microscopy (U-SNOM) [Eis14], ultrafast atomic force microscopy
(U-AFM) [Sch17b], and ultrafast transmission electron microscopy (U-TEM) [Feil7]
have paved the way for achieving unprecedented simultaneous spatial and temporal
resolutions (see Fig. 1.1). However, simultaneous atomic (sub-Angstrém) spatial reso-
lution and 10 fs temporal resolution has not been achieved with these methods so far.

Among the existing techniques, U-SNOM and LW-STM stand out particularly, hav-
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Figure 1.1 | Ultrafast nanoscopy tech- 100 nmy
niques. Existing state-of-the-art ultrafast
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ing enabled spatio-temporal resolutions of 10nm/10 fs [Eis14] and 1A /100 fs [Cocl16],
respectively. Thus, they hold immense potential for pushing the boundaries towards a
simultaneous spatio-temporal resolution better than 1 A and 10fs, possibly enabling
the observation of intramolecular vibrations as well as single-electron motion within
solids and individual molecules. By employing such innovative ultrafast nanoscopy
techniques, glimpses into the ultrafast microscopic dynamics could potentially be
made a reality. Thanks to these advanced approaches, we now are on the brink of
unravelling the fundamental interactions that bind our world together — a feat that
would surely impress luminaries like Faust, Leucippus, and Democritus.

Presenting the intriguing insights achieved using sophisticated nanoscopy experimen-
tal designs, the thesis at hand is structured in the following way: In Chapter 2,
I will introduce the underlying concepts of STM and single-orbital imaging (sec. 2.1),
before elaborating on the recent breakthroughs in state-of-the-art LW-STM systems
(sec. 2.2). An innovative approach confining state-selective tunnelling to femtosecond
timescales allowed for the capturing of the first ultrafast movie of the dynamics
occurring in the quantum world after transfer of a single electron from the highest
occupied state of a molecule into the STM tip (sec. 2.3).

Moreover, tunnelling in the opposite direction is possible as well. I will demonstrate
how a molecular switch could be toggled from one geometry into another by injection

of a single electron into a specific empty state (sec. 2.4). As ultrafast light-matter



interaction not only depends on the pulse duration and field strength but the ex-
act waveform used, precisely mapping out the temporal evolution of electric field
transients is of utmost importance. So far, reading out the oscillating electric near
field within nanoscale structures has been highly challenging. 1 will present the
first quantitative extraction of near-field transients within the Angstrom-sized tip-
sample junction utilising the molecular switch introduced in the previous section as
a nanoscopic voltage gauge (sec. 2.5). Furthermore, apart from single-electron injec-
tion or extraction, the ultrafast bias pulses were also used to directly and selectively
control single-molecule dynamics via femtosecond atomic forces [Pel20b] (sec. 2.6).

The access to the nanocosmos offered by LW-STM due to its femtosecond, single-
electron, state-selective control on atomic length scales raises the question whether
this technique can be used to probe remnants of quantum behaviour: As I will dis-
cuss in section 2.7, it could indeed be possible to engineer non-classical librational
quantum motion of a single molecule oscillator using femtosecond forces and probe
its dynamics with single-electron tunnelling within LW-STM.

Motion of the atomic nuclei does not only occur in molecular systems but also in
more extended crystalline structures, as will be closely elaborated on in Chapter 3.
The ubiquitous collective vibrations in solids known as phonons strongly influence
the physical properties of a material. Here, I focus on an atomically-thin tungsten
diselenide monolayer. First, the material class will be introduced in section 3.1. Sub-
sequently, I will present our capability to excite a vertical phonon mode whose effect
on the monolayer was investigated with sub-picosecond resolution. As the evidence
will indicate, strong local differences in oscillation behaviour arise when the peri-
odicity of the crystal lattice is disrupted by a single missing atom in the upper
selenium sheet of the monolayer (sec. 3.2). Numerical calculations reveal a vertical
phonon mode as a possible explanation for these variations (sec. 3.3). Extending
the capabilities of LW-STM to ultrafast time-resolved lightwave-driven spectroscopy
allows us to investigate changes of the local density of states of nanoscopic entities
(sec. 3.4). Specifically, we found that the defect levels arising at the location of a
selenium vacancy strongly shift in energy on sub-picosecond timescales following an
excitation pulse (sec. 3.5). Possible origins of these shifts lie in changes of intralayer
distances and image charge effects (sec. 3.6). Besides investigating the dynamics

excited by a terahertz pulse, moving towards higher energy photons in the visible
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regime is highly appealing. In section 3.7, I will present our preliminary results of
optically pumped mono- and bilayer tungsten diselenide samples and the effect on
the tunnelling current.

For the visualisation of processes such as intramolecular vibrations or charge car-
rier dynamics, reaching a time resolution on the few to ten femtoseconds range is
imperative. In Chapter 4, I will showcase the concept and realisation of a mid-
infrared-driven STM, which is predicted to achieve a remarkable 6 fs temporal reso-
lution by increasing the centre frequency of the employed laser pulses from 1 THz to
25THz. A thorough description of the intricate optical setup including high-power
laser amplifier (sec. 4.1), spectral broadening scheme (sec. 4.2), and nonlinear opti-
cal conversion processes (sec. 4.3) to create suitable ultrashort pulses is provided.
Within a Michelson interferometer setup, pairs of mid-infrared pulses, which can be
individually tuned and delayed with respect to one another, are created, allowing for
pump-probe experiments (sec. 4.4). The response of a material to an external optical
stimulus depends on the pulse energy as well as the pulse duration and frequency
used. To facilitate a broad range of excitation mechanisms, several different sources
of laser pulses are set up. I will introduce how we create ultrashort pulses from
the mid-infrared to the visible spectral region (sec. 4.5), building on a near-infrared
laser amplifier. From the experience and knowledge collected in the first-generation
LW-STM, further improvements to the STM scan head were implemented, which
are briefly outlined in section 4.6.

In Chapter 5, our recent successes in visualising and controlling vibrational dynam-
ics of nanoscopic entities using a state-of-the-art LW-STM using terahertz pulses as
ultrashort transient bias are summarised. Moreover, I will provide an outlook on the
wide range of possible interesting sample systems and physics that can be explored

utilising the remarkable spatio-temporal resolution the new LW-STM has to offer.



Chapter

Lightwave-driven scanning tunnelling

MIiCroscopy

The development of scanning tunnelling microscopy (STM) by Gerd Binnig and co-
workers in 1981 has ushered in a new era in nanoscience [Bin82], offering a powerful
tool to investigate the electronic properties of nanostructures at the atomic level —
meaning length scales in the nanometre and Angstrom range. This unprecedented
spatial resolution revolutionised the fields of surface science and engineering, as it
enables the imaging of individual atoms, which was once deemed to be a mere dream.
Beyond observation, STM also permits the direct manipulation of nanoscale objects
with sub-Angstrém precision, leading to the creation of artificial structures and
atoms with novel and intriguing electronic properties [Cro93, Hei02, Str04, Sti21].
To that end, an enormous amount of research and technological developments have
been reported over the years, testing various schemes for ultrafast control of the
tunnelling process in an effort to enhance the time resolution of STM. One such
approach involves the use of ultrashort laser pulses in the terahertz (THz) domain
focused onto the tip-sample junction. These pulses generate a rapidly oscillating
electric field within the tunnelling gap, acting as an ultrafast bias voltage that drives
electron tunnelling currents across the junction. In a seminal experiment conducted
by Cocker et al. [Coc13] in 2013, the effectiveness of this approach was demonstrated.
The authors used this technique to investigate semiconductor nanodots with a spa-

tial resolution of 2nm by driving currents of a few thousand electrons across the
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tunnelling junction with a time resolution as short as 500 fs. Replacing an arbitrary
nonlinearity in the current-bias characteristic (I-V curve) of the junction with state-
selective tunnelling, only three years later, researchers recorded the first femtosecond
movie of a single molecule excited by extracting a single electron from its highest oc-
cupied molecular orbital (HOMO) [Cocl16]. This groundbreaking work demonstrated
single-electron tunnelling into a select molecular orbital with combined atomic spatial
and 100 fs temporal resolution. It led to a paradigm shift, offering even more precise
handles on the tunnelling current.

Over the last decade, numerous high-ranking studies followed up with ultrafast
atomic-scale imaging and even control in STM, revolutionising our perspective of
the nanocosmos [Yos16, Jell7, Yos19, Pel20b, Yos21, Amm21, She22]. The devel-
opment of suitable laser sources and their characterisation in the near field has
made considerable progress, allowing for an even more precise control of LW-driven
currents [Miil20, Pel21, Abd21, Ara22b, Ara22a]. Furthermore, significant compu-
tational advancements have made it possible to model ultrafast tunnelling currents
more accurately [Luo20, Amm22].

Only through the combination of two state-of-the-art systems — a high-resolution
scanning probe microscope and an elaborate ultrafast photonics setup —, these exper-
iments and the invaluable insights they provide were made a reality. The following
sections offer an introduction into the prerequisites and mode of operation of our
cutting-edge LW-STM setup by initially introducing conventional all-electronic scan-

ning tunnelling microscopy.

2.1 Introduction to conventional scanning

tunnelling microscopy techniques

The core part of an STM is its tunnelling circuit, consisting of a probe tip in tunnelling
contact with a conductive sample, a current amplifier, and a voltage source. Figure 2.1
provides a schematic illustration of the basic idea. A tapered metallic wire of a few
hundred microns in diameter is placed in close proximity to a conductive sample.
The vacuum junction can be conceived as a potential barrier, which prevents direct

electron flow between the two electrodes (tip and sample). Due to the quantum
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Figure 2.1|Atomic resolution in
STM. a, A schematic diagram of an STM
measuring circuit is depicted. Applying a
bias voltage V between tip and sample,
which are in close proximity to each other,
leads to a tunnelling current I. b, In a
close-up sketch of the tunnelling junction,
atoms of the tip and the sample are repre-
sented as grey and yellow spheres, respec-
tively. The tunnelling probability for elec-
trons critically depends on the topogra-
phy and electronic structure of the sample.

¢, Recording the tunnelling current I as sample / I m

the tip position x varies, atom-scale fea- X
tures of the sample surface are detected.

mechanical tunnel effect, there is, nonetheless, a non-zero probability for an electron
to pass the barrier. A voltage applied across the junction induces a measurable
tunnelling current between apex and sample atoms (Fig. 2.1b). In the most simplistic
view, the measured current encodes the tip-sample separation due to the strong
dependence of the tunnelling probability on the thickness of the potential barrier.
Scanning the tip across the sample by means of a piezo-driven stage provides insights
on the topography of the sample.

Importantly, for the most stable and noiseless operation of an STM, working in
an ultrahigh vacuum (UHV) below 1071 mbar and at cryogenic temperatures is of
paramount importance. Cooling the STM scan head by means of liquefied nitrogen
and helium to below 8 K reduces all thermal motion to allow for a much more
precise measurement. Moreover, working at cryogenic temperatures, the distribution
of electrons within the electrodes (tip and sample) becomes particularly simple.
While at a finite temperature, the electron distribution is given by the Fermi-Dirac

distribution — a function of energy € and temperature 7

50 =(1+en(TH)) 1)

with the Fermi energy Er and the Boltzmann constant kg, at 0 K this function sim-

plifies to a step function. This means that all states up to Ep are filled and all above
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remain unoccupied. In Fig. 2.2a, the dark grey filled areas mark the filled states
in the tip and the sample, respectively. The work function, denoted as ®; (®y), is
necessary to promote an electron from the tip (sample) into the vacuum (see Fig. 2.2,
light grey areas).

Applying a bias voltage V across the junction (see Fig. 2.2b), the filled states of
the sample are lowered in energy by elementary charge e times V| leading to the
distribution f(E—eV') displayed in Fig. 2.2b. The energy landscape is tilted, allowing
electrons to tunnel from filled tip states into unoccupied sample states in spite of
possessing less energy than the work function of the tip ®;. For higher-lying filled tip
states the effective barrier height is lower, leading to a larger tunnelling probability
than for lower-lying states as indicated by the thickness of the horizontal arrows.
The probability for an electron to tunnel through the vacuum between the two
electrodes depends on the density of occupied and free energy states as well as on
a complex interaction of the quantum mechanical wave functions of tip and sam-
ple. A theoretical description employing reasonable simplifications for the tunnelling
probability was developed by Bardeen [Bar61] using a time-dependent perturba-
tion approach. This model has become the most widely applied theoretical method
for studying the metal-insulator-metal, i.e., tip-vacuum-sample, tunnelling junction.
Within this theoretical framework, the interaction between tip and sample is consid-
ered weak and therefore negligible. Thus, using a separation approach, the stationary
Schrodinger equation can be solved for the two subsystems separately. The probabil-
ity for electron transfer is then given by the wave-function overlap, encoded in the
tunnelling matrix element M [Dir27]. The total tunnelling current under biasing is

obtained by integration over all energies:

4me [

1) == [~ de(f(EFfquLc)f f(EF+6)>~pS(EFfeV+e)-pL(EF+e)-|M|2 (2.2)

The parameters h, ps, and p; denote the reduced Planck’s constant and the local
density of states (LDOS) of sample and tip, respectively. For cryogenic temperatures,
where the Fermi distribution f(e) can be approximated by a step function, the
calculation is simplified to:

4

o eV
(V)= ;/U deps(EBr — eV +€) - po(Ep + €) - | MJ? (2.3)

10
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Figure 2.2 | Potential energy diagram.
The schematic energy diagram of the tun-
nelling junction illustrates that the tip
and the sample are separated by vacuum
forming a potential barrier of thickness d.
a, Without an applied bias voltage and at
a temperature of 0 K, the states in tip and
sample (dark grey areas) are filled up to
the Fermi energy Ep. The work functions
of tip and sample are abbreviated as &
and g, respectively. b, Applying a bias
voltage to the sample shifts the sample
energy, tilting the potential landscape by
|eV|. This opens up a window for electrons
to tunnel from filled tip states into unoccu-
pied sample states (wave function sketched
in red). The horizontal arrows of varying
thickness indicate the variations in tun-
nelling probability based on the different
barrier heights experienced by electrons at
different energy levels.

E:

(0% @,
tip vacuum | sample
z
h
D | e
- (Ds
B eV
Y
tip vacuum | sample
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Spatial resolution in scanning tunnelling microscopy. If the bias voltage is

kept constant while scanning over the sample, both changes in the LDOS of the

sample and the wave-function overlap influence the measured tunnelling current.

Using simplifications such as assuming a spherical s-type tip-wave function, low bias

voltages, low temperatures, and dominating tunnelling contributions from electrons

close to the Fermi energy of the tip, Tersoff and Hamann [Ter83, Ter85] and sub-

sequently Lang et al. [Lan86] were able to show that the tunnelling current can be

rewritten as:

eV
I(V) x /0 deps(Er — €V +¢€) - py(Er + €) - exp(—2kd)

(2.4)

11
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with the exponential decay constant:

K= (2.5)

2Me <<I>t + <I>s>
h? 2

As the work functions of tip and sample enter the decay constant, STM operation
possesses a strong material sensitivity. Moreover, due to the exponential dependence
of the current on the separation d between tip and sample, STM is able to provide
supreme sub—Angstrém spatial resolution.

Energy resolution in scanning tunnelling spectroscopy. Keeping the tip
stationary (d = const.), equation 2.4 can be simplified to:

(V) x /OCV ps(Er — eV + €)pi(Er + €)de (2.6)

Hence, measuring the tunnelling current as a function of the bias voltage provides
insights into the electronic properties of the junction. This measurement scheme,
called scanning tunnelling spectroscopy (STS), is able to resolve the local differential
conductance of the tip-sample junction. Utilising a metallic tip with an approximately

constant density of states, the LDOS of the sample can be extracted in STS as:

dI
v & ps(Er —€V) (2.7

This spectroscopic capability of STM allows for the visualisation of how the energy

levels of atoms, molecules, or crystals vary in real-space with atom-scale precision.

State-selective tunnelling in scanning tunnelling microscopy. Atoms and
molecules constitute the building blocks of all matter, not only of any (inorganic)
material in the inanimate world but also of all compounds and tissues relevant for
chemistry, biology, and medicine. It is therefore of utmost interest to investigate the
dynamics of small single molecules, oligomers, and more complex aggregates to shed
light on the elementary processes happening all around us in everyday life. Specif-
ically, one large and highly relevant field of interest centres around (bio-)chemical
reactions. The examination of reactions by real-time videographic imaging and poten-

tially even a targeted manipulation would provide tremendous potential for various
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2.1 Introduction to conventional scanning tunnelling microscopy techniques

Figure 2.3 | Non-resonant vs. sequen- 2 Non-resonant cotunnelling
tial tunnelling through a single E4q

molecular orbital. A schematic of the S~

energy landscape of an STM tunnelling V<< Viwo
junction is depicted. A molecule (m) with —

filled (black line with two blue spheres) . "

and unoccupied (bare red line) orbitals is - ~
positioned between the tip (t) and the sub-

strate (s). a, By applying a small bias volt- t m S

age V between the tip and the substrate, >
the tip potential is increased relative to the b

sample’s Fermi energy. As a result, a net Sequential LUMO tunnelling
electron flow directly from the tip to the Ea

substrate is initiated (black arrow). b, At \\

specific voltages, when the Fermi energy of ; V= Viwo
the tip aligns with the energy of a molecu- RS N S W

lar orbital (here, LUMO, red line), tempo-

rary charging of the molecule is possible, ;

opening an additional two-step tunnelling 4-0- —
channel (two black arrows) with a higher t m s
tunnelling probability.

applications. As a first step towards this goal, it is necessary to provide snapshots of
the momentary structure of electronic orbitals. When operated under the suitable
conditions, STM provides the possibility to map out the electron density of single
molecules with Angstréom precision.

Since STM relies on the non-zero conductance of its tunnelling junction to gen-
erate an image, most STM studies of individual molecules have thus far focused
on molecules deposited on metals or semiconductors. This will inevitably lead to a
perturbation of the electronic structure of the molecule by the presence of substrate
electrons. To study the unperturbed electronic properties of molecules using STM,
the sample must be electronically decoupled from the prerequisite conductive sub-
strate. This is fulfilled by growing few monolayers of insulating materials — mostly
salts such as sodium chloride (NaCl), potassium bromide (KBr), or silver chloride
(AgCl) — in-situ on top of the metallic substrate prior to depositing the molecules

[Rep05]. As a result, the molecular orbitals cannot hybridise with the metal and are
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2 Lightwave-driven scanning tunnelling microscopy

only minimally altered with respect to the free-space case, allowing for the study of
the inherent electronic properties of the molecules. As these molecules exhibit sharply
defined energy levels, different tunnelling situations must be considered. Figure 2.3
illustrates how non-resonant and sequential tunnelling through the lowest unoccupied
molecular orbital (LUMO) differ from one another. Metallic tip (t) and substrate (s)
are separated by tunnelling barriers in the form of the vacuum and the salt layers
grown on the substrate. The molecule (m) adsorbed on top of the salt is marked
by the horizontal lines indicating the HOMO in black and the LUMO in red. By
applying a bias voltage to the tip, we elevate the Fermi energy of electrons therein,
resulting in a predominantly unidirectional electron flow toward the sample. While
V <« VLumo, electrons must pass the combined thick potential barrier and tunnel
directly from tip to substrate (see Fig. 2.3a), bypassing the molecule in a so-called
cotunnelling process. If the bias is large enough (V' = Viumo), a tunnelling channel
opens such that electrons from the tip can charge the molecule. Subsequently, after
a statistical lifetime of the charged state, the electron can tunnel through the thin
insulating layer into the substrate. The sequential tunnelling current is considerably
larger than the non-resonant cotunnelling due to the higher density of states and the
effectively thinner as well as lower potential barriers. This type of level alignment
between tip and molecular resonances can be attained by static or modulated voltage

sources as well as ultrashort light pulses as is done in LW-STM.

2.2 Laser-assisted scanning tunnelling microscopy

In conventional STM, which will be referred to as DC-STM (“direct-current STM”)
in the remainder of this thesis, the temporal resolution is typically limited by the
frequency of the voltage source. In all-electronic biasing applications, the length of
the voltage pulses is determined by the bandwidth of the electronic circuity inside
the STM, which currently allows for pulse durations in the nanosecond regime at best
[Lot10]. Improvements beyond this limit can be accomplished by adding ultrafast
photonics into the electronic circuitry in several different manners. For instance,
photoconductive switches can be used to gate the STM circuitry with femtosecond
near-infrared pulses, allowing for the generation of voltage pulses on the order of

650 fs [Wei93]. Alternatively, the voltage transients can be created directly on the
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2.2 Laser-assisted scanning tunnelling microscopy

sample and transmitted to the STM junction by means of striplines [Nun93]. This so-
called junction-mixing STM allows for the confinement of tunnelling currents within
picosecond time frames. Apart from modulating the bias voltage with laser pulses,
another possible approach makes use of direct illumination of the STM junction.
As described by Hamers and Cahill [Ham90] or McEllistrem et al. [McE93], pulsed
optical excitation of the junction can induce surface photovoltages that affect the local
tunnelling barrier and thus the current on picosecond timescales. Specht et al. [Spe92]
employed an STM tip as a localised probe to investigate resonantly excited surface
plasmons, resulting in the creation of a near-field optical image with a resolution of
3nm. Surface plasmon excitations have also been harnessed by Riicker et al. [Riic92]
to enhance the contrast in an STM image. Even the nanoscale dynamics of excitons
in atomically-thin materials have been investigated on timescales of around 100 ps
[Mog22].

However, the analysis of tunnelling currents obtained in STM junctions excited by
light pulses in the visible regime is challenging. The interaction between light and
the electronic systems of the tip and sample can give rise to effects such as local
electron heating and multiphoton excitation, causing the systems to deviate from
equilibrium on ultrashort timescales. Consequently, extracting pure dynamics of the
sample in a photoexcited scanning tunnelling microscope is a complex task. Unlike in
DC-STM, where the observed properties directly reflect the sample’s characteristics,
in a photoexcited STM, it becomes necessary to distinguish and separate the non-
equilibrium dynamics (heating, multi-photon excitation, etc.) of the microscope and
sample. Additionally, the presence of plasmonic resonances in metallic tips and
substrates at optical frequencies poses challenges for efficient coupling of ultrashort
pulses into the junction.

A different approach to improve the temporal resolution in STM relies on directly
utilising the fastest voltage pulse nature has to offer, namely the carrier wave of light.
The electric near field of a light pulse focused onto the STM junction may act as an
ultrafast alternating bias voltage dropping across the gap. When properly tuned, this
may drive electron tunnelling solely in the presence of the pulse or even on sub-cycle
timescales — precisely the control mechanism desired — in lightwave STM.

In general, when light impinges on matter, due to its quantum mechanical nature,

it can be described in the particle or wave picture. Electromagnetic radiation can
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either be absorbed, leading to quantum transitions, or excite classical field-driven

dynamics. The Keldysh parameter x provides a measure of the balance between

€ wy/2mee
=,/——=— 2.8
"\ 208 cE (28)

wherein e denotes the excitation or ionisation energy and:

these two regimes [Kel65]:

e’E?

4mew?

Up (2.9)
the ponderomotive energy, which describes the kinetic energy of a free electron with
mass m, after acceleration by one optical cycle of a driving field E with angular
frequency w. At high optical frequencies w, the photon energy hw is large and light-
matter interaction can be described as (multi-)photon processes. In this regime,
where according to equation 2.8 the Keldysh parameter x is larger than one, the
particle picture is most suitable. For lower frequencies and/or very large electric
fields (k < 1), the wave character of light dominates, which can accelerate charges
on sub-cycle timescales. The carrier wave of light can thus be utilised as an ultrafast
bias pulse driving currents across the tunnelling junction. High-intensity light in the
terahertz spectral range is especially suitable for this application, as the achievable
temporal resolution, determined by the oscillation period and the pulse duration, is
still on the scale of elementary excitations of matter such as phonons, plasmons, or
magnons but at the same time x remains well below one (high fields and simultaneous
low photon energies).

In 2013, Cocker et al. [Cocl3] demonstrated for the first time that when terahertz
pulses are precisely focused onto the tunnelling junction, their oscillating carrier
wave is indeed able to drive tunnelling within its pulse duration. They successfully
used this technique to visualise carrier dynamics in semiconductor nanodots with a

combined spatial and temporal resolution of 2nm and 500 fs, respectively.
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2.3 Ultrafast state-selective lightwave-driven scanning tunnelling microscopy

2.3 Ultrafast state-selective lightwave-driven

scanning tunnelling microscopy

Bringing LW-STM into the thrilling single-electron and strictly sub-cycle tunnelling
regime, LW-STM with unprecedented speed and control was demonstrated in 2016
[Coc16]. Within a collaboration between the groups of Prof. Dr. Rupert Huber and
Prof. Dr. Jascha Repp, a custom-tailored optical setup and a cryogenic low-noise
scanning tunnelling microscope were developed. This LW-STM made tunnelling of
single electrons into a select molecular orbital with combined atomic spatial and
femtosecond temporal precision a reality. The exceptional temporal resolution is
achieved by confining the tunnelling window into a sharp electronic resonance to
timescales shorter than the pulse duration. The schematic in Fig. 2.4 illustrates the
principle of state-selective LW-driven tunnelling. The terahertz near field acts as
an ultrafast tip-confined voltage pulse (blue time trace). An exemplary molecule
with the LUMO resonance (orange) at Viumo = 1.2V is placed in the tunnelling
junction. Only bias voltages exceeding a certain threshold voltage (dashed line, }2 of
the LUMO peak height) and thus only a fraction of the transient (filled blue region)
leads to a significant tunnelling probability and thus contributes to the sequential
tunnelling current. This window is considerably shorter than the pulse duration,
allowing for the confinement of tunnelling events to timescales on the order of 100 fs.
Moreover, since this process is state-selective, it offers unprecedented opportunities
for ultrafast atomic-scale imaging and spectroscopic analysis of atoms, molecules,
crystals, and more.

The full significance of this improved lightwave-controlled STM technique lies in its
capability to record sub-picosecond dynamics of single molecules in real space using a
pump-probe scheme. A first terahertz pulse (pump) can be utilised to either extract
an electron from the HOMO of a molecule or inject one into its LUMO depending
on the polarity of the voltage pulse. Of course, the same applies to solids and the
corresponding valence/conductance bands.

In the groundbreaking work by Cocker et al. [Cocl6], the terahertz pulse was used
to transiently charge a pentacene molecule adsorbed on a monolayer NaCl substrate
positively by removing a single electron from the HOMO. The charging process

induces a sudden change in the electronic state and the Coulomb and van der Waals
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2 Lightwave-driven scanning tunnelling microscopy
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interactions between the molecule and the substrate are modified by the additional
charge. The sudden change of the potential landscape leads to a vertical displacement
of the molecule [Par00]. The molecule rapidly discharges through the NaCl monolayer
on the timescale of 100 fs [Stel4], leaving it electronically neutral but still oscillating
vertically. This displacement initiates a vertical vibration of the molecule, resulting in
periodic changes in the tip-sample separation. The variation in tip-sample distance
was probed by a second terahertz pulse, measuring the tunnelling probability as a
function of the delay time between the two pulses. By repeating the pump-probe
measurement for different tip positions and delay times, the first molecular movie
capturing the oscillation of a single molecular orbital could be recorded.

As this state-of-the-art technique was used for a large fraction of the work presented
in this thesis, the following subsections provide a brief summary of the utilised setup
and its relevant components. For a more detailed description, the reader may be
referred to the dissertation of Dr. Dominik Peller [Pel20a].

Generation and manipulation of sub-cycle terahertz pulses. To drive mea-
surable tunnelling currents across the junction on ultrashort timescales, the laser
pulses injected into the STM must fulfil several requirements. First, as the employed

electronics are considerably slower than the laser repetition rate, charge accumulation
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2.3 Ultrafast state-selective lightwave-driven scanning tunnelling microscopy

must occur before a measurable electronic signal arises. More precisely, this means
that subsequent laser shots must drive electrons in the same direction. Therefore,
the carrier envelope phase (CEP) ¢cg of the terahertz pulse train must be constant.
The CEP gives the temporal evolution of the shift between the maximum of the
intensity envelope and the carrier wave of the pulse (for details see Fig. 4.16). For
example, ¢cg = 0 corresponds to a cosine-like oscillating electric field underneath the
envelope, whereas ¢cg = 7 indicates a sine shape and ¢cg = —7 corresponds to a
negative cosine (see Fig. 4.16a). Second, as mentioned above, the Keldysh parameter
% should remain below one to ensure that the classical picture of electromagnetic
radiation is applicable and the carrier wave of light can be directly used as an ul-
trafast bias. Third, the peak voltage in the near field must be comparable to energy
levels within the sample to allow for sequential tunnelling. Most resonances, such as
valence/conduction band onsets or molecular orbitals (HOMO/LUMO) lie on the
order of 1eV from the Fermi energy. With a typical tip-sample distance of a few
Angstrom, near fields of E ~ 0.1V / A are necessary.

These requirements can be satisfied in our custom-tailored optical setup. A high-
stability ytterbium-doped potassium gadolinium tungstate (Yb:KGW) femtosecond
regenerative amplifier (Light Conversion, Pharos) acts as the source of all radiation
necessary in our LW-STM (see Fig. 2.5). The commercially available laser ampli-
fier outputs near-infrared radiation centred around 1030 nm with a pulse duration
of 240 fs (full width a half maximum of the intensity envelope) at an adjustable rep-
etition rate between 610 kHz and single shot operation (in steps of integer dividers
of 610kHz). The output-pulse energy of 16 pJ is split up into two parts by means of
a 90/10 beamsplitter. The majority of the pulse energy is utilised for the generation
of CEP-stable terahertz pulses by harnessing the nonlinear optical process of optical
rectification within a lithium niobate (LiNbOj) crystal (see Fig. 2.5b). Details on
nonlinear optical effects are included in the explanations following equation 2.10. In
an elaborate pulse-shaping setup (Fig. 2.5¢), out of each terahertz pulse a pair of
terahertz transients can be created. Using a germanium wafer, each incident pulse
is split into two approximately equally strong parts where in each arm the field
strength can be tuned by means of computer-controlled wire-grid polarisers. The
pulses in each pair can be delayed relative to each other using a mechanical delay

stage allowing for THz pump — THz probe measurements. To obtain ultrafast access
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Yb:KGW laser
1030 nm (291 THz),
240 fs,16 uJ

Figure 2.5 | Schematic of the LW-STM setup. CEP-stable terahertz and ultra-
short optical pulses are generated and applied in LW-STM to drive ultrafast currents
and excite the sample, respectively. a, A commercial Yb:KGW solid state laser emits
near-infrared pulses centred around 1030 nm with a pulse duration of 240 fs. Multiple
nonlinear optical processes are employed to convert the near-infrared radiation to
the spectral ranges necessary for the operation of our LW-STM. b, Exploiting opti-
cal rectification in the nonlinear crystal lithium niobate, sub-cycle terahertz pulses
spanning frequencies of 0—2 THz are generated. ¢, The terahertz pulses are split into
pairs of pulses in an interferometer, which can be delayed with respect to each other
and individually tailored in field strength as well as polarisation using wire-grid
polarisers. The pairs of terahertz pulses are subsequently injected into the STM
vacuum chamber and focused onto the STM tip, where they act as ultrafast bias
pulses. d, To generate ultrashort laser pulses of durations less than 20fs, a small
fraction of the near-infrared pulse energy is split off before the optical rectification
process to generate a supercontinuum spanning wavelengths of 560—1600 nm. e, The
broadband spectrum can be shaped and compressed to provide ultrashort pulses
with centre wavelengths between 560 nm and 980 nm. f, The visible pulses can be
either used to electro-optically sample the terahertz pulses in the time-domain or
alternatively be focused into the tip-sample junction to optically excite the sample.
Terahertz pulse shaping, data acquisition, as well as laser and STM operation are
computer-controlled remotely.
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2.3 Ultrafast state-selective lightwave-driven scanning tunnelling microscopy

to both filled and unoccupied quantum states in the sample, it is necessary that
both positive and negative transient voltages can be applied across the tip-sample
junction. This is achieved by changing the polarity of the terahertz pulses. To flip
the field direction of both pulses, we make use of the phase shift upon reflection off
a metallic surface. The reflected light exhibits an additional phase shift of = with
respect to the incident pulse. By increasing the number of reflections, experienced
by the pulses propagating from generation to experiment, by an uneven number,
the polarity can be flipped. Subsequently, the terahertz pulse pairs can be coupled
into the STM through sapphire windows placed in the vacuum chamber as well as
the helium and nitrogen shields. A 90°-off-axis parabolic mirror focuses the laser
radiation into the tip-sample junction. To allow for steering of the focal spot, the
orientation of an additional planar gold mirror placed between the parabolic mirror
and the sample is addressable using piezo-electric motors. A simplified illustration of
the focusing geometry id depicted in the bottom left corner of Fig. 2.5. To adjust the
position of the STM tip in all three dimensions, a Besocke-type scanning geometry
[Bes87] was chosen. In contrast to the original publication by Besocke et al., in our
case the sample is stationary and the tip is scanned. To accommodate this, the tip
is attached to a rampring that comes to rest on top of three piezo stacks and can
be moved in all directions. The sample is inserted below the tip and a bias voltage
can be applied between tip and sample leading to a tunnelling current. To ensure
a high signal-to-noise ratio, the tunnelling current is amplified directly on the scan
head. By placing the amplifier at liquid helium temperature and in close proximity to
the junction, electrical noise is minimised. The signal is then additionally amplified
at room temperature and sent to a controller where the final signal is eventually
recorded for further analyses on a computer.

With the remaining 1.6 pJ of near-infrared pulse energy, which was not used for tera-
hertz generation, ultrashort pulses in the visible spectral region are created. Focusing
near-infrared pulses under suitable conditions into a nonlinear crystal, a broadband
supercontinuum spectrum spanning wavelengths of 560 nm to 1600 nm, is generated
within a sapphire window with a thickness of 5mm (see Fig. 2.5d). By correct spec-
tral shaping of the spectrum and dispersion compensation using a prism compressor
setup, pulses centred around a wavelength of 800 nm with a pulse duration of 15 fs can

be established. These pulses are then used for either optical excitation of the sample
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or field-resolved detection of the terahertz waveform in an electro-optic sampling
setup (see Fig. 2.5f and sec. 2.3). Details on supercontinuum generation and prism
compressor setups can be found in section 4.5.

Nonlinear polarisation. As nonlinear optics lies at the heart of numerous pro-
cesses described within this thesis, it shall be briefly introduced in the following. By
exploiting the nonlinear polarisation response of matter subjected to intense laser
fields, a plethora of interesting conversion processes can occur. In the low-field regime,
electrons and (to a much smaller extent) ions within the illuminated material follow
the external driving field F linearly, meaning that the polarisation response P is

directly proportional to the electric field:
P(E) = eoxVE

The natural constant €, denotes the vacuum permittivity and x") stands for the
material-specific first-order electric susceptibility. For larger field strengths, such as
under intense laser radiation, this proportionality is superseded by a more complex
relation involving non-negligible higher-order terms. The polarisation P can be

expanded in a Taylor series as:
P(E)=¢ <X<1>E +XPE? + xRS 4 ) (2.10)

with the material-dependent parameters of first-order, second-order and third-order
susceptibilities, Y, x® | and x®, respectively. The quadratic term entails a mix-
ing of frequencies of the incident oscillating driving fields. According to Maxwell’s
equations, the oscillating polarisation/dipole leads to emission of radiation that
can comprise frequencies that were not present in the incident spectra. For a non-
centrosymmetric crystal, the first non-vanishing higher-order polarisation is the
second-order contribution leading to effects such as second-harmonic generation
(SHG), difference-frequency generation (DFG), and sum-frequency generation (SFG).
The former two are of particular interest within the scope of this thesis and will be
further elaborated on in this chapter and in section 4.5.

The terms proportional to the third-order nonlinear susceptibility x©® induce further

intriguing effects that are exploited within this work for self-focusing (see sec. 4.2)
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2.3 Ultrafast state-selective lightwave-driven scanning tunnelling microscopy

and spectral broadening (see sec. 4.2).

The second-order nonlinear process of difference-frequency generation can be ex-
plained by the mixing of two optical frequencies w; (the so-called “pump” frequency)
and wy (the “signal” frequency), leading to the emission of light at w3 = w — we
(the “idler” frequency). By using DFG, completely new frequencies can be generated
and existing spectral components can be amplified (see sec. 4.5). When a broad-
band spectrum of near-infrared frequencies is used for DFG, pulses in the terahertz
spectral region can be generated. The maximum terahertz frequency is ultimately
limited by the bandwidth of the near-infrared pulses used. Importantly, intra-pulse
difference-frequency generation, also known as optical rectification (OR), creates
inherently CEP-stable terahertz pulses. This pulse-to-pulse stability of the polarity
and waveform makes them applicable as ultrafast transient bias in the fields of LW-
STM or lightwave electronics [Sch14, Lanl8].

The near-infrared output pulses of the solid-state laser amplifier, used within my
work, feature a bandwidth of 2.6 THz (FWHM). Utilising tilted pulse-front optical
rectification in a suitable LiNbOj3 nonlinear optical crystal [Heb02, Hirll], this en-
ables the generation of terahertz pulses with spectral components between 0.2 THz
and 2 THz (%-width). Immediately after generation, the terahertz pulses possess a
pulse energy of approximately 400 pJ, resulting in peak field strengths of 5kV/cm
in a diffraction-limited far-field focus.

Femtosecond snapshot of a molecular orbital. To test whether light-wave driven
tunnelling through a single molecule is possible with this setup, my colleagues de-
posited pentacene molecules on an insulating sodium chloride sheet. Using this STM
and optical setup, they were able record the first femtosecond snapshot of a molecular
orbital [Cocl16]. Figure 2.6 depicts the HOMO of a pentacene molecule adsorbed on
sodium chloride recorded in two different modes of operation. The steady-state STM
image (see Fig. 2.6a) reveals the rich sub-molecular structure of the orbital with five
nodal planes. Clearly, the lightwave-driven snapshot (Fig. 2.6b) reproduces these
atomic-scale details proving its capabilities to image individual molecular orbitals by
lightwave-controlled tunnelling of single electrons. The question arises how exactly
the electron tunnelling was induced. In general, the lightwave-driven current can
have two origins. On the one hand, it can originate from time-integrated rectifica-

tion of the voltage pulse at a nonlinearity within the current-voltage characteristic
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Figure 2.6 | DC imaging vs. LW-driven imaging. a, The HOMO of pentacene
is recorded by means of steady-state constant-current STM imaging. The greyscale
ranges from 0 to 2A. Scan paramters: bias voltage V = —1.7V and setpoint
tunnelling current I = 0.83pA. b, The terahertz-driven tunnelling image repro-
duces the orbital shape resolved with DC biasing (panel a) for a peak voltage of
VReK ~ —2.05V. Scan parameters: V = 2.2mV and I = 2.2 pA.

of the sample [Coc13]. On the other hand, if the voltage pulse exhibits a suitable
waveform and peak voltage, unidirectional state-selective tunnelling current driven
within a fraction of the pulse duration can occur. From the image in Fig. 2.6b alone,
this cannot be inferred. Instead, the full temporal evolution of the terahertz pulses
injected into the STM junction must be recorded in order to disclose whether the
tunnelling window is indeed confined to timescales of 100 fs.

Field-resolved detection. In order to accurately characterise the waveform of the
generated terahertz pulses, a field-resolved detection scheme utilising electro-optic
sampling (EOS) is used. Notably, EOS serves as an “oscilloscope for light” by tracing
the oscillating carrier wave with sub-cycle temporal resolution. The detection mech-
anism relies on the linear electro-optic effect, also known as Pockels effect [Boy08],
where an electric field applied to a suitable material induces a field-dependent bire-
fringence. An ultrashort gate pulse passing through the crystal experiences the
birefringence, and the electric field strength is encoded onto the polarisation state
of the gate pulse.

To record the evolution of the electric field of the the terahertz pulses, they are

superimposed with the gate pulses and focused into an electro-optic detection crystal
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Figure 2.7 | Experimental setup of electro-optic sampling. A (multi-)terahertz
pulse (dark blue curve) and a short linearly (here vertically) polarised gate pulse
(red) are spatially overlapped in a suitable nonlinear optical crystal (EOX) with a
variable delay time 7. The instantaneous electric field of the (multi-)terahertz pulse
induces birefringence in the EOX by means of the Pockels effect, which imprints itself
on the gate pulse by rotating its polarisation. The now elliptically polarised gate
pulse passes through a quarter-wave plate (%) and is split into its two perpendicular
polarisation components by means of a Wollaston prim. These are subsequently
detected by a pair of photodiodes (PD). The lower row depicts the polarisation state
of the near-infrared pulse after each optical component.

(see Fig. 2.7, EOX) — in our case zinc telluride. Importantly, the oscillation period of
the terahertz pulses is so slow compared to the pulse duration of the gate pulses that
it can be approximated as quasi-static [Mit03]. The electric field of the terahertz
pulse thus induces a quasi-static birefringence within the electro-optic crystal, which
modifies the linearly polarised gate light (blue) by phase retardation and polarisa-
tion rotation, resulting in elliptically polarised light. After the interaction of the two
pulses, the near-infrared gate pulse passes a quarter-wave plate (%) and a Wollaston
prism, and is focused into two photodiodes. The wave plate is rotated such that
in the absence of the terahertz pulse, the linearly polarised incident gate pulse is

transformed into purely circularly polarised light. As the Wollaston prism separates
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horizontal and vertical polarisation components, this leads to equally strong near-
infrared induced signals S in both photodiodes. The detected signal in the so-called
balanced photodiode circuit is therefore zero, AS = 0. However, when a terahertz
field is present, the gate pulse becomes elliptically polarised after passing the electro-
optic crystal and therefore is not circularly polarised after the %—plate. The resulting
small signal imbalance between the two photodiodes AS is linear in the instanta-
neous electric field of the terahertz pulse. Varying the delay time between gate and
terahertz pulse, the full electric field waveform can be reconstructed stroboscopically
with a time resolution limited only by the gate pulse duration of 15fs. By making
use of this sensitive scheme in combination with lock-in amplification, signals down
to the shot noise limit are detectable.

The generated terahertz pulses within our setup are displayed in Fig. 2.8a. The
recorded cosine-like half-cycle waveform features a large asymmetry ratio (relative
strength of largest positive and negative excursion) of more than two. The spectral
intensity (see Fig. 2.8b, dark blue), obtained by Fourier transform of the wave-
form, spans from 0.2 THz to 2 THz (%—width). Together with the flat spectral phase
(Fig. 2.8b, light blue), this supports the cosine-like half-cycle waveform.

The EOS scheme can also be used for higher frequency radiation in the mid-infrared
regime [Hub0Oa, Kiib04], which becomes crucial in later chapters of this thesis
(sec. 4.3). Recent studies suggest that even near-infrared transients can be electro-
optically sampled utilising 4 fs visible gate pulses [Keil6].

Notably, EOS is only applicable if the temporal evolution of the electric field under
the envelope is identical for subsequent pulses. Thus, the CEP-stability of the sub-
cycle terahertz waveforms is confirmed and the lightwave-driven currents leading to
the image in Fig. 2.6b can indeed be attributed to state-selective tunnelling out of
the HOMO of pentacene into the tip when the peak field is tuned to the molecular

resonance.
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Figure 2.8 | Electro-optically detected terahertz waveform. a, The terahertz
waveform detected using electro-optic sampling shows an almost perfect cosine shape
under the carrier envelope with half an oscillation cycle within the FWHM and a
large asymmetry ratio (relative strength of largest positive and negative excursion)
of more than two. b, The terahertz spectrum generated by optical rectification in
LiNbOj spans the region from around 0.2 THz to 2 THz with its peak at 0.9 THz.
The spectral phase is close to Orad and only shows a slight positive curvature.

2.4 Shot-to-shot detection of single-molecule

switching statistics

The seminal work on LW-STM with atomic resolution by Cocker et al. [Cocl6] show-
cased that apart from the imaging capabilities, terahertz-driven STM can be used for
the visualisation of dynamics. They presented the triggering and observation of verti-
cal vibrations of a single pentacene molecule induced by charging through LW-driven
single-electron tunnelling. Apart from vertical vibrations, the realm of molecular
kinetics encompasses numerous more intriguing phenomena, including changes in
atomic composition, and inter- and intramolecular vibrations, which merit further
investigation. Especially, studying irreversible kinetics or atom-scale dynamics where
the final state differs from the initial state would be highly compelling. By visual-
ising chemical reactions and gaining control over them, our understanding of the
microscopic world can be greatly enhanced, empowering us to manipulate reactions
according to our desired outcomes. To embark on this exciting journey, we initi-

ated a crucial first step by applying LW-STM to investigate a simple yet significant
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2 Lightwave-driven scanning tunnelling microscopy

Figure 2.9 | Adsorption geometry and
potentials of the molecular switch.
a+b, The neutral MgPc molecule adsorbs
in one of the two energetically degenerate
ground states where the molecule’s axes
are rotated by 6 = +10° with respect to
the salt lattice. The two states are labelled
[I) (panel a) and |r) (panel b). ¢, The
singly-charged MgPc molecule prefers to
align with the underlying salt. d, The po-
tential landscape of the neutral molecule
U is described by a double-well potential
with an energy barrier at 0° (red curve).
The charged molecule, however, is subject . ) I
to a parabolic potential energy landscape -10 0 10

U* centred at 0° (light blue curve). Adsogp(t(ijon )angle
eg

>
»

Potential energy &

reaction/transformation process involving a molecular switch. Magnesium phthalo-
cyanine (MgPc) is a tetrapyrrole consisting of four isoindole-type units, where the
connecting carbon atoms in the macrocycle are replaced by nitrogen atoms and a
magnesium atom is bound at the centre (see Fig. 2.9). When MgPc is evaporated
onto a multilayer NaCl substrate, three dominant adsorption geometries can be ob-
served [Pat19]. The magnesium atom of the organic complex preferably comes to
rest directly on top of a chlorine ion and the molecular axes are either oriented at
an angle of # = +10° (labelled |r)) or = —10° (|I)) with respect to the underlying
cubic salt lattice (see Fig. 2.9a and b). A third configuration arises when MgPc
adsorbs on top of a sodium ion. Other adsorption geometries occur at impurities,
defects, and step edges of the substrate, but these instances are less common. For
most MgPc molecules, which are localised on top of a chlorine ion, the adsorption
potential in the ground state can be described as a double-well potential U with
minima at § = +£10° (Fig. 2.9d, red curve). However, the charged state (Fig. 2.9¢) has
a completely different preferred orientation in a potential U* (Fig. 2.9d, blue curve)
with a single minimum due to the altered Coulomb and van der Waals interactions.
Therefore, by injecting a single electron into the LUMO, the molecule starts to rotate

towards its new equilibrium position (f = 0°). Depending on the statistical time
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2.4 Shot-to-shot detection of single-molecule switching statistics

spent in the charged state, which is governed by the tunnelling probability of the elec-
tron back into the tip or through the NaCl layers into the metallic substrate [Stel4],
the molecule has had enough time to cross the zero crossing § = 0° or not, before
dropping back into the potential U. Thus, after discharging of the LUMO, there is
a non-zero probability that the molecule ends up on the opposite side to where it
started — i.e., it switched. This process is re-instigated after each electron injection,
possibly switching the molecule back and forth between the different ground states.
It is to be noted, that cases where the molecule oscillates across the zero-crossing
twice are negligible due to the short lifetimes and strong damping in the charged
potential.

In conventional STM imaging, when Vpc > VLumo, continuous electron injection
causes constant switching back and forth. Therefore, a superposition of the two con-
figurations is detected. With ultrashort pulses, each injecting only a single electron
into the LUMO, switching back and forth is possible in a much more controlled
fashion.

By taking low-bias constant-height scans, the instantaneous orientation of the molecule
can be visualised. Panels a and b in Fig. 2.10 depict the same molecule, in the left |I)
and in the right |r) adsorption minimum, respectively. In these 20 A x 20 A images
recorded in constant-height mode at a DC bias of 6 mV, the NaCl lattice axes are
aligned with the edges of the frames. A comparison of the two depicted configura-
tions reveals two clearly different orientations of the four isoindole units of the MgPc
molecule.

Ultrafast action spectroscopy. Distinguishing between the two states is even pos-
sible without scanning across the whole molecule: By placing the STM tip close to the
edge of the molecule, for example at the cross-hair position marked in Fig. 2.10a and
b, the two states can be discriminated by the non-resonant in-gap current. Despite of
not charging the molecule, the presence of a molecular orbital under the tip greatly
influences the direct tip-substrate tunnelling current. As a result, at this particular
tip position, the in-gap current I for the left configuration is larger than I,y for
the right configuration (Fig. 2.10b, y-axis). Since the switching process is too fast
for the electronics to record, switching between the two configurations is detectable
as sharp step-like features in the in-gap detection current lge. As switching is only

possible by charging the LUMO with a sufficiently large bias voltage and under the
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condition Vpe = 6mV < Viymo, each switching event can only be caused by a
sufficiently strong terahertz pulse. Thus, every suitable laser shot leads to a boolean
value indicating whether the molecule either has or has not switched configuration.
With the known laser repetition rate, from the data in such switching time traces
the overall switching statistics of the MgPc molecule can be extracted as a series of
boolean values. The enlarged section in the right upper corner of Fig. 2.10b shows ten
laser shots and the resulting three switching events. The mean switching probability
from, for example, left to right configuration can be calculated as the ratio of the
number of switching events |I) — |r) divided by the number of laser pulses that
impinged on the molecule in its |I) state. The switching probability in the other
direction can be acquired accordingly.

This detection scheme builds upon action spectroscopy, as introduced independently
by Bockmann et al. [Boc19] in 2019, and further enhances it by incorporating precisely
controlled single-electron injection. By intentionally constraining these tunnelling
events to timescales shorter than a single cycle of the applied field, we refer to this

novel technique as “ultrafast action spectroscopy”.
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Figure 2.10 | Extraction of the switching statistics. a, Constant-height STM
images reveal the orientation of the bistable molecule. The uncharged MgPc molecule
can lie in either the left (pink frame) or right (orange frame) rotated configura-
tion with respect to the underlying salt lattice. Voltage setpoint: V' = 6 mV, linear
greyscale 0—2pA. b, Injecting ultrashort laser pulses (red lines on the timeline)
that can transiently charge the molecule leads to repeated toggling between the
two stable ground states. Switching events from left to right and right to left are
indicated by orange and purple arrows, respectively. The enlarged section in the
top-right corner shows ten laser pulses and the resulting three switching events. By
placing the STM tip at the cross-hair position marked in panel a and applying a
weak DC bias (V = 6mV), the molecule’s configuration at each instance in time
can be determined. Each switching event leads to a step-like change of the detection
current Iye. Using this technique, which we coin ultrafast action spectroscopy, the
outcome of every single laser shot can be evaluated, allowing for the extraction of
the molecule’s switching statistics.
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2 Lightwave-driven scanning tunnelling microscopy

Spatial variation of switching statistics. In order to derive information about
local differences in switching behaviour, switching time traces were recorded for
multiple tip positions. Figure 2.11a shows the mean position-dependent switching
probability |I) — |r). Interestingly, a rich sub-molecular structure with locally in-
creased or reduced switching probability emerges. Moreover, the observable switching
rate pattern substantially differs from the pattern obtained for the |r) — |I) case
(see Suppl. Fig. A.1.) This difference raises the question to which extent the spa-
tial variations either stem from position-dependent charging or position-dependent
switching probability once charged. To determine the dominant effect, we simulated
the charging probability of the molecule in its left configuration |I). To this end, the
orbital structure of the LUMOs was calculated using density-functional theory by
our collaboration partner Nikolaj Moll. The overlap integral of a spherical tip-wave
function with the numerically determined LUMO orbitals was computed for various
tip positions utilising the Tersoff-Hamann approach (see eq. 2.4). A comparison of
this map with the experimentally observed switching map reveals clear analogies (see
Fig. 2.11b). Both maps feature eight regions of higher charging/switching probability
and the same nodal planes. Even the slight asymmetry between lobes is reproduced
and can be attributed to an internal torsion of the molecule (see Suppl. Fig. A.5).
This leads to a smaller tip-sample distance and thus higher charging/switching proba-
bilities for every other lobe. In conclusion, the effect dominating the spatial variations
in the experiment is the position-dependent charging probability which differs on
sub-Angstrom length scales. The probability for an injected electron to trigger a
switching event is almost position-independent. Hence, the overall position-dependent

switching probability p can, to first approximation, be written as a product:
p(r) = T(r) -a (2.11)

with the position-dependent charging probability T'(r) of the LUMO and the con-
stant switching probability once an electron has been placed in the LUMO, «a. By
comparing the switching rate with the LW-driven tunnelling current, we can deter-
mine « to lie in the range of 18-24% when the molecule is adsorbed on an insulating
sheet of bilayer NaCl. For a larger number of NaCl layers the statistical lifetime in

the charged state increases which would lead to an expected increase of «. Indeed,
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Figure 2.11 | Experimental spatial dependence of switching probability and
simulated charging probability. a, The experimentally determined spatial map of
the local switching probability for switching from left to right (]I) — |r)) is depicted.
Pixels where no switching could be detected are coloured in white. Eight regions of
increased switching rate (dashed circles), of which every other is more prominent,
are clearly visible. The symmetry axes of the molecule in its left configuration are
illustrated with dashed lines. b, The charging probability is simulated by calculating
the overlap integral of an s-type tip-wave function with the LUMO density of MgPc.
The map obtained by repeating the calculation for different tip positions reveals
eight areas of increased charging probability. Even the asymmetry in the brightness
of these areas, as seen in the experimental data, is reproduced.

repeating the same experiments on a trilayer of NaCl a value for « of around 32%
can be extracted.

Importantly, depending on the time the molecule spends in its charged state, the
molecule has more or less time to rotate in its new potential. Hence, « is governed
by the statistical lifetime of the charged state, which can be tuned by changing the
number of NaCl layers between molecule and metallic substrate. Using a microscopy
combining AFM and STM, Steurer et al. [Stel4] have identified the charged-state
lifetime for various NaCl film thicknesses ranging from 5-11 monolayers. By extrap-
olating their data to the bi- and trilayer regime, the electron can be estimated to

remain in the LUMO for several hundred femtoseconds or several picoseconds, re-
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Figure 2.12|Switching onset and
voltage gauge. The switching probabil-
ity p (black data points) nonlinearly de-
pends on the peak electric field EPga® (in
units of the unattenuated far field Ey).
The derivative of the error-function fit
to p(EPe®) (black line), dp/dER (grey
curve and shaded area), reveals a Gaussian
shape centred at 0.23 Ey. From DC spec-
troscopy (green curve and shaded area),
the LUMO resonance of the molecule is
determined to lie at 1.2 V. As the molecule
must be charged for a switching event to
occur, this gives us a quantitative voltage 0 Lo
gauge allowing for the conversion from the 0 0.1 0.2 0.3
switching probability to the tip-confined Transient peak field, E2™* (E,)
peak voltage.
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spectively. All data presented up to this point were recorded on bilayer NaCl. For
the remainder of this thesis we aimed towards higher switching yields, which was
accomplished by increasing the insulator thickness. If not stated otherwise, the fig-
ures in this thesis from this point onwards show data from three layers of NaCl as
insulating sheet.

Voltage-dependent switching rate. The extraction of path-selective statistics of
the single-pulse switching probability with shot-to-shot fidelity and sub-Angstrom
precision now allows us to not only investigate the intrinsic switching statistics of
a single molecular rotor but also to explore how it may be influenced on demand.
Furthermore, the molecular switch can act as a local voltage gauge as is closely
explained in the following section.

We have found that the switching probability does not only depend on the exact
tip position, but the chance for the molecule to switch also critically hinges on the
bias applied across the junction and thus the field strength of the terahertz pulses.
The black data points in Fig. 2.12 show the influence of the far-field transient peak
field Efve{}k in units of the unattenuated field strength E, on the mean switching
probability p(EREY). A gradual rise from 0 Ey up to 0.12 Ey is followed by a steep
increase of the switching probability. Above around 0.17 Ey, p saturates at a value of
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2.4 Shot-to-shot detection of single-molecule switching statistics

3.26%. The switching onset strongly resembles an error function centred at 0.145 Ej.
The error-function fit and its derivative are plotted as black line and shaded grey
area, respectively. The peak of the MgPc molecule’s LUMO resonance obtained from
steady-state dI/dV measurements (see Fig. 2.12, right y-axis in green) is centred at
1.2V. As mentioned before, only terahertz peak voltages Vhee® that are sufficiently
strong to charge the molecule, hence reach the LUMO resonance, can induce a change

of the adsorption geometry:

P(ERY) = o T(ERG ) (2.12)
dp ar  dI

=a- x — 213
dERR* dERGS AV (213)

Thus, the peak of the derivative dp/ dEESGk can be concluded to lie at a field strength
EPek which transforms into a voltage across the junction of VEe™ = Viypo. This
direct conversion from switching probability to applied tip-sample bias provides a
voltage gauge for the peak of the transient voltage pulse in units of volts. In the
case of the data at hand, an incident far field of 0.145 Ey corresponds to a transient
peak voltage across the tunnelling junction of 1.2 V. Consequently, the unattenuated
far field leads to a transient peak voltage of 8.3 V. It is important to highlight, that
for this experiment the terahertz transients traversing both interferometer arms (see
sec. 2.3) were superimposed constructively to achieve the peak field of Ej.

The single-molecule switch can thus be used as an Angstrom-sized voltage gauge,
enabling the readout of local field distributions. Knowing the exact field strength
necessary to induce dynamics of nanoscopic devices, we envision the possibility to
precisely determine adsorption energies of molecules on surfaces or the binding energy

of multiple molecules to another.



2 Lightwave-driven scanning tunnelling microscopy

2.5 Sampling ultrastrong atomically confined light
fields

The work presented in this section was accomplished in collaboration with Dr. Do-
minik Peller and Carmen Roelcke. Our manuscript was published in the journal
Nature Photonics under the title “Quantitative sampling of atomic-scale electromag-
netic waveforms” [Pel21].

Electromagnetic radiation has the interesting property that it is not pushed out of
spaces that are smaller than its wavelength A but instead can penetrate into them.
Using nanostructures such as nanoantennas [Mer08, Liul2, Yos15], nanoparticles
[Esm19], nanogaps [Seo09, Sav12], and tips [Kriill, Herl2, Férl6], light confinement
to volumes even smaller than the skin depth in metals [Sav12, Yosl5, Ryb16] of
several nanometres has been achieved. This confinement leads to a massive field
enhancement by several orders of magnitude. Choosing suitable nanostructures, the
strength of the near field can be custom-tailored, leading to advancements in light
harvesting [Bar03], lightwave electronics [Kriill, Her12, Cocl3, Lan14, Forl6, Ryb16,
Cocl6, Yos16, Jell17], nanoimaging [Eis14, Coc13, Cocl6, Basl6, Yos16, Yos18], and
spectroscopy [Bas16, Lil7] even to sub-molecular resolution [Cocl6, Leel9, Amm21].
While for some applications only the absolute field strength is of importance, in
the majority of cases the atomic light-matter interaction additionally depends criti-
cally on the precise temporal shape of the oscillating carrier wave in the near field
[Kub07, Krull, Herl2, Barl5, Ryb16, Racl7, Yos19, Jesl9]. The exact shape of
the nanostructure as well as quantum mechanical effects such as tunnelling [Bar15]
strongly influence the exact near-field waveforms.

So far, quantitatively extracting the electromagnetic transients on the Angstr('jm scale
has been highly challenging. In the far field, on the other hand, multiple techniques
have already been in use for several decades that can map out the oscillating carrier
wave, like an oscilloscope for light [Kiib04, Sed20]. The most prominent method
involves electro-optic sampling (EOS), which has already been explained in a pre-
vious section (sec. 2.3). This field-resolved detection of waveforms in the terahertz,
mid-infrared [Hub00a, Kiib04], and even near-infrared spectral regions [Keil6] has
allowed for the investigation of light-matter interaction faster than a single cycle
of light.
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In 2021, we demonstrated the first direct quantitative measurement of near-field
waveforms within an atomically-sized nanogap [Pel21]. We built on lightwave-driven
STM, utilising the carrier wave of terahertz pulses to drive controlled single-electron
tunnelling from a sharp tungsten tip into the sample. The terahertz radiation was
focused onto the tip, which acts as an antenna, and propagated along the shaft. The
confinement of the electromagnetic field into the Angstrom-scale tunnelling gap leads
to a field enhancement by several orders of magnitude. Most effects, such as coupling
to the metallic tip, plasmonic propagation into the near field, screening, as well as
phase changes due to the antenna geometry can be classically calculated. However,
classical electrodynamics fail to quantify the quantum effects of the nanoscale geom-
etry of the junction such as electron tunnelling.

In order to realise sub-nanoscale and simultaneously calibrated detection of wave-
forms, a similarly-scaled field gauge must be inserted into the tip-sample junction.
For this purpose, we make use of the molecular switch introduced in section 2.4.
The switching probability of this single-molecule detector is strongly nonlinearly
dependent on the tip-confined peak voltage (see Fig. 2.12 and Fig. 2.13a). Therefore,
in proximity to the steepest region of the error-function-shaped onset, corresponding
to the LUMO resonance at 1.2V, small changes to the peak voltage (red horizontal
bars) lead to strong variations in the switching probability (red vertical arrows),
maximising the sensitivity of our detection scheme.

To not only read out the peak voltage across the junction, but the full waveform,
we utilised the interference between two terahertz pulses. Pairs of terahertz pulses,
which can be individually scaled in field strength and can be delayed with respect to
one another, were created in the Michelson interferometer described in section 2.3.
Two terahertz transients were superimposed and coupled into the STM junction
with a variable delay time 7. The pulses shall henceforth be called test waveform
Var(t) and gate waveform Viaee(t) (Fig. 2.13b, red transient), respectively. The far-
field peak field of the gate waveform was chosen to be five times larger than that
of the test waveform. The delay-time-dependent total voltage applied across the
junction due to interference is Vyum(t) = Vgate(t — 7) 4+ Var(t). For a fixed delay
time 7, illuminating the tip with the superimposed waveform will lead to a peak
voltage of V2K(7) = V& 4 Vyp(7) across the gap. Performing ultrafast action

spectroscopy, we can extract the mean switching probability p per pulse pair for
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Figure 2.13 | Molecular switch as local voltage gauge. a, The switching onset
(black data points) as a function of peak voltage follows an error-function shape.
Due to the nonlinear dependence of p on V]f’ve\’,ak, small offsets to the tip-confined
peak voltage (coloured horizontal bars) result in large modulations of the switching
probability (arrows). b, A terahertz pulse with its peak field tuned to the steepest
region of p(Vhe*) acts as a gate pulse (red transient). Superimposing it with a five
times weaker test waveform Vyp(t) (not shown) leads to a delay-time-dependent
total peak field (blue curve) that traces the shape of the test waveform: VPek(r) =
Vo + Var(7).

this specific delay time. By varying 7, we obtain the quantity p(7), which encodes
the instantaneous peak voltage for each delay time 7. Using the calibration curve
(see Fig. 2.12), p(Viup) can be converted into V(7). Because the peak voltage
of the interfered pulse traces the test waveform Vip(t), we can retrieve the first
time-resolved femtosecond voltage transient on the atomic scale.

The far-field waveform depicted in Fig. 2.14a, recorded using EOS, leads to a tran-
sient voltage burst shown in Fig. 2.14b (blue data points). The most prominent
differences between the incident terahertz pulse and its near field are the change of
the asymmetry, the additional positive cycle at around a delay time of +0.6 ps, and

the overall elongation of the pulse duration. More quantitative information on the
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Figure 2.14 | Atomic-scale near-field waveform. a, The far-field waveform de-
picted in this panel was measured in a field-resolved manner using EOS. b, The
near-field waveform in the Angstrom-sized tunnelling gap is obtained using the
molecular switch as atom-scale voltage gauge. Compared to the far field, the wave-
form is elongated and features an additional positive peak at positive delay times.
The black line serves as a guide to the eye. ¢, Via a Fourier transform, the amplitude
(dark green line) and phase (light green line) spectra of the far-field waveform are
obtained. d, The Fourier transform of the near-field waveform shows a different
spectral amplitude (blue data points) and phase (light blue line) than the far field.
A clear red shift of the maximum of the amplitude spectrum and a CEP shift can
be detected.
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exact spectral changes can be extracted by analysing the Fourier transform of the two
pulses. The amplitude and phase spectra for far and near field are shown in Fig. 2.14c¢
and d, respectively. The tip-confined spectrum (panel d) peaks at a lower frequency
of 0.5 THz compared to the far field (0.9 THz) and exhibits some additional oscilla-
tory features. The spectral phases (panel c, light green and panel d, light blue) are

both similarly flat, but the near-field pulse features an overall frequency-independent

downshift of approximately —% in comparison to the close-to-zero phase in the far
field.

The sum of all effects that modify the incident electromagnetic radiation including
coupling, propagation, as well as quantum phenomena can thus be visualised in
a complex-valued and frequency-dependent far-to-near-field transfer function (see
Suppl. Fig. A.2, blue data points and light blue solid line) assuming a locally homo-
geneous field distribution and a tip-sample distance of 10 A. In order to determine
which contributions to the transfer function arise from classical electrodynamics and
which effects are of quantum nature, the classical field propagation was calculated
numerically [Neel8]. In a finite-element calculation, Maxwell’s equations were solved
in the frequency domain. Taking into account the geometry of our real tip-sample
junction (etched tip 10 A above the planar surface) and the complex-valued dielec-
tric functions of the materials (tungsten tip above a gold surface), the classically
expected transfer function for the electric field was determined. The conversion from
field strength obtained in the simulations to near-field voltage Vxr was done by mul-
tiplying the electric field at the centre of the junction by the tip-sample separation d:
Vir = Exp- d. In the regime where the field enhancement scales inversely with the
gap size (Enp x %), as envisaged by classical antenna theory [Kanl8], the voltage
drop between the tip and the substrate remains unaffected by the height of the tip.
This establishes the absolute scale for the tip-confined voltage waveform Vyr(t). By
employing this gauge, classical simulations accurately predict a tip enhancement of
up to 2 x 10°, generating atomically strong fields from an incident far-field strength
of around 350 V /cm.

The frequency-dependent field enhancement and phase retardation are depicted in
Suppl. Fig. A.2.

Applying the calculated transfer function to the far-field spectra results in the black
dotted curve for the amplitude and the grey line for the phase depicted in Fig. 2.15a.
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Figure 2.15 | Simulated vs. experimental near field. a, The measured (blue
data points and bright blue line) and simulated (black dotted and grey lines) ampli-
tude and phase spectra of the near field in the tunnelling junction exhibit a striking
resemblance. b, The simulated pulse (black dotted line) acquired by Fourier trans-
form and the measured near-field waveform (blue data points) agree likewise.

The agreement of the experimental data (blue points and blue line) with the sim-
ulated spectra is striking. Performing a Fourier transform into the time domain
reveals the almost perfect overlap of measured and simulated voltage waveforms (see
Fig. 2.15b).

Our approach of superimposing two waveforms and employing a molecular switch
as an atomically precise voltage gauge can be used to quantitatively extract the
tip-confined transient bias pulse without the need for any indirect observation tech-
niques. However, within our experiments we implicitly made two assumptions. First,
we considered that ultrafast tunnelling of electrons sets in at the same voltage as
in the DC case. This rises the question whether equating the peak of the derivative
dp/dVPek with the LUMO resonance might be incorrect, as different local fields
may be necessary to facilitate lightwave-driven opposed to steady-state tunnelling.
Second, the process of tunnelling electrons may have a back-action on the instan-
taneous voltage applied across the junction that disturbs the quantity we aim to
extract. Theoretical work investigating light-matter interaction at atomic scales has
shown that indeed light-driven tunnelling currents can lead to retardation effects

and thus modify the electric fields [Jes19]. Our theory collaborators in the team
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of Prof. Dr. Angel Rubio established a full quantum mechanical description of the
system with time-dependent density-functional theory (TD-DFT).

As Fig. 2.16 illustrates, the TD-DFT calculations reveal that DC tunnelling under
static biasing (green data points) and lightwave-driven tunnelling utilising ultra-
short voltage pulses (red data points) sets in at approximately the same electric
field strength in the tunnelling junction of 0.2V /A (0.18 V/A for DC biasing and
0.21V/A for lightwave biasing). This validates the use of the molecular switch as
a voltage gauge, confirming that our experimental calibration of the local transient
voltage is accurate. Plotting the temporal evolution of the electric field, averaged
over a small region on top of the molecule, unveils strong retardation effects (see
Suppl. Fig. A.3) that modify the field distribution. However, this is only true if the
number of electrons tunnelled per pulse is larger than one. When a single isolated
electron tunnels from the tip into the molecule, it will be subject to the unaltered
energy landscape. Our experiments thus directly rely on the quantum mechanical
principle that a particle does not modify its own potential. The tunnelling process is
quasi-instantaneous and only occurs at the peak of the transient. The test waveform
only adds a small offset to the field crest of the gate pulse. Due to the fact that
on average less than one electron tunnels within the small time window given by
the peak duration of the near field, our sampling scheme is valid and allows for the

quantitative extraction of the near-field waveform with atomic precision.
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It deserves mention that these TD-DFT calculations were done for a centre fre-
quency of 40 THz in order to reduce the computation time. Cross-checks comparing
the result to calculations done with the true centre frequency of 0.9 THz revealed the
applicability of this approach. Even at 40 THz, the Keldysh parameter (see eq. 2.8)
remains below one and the photon energy well below any electronic excitation in
the system. Notably, the fact that the tunnelling onset remains at the same peak
field strength of 0.2 V/A (see Fig. 2.16) even in the multi-terahertz and mid-infrared
regime shows the scalability of the LW-STM scheme.

With the described technique, we have found a way that allows for spatio-temporal
sampling of atomic-scale near fields. We anticipate that finely calibrated videos de-
picting sub-Angstrom field distributions will not only push the boundaries of classical
nano-optics but also offer a direct visualisation of the quantum nature of atomic-scale
light-matter interactions. Furthermore, we can now experimentally validate state-
of-the-art simulations that bridge the gap between macroscopic light and atomic
waveforms. This development has the potential to revolutionise the design of nan-
otechnology, enabling the creation of novel metamaterials and atomic-scale devices
that leverage precisely tailored coherent near fields, all within a time frame faster

than a single cycle of light.
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2.6 Controlled excitation of librational motion

The results presented in this section were obtained in close collaboration with Dr. Do-
minik Peller, Dr. Thomas Buchner, and Carmen Roelcke. We published our work in
the journal Nature under the title “Sub-cycle atomic-scale forces coherently control
a single-molecule switch” [Pel20b].

In the previous sections, we have established that the terahertz waveform coupled
into an STM junction drastically changes in shape upon propagation into the near
field. Utilising a single-molecule switch with a voltage-dependent switching probabil-
ity and our novel detection scheme of ultrafast action spectroscopy, we were able to
directly map out the temporal evolution of the ultrafast voltage pulse applied across
the tip-sample junction. With this technique to measure the ultrafast bias pulse
shape in the tunnelling gap, we can now custom-tailor our near field. Specifically, in
our setup we can chirp the terahertz pulse or apply a spatial/spectral filter, record
the far field using EOS (see sec. 2.3), and directly calculate the expected near-field
waveform by applying the newly determined complex-valued transfer function (see
Suppl. Fig. A.2).

But which effect would such a change of the waveform have in a lightwave-driven
STM? For state-selective tunnelling with a transient bias, as has been established
in section 2.2, the top 10% of the waveform are used to temporally confine the tun-
nelling window to sub-picosecond timescales. With the handles on the CEP of the
terahertz pulse as well as its spectral composition and phase, we can effectively alter
two properties that are relevant for the charging mechanism: the duration of the
tunnelling window and the peak field. However, if the electric field directly interacts
with the sample, for example by applying a Coulomb force, not only the field strength
but also the frequencies and the relative phases within the pulse are crucial for the
exact interaction with the sample. Applying forces to matter with various scanning
probe techniques has been shown numerous times before to reorder atoms at surfaces
into nanostructures [Hla00, Hei02, Str04, Pav17, Esal8]. In the following section,
I will introduce how we are able to coherently control the reaction dynamics of a
molecular switch using sub-cycle forces applied with Angstrém spatial resolution.
To test the hypothesis whether the electric field of the terahertz pulses can excite

ultrafast dynamics, we make use of a well-known molecule system. The molecular
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switch MgPc, which has been introduced in section 2.4, proves to be a suitable
candidate. As mentioned above, the potential landscape of the molecule’s neutral
and negatively charged states differ considerably. In the electronic ground state, the
molecule is subject to a double-well potential symmetric to 0° with minima at around
£10°. In contrast, in the singly-negatively charged case, the potential changes to
a singular minimum centred around 0° due to the changed Coulomb interaction of
the molecule with the polar sodium-chloride surface (see Fig. 2.9). This allows the
molecule to rotate azimuthally and to be switched with a certain probability once
charged. A weak pump pulse with its peak voltage Vi, © well below the LUMO
resonance will not be able to induce switching. For clarity, please refer to Fig. 2.13
where the onset of switching as a function of the tip-confined peak voltage reveals
negligible probabilities to switch the molecule below tip-confined voltages of around
0.8V.

However, a terahertz pulse incident on the tip-sample junction with a peak voltage
well below the resonance may still induce dynamics that can be revealed using a
pump-probe scheme. Keeping its peak field strength well below any resonances en-
sures that any effects on the motion of the MgPc molecule must be due to its electric
field and cannot be the result of a charging event. The switching probability resulting
from a time-delayed electronic trigger pulse is then expected to encode information
on the dynamics excited by the ultrafast atomic force.

The green markers in Fig. 2.17 illustrate the variation of the switching probability per
pulse pair with the delay time 7 between the excitation pulse and the electronic trig-
ger pulse. Clearly, an oscillation pattern of the switching probability at a frequency
of 0.3 THz arises. It shows no decay in amplitude up to several tens of picoseconds
after excitation, pointing towards weakly-damped dynamics. This is surprising for
a molecule adsorbed on top of a polar substrate. In comparison with calculations
of phonon modes of the molecular frame using density-functional theory, a possible
origin of the oscillation is found. The oscillation frequency of the probability matches
a frustrated in-plane rotation of the molecular rotor [Pel20b].

Upon reversing the polarity of the pump pulse, both amplitude and frequency are
barely changed (see Fig. 2.17, orange markers). Merely the phase is shifted by ,
signifying a coherent excitation by the ultrafast pump pulse. Further measurements

with varying pump field strength uncover that the mean switching probability 7
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Figure 2.17 | Coherent modulation of switching statistics. Varying the pump-
probe delay time reveals modulations of the switching probability per pulse pair
with a period of 0.3 THz (green markers). Reversing the polarity of the pump pulse,
whilst retaining all other experimental settings unchanged, exposes an oscillation
with the same amplitude and frequency but a phase shift of 7 (orange markers). This
indicates a coherent modulation excited by the force pulse that leads to variations
of the switching probability.

stays constant as a function of the delay time for a wide range of peak fields (see
Fig. 2.18a). Only once the transient voltage Viiy"" of the pump pulse suffices to reach
the LUMO, p starts to rise steeply. The peak-to-peak amplitude py;, of the switching
probability oscillation (see Fig. 2.18b), on the other hand, increases linearly with the
pump field-strength over the entire measured field range. These results lead to the
conclusion that the electric field of the pump pulse couples to the molecular frame,
either by directly exerting a force on the charged atoms or via the polarisability of
the sample. This interaction coherently excites an in-plane motion, which strongly
influences the switching probability.

Repeating such pump-probe experiments, in which only the probe pulse is able
to charge the molecule for varying tip positions, reveals strong spatial variations of
D and pyp,, as demonstrated in Fig. 2.19a. Traces of the time-dependent switching
probability were recorded at six different positions along the molecular switch, as
indicated in Fig. 2.19b. At the positions A-C, no clear modulations of the switching
probability py, are visible, whereas at the locations D-F, strong oscillations of p,, are
detected. These spots with maximal as well as the spots with negligible force-induced

modulations are less than 5 A apart. Interestingly, the mean switching probability
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Figure 2.18 | Effect of pump peak voltage on mean and amplitude of switch-
ing oscillations. The THz pump — THz probe experiments reveal a clear harmonic
oscillation of the switching probability. The mean p and peak-to-peak amplitude
Ppp Of these coherent vibrations (see definition in Fig. 2.19a) exhibit a completely

different dependence on the peak pump voltage Viiy". a, The mean switching prob-

ability P remains constant up to a voltage of around 0.7V, where the pump pulse
begins to be strong enough to tunnel electrons into the LUMO and thus trigger
switching events. b, The amplitude py;, of the oscillations rises linearly even for low
peak voltages, indicating a completely different excitation mechanism that does not
rely on charging of the molecule.

shows a reversed spatial dependence: Areas with the largest 7 possess diminishing
Ppp, While areas with a small p display large delay-time-dependent variations of up
to 39%. This proves that the excitation by the pump pulse acts independently from
the electronic trigger. The electric field in the junction applied by the terahertz tran-
sient possesses a mostly vertical/out-of-plane component, as any transversal fields
are efficiently screened by the polar salt layers and the free charges in the metal
substrate. Nonetheless, the force pulse efficiently excites a mode that influences the
switching probability, which is an in-plane/azimuthal rotation. Density-functional
theory calculations performed by our collaborator Nikolaj Moll reveal that applying
an out-of-plane field locally leads to a minuscule azimuthal displacement of the molec-
ular frame from the potential minimum. These excursions critically depend on the
exact position of the applied field. The calculated positions of largest field-induced
rotations (see Suppl. Fig. A.1) strongly agree with the positions of high excited mod-
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Figure 2.19 | Spatial variations of dynamics. a, Performing pump-probe mea-
surements for different tip positions reveals locally varying dynamics. At the positions
A-C, the mean switching probability p is larger but no clear modulations p,, are
discernible. At the locations D-F, in contrast, a low p but strong oscillations py,, are
detected. b, The map of the mean switching probability for a delay time 7 = 9.3 ps
shows the 6 spots marked A-F where the traces shown in panel a were recorded.
The regions are separated by less than 5 A but show completely different behaviours.

ulation depth of the switching probability shown in Fig. 2.19a. This conformity arises
from the positions of specific atoms in the relaxed molecular geometry. The molecule
does not lie completely flat on the NaCl substrate but instead, the isoindole units
are slightly twisted (see Suppl. Fig. A.5), as alluded to in the discussion of the local
single-pulse switching maps (see Fig. 2.11). A polar interaction of specific hydrogen
atoms, which are slightly positively charged due to their smaller electronegativity
(with respect to the carbon binding partners), with the anionic chlorine underneath
leads to the molecule being relatively strongly bound to the surface at these points.
On the one hand, as a result, these parts of the molecule are further away from
the tip, leading to a reduced wave-function overlap, thus also a reduced tunnelling

and switching probability (see Fig. 2.11). On the other hand, disrupting these lo-
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motion

cal hotspots of interaction using force pulses leads to the strongest changes in the
adsorption potential and hence the largest mechanical oscillation amplitudes. This
causes stronger fluctuations of the tunnelling probability and thus the switching
probability can be more effectively modulated. This demonstrates the high spatial
precision with which we can apply ultrafast forces and the strong local differences
in the ultrafast modulation excited.

The coherent control of the molecule’s switching dynamics with Angstrom fidelity
is a first step towards path-selective real-space reaction microscopy with combined
sub-cycle and atomic precision. We believe that this approach will allow for the
control of structural transitions in molecules and solids on their intrinsic length
and timescales. Manipulating ultrafast dynamics will prove useful in countless ap-
plications including most prominently (bio-)chemical reactions [Sch17a] and phase

transitions in strongly-correlated materials [Eic10].

2.7 Towards lightwave scanning tunnelling

microscopy of non-classical quantum motion

The analyses presented in this section were performed in close collaboration with
Dr. Yaroslav Gerasimenko and Vincent Eggers.

As demonstrated in the previous chapters, the ultrafast nanoscopy technique of LW-
STM allows for glimpses into the intricate dynamics occurring in the nanoworld. For
instance, this method has been successfully employed to record the first atomic-scale
movie with femtosecond resolution, visualising the oscillations of a single pentacene
molecule [Coc16]. As presented in previous sections of this thesis, we were able to re-
cently record toggling events of a single-molecule switch (magnesium-phthalocyanine,
short MgPc) with shot-to-shot fidelity using so-called ultrafast action spectroscopy.
Moreover, we were not only able to observe the molecular switch but also to pur-
posefully manipulate the process. Specifically, the switching probability could be
influenced by up to 40% using an ultrafast atomic force pulse to excite a libra-
tional motion of the molecule within its electronic ground state (see sec. 2.6 and ref.
[Pel20b)).

However, the motion of these single molecules — the vertical oscillation of pentacene
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and the in-plane libration of MgPc — was so far considered to be purely classical.
The size of these molecules investigated lies in the range of a few Angstrom and their
mass measures a few hundreds of atomic mass units u (1u = 1.661 x 107" kg). As
these sizes and masses lie far in the nano-realm, the questions arises whether the
molecular vibrations could be prepared in a non-classical state, only describable by
quantum mechanics.

Non-classical oscillator states. Before going into detail on the librational motion
of the MgPc molecule, a brief general overview of quantum harmonic oscillators in
general is provided.

In the nano-realm, the effects of uncertainty and quantisation play crucial roles.
Notably, the quantum mechanical analogue of a classical harmonic oscillator is a
coherent state or so-called Glauber state [Gla63], where the uncertainties in the con-
jugated variables are equal and minimal. Such pairs of variables include position =
and momentum p (as in the case of a linear oscillation) or angular displacement 6 and
angular momentum py (in the case of a libration/torsion). Yet, the generic quantum
harmonic oscillator can feature a variety of quasiprobability distributions — so-called
squeezed states and Schrodinger cat states [Jan94] — none of which have a classical
analogue of motion. In a quantum squeezed state, the uncertainty of one variable
is reduced or “squeezed” at the expense of the uncertainty in the complementary
non-commuting quadrature [Cav81]. However, the evolution of the mean of the vari-
able would be indistinguishable from the classical trajectory. These seemingly exotic
squeezed states naturally arise in quantum entanglement [Hal99] and are commonly
used in the realm of quantum information. They have been both generated and ob-
served in various systems, including optical and microwave modes [Yur90], trapped
ions [Kiel5], ultracold atoms [Hal99], molecular oscillators [Burl9], micrometre-scale
mechanical resonators [Aspl4, Woll5], and even in solids [Gar97].

For a visualisation and clarification of the differences between coherent and squeezed
states, let us assume three differently prepared oscillator states and record the os-
cillator displacement A (be it = or ) as a function of time. Figure 2.20a-c displays
the temporal evolution of the oscillator displacement A(t) of a coherent (blue), an
amplitude-squeezed (red), and a phase-squeezed (green) state over one oscillation
period. The occurrence histograms for a certain displacement at each point in time

are displayed in Fig. 2.20d-f for the three cases. While the mean displacement at
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Figure 2.20 | Coherent and squeezed oscillator states. a-c, The time evolution
of the displacement A of a coherent (panel a), an amplitude-squeezed (panel b),

and a phase-squeezed state over a full oscillation period T are depicted. d-f, The
histograms of the occurrence of a certain oscillator displacement A differ strongly for
the three different states. The uncertainty is independent of the oscillation phase in
the case of a coherent state (panel d), while it is minimised at the turning points for
an amplitude-squeezed state (panel e) and at the zero-crossings for a phase-squeezed
state (panel f).

each moment in time is the same for the three respective states, the uncertainties
show a different behaviour: The width of the oscillation in case of a coherent state
is constant over the whole period, whereas the histograms for the amplitude- and
phase-squeezed states exhibit minima in their width at the turning points and the
zero-crossings of the oscillation, respectively. Thus, the uncertainty in excursion is
minimised twice within each oscillation period T for squeezed states, while for a
coherent state it remains constant. This oscillation of the variance at the second
harmonic of the mean oscillation frequency is an important indicator for non-classical
oscillator states. This highlights that measurements of mean values alone are insuffi-
cient for describing quantum degrees of freedom. Thus, it is necessary to also obtain

access to the uncertainty of the coordinate under study. We need to examine the
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distribution of this variable and could potentially infer quantum properties from
the mean and widths of these distributions. In the following, we discuss a few key
considerations that could ultimately contribute to measuring the quantum motion
of individual molecules in their natural environment using LW-STM.

Signatures of quantum motion in the switching statistics? As has been es-
tablished in section 2.6, we can deflect the single-molecule oscillator MgPc from its
potential minimum using an ultrashort force pulse. I have shown that the effect of
the force pulse is extremely local (see Fig. 2.19). At locations where large oscillation
amplitudes are excited and thus the harmonic estimation of the vibrational potential
is no longer valid, intriguing librational motion could potentially be created. More-
over, the force pulse is not completely impulsive, but the full temporal evolution of
the electric field could influence the precise motion induced. All these factors could,
in principle, foster the creation of non-classical vibrational states in a single molecule
[Dun93, Dun95].

However, the readout of the momentary position of the molecular frame proves chal-
lenging. In the previous sections, we used the switching probability of the librating
molecular switch as an indicator for the mean angular displacement of the molecu-
lar frame from its potential minimum. The question arises whether the switching
statistics of the vibrationally excited MgPc molecule encode more information on
the vibrational state beyond the mean oscillator displacement. Studying statistical
quantities beyond the first moment (the mean) may give first insights. As explained
in section 2.4, the novel technique of ultrafast action spectroscopy is able to provide
shot-to-shot information on the switching success. Thus, the outcome of every single
switching attempt (laser pulse injection) can be registered and analysed.

To study the switching statistics as a function of the oscillator phase, time traces
similar to the ones shown in Fig. 2.10b were recorded for various pump-probe delay
times. Figure 2.21a depicts the occurrence histogram for N = 2000 switching at-
tempts, colour-coded from low (green) to high (red) switching occurrence. The mean
switching probability fluctuates periodically at a frequency of 0.3 THz (see Fig. 2.21b
and sec. 2.6). Moreover, fine details are visible in the histogram width as a function
of the delay time. To investigate the differences in the temporal evolution of the
mean and the width of the switching histograms, we aim to magnify the intricate

details in the histograms. To this end, we subtract the mean switching probability,
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Figure 2.21 | Time-resolved counting statistics. a, We recorded the occurrence
of the switching events M (for N = 2000) as a function of 7 and plotted it in a
histogram for each delay time. The black arrows indicate delay times with particu-
larly broad distributions seen in panel c. b, Calculating the mean displacement for
each delay time reveals oscillations of the mean number of switching events (M)
at a frequency of 0.3 THz. ¢, To improve the statistical accuracy, the variance of
the relative number of switching events M — (M) is bootstrapped. The oscillation
frequency clearly differs from the one shown in panel b. Broad distributions occur
at zero-crossings of the oscillation of the mean (black arrows). The dotted and solid
black lines delineate the position of the 1%, 5%, 25%, as well as 50% occurrence.
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Figure 2.22 | Time evolution of the switching statistics. Closer analysis of the
time evolution of mean and variance of switching provides further insight. a, The
temporal evolution of the mean switching probability (M) (blue) and the line cuts
through the bootstrap variance (BSV) depicted in Fig. 2.21c (solid black lines) at the
75% (green) and 90% (orange) occurrence level show different oscillation frequencies.
b, Calculating the Fourier spectrum of the temporal evolution of mean switching
count (M) (blue) as well as the line cuts through the BSV at the 75% (green) and
90% (orange) occurrence level depicted in panel a clarify the presence of higher
harmonics of the mean oscillation frequency in the line cuts.

eliminating the dominant modulation at a frequency of 0.3 THz. To further improve
the statistical power, a statistical resampling technique called bootstrapping (see
appendix A.4.1) of the residue (M — (M)) for each delay time is performed. Us-
ing this method, an estimate of the standard deviation of the switching probability
O (v—(aryy can be obtained without the need for any model of the underlying statis-
tics. Strikingly, the width modulation (standard deviation) depicted in Fig. 2.21c
oscillates faster than the oscillation of the mean switching probability and the most
noticeable peaks appear at zero-crossings of the mean (Fig. 2.21c, black arrows). To
assess the differences in the temporal evolution of the mean and the width of the
switching occurrence histograms, two exemplary line cuts through the bootstrap
variance (BSV) — the 75% (Fig. 2.21c, lower solid black line) and 90% occurrence
levels (Fig. 2.21c, upper solid black line) — are compared to the mean switching prob-
ability. The conspicuous presence of higher-harmonic contributions detected in the

time domain (Fig. 2.22a) becomes even clearer in the frequency domain (Fig. 2.22b).
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The mean switching probability exhibits one dominating Fourier peak at 0.3 THz.
In contrast, the line cut through the 90% occurrence level (orange curve) displays
a second peak in the Fourier amplitude at 0.6—0.7 THz, while the cut at the 75%
occurrence level (green curve) exhibits even higher additional frequencies (1.1 THz
and 1.7 THz). This solidifies the observation that a clear high-frequency oscillation
is present in the variance and readily demonstrates the new dimension of data con-
tained in the switching statistics.

Notably, the mapping of uncertainties in the switching probability onto the specific
oscillator state of MgPc is non-trivial. In order to switch the molecule, an electron
must be transferred from the STM tip into the molecule. The probability of tun-
nelling one electron from the tip into the molecule critically depends on the dipole
matrix element between the initial state (assumed s-wave of the tip) and the final
state (new combined electronic and vibrational wave functions). It remains to be
clarified to which extent the measurement (tunnelling) retains information of the
vibrational state of the molecule. To solve this question, elaborate calculations involv-
ing the following steps are necessary: First, the combined vibrational and electronic
wavefunction of such an excited molecule must be determined. The polar substrate
(sodium chloride) may additionally influence the wavefunction. Second, it must be as-
certained how exactly this wavefunction collapses upon measuring. Does a projection
onto the real-space coordinate occur or does the molecule remain in a vibrational
eigenstate? Third, the exact position of the electron injection is not arbitrarily precise
but delocalised over a finite “area”. This additional uncertainty combined with the
aforementioned aspects renders making statements regarding the positional uncer-
tainty of the oscillator from our measured data extremely difficult. Moreover, purely
classical uncertainties additionally pollute our signal dramatically. In the counting
statistics of single tunnelling/switching events, oscillations of the tip-sample distance
as well as the position of the tip lead to large additional uncertainties, which must
be considered in the analysis. Nonetheless, more detailed modelling in the future
may help in disentangling the different contributions to the measured data.

To conclude, our work has introduced the counting statistics of single quantum events
in LW-STM. Through the use of sub-cycle atomic forces directly acting on select
atoms, we have excited librational motion in a single molecule. The switching proba-

bility as a function of pump-probe delay time shows intriguing features: Tracing the

t
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mean switching probability visualises the librational motion of the molecule. Apart
from that, fluctuations in the widths of the switching occurrence histograms are
detected. The switching uncertainty is particularly broad at the zero-crossings of
the oscillation. While the precise origin of these signatures is currently not clear,
yet, the hypothesis that non-classical amplitude-squeezing of the libration state may
play a role will be investigated with high priority. I have shown that ultrafast action
spectroscopy within a lightwave-driven STM may illuminate the quantum realm of
single-molecule oscillators and detect fluctuations at the quantum limit. In order to
verify whether the width variations originate from quantum mechanical uncertainty
and whether squeezed quantum states are detected, meticulous inspection and fur-
ther statistical analyses are necessary.

Another path towards the visualisation and control of quantum states within LW-
STM may involve the implementation of electroluminescence and the analysis of the
statistics of the emitted photon energies. Previous studies have presented potential
signatures for squeezed states using fluorescence experiments in the far field [Dun93].
Extending this idea to single nanoscopic entities, using the spatio-temporal capabili-
ties of LW-STM may elucidate the position-dependent response of single molecules
and the dynamics of different vibrational quantum states therein. A second possible
route towards the detection of quantum oscillator states in single molecules lies in
the use of a source of visible photons with tunable energies to excite the sample.
Properties such as the absorption as well as the emission of an oscillating molecule
may critically depend on the exact phase of the oscillation.

The foundational concept of counting statistics with sub-picosecond temporal and
Angstrom spatial resolution in LW-STM in combination with an additional informa-
tion channel in form of the absorbed/emitted photons may pave the way towards the

observation and even controlled engineering of quantum states of single molecules.



Chapter

Controlling phononic motion and ultrafast
energy level shifts of atomic defect levels in

monolayer tungsten diselenide

The data presented in this chapter were acquired and analysed in close collabora-
tion with Carmen Roelcke, Dr. Yaroslav Gerasimenko, and Andreas Biereder. A
manuscript has been submitted for publication. Some figures within this chapter are
adapted from that manuscript.

Since the advent of graphene, the interest in atomically-thin crystals has been on a
constant rise. Among these, monolayer transition-metal dichalcogenides (TMDCs)
have garnered significant attention as a diverse class of materials, exhibiting a wide
range of properties, especially with regards to their electric conductivity: The het-
erogeneous group of TMDCs features insulators, semiconductors, semimetals, and
metals [Wil69, Cha20]. Diversifying this wide range even more, different atomically-
thin TMDC crystals can be stacked on top of each other to create heterostructures. If
two layers of crystals are combined and rotated with respect to one-another, so-called
Moiré superstructures emerge, providing an additional level of nanoscopic complex-
ity [Mak22]. These diverse and complex heterostructures offer an auspicious playing
field for investigating and actively manipulating a plethora of fascinating mechanisms
such as excitonic (electron—hole pair) [Wan18, Cia22, Nai22] and spin-related physics,

including valley pseudospin and strong spin-orbit interactions [Xul4, Man15]. Mas-
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tering such intricate properties is of fundamental interest as it offers an enticing
opportunity for tailoring quantum materials [Zho21, Mak22]. Remarkable progress
has been made through recent advancements in time- and angle-resolved photo-
electron spectroscopy, enabling investigations of electron dynamics with momentum
resolution on femtosecond timescales [Kar22, Sch22, Mad20, Wal21]. These advanced
techniques not only provide fundamental insights into the physics of TMDCs, but
also hold tremendous potential for the development of novel optoelectronic devices
based on atomically-thin TMDCs.

All these electronic properties are intricately linked to the atomic lattice of the ma-
terial. The nuclei form the potential landscape in which the charges propagate and
thus strongly govern the dynamics of electronic excitation. Lattice vibrations thus
not only alter the relative distance of the nuclei but affect the energies of electronic
levels. Even the line width of exciton emission has been shown to sensitively depend
on the strain of the lattice [Niel8]. The scattering times of excitons and thus the
dynamics of these quasi-particles are strongly influenced by phonons [Hel21] reaffirm-
ing the strong interaction of electronic and phononic excitations [Niel8]. Hence, it is
of utmost interest to study how phononic motion influences the energy of electronic
levels in atomically-thin materials.

In this chapter, I will initially introduce the material class of transition metal dichalco-
genides. We followed a multistep fabrication process to generate vacuum-compatible
monolayer samples and we investigated mono-atomic vacancies therein. Following
the controlled excitation of a vertical phonon mode (sec. 3.2) with a terahertz pulse,
I will present how LW-STM is able to resolve the ultrafast changes to the tunnelling
current as a function of delay time between excitation and readout. Atomic-scale
differences in amplitude and baseline of these oscillations are detected. Extending
the capabilities of LW-STM, which has so far only been employed for imaging, to
achieve ultrafast energy resolution, I will introduce time-resolved light-wave driven
scanning tunnelling spectroscopy. Using this novel approach, the first visualisation
of ultrafast shifts of localised energy levels on sub-picosecond timescales (sec. 3.5)

will be displayed.
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Figure 3.1|Crystal structure of
WSe;. a, The top view of a tung-
sten diselenide monolayer visualises the
hexagonal crystal structure. The unit cell
(black dashed rhomb) consists of two pris- b .
matic cells (indicated by dotted line), one W
cell with a tungsten atom (blue sphere) Sl Vi i
and one without, surrounded by selenium
atoms (yellow spheres). b, The side view
of three WSes monolayers illustrates the
2H-stacking order. Neighbouring layers are
rotated by 60° with respect to each other
and shifted such that a chalcogen comes
to rest above a metal atom and vice versa
(see dashed lines).

3.1 Monolayer transition-metal dichalcogenides

The material group of transition-metal dichalcogenides form the chemical structure
MX,, per definition consisting of a transition metal (M) from the d-group in the
periodic table and two atoms from the chalcogen group (X). In the scope of this thesis,
the semiconducting TMDC tungsten diselenide (WSes) was investigated closely. Its
crystal structure is identical to its cousins’ molybdenum diselenide (MoSe;) and
tungsten disulphide (WSz). These materials form layered crystals with a trigonal
prismatic structure where every transition metal in the centre is covalently bound to
six surrounding chalcogen atoms. Within the layer, as illustrated in Fig. 3.1a, this
reveals a hexagonal lattice structure similar to the honeycomb lattice of graphene.
In the naturally occurring, so-called 2H-stacking order, neighbouring monolayers are
rotated by 60° and shifted with respect to each other such that a tungsten atom
comes to rest exactly between two selenium atoms of the neighbouring layers (see
dashed lines in Fig. 3.1b). The van der Waals bound layers can be mechanically
exfoliated down to the monolayer level.

As illustrated in Fig. 3.2, thinning down WSe, changes its electronic band structure.
More precisely, the conduction band minimum shifts from a position in between
the I'- and K-points in the bulk material to the K-point in the monolayer, while

the valence band maximum moves from the I-point to the K-point. This effectively
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Figure 3.2 |Band structure of bulk
and monolayer WSe,. The valence (red)
and conduction bands (blue) change drasti- Bulk
cally in shape when exfoliating WSe, down 4F
to the monolayer. a, The band structure

of bulk WSe, when passing through high-

symmetry points of the reciprocal lattice [
from I'- to M-, K-, and back to the I-point

is depicted. The indirect bandgap (pink
arrow) measures 1.2eV and lies between

%
valence band maximum at the K-point
and conduction band minimum located be-
tween the K- and the I-point. b, In the

WSe, monolayer, the direct bandgap (pink r MK T M K T
arrow) lies at the K-point and measures Wavevector Wavevector
1.56 eV. The band structures are adapted

from Kumar et al. [Kum12].

Monolayer

Y/avAS

Energy (eV)
o
!
4
Energy (eV)
o
T
i

N
X

'

N
'

N
T

—

turns WSe, from an indirect- (Egp, = 1.2€V) into a direct-bandgap (Egap = 1.56€V)
semiconductor. This means that excited charge carriers (electrons and holes) after
equilibration relax towards the same momentum/point in reciprocal space — the
K-point — in a monolayer. This fundamentally changes exciton formation and their
dynamics.

Sample fabrication. As mentioned above, the individual layers are weakly bound by
van der Waals interaction, which allows for relatively simple mechanical exfoliation,
reducing the crystal to one single layer. Traditional techniques such as polydimethyl-
siloxane or “sticky-tape” methods [Li22] were deemed unsuitable for our application
due to the presence of polymer residues that not only would render the samples
unsuitable for ultra-high vacuum environments but also would pose a threat to the
scanning tip within the STM due to their insulating behaviour.

In our approach, a clean gold surface played a crucial role by providing a suitable
platform for the transfer process [Vell8]. Prior to the transfer, the gold surface
was cleaned during a thorough preparation procedure in a vacuum (approximately
10~° mbar) environment. More precisely, the gold surface was sputtered with Argon
ions followed by an annealing step to reconstruct the top layers and generate an

atomically flat surface with a (111) surface crystal orientation. By gently pressing
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a freshly cleaved bulk WSe, crystal (purchased from HQGraphene) onto the gold
surface, the bottom-most monolayer adheres to the clean substrate. The precise na-
ture of this interaction has been investigated in the context of gold-sulphur bonding
but is anticipated to exhibit strong similarities in selenium. Due to a very weak
hybridisation of orbitals [Zhol6, Farl6] between the topmost gold atoms and the
lower chalcogen atoms of the crystal, this interaction can be identified as strong
van der Waals [Vell8] in character. Because of the weak van der Waals interaction
between individual WSe, layers, lifting off the bulk TMDC crystal leaves behind
a single monolayer of WSey. Annealing the whole structure at 360°C in ultra-high
vacuum for up to 12 hours until the pressure stayed on the order of 10~ mbar ensured
desorption of all remaining surface contaminants.

The described gold-assisted exfoliation approach not only eliminates the issues as-
sociated with polymer residues but also provides a reliable and effective method for
the successful transfer of TMDC monolayers.

Moiré superlattice and atomic defects. As noted earlier, the stacking of monolay-
ers of TMDCs gives rise to the emergence of a novel periodicity, which is determined
by the rotation angle and lattice constants of its constituent layers. The intriguing
surface corrugation can be imaged using STM, as Fig. 3.3a illustrates. The peri-
odic maxima in the apparent height shall henceforth be referred to as Moiré peaks.
Performing a Fourier transform of the entire image reveals six additional peaks at
(0.17 £+ 0.01) A~ from the centre. This corresponds to a Moiré periodicity of ap-
proximately m = (5.940.3) A (see Fig. 3.3b). From the lattice mismatch
between WSe, (lattice constant a=3.3 A) and Au(111) (a=2.8 A), the rotation angle
between the monolayer and the gold surface can be estimated to lie at around 38°.
A line cut along the white arrow in Fig. 3.3a reveals the Moiré height variations on
the order of 2 pm (see Fig. 3.3¢). Apart from the Moiré protrusions, local disruptions
of the periodicity, as a result of atomic substitutions and vacancies, are visible in
Fig. 3.3a. The observed local irregularities illustrate the well-known phenomenon
that crystalline structures are never perfect. Instead, crystalline materials, such as
the examined TMDC monolayer, feature ubiquitous point defects, substitutions, as
well as line defects that strongly modify the physical properties of the sample. For
instance, they can affect the thermal [Zhal2] and electronic conductivity [Zho04]
on the large scale. On the microscopic scale, they change the electronic structure
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Figure 3.3 | Protrusion height of the Moiré superlattice. a, A DC-STM
constant-current image of the WSey; monolayer reveals the hexagonal Moiré peri-
odicity and additional local disruptions (blue areas). The white arrow denotes the
direction of the line cut in panel c¢. Scan parameters: V = 1.1V, I = 48 pA, field of
view 79 x 79 A. b, The two-dimensional Fourier transform of the DC-STM image
exhibits six characteristic peaks in a distance of (1.740.1) A~ from the centre. This
corresponds to a real-space periodicity of (5.9 + 0.3) A. ¢, The height profile along
the white line indicated in panel a shows height variations in the topography of 2 pm.

[Sch19b] or phonon scattering [Wal63]. Intriguingly, point defects can be purposely
engineered by variation of the parameters within the preparation procedure of the
sample. For instance, the choice of a suitable annealing temperature and sputtering
the TMDC surface with positively-charged Helium ions has been shown to strongly
change the optical emission of MoS, monolayers [Mit21]. By annealing our sample to
over 300°C for several hours, most substitutional atoms that had replaced selenium
are dissociated, resulting in vacancies in the upper and lower selenium layer (Fig. 3.4a,
red marker). The dangling bonds of the surrounding three tungsten atoms (only two
are visible in sketch in Fig. 3.4a, the third lies within the image plane) hybridise and
form three localised, so-called defect states. One of these lies within the valence band
and is thus doubly occupied with electrons [Bar19]. The energies of the remaining
two defect levels, which were identified as two spin-orbit split states [Sch19b], lie
within the bandgap. The lower unoccupied defect state exhibits a threefold symmetry,
which is revealed by a DC-STM image recorded at V = 380 mV (see Fig. 3.4b). The

three bright areas of increased apparent height in the constant-current scan shall be
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termed “lobes” in the following descriptions.

The effect of a single missing atom on the local density of states becomes clear
when comparing spectra obtained via conventional scanning tunnelling spectroscopy
(DC-STS) recorded on a Moiré peak of the pristine monolayer surface (see Fig. 3.4b,
green marker) with spectra acquired on the lobe (Fig. 3.4b, blue marker). At the
Moiré peak, the semiconducting nature of WSes is confirmed by the emergence of a
conduction band at 1070 mV (Fig. 3.4c, green curve). Once this voltage is reached,
the detected tunnelling current increases considerably, leading to a peak in the dif-
ferential conductance dI/dV. Interestingly, these measurements reveal a small but
finite density of states even within the bandgap (see non-zero dI/dV curve below
850 mV), which is usually not observed in scans of monolayers that rest on top of
an insulating substrate. This phenomenon results from the density of states of the
gapless gold substrate that is still noticeable through the TMDC monolayer [Serl4].
The spectrum recorded at the defect location shows two additional peaks arising
at around 380 meV and 569 meV, respectively (Fig. 3.4c, blue curve). These are the
defect-states mentioned earlier and labelled D; and Dy for future reference. Addi-
tionally, a small bandgap renormalisation is apparent, shifting the conduction band
onset from around 1070mV to 1100 mV.

These spectra recorded in conventional STM operation reveal differences in the lo-
cal conductivity on Angstrom length scales. The localised defect states arising at a
mono-atomic selenium vacancy present themselves as intriguing entities for further

study.
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Figure 3.4 |Scanning tunnelling spectroscopy on selenium vacancies in
tungsten diselenide monolayers. a, The side view of a WSe, monolayer adsorbed
on gold displays a layer of tungsten (blue) covalently bound with two selenium
(orange) layers. A selenium vacancy in the upper layer (red spot) considerably alters
the electronic level structure locally. b, A threefold-symmetric structure clearly stands
out against the background in a constant-current STM scan of a monolayer WSe, with
a selenium vacancy. The background modulation results from a Moiré superlattice
forming due to the lattice mismatch of gold and the monolayer WSey. The two
coloured crosses mark the positions where the data shown in panel ¢ were recorded.
Scan parameters: V = 380mV, I = 49pA. ¢, Scanning tunnelling spectra obtained
on the defect (blue curve) and on a Moiré peak of the surrounding unperturbed
monolayer (green curve) reveal differences in the local conductance. At the positions
of a selenium vacancy, additional levels between the Fermi energy and the conduction
band onset arise (dotted lines labelled Dy and Ds). Apart from the defect levels at
around 380mV and 569mV, a small shift of the conduction band tunnelling onset
to higher voltages is evident.
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3.2 Exciting phononic motion in a monolayer
WSe2

As we have seen in the previous experiments presented in this thesis, a sub-cycle
terahertz pulse impinging on the sample is able to excite ultrafast dynamics in
molecular systems (see Chapter 2). In general, this method of inducing dynamics
should be applicable to crystalline systems as well. To investigate this, we performed
THz pump — THz probe experiments on the monolayer WSey, where the dynamics
induced by the first pulse are detected by variations in the tunnelling currents driven
by the time-delayed probe pulse.

The transient voltage these pulses possess in the near field is governed by the far-
field strength. For the following experiments the field strengths of the pump and
probe pulses were set to EPe™ = 0.33 Ey and ERe™® = 0.6 B, in units of the
unattenuated far field Ey. By varying the delay time 7 between the two pulses and
recording the lightwave-driven current Ify,, ultrafast dynamics were uncovered, as
becomes apparent in Fig. 3.5. A clear oscillation of the relative lightwave-driven
current Ify, — (Ify) with a period of approximately 3 ps, was observed on the WSe,
monolayer (orange curve). Subtracting the quantity (Ify,), the mean of the current
in the whole measurement window, allowed us to focus on the oscillation dynamics.
Importantly, such oscillations were not detected on a bare gold surface (red curve).
The absence of the signal on bare gold rules out any measurement artefacts of the
optics or electronic circuitry as the origin of the current oscillations. This points
towards dynamics linked to the WSe, monolayer or even just the single defect excited
by the pump pulse as the origin.

With the ultimate goal to determine the precise origin of the oscillatory pattern
described above, we proceeded to scrutinise further characteristics of the selenium
vacancy. For instance, we investigated the spatial dependence of amplitude and
phase of the oscillation at positions around the selenium vacancy (tip locations
marked in Fig. 3.6¢). Figure 3.6a displays pump-probe data recorded at six different
positions across the centre of the vacancy. Interestingly, the phase of the oscillations
remains the same for all six positions. However, the amplitude critically depends
on the exact location of excitation and/or readout (see Fig. 3.6b). Both amplitude

and baseline of the oscillations show a marked maximum at the lobe position of
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= WSe, Figure 3.5 | Comparison of ultra-
0.2 —+ Au fast current oscillations on a
. monolayer WSe; and on gold. We
s 0.14 performed THz pump — THz-probe
< experiments at different positions on
é% 0 the WSe, sample. Measurements on
1 the lobe of a single-atomic defect re-
g% -0.14 veal clear oscillations of the lightwave-
driven current Ify, — (1) (orange
02- curve). In contrast, on the gold surface
’ (red curve), no oscillations are visible.
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the defect orbital (position 2) and decay towards positions further away from the
vacancy. From the information in this panel alone, it is unclear whether the increased
oscillation amplitude at the defect lobe only stems from a larger baseline current or
indeed the mechanical displacement is larger there. As the line cut in Fig. 3.6d shows,
the apparent height of the sample is increased dramatically at the lobe position. This
larger current and thus the substantial increase in oscillation amplitude could arise
from a smaller tip-sample distance, larger wave-function overlap, or higher local
density of states. Additionally, possible origins of the larger oscillation amplitude
could be an enhanced effect of the excitation pulse or stronger response to said pump
pulse at this specific location.

As the oscillations in tunnelling current occur independent of the exact tip position,
we expect the variation to predominantly result from periodic changes of tip-sample
separation due to a mechanical motion excited by the pump pulse. In order to
quantify the mechanical displacement necessary for the variation of the tunnelling
current shown in Fig. 3.6a, we needed to extract the relation between tip-sample
distance Az and LW-driven tunnelling current Ipy.

As explained earlier, the tunnelling current decays exponentially with increasing tip-
sample separation (see eq. 2.3), characterised by the decay constant k. Supplementary
Figure B.2 illustrates the experimental data and the analysis used to determine the

decay constant. For two so-called retractions scans (I vs. Az), we obtained the two
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Figure 3.6 | Sub-nanometre positional dependence of current oscillation.
THz pump — THz probe experiments were performed at five different positions on the
monolayer WSe, sample (marked in panel ¢) with increasing distance to the vacancy
centre. a, The tunnelling current Iy, driven by the probe pulse exhibits oscillations
as a function of the pump-probe delay time at all positions but with strong variations
depending on the exact tip location. The oscillation amplitude peaks at the lobe
position (position 2) and then rapidly drops for positions further away from the
defect. The averaged signal (Ify,) of each trace is subtracted and the curves are
vertically offset with respect to the trace below for clarity. The errorbars in panel a
denote the standard deviation of the bootstrapped currents. b, The amplitude and
mean signal critically depend on the tip position. A clear peak in both quantities
appears on the lobe (position 2) followed by a rapid decrease upon moving further
away from the vacancy. ¢, The conventional constant-current image of the defect (V'
=380mV, I =49 pA) illustrates the tip positions during data acquisition for panel a,
indicated by circular markers. d, A line cut through the image in panel ¢ reveals
two peaks of 57 A and 67 A in apparent height, respectively, symmetrical around the
centre of the vacancy.
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Figure 3.7 | Position-dependent oscil-

lation amplitude. The amplitude of the

oscillations observed in pump-probe exper-

iments at five different positions (see inset)

are converted into changes of tip-sample Height (pm)
distance using the extracted tunnelling de- 0 70
cay constant x (see appendix B.3). The os-

cillation amplitude drops from 6 pm at the Y
vacancy and the lobe of the defect state
to below 5pm for distances larger than
5A from the defect centre (black spheres,
left y-axis). The mean current (Ify) over
one oscillation period is plotted as a func- °
tion of distance to the vacancy (orange
spheres, right y-axis). The current (Ify) 4 T T T 7T
peaks at the lobe position and is approx- 0 5 10
imately equally strong for all other posi- Distance to vacancy (A)
tions. The inset depicts the DC constant-

current image already shown in Fig. 3.6d.

The measurement positions are marked by

white points.

Asp (PM)

values for x: 1.51 A=1 and 1.59 A=, Utilising the mean of the two decay constants
k ~ 1.55 A1 for further calculations, the oscillation amplitudes in Fig. 3.6 can be
converted into picometres and plotted as a function of distance to the vacancy centre
(Fig. 3.7, black spheres). Surprisingly, the amplitude variations do not simply scale
with the mean tunnelling current driven at a each position (Fig. 3.7, orange spheres).
Moreover, the oscillation amplitude of 6 pm extracted close to the vacancy is even
larger than the height variations of the Moiré corrugation (see Fig. 3.3). Thus, it
remains to be elucidated whether depending on the precise tip position the same
pump pulse either leads to stronger excitation locally and/or the same excitation
strength causes a larger mechanical deformation. The former could be due to a
larger dipole formed by the increased electron density at the lobe position. The
latter reasoning is supported by the fact that due to the missing selenium atom, the
restoring force for mechanical deformations in the out-of-plane direction is reduced
compared to the pristine semiconductor crystal.

To further encroach on possible mechanisms exciting the oscillation in the pump-
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a
Figure 3.8 | Pump-field-dependent os- 4 — 0.32 E,
cillation amplitude. a, We repeated 1 — 0.175 E,
pump-probe experiments for three differ- 2 — 0.05 E,
ent pump field strengths: 0.05 Ey (red), =
0.175 Ey (orange), and 0.32Ey (green).
The time-resolved lightwave-driven tun- ;; 0
nelling current induced by the probe pulse \VI
reveals a clear trend of increasing oscilla- 53

tion amplitude, once a baseline in form 24
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probe measurements, the field strength of the pump pulse was systematically varied.
Figure 3.8a shows one period of oscillation between 8 ps and 11 ps for three different
pump field strengths: 0.05 Ey (red), 0.175 Ey (orange), and 0.32 Ey (green) when the
tip is placed on the lobe (see Fig. 3.6¢, position 2). The mean current (I}y,) over the
oscillation period was subtracted for simpler comparison of the oscillation amplitudes.
With increasing pump field strength the amplitude clearly rises. Converting the
current oscillations into changes of tip-sample distance leads to a linear increase
of the amplitude Ap_p with the pump field (see Fig. 3.8b). This points towards a
field-driven excitation in contrast to a current-driven mechanism. The electric field
of the pump pulse potentially couples to a dipole within the sample and acts as an
ultrafast force displacing the monolayer from this equilibrium position and leading
to the observed oscillations in tunnelling current.

It remained to be investigated whether this vertical displacement stems from a prop-
agating or stationary displacement. To this end, we repeated the THz pump — THz
probe experiments for different distances to a step edge within the sample. If the
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excited atomic displacement propagated, it would be reflected off the step edge and
interfere with the incident wave. We scanned for reflections or analogous features
within the almost perfectly harmonic oscillation and observed no significant changes
to the oscillation for different distances even for pump-probe delay times extending
beyond 90 ps. In conclusion, we have established that a terahertz pump pulse is able
to couple to the monolayer by means of its electric field to excite a vertical motion
of the sample that does not propagate. This leads to an oscillatory behaviour of
the monolayer as a function of pump-probe delay time, which is detected in the
lightwave-driven tunnelling current. The extreme sub-nanometre-dependence of the
amplitude and baseline of these oscillations on the exact tip position point towards
either strong position-dependent coupling of the terahertz electric field to the sample

or an increased excitation amplitude at the defect location.

3.3 Numerical calculations to elucidate the origin

of current oscillations

In the pursuit to understand the underlying mechanisms leading to the spatial vari-
ations in pump-induced changes to the lightwave-driven tunnelling current, several
proposals were discussed. The difference in electronegativity between the tungsten
(x = 2.36) and selenium (x = 2.55) atoms of the monolayer expectantly leads
to the formation of local partial charges, leaving the tungsten slightly positively
charged. The incident terahertz electric field could indeed be able to couple to this
dipole and excite a vertical oscillation. As we have found no propagation of the
displacement along the surface of the monolayer and no damping of the vibration
(see Suppl. Fig. B.3), the pump pulse most likely is exciting a standing-wave that
is well-decoupled from the other collective excitations. However, the exact motion
pattern cannot be extracted unequivocally from our measurements presented so far.
In order to unravel the emergent phonon modes within the WSey/Au heterostructures,
a comprehensive investigation was conducted employing first-principles calculations
by our theory collaborators Maximilian Graml and Dr. Jan Wilhelm. The system

was modelled as a pristine WSe, monolayer on a double layer of Au(111) acting as
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Figure 3.9 |Phonon dispersion of LA*

tungsten diselenide and drum mode. v
a, The phonon spectrum up to 2THz
shows the transverse (TA*, ZA) and lon-
gitudinal (LA*) acoustic branches as well
as the drum mode (DM), which splits off

Frequency f (THz)
1

from the ZA branch towards small crys- DM

tal momenta. At the I-point, the DM ex-

hibits a gap of approximately 0.5 THz. b, A ZA

real-space visualisation shows the atomic 0+ T 1
nuclei’s motion in a pristine monolayer r M L r
(selenium: yellow spheres, tungsten: blue Wavevector

spheres) when the DM is excited. Apart
from a large centre-of-mass motion (long
blue-red arrow) with respect to the fixed
gold atoms (grey), there are some small
out-of-phase intra-layer shifts of the sele-

nium atoms (smaller blue-red arrows). m

substrate. The tip was likewise represented as two layers of gold atoms. In order to

take the lattice mismatch between Au(111) and WSe, and the resulting formation
of a Moiré pattern into account, a large superstructure [Sar21] was constructed and
arranged in a 4x4 supercell, comprising a total of 544 atoms. Employing density-
functional theory with a Perdew-Burke-Ernzerhof exchange-correlation functional
[Per96] and van der Waals interactions [Gril0], the total energies and forces on the
atoms were calculated. The phonon band structure (Fig. 3.9a) was then determined
using the “phonopy package” [Togl5]. For the frequency range of 0 THz to 2 THz,
several acoustic modes are present in the plotted part of the Brillouin zone that is
depicted in Fig. 3.9a (I' = M — L — T'). Alongside the longitudinal (LA*) and
transverse (TA*, ZA) acoustic branches, an unconventional phonon branch splits
off the ZA branch at lower crystal momenta. This mode is gapped (approximately
0.5 THz) at the T-point of the WSe, monolayer Brillouin zone. This gapped mode,
represented by the purple curve, corresponds to a drum-like collective vertical motion
of the WSes layer as a whole, in relation to the gold layers and thus shall be called
drum mode (DM). The centre-of-mass motion (large arrow in Fig. 3.9b) is accom-
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panied by an intra-layer vertical oscillation (small arrows in Fig. 3.9b), wherein the
tungsten atoms exhibit an oscillation amplitude approximately 50% larger than that
of the selenium atoms. The atomically strong electric field of the pump pulse may
interact with the sample and excite DM through Coulomb interactions. For example
due to charge transfer between the gold and WSes monolayer, some charge imbal-
ance, which can interact with the electric field of the pump pulse, is created. Besides
that, the incident waveform is strong enough to induce polarisation by electrostatic
induction [She22]. As a result, the terahertz field exerts forces on the atoms of the
top atomic layers. The linear dependence of the amplitude on the excitation field,
as shown in Fig. 3.8, suggests that the former mechanism dominates the interaction.
Other phonon modes may also be excited due to the broadband excitation pulse
(frequencies spanning 0.2—2 THz) but will decohere quickly due to dispersion. It
must be noted that although the electric field of the pump pulse is predominantly
oriented out-of-plane, weak in-plane vibrations may still be excited.

Thus, we have found that the electric field of the pump pulse could couple to charges
in the monolayer, inducing a drum-like phonon mode. This periodic modulation of
the tip-sample distance of a few picometres is detected by a time-delayed probe pulse
driving ultrafast tunnelling currents. The strong positional dependence of the current
baseline and the peak-to-peak amplitude shows that the exact atomically precise
placement of the tip is critical. The single-atom vacancy disrupts the periodicity of
the monolayer and the detected oscillations are strongest at the defect location. This
raises the question whether the atoms surrounding the defect due to the reduced
number of next-neighbours are more prone to excitation triggering the motion of
the whole monolayer or whether the resulting oscillation amplitude is largest at this
specific position again due to the lack of next-neighbours. Although the STM allows
for atomic resolution in the tunnelling process, the electric field of the pump pulse is
less strongly confined. As a result, the Coulomb interaction of the monolayer with
the pump field is not restricted to the tip position. The readout mechanism however
is strongly localised. Therefore, it is most likely that the positional variations of the
detected signal stem from the differences in the response of the local nuclei to the
drum mode.

Nonetheless, other effects could contribute to the variations in the current signal

detected. Apart from changes to the tip-sample distance, energy levels within the
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sample could be altered as a result of the pump pulse. Especially, the localised energy
levels at the vacancy position (see Fig. 3.4, dI/dV spectra) could respond to the field-
induced vibration, shifting them in energy. In order to address this, a new ultrafast
spectroscopy technique with combined sub-picosecond temporal, Angstrom-spatial

and few-millielectronvolt energy resolution must be developed.

3.4 Ultrafast snapshots of the local density of

states

Alongside imaging on the atomic scale, accessing the position of energy levels is one
of the fundamental elements of scanning tunnelling microscopy. The question arises
whether similar information to conventional scanning tunnelling spectroscopy can
be extracted utilising ultrafast biasing. This would allow for the study of changes to
the local density of states of a sample as a function of time. As femtosecond imaging
of select orbitals is possible with terahertz pulses, spectroscopy should be likewise.

To test this hypothesis, we coupled terahertz pulses with varying field strength into
the STM junction and recorded the resulting lightwave-driven tunnelling current Iiy.
Figure 3.10a depicts the principle of operation: The transient voltage is tuned (red
and orange curves) by varying the far-field strength of a terahertz pulse in units of
the unattenuated far field Ey. Once the tip-confined voltage suffices to reach empty
energy levels within the sample, state-selective tunnelling will set in. As the local
spectrum extracted from DC-STS measurements differs considerably between the
selenium vacancy (blue curve) and a Moiré peak on the pristine monolayer (green
curve), the lightwave-driven current with its state selectivity is expected to display
disparities as well. Indeed, as shown in Fig. 3.10b, for voltages within the semicon-
ducting band gap, the lightwave-driven current remains meagre on the pristine WSes
spot (green curve, multiplied by a factor of 15) compared to the vacancy location
(blue curve). This points towards an additional tunnelling channel at the defect
location that is strongly localised and can be detected reliably by transient biasing
of the junction. Numerically differentiating the ultrafast current Iyw by the peak
field strength EE\C;CLk replicates the presence of two characteristic peaks (blue curve)

on the defect lobe observed in DC-STS (see Fig. 3.10¢). In stark contrast, minimal
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Figure 3.10 | Lightwave-driven scanning tunnelling spectroscopy. a, A sub-
cycle terahertz pulse focused into the STM acts as an ultrafast bias voltage. Scaling
the field strength of the far-field transient in units of the unattenuated far field Ey
(red to orange curves) will open state-selective tunnelling channels, depending on
the field strength as well as the local density of states. The green and blue curves
visualise the dI/dV spectra obtained from DC-STS for the tip positioned at the Moiré
peak and the selenium vacancy, respectively (see Fig. 3.4b, crosses). The peaks of
the defect levels are marked by dashed vertical lines. b, The lightwave-driven current
varies strongly depending on the tip position. On the defect (blue), starting at around
0.06 Ey, the current rises strongly. In contrast, at the Moiré peak (green), the current
is much lower and had to be multiplied by a factor of 15 for visibility on the same
y-axis. ¢, Numerically calculating the derivative d/py/ dE]‘j\e;\",Lk exposes two peaks on
the selenium vacancy and no peaks on the undefected WSes in spite of up-scaling
the latter data by a factor of 25. Vertical dashed lines indicate the two hallmark
peaks arising only at the defect location, which are reminiscent of the defect states
seen in panel a. The error bars in panels b and ¢ indicate the standard deviation of
the bootstrap resampled current data and their d]LW/dEE\C{,’k spectra, respectively
(see appendix A.4.1 on bootstrapping).
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signal and no peaks are detected in the quantity d/py/ dELp&?k on the Moiré spot up

to the conduction band onset (Fig. 3.10c, green curve, data multiplied by 25). Thus,
indeed, our lightwave-driven STS scheme (LW-STS) reproduces the two in-gap peaks
seen in DC-STS and thus should enable the readout of the position of energy levels
with sub-picosecond temporal resolution. To test this, it must be ensured that the
data in Fig. 3.10c indeed represents the ultrafast equivalent of DC-STS.

Let us give some general thought to the temporal and energy resolution in LW-driven
STS. The tunnelling of electrons is instantaneous, meaning that the applied instan-
taneous voltage of the waveform Vip(f) governs the tunnelling probability I35 ()
at each moment in time. This rapidly varying instantaneous current cannot be de-
tected by the purely electronic STM current amplifier. Solely the time-integrated
current acquired over multiple laser shots leads to a measurable signal. Notably, this

total time-integrated current is not solely comprised of electrons tunnelling at vaf,ak

because Vyr(t) ranges from its peak voltage V&%ak down to negative voltages given
by the near-field waveform. As a result, also lower-lying energy levels (lower than
Viheak) can contribute to the integrated current. This pollutes the signal and prevents
unequivocal, straight-forward assignment of features detected in a Iy Vlf’vf,ak curve to
true energy levels within the sample. Moreover, as this rectified current is driven by
the entire waveform, the temporal resolution is limited to the full oscillating electric
field, in our case almost 2 ps.

However, the tunnelling scenario is significantly different when considering energeti-
cally isolated levels or bands, where state-specific tunnelling can be actively induced
[Cocl6, Pel20b]. Thereby, the tunnelling window is confined in time to when the
transient bias suffices to reach the sharp resonances of the sample and the tunnelling
current is dominated by the current contribution where the instantaneous voltage
is equal to the peak voltage I (V (t) = VAeX). In the case of the examined WSe,
monolayer sample, this means that the onset of tunnelling into the first defect level at
the vacancy position and the onset into the conduction band on the pristine surface
can indeed be attributed to temporally strongly confined tunnelling. Therefore, the
derivative dlpy /dEFS® can be interpreted as an ultrafast readout of the local density
of states when dealing with isolated, energetically sharp states.

Importantly, due to the asymmetrical shape of the near-field voltage Vir(t) (asym-

metry ratio of 2:1, see Fig. 2.14b) and the relative position of the Fermi level within
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the band gap, the negative half-cycles of the near-field waveform prompt negligible
tunnelling currents. Only once the voltages of the negative half-cycles reach the
valence band below —1V, a notable tunnelling current is driven from the sample
towards the tip. Therefore, the detected tunnelling current in our scheme is solely
dominated by currents driven into empty states of the sample as long as the peak
voltage of the near-field waveform remains below 2'V.

In light of this suitable energy level structure of defects in WSey, LW-STS may in-
deed provide information on the level structure on ultrafast timescales. As again the
electronics are too slow to record the instantaneous current 1% (¢), a work-around
has to be utilised in order to estimate the temporal resolution of our LW-STS scheme.
A commonly used practice in ultrafast optics lies in performing an autocorrelation ex-
periment. To this end, two weak terahertz waveforms with a field strength of 0.05 Ey
each are superimposed within the STM junction. Individually, the peak fields do not
suffice to reach any resonances in the sample, however once constructively interfered,
the peak voltage exceeds the onset of D;. Figure 3.11a depicts the DC-STS scan
up to the second defect level Dy (blue line) and the two terahertz waveforms in red
and orange. By varying the relative delay time 7 and recording the terahertz-driven
current, an autocorrelation curve is retrieved providing information on the temporal
scales of the tunnelling events (see Fig. 3.11b). One can clearly detect an increase of
tunnelling current once the two transients constructively interfere. The peak width of
the autocorrelation curve, which is linked to the temporal resolution of our detection
scheme, is well below a picosecond.

The width of the autocorrelation only provides a rough estimate for the temporal
resolution. Instead, we are interested in the duration of the tunnelling window that
a single terahertz pulse opens as this ultimately governs the temporal resolution
of ultrafast LW-STS. To extract this value, as a first step a model simulating the
ultrafast autocorrelation was set up. Subsequently, the instantaneous current driven
by a single pulse can be simulated, providing insights in the temporal width of IR (¢).
Details on this work can be found in appendix B.1.

In order to model the lightwave-driven tunnelling current, two tunnelling contribu-
tions were taken into account. On the one hand, the tunnelling into the “background”
consisting of pristine WSe; bound to the gold surface was assumed to be an instanta-

neous process without Coulomb blocking. This means that the electrons tunnelling
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Figure 3.11 | Autocorrelation: experiment and simulation. To quantify the
duration of the tunnelling window, we performed an autocorrelation experiment.
a, Two terahertz pulses (red and orange waveforms) attenuated to 5% of the maxi-
mum peak field Eq were focused into the STM junction with a mutual delay time
7. The DC-STS curve recorded at the defect position is plotted on the right y-axis
(blue curve). The transient voltage applied by the individual pulses does not suffice
to reach the defect level at around 350 mV. b, By interference of the two pulses, the
effective field strengths may be sufficient to charge the defect, leading to a delay-
time-dependent change of the tunnelling current Alpyw. The current baseline driven
for non-interfering pulses was subtracted. The measured data (black with grey error
bars) is closely reproduced by a rate equation model (red). The error bars indicate
the standard deviation of the bootstrap resampled current data. ¢, The instantaneous
current Zrw (¢) = I(Vow (t)) driven by a single transient voltage pulse that reaches
the defect level V™ = 260mV is simulated. The FWHM of Zpy (¢) (grey area)
quantified as 300fs is commonly identified as the temporal resolution of LW-STM
at a certain peak field [Cocl3, Cocl6].

from the tip into the monolayer are mobile enough to immediately propagate away
without influencing subsequent tunnelling processes. Electrons tunnelling into the
defect states, on the other hand, remain there for a characteristic lifetime, effectively
hindering the flow of further charge carriers into the respective defect state. This
lifetime was included in the form of a rate equation model with an exponential
decay time of the electron population in the defect states. Additionally, the shape
of the voltage pulses had to be determined for the simulation. Using photo-assisted
tunnelling (see appendix B.6 for details), the exact temporal evolution of the voltage

transient was determined and the autocorrelation could be simulated.
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Figure 3.11b illustrates the comparison of the autocorrelation simulation with the
experimental data. Notably, the agreement between the autocorrelation measure-
ment and the simulation including a lifetime of 5fs in the rate equation model
points towards unperturbed probing of the lifetime-broadened first defect level. The
agreement implies that perturbations by multiple electrons tunnelling or temporary
charging of the defect level can be disregarded.

Building on the similarity of simulated and measured autocorrelation curves, the
tunnelling current driven by a singular terahertz pulse was simulated. The instan-
taneous current was determined by solving the rate equation with a lifetime of 5 fs
and a single electron tunnelling per pulse for a terahertz pulse with its electric field
tuned to the first defect level. At this particular peak voltage of VL‘{;evak = 260mV,
the instantaneous current possesses an FWHM of 300 fs. The width of this trace
is commonly associated with the temporal resolution in LW-STM [Coc13, Cocl6].
Therefore, by tuning the transient voltage pulse to an isolated level, we are able to
perform STS of a single defect level with unprecedented femtosecond resolution. The
only limiting factor in time resolution is given by the duration of the voltage pulse
and therefore the far-field waveform.

With the knowledge that lightwave-biasing is indeed able to drive tunnelling cur-
rents with ultrafast temporal resolution, the conversion factor between the far-field
strength and the voltage across the gap must be determined. It must be confirmed
that indeed the position of the peaks in the dlpy /dEPSE spectra be equated with
the defect states detected via conventional STS. Recording femtosecond STM images
at various transient voltages, we provide evidence that the characteristic features
observed in the LW-STS spectra link to the orbital structure of the corresponding
defect states (see Fig. 3.12). More precisely, we compared STM images of the sele-
nium vacancy in WSey attained under static conditions (Fig. 3.12, top row) with
those acquired under similar terahertz biasing (Fig. 3.12, bottom row). For low bias
voltages (below the first defect level), both the ultrafast STM image (EFee* = 0.07 Ep)
and the static STM image recorded at a DC bias voltage (Vpc) of 210 mV exhibit a
nearly circular contrast (Fig. 3.12a). As EPe* is increased and exceeds 0.1 Ey, the
LW-driven STM image distinctly reproduces the threefold symmetry observed in
the defect levels (Fig. 3.12b). Above the conduction band edge, due to the missing

surface atom, the vacancy causes a depression in the signal compared to the unde-
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Figure 3.12 | Comparison of DC and ultrafast imaging. Tunnelling images
of the selenium vacancy for different bias voltages reveal characteristic appearances.
The DC constant-height images and lightwave-driven femtosecond snapshots are
plotted in the top and bottom row, respectively. a, For bias voltages below the
characteristic peak observed in STS (DC-STM: V' = 210 mV; LW-STM: F = 0.07 Ey),
a circular shape with two slightly brighter areas is discernible. b, For higher voltages
(V =720mV; E = 0.24 Ej), a threefold-symmetric orbital structure emerges. ¢, At
even higher bias voltages above the conduction band (V = 1.2mV; E = 0.24 Ey), the
defect location is dominated by a dark area indicating a depression. In all panels, the
white scale bars denote a length of 3 A. Scanning parameters of DC constant-height
images: V = 700mV (a) and V = 1.2V (b,c), I = 49pA. Setpoint of lightwave-
driven images (Vpc =0V): V =30mV, I = 49pA, 1.7 A approach. The colour bars
encompass the currents within the 3*¢ and 97" percentile of the current distribution.
To improve the signal-to-noise ratio, the LW-STM images are averaged over two
(panels a and b) and ten (panel c) repetitions. The white markers in the bottom row
of panel a indicate the integration limits for the analysis plotted in Suppl. Fig. B.1.
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fected WSey (Fig. 3.12¢). The change in contrast and apparent shape of the vacancy
becomes even more evident when analysing the signal within the images in radial
and azimuthal directions (see Suppl. Fig. B.1).

With the agreement between DC and LW-driven images as verification, we can
claim that indeed the peaks arising in the transient scanning tunnelling spectra (see
Fig. 3.10c) are linked to defect level tunnelling. Furthermore, we have obtained a
calibration factor to accurately map the field strength to a transient voltage across
the junction. By using the ratio between EPe* and Vio, we arrived at a terahertz
peak voltage for the maximum incident field Ey of V5 = (3.0 £0.1) V.

In summary, the autocorrelation simulation model confirms that tunnelling is con-
fined to a short time window, allowing us to extract the local density of states in
a purely lightwave-driven biasing scheme with a temporal resolution of 300fs in
proximity to the first defect level.

Additionally, now that a calibration factor is obtained for the conversion from the
far-field strength to the peak voltage dropping across the tunnelling gap, the results
obtained in section 3.2 can be analysed further. In those experiments, we saw that
following a pump pulse with field strength ERW"™" = 0.33 Ey, ultrafast changes to the
detected current driven by a probe pulse with field strength Ef{ﬁbe = 0.6 Ey were
registered. Using the conversion factor derived above, these field strengths convert to
VEW™ =1V and V™ = 1.8V, respectively. This means the monolayer was excited
close to and probed far above the conduction band onset. Even placing the STM
tip above the defect lobe, the current detected was therefore most likely dominated
by electrons tunnelling into the semiconducting conduction bands. By probing far
above the conduction band onset, the oscillations in tunnelling current can indeed
be attributed to variations in tip-sample distance as postulated in section 3.2. The
question arises to which extent energy level shifts may be induced by the pump pulse.
Specifically, it is compelling to understand how lower-lying energy levels, like the
localised defect levels, may contribute to the total signal and how they are modified
by the motion of the monolayer.

Thus, since LW-STS is able to retrieve the electronic spectrum of the energetically iso-
lated lower defect level with a temporal resolution of 300 fs, we possess the necessary

means to explore ultrafast changes to energy levels following an external stimulus.
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3.5 Exciting and monitoring ultrafast shifts of

single-defect energy levels

The innovative ultrafast spectroscopy technique described above allows for the visuali-
sation of the local density of states with sub-Angstrém and sub-picosecond resolution.
Moving even further from mere observation towards enabling the targeted manipula-
tion of electronic levels on a sub-molecular level, we aimed to investigate how lattice
vibrations may modulate the energy levels of the WSe, single-atomic defect.

In a previous section (see sec. 3.2), I have introduced a possible explantation for
the oscillations in the probe-induced tunnelling current following a strong pump
pulse. A drum mode excited by the first pulse periodically modulates the tunnelling
gap. However, it remains unclear whether this mode predominantly simply varies
the tip-sample distance or whether more intricate changes to the sample, such as the
shifting of energy levels, occur. To disentangle this, we employ the novel concept of
time-resolved light-wave driven scanning tunnelling spectroscopy.

To obtain data elucidating the energy spectrum, comparable to the data presented
in Fig. 3.10, the probe pulse was scaled in field strength and the resulting tunnelling

current detected for each field strength. Upon numerically calculating the derivative
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dlrw/ dEE\e{}k, we arrived at the ultrafast equivalent of DC scanning tunnelling spec-
troscopy, allowing for statements on the energy of specific states. In contrast to the
data presented in Fig. 3.10, the probe pulse was preceded by an excitation pulse driv-
ing the DM. We repeated the recording of a LW-driven spectrum with a preceding
pump pulse for two different delay times — 8.8 ps and 10.2 ps — corresponding to a
maximum and minimum, respectively, of the current oscillation illustrated in Fig. 3.5.
As we were most interested in shifts of the defect levels, we positioned the STM tip
at the lobe position of the single-atom vacancy (see Fig. 3.13a, white marker). Stark
changes between pumped and unpumped spectra become apparent (see Fig. 3.13b).
Vertical shifts of the spectrum occur, which can be attributed to a change of wave-
function overlap of tip and sample due to mechanical motion. Crucially, in addition
to an overall rescaling, the time-dependent local density of states associated with the
vacancy exhibits noteworthy changes in its spectral characteristics. Specifically, the
onset of tunnelling into the first defect level changes considerably with pump-probe
delay time, as indicated by horizontal shifts of the rising edge of the defect level Dj.
While the spectrum recorded at a delay time of 8.8 ps (red curve) closely resembles
the unpumped spectrum (grey shaded area), the onset into Dy for 10.2 ps (purple
curve) is shifted to higher peak fields by approximately 0.015 Ey. With the known
conversion factor from far-field strength to transient peak bias extracted previously,
the shifts of the D; onset can be quantified as approximately 45meV. As the LW-
STS scheme is most precise for the investigation of stand-alone levels, we focused all
quantitative conclusions on the onset into the Dy level.

The similarity of the spectrum at a delay time of 8.8 ps and the unpumped case is
highly intriguing. Examining the level onset for various excitation field strengths
shed more light on the mechanisms. Fig. 3.14 displays the spectra taken on the
defect lobe (marked spot in Fig. 3.14a) for three different pump field strengths and
two delay times 8.8 ps and 10.2ps. In the case of 7 = 10.2 ps, the spectrum at a
low pump strength (Ef\e,sk = 0.05 Ey, below D;) resembles the unpumped LW-driven
spectrum. With increasing field strength (0.175 Ey and 0.32 Ey), the onset mono-
tonically and almost linearly shifts to higher energies. For the other delay time of
7 = 8.8 ps, however, completely contrasting behaviour is detected. Moderately strong
fields (0.05 and 0.175 Ej) shift the rising edge of D; to higher energies. Meanwhile,
the pumped spectrum for the highest pump field of 0.32 Ej is shifted back — resem-
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bling the static one. This leads to the conclusion that not a single pump-induced
effect is harmonically modulating the energy level position, but a complex interplay
of several competing excitations is shifting the defect level energy periodically in
time, depending on the field strength.

As shown earlier in this chapter, a drum-like vertical mode is most likely excited
by the pump pulse. In first approximation this modifies the tip-sample distance.
Notably, as the field-enhancement the far-field transient experiences during its prop-
agation depends on the size of the gap. Thus, modifications of the junction size
could influence the near-field peak voltage. However, the atomic displacements of
10pm we determined from the current oscillations in Fig.3.8b) are a factor of 50
smaller than the equilibrium tip-sample distance of approximately d =~ 5 A at which
we performed these experiments. Such small variations barely influence the field
enhancement, which scales with %. Moreover, variations in ultrafast peak voltage
would also lead to delay-dependent shifts of the conduction band onset, which we
do not observe.

Yet, the vertical displacement does indeed change the tunnelling probability due to
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centre-of-mass motion of the whole monolayer. Besides, the adhesion of the bottom
selenium layer to the gold substrate could lead to additional intralayer changes of

atomic distances.

3.6 Numerical calculations on the energy level
shifts

Revisiting the density-functional theory model of the sample, possible origins of
the observed energy shifts can be perceived. Thus, the effect of atomic displace-
ments following DM on the energy spectrum at the defect location must be closely
examined. The most dominant motion, the centre-of-mass oscillation, periodically
changes the position of the monolayer within the tunnelling gap by Azs. and thus
also the Coulomb interaction of the defect with its image charge in the tip as well
as the substrate (see appendix B.5 for details). With the peak-to-peak displacement
of 10 pm extracted from measurements (see Fig. 3.8b), this leads to energy level
shifts on the order of 10 meV. However, contrary to the experimental observations,
this energy shift is symmetric about the equilibrium level position according to the
DFT calculations, meaning that the energy shift for 8.8 ps and 10.2 ps should be
equal in magnitude. The fact that the onset into D; for 7 = 8.8 ps resembles the
unpumped case points towards a second competing effect. The observed phenomenon
can potentially be explained by considering the effect of intra-cell distortions on the
electronic level structure. Orbital hybridisation could be slightly affected by the vari-
ations in atomic separation of tungsten and selenium atoms. Moreover, alterations in
intra-layer distance are anticipated to affect the dielectric function. In the simplistic
picture of describing the defect as a hydrogen-like impurity, these changes may result
in the renormalisation of energy levels. Besides that, as the selenium atoms of the
top and bottom layer are displaced with different amplitude, slight modifications to
spin-orbit coupling are expected to occur. As a result, the two spin-orbit split defect
levels Dy and D are expected to shift in energy.

The combined influence of the mirror charge effect with modifications of the energy
spectrum due to intra-unit cell motion could therefore provide a reasonable explana-

tion for the observed shifts in defect levels.
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In conclusion, we were able to extend the remarkable potential of LW-STM with
its Angstrom, single-electron, and femtosecond precision to include an energy reso-
lution on the scale of 10 meV in time-resolved LW-STS. Leveraging this astounding
precision that LW-STS can provide, opens up a wealth of opportunities for scientific
exploration. In this study, we harnessed these capabilities to observe the dynamic
evolution of energy levels within a single selenium vacancy following excitation. Our
findings unveil a fascinating phenomenon: The excitation of an acoustic, predomi-
nantly vertical, drum-like mode induces an adiabatic shift in the first defect level.
Astonishingly, this shift exhibited unipolar and non-monotonic behaviour, which
can be attributed to intricate lattice distortions. This groundbreaking discovery
paves the way for ultrafast spectroscopy at atomic length scales, equipping us with
the essential tools to unravel the mysteries of local electron-phonon coupling. Our
technique extends its reach to previously challenging nonlinearities and coherences
[Gerl7, Nal9]. Additionally, with the capability of pulse shaping in our pump pulse,
we have unlocked new avenues for exciting specific, atomically localised vibrations.
This empowers us to potentially transiently control many-body electronic states by

precisely adjusting their energy positions as needed.

3.7 Preliminary data on optical excitation of

WSe; monolayers and homo-bilayers

In this and the previous chapters, I have shown that ultrafast excitation of single
molecules and atomic defects using terahertz pulses can induce intriguing dynam-
ics in various sample systems. Removal of a single electron from the HOMO of a
pentacene molecule led to the alteration of the adsorption potential, activating a
vertical motion of the molecule. More elaborate triggering of in-plane vibrations was
achieved by directly interacting with select atoms of a MgPc¢ molecule by means
of an ultrafast atomic-scale force pulse. Shifting the focus from single molecules to
crystalline materials, I showed that the electric field of a pump pulse is also able to
excite a vertical drum-like mode in a WSes monolayer. This non-propagating mode

periodically modulated the tunnelling current driven by a probe pulse for more than
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90 ps after the excitation. Introducing an energy resolution of 10meV, the effect
of the drum mode on the lower localised energy level of a single-atomic vacancy
within the top layer was investigated. Through an intricate combination of several
competing effects, the energy level shifts by up to 45meV in a non-trivial manner
on picosecond timescales.

In all these experiments, a terahertz pulse was used for ultrafast excitation. A natural
consequential question is how the sample would react to excitation pulses in the
visible spectrum of electromagnetic radiation. There, the Keldysh parameter (see
eq. 2.8) is no longer below one, indicating a more particle-like behaviour of the laser
light. The photon energies of visible light can exceed the bandgap in a semiconductor
or the HOMO-LUMO separation in a molecule, which strongly perturbs the sample’s
electron population once absorbed. Numerous relaxation pathways of the excited
electrons may include complex electron-phonon or electron-electron interaction. Pre-
vious work has shown that in TMDC heterobilayers the twist angle provides a strong
handle on the Coulomb correlations of excitons [Mer20]. Alongside defect engineering
[Kas19, Bar19] and strain manipulation [Yel9], the ability to locally tailor the prop-
erties of quasiparticles opens up avenues for exploring uncharted phases of matter
within a broad range of van der Waals heterostructures.

In Chapter 3, I have so far demonstrated that by injecting a terahertz pulse into the
tip-sample junction, the field of the pulse itself is able to excite a WSes monolayer,
which alters the vibrational state and affects the electronic system. Taking the in-
verse approach, one could excite the electronic structure of a sample and investigate
the effect on the motion of atomic nuclei. To do so in LW-STM, an ultrashort pump
pulse with sufficient photon energy is necessary to promote electrons to higher-lying
energy levels followed by a probe pulse to inspect the local conductivity of monolayer
and bilayer WSey samples.

To this end, a source of laser pulses in the visible regime was set up. Figure 3.15a
depicts the broadband spectrum created by supercontinuum generation in sapphire
crystal with a thickness of 5mm. Subsequently, the spectrum is compressed and
cut, resulting in pump pulses with a spectrum centred around 750 nm (see yellow
curve in Fig. 3.15a). The pump photon energy of 1.6eV suffices to optically excite
electrons into the conduction band of a WSey bilayer. The unbound electrons and

holes are expected to subsequently relax toward their respective band minima and
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potentially form excitons near the fundamental energy gap [Wanl2, Ugel4]. In few-
layer TMDCs, the strong Coulomb interaction and confinement to two dimensions
should assist fast exciton formation. This has indeed been reported on in pump-probe
studies, which have shown exciton formation times on sub-picosecond timescales in
monolayer WSe, [Ceb16]. Apart from creating a hot electron—hole plasma, we can
resonantly excite the A-exciton. As Fig. 3.15b shows, while the A-exciton peak in
absorbance measurements blueshifts for a decreasing number of layers (1.62¢€V in
the quintuple layer to 1.67€V in the monolayer) [Zhal3], it remains well within our
pump spectrum (grey background).

Previous work has closely examined the relative population of free hot charge carri-
ers and bound excitons over time for various pump photon energies and extracted
exciton decay times on the order of several picoseconds [Stel7]. In Steinleitner and
colleagues’ work [Stel7], the samples were created by mechanical exfoliation of bulk
crystals and subsequent transfer onto a diamond substrate. As the TMDC layers in
the work I am presenting, are directly placed on a Au(111) surface, we can expect
shorter carrier lifetimes due to the high conductivity of the metal.

The pulse energy of 1.3nJ used to optically excite the sample corresponds to
5.2 x 10 photons per pulse. The average effective optical absorption of a monolayer
WSey over the pump spectrum amounts to approximately 7% (16% at resonance)
[Hel4, Arol5]. In combination with the spot size of 50 pm, this leads to an injected
carrier density of 1.85 x 1013ﬁ. The excited electron-hole plasma as well as the
potential exciton population is expected to modify the local conductance measurably.
In order to disentangle effects caused by photoemission and photo-assisted tunnelling
of carriers out of the tip from true pump-induced changes of the tunnelling current,
the same measurements were repeated for different tip-sample distances: with re-
tracted tip, which corresponds to a distance of around 130 nm, and in tunnelling
contact (Angstrom-scale gap). The normalised results for the overlap region of optical
pump and terahertz probe are plotted in Fig. 3.16a. Negative delay times correspond
to the terahertz pulses arriving before the optical excitation. In the pure emission
regime (tip-sample distance > 100 nm), the time-dependent current traces the near-
field waveform of the terahertz transient (see appendix B.6) as the photoemitted
charge carriers are accelerated by the instantaneous terahertz field. This leads to

a time-overlap dependent photocurrent. The pump-probe signal in the tunnelling
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Figure 3.15 | Pump spectrum and TMDC absorbance. a, For optical excita-
tion, a broad spectrum is at our disposal. This so-called supercontinuum generated in
sapphire spans the visible spectrum from 530 nm up to the fundamental wavelength
(1030 nm). To optically pump the system, only a fraction of the full spectrum was
cut out and compressed in a prism compressor (yellow curve). The photon energies
in this pump pulse span approximately 1.33¢V to 1.9eV (grey shaded area). b, The
absorbance of WSe, few-layer samples changes gradually from the mono- to the
quintuple-layer case. Specific exciton resonances are labelled A, B, A’, and B’. Our
pump spectrum is visualised as a grey background, indicating the possibility for
resonant excitation of the A-exciton. The absorbance spectra are reproduced from
Zhao et al. [Zhal3].

regime displays some interesting additional feature, which is absent in the emission
regime. Even for delay times larger than 3 ps, where the emission current has re-
turned to below the noise level, a negative signal persists in tunnelling current (see
Fig. 3.16b). This long-lived current signal decays exponentially with a decay constant
of 13 ps.

In order to encroach on possible origins of the long-living negative current, the ex-
periment was repeated on a sample consisting of a monolayer WSe, exfoliated on
gold. As Fig. 3.17 illustrates, on this sample the optical pump — THz probe data

immediately returns to zero after the last oscillation cycle of the terahertz pulse
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Figure 3.16 | Delay-time-dependent change of the current in emission and
tunnelling regime. a, The photocurrent signal as a function of the pump-probe
delay time is plotted from —6 ps to 6 ps. The two curves recorded with a retracted
tip (blue curve) and in tunnelling contact (red curve) differ for positive delay times.
b, We performed the same experiment for larger delay times up to 45ps. In the
case of a retracted tip (blue curve), the current immediately decays to zero after
the ultrafast bias has returned to zero (7 > 3 ps). In tunnelling contact, a negative
current up to more than 30 ps is observed (red curve). An exponential fit to the data
reveals a decay constant of 13 ps (black dashed curve).

has passed. Unfortunately, the signal-to-noise ratio is considerably lower in the data
on the monolayer. Possible reasons include an unstable STM tip or a higher noise
coupled into the signal due to mechanical fluctuation of the STM scan head.

Considering the gained insights regarding the signal decays, perhaps the visible pump
pulses create a population of free charges, which after relaxation to the band ex-
trema may form intra- and interlayer excitons. However, the large decay constant
of 13 ps observed on the bilayer sample is inscrutable. Prior research has indicated
that exciton radiative decay times in monolayers of TMDCs span from a few hun-
dred femtoseconds to one picosecond [Wanl8]. The lifetime of intra-layer excitons
in bilayer WSe, is expected to be considerably longer due to the larger separation

leading to higher binding energies compared to intra-layer excitons in monolayers

89



3 Controlling phononic motion and ultrafast energy level shifts of atomic defect

levels in monolayer tungsten diselenide

— Monolayer WSe,
Figure 3.17| Comparison of mono- — Bilayer WSe,

layer and bilayer WSe, band struc- --- Exponential fit

N

tures. We performed pump-probe experi-
ments with a visible femtosecond pulse on
a monolayer and bilayer WSey sample. On
the monolayer, no clear signal is visible
immediately after the ultrafast transient
voltage has returned to zero (7> 3 ps, see

o

'
=y

10 20 30 40
Delay time 1 (ps)

Fig. 3.16a), while a long-living signal is ob-
served on the bilayer sample.

Pump-probe signal (a.u.)

[Mer19a, Kip23]. The fact, that the negative current signal does not appear on a
monolayer could point towards an involvement of intra-layer excitons in the long-
living signal observed on the bilayer WSes sample. Previous studies have suggested
that the creation of excitons in atomically-thin TMDCs through optical pulse exci-
tation induces a significant band gap renormalisation, resulting in a reduction of the
band gap energy by shifting the valence and conduction bands [Chel5]. Such shifts
of the WSe, valence could lead to measurable changes in the ultrafast currents and
explain the observed signal decay.

To arrive at more definitive conclusions, additional experimental data is required. If
valence band shifts are the main contribution to the signal we observe, variations of
the terahertz field strength could provide information on their magnitude. Further-
more, shifts of the conduction band edge would be similarly detectable by flipping the
polarity of the terahertz probe pulse. Gradually changing the photon energy of the
pump pulses would clarify at which energies these signals arise, further illuminating
the possible origin.

The experiments presented in this section demonstrate that utilising optical pump
pulses in LW-STM, we are able to detect light-induced changes of the tunnelling prob-
ability that persist for up to 20 ps after the pump. These first experiments illustrate
the capabilities of LW-STM in resolving dynamics of charge carriers and potentially
long-living intra-layer excitons in two-dimensional semiconductors. This opens the
door towards mapping changes in exciton decay times and decay paths depending on

local variations. Local potential minima such as defects or Moiré corrugations [RA18]
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are expected to facilitate exciton trapping. Besides that, twisted heterostructures of
TMDCs open an exciting playground for investigation of exciton dynamics at the
nanometre and picosecond scale.

The possibility to excite the system from equilibrium using either single-electron
charging, sub-cycle forces, or femtosecond optical pulses paves the way for the inves-

tigation of a plethora of materials and their response to external stimuli.
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Chapter

Femtosecond LW-STM: towards the

visualisation of intramolecular motion

Combining STM with ultrashort laser pulses in lightwave-driven STM has allowed for
the extremely precise characterisation of the nanoscopic dynamics of single molecules
(Chapter 2) and mono-atomic defects in semiconductors (Chapter 3). As described
above, librations of a molecular rotator and the collective motion of a WSe; mono-
layer with periods in the picosecond regime could be excited and monitored. The
low-frequency phonon we excited is only one of many modes that are present in
the monolayer. As Fig. 4.1 displays, a multitude of phonon modes with varying
energies and momenta can exist within the atomically-thin crystal. The calculated
rich phonon band structure spanning from a frequency of 0 THz to 10 THz reveals
the limitation of our LW-STM. The higher-frequency phonons in TMDCs cannot be
studied within our LW-STM setup due to the temporal resolution limited to a few
hundred femtoseconds. Thus, the LW-STM technique based on terahertz pulses as
ultrafast bias voltage described in the previous chapters can only provide insights
on phonons and their effects slower than 2 THz (see orange shaded area in Fig. 4.1).
We have shown that these collective vibrations of the lattice strongly change the
electronic levels within the sample. Aside from that, they also interact with the
charge carriers through electron—phonon interaction, thus governing electron and
exciton dynamics. However, phonons are only the tip of the iceberg of the plethora of

fascinating physical phenomena that transpire within the temporal realm of only a
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few femtoseconds, such as intramolecular vibrations or electronic wavepacket motion.
The limitations of the setup used for data acquisition in the previous chapters become
especially clear in the pump-probe curves displayed in Fig. 3.16. There, all dynamics
occurring within the first 500 fs of pump-probe delay time cannot be resolved due
to the long pulse duration of the terahertz pulse. Additionally, as in state-selective
LW-STM the electron can tunnel at any time the field-strength of the transient
reaches a resonance in the sample, the temporal resolution is governed by the peak
width of the terahertz transient. This has so far limited the tunnelling window to a
few hundred femtoseconds. This timing jitter of the tunnelling process leads to an
additional noise source and uncertainties in the signal.

All constituents of matter, not only the ones bound in periodic lattices, are constantly
in motion. Molecules exhibit inter- and intramolecular vibrations that strongly al-
ter their properties. Numerous research groups have investigated the importance of
intramolecular vibrations on the functionality of molecules. It has been shown that
for example in light harvesting, vibrations play a critical role for the efficiency of
excitation energy transfer [Kun22], singlet fission [Dua20], and even photosynthesis
[Full4]. Moreover, the properties of small and ubiquitous molecules such as carbon
dioxide [Joh95] or water [Per16] are strongly governed by their intramolecular vibra-
tions. Investigating such vibrations in real-time and on atomic length scales would
by highly appealing.

To overcome the deficiency of limited temporal resolution in the existing terahertz
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LW-STM, one possible solution is centred around reducing the pulse duration, con-
fining the tunnelling event to timescales below 20 fs or even 10fs. Additionally, if
one is interested in the time evolution of a system only a few femtoseconds after
excitation, the pump and probe pulses have to be incident on the sample in im-
mediate succession. This is only possible if the pre- and post-oscillations of the
pulses are weak and/or decay quickly. For LW-STM, this would mean that a hy-
pothetical light pulse shaped like a Dirac-delta distribution possesses the optimal
temporal shape. However, a delta-spike-shaped electric field contradicts Maxwell’s
equations for a freely propagating electromagnetic wave, where the time integral over
the electric field must vanish. Therefore, a sub-cycle pulse where the field of a strong
positive half-cycle exceeds the feeble negative excursions by a factor of 1.5 to 2 is a
favourable and still realistic pulse shape. The goal of obtaining a shorter tunnelling
window can be achieved by increasing the frequency of the carrier wave from 0.9 THz
into the multi-terahertz or mid-infrared regime [Hub00a, Dhil7, Lei23]. Due to the
shorter oscillation period, the tunnelling window and the minimal time delay between
two pulses before they begin to interfere can be reduced simultaneously. Thereby,
measurements of the fast local dynamics only a few tens of femtoseconds after the
excitation pulse can be investigated, as the post-oscillations of the mid-infrared pulse
decay on this timescale.

Criteria for suitable mid-infrared pulses. In order to achieve an even faster
temporal resolution in a next-generation LW-STM, the laser pulses must fulfil sev-
eral requirements. Apart from the high stability and constant carrier-envelope phase
(CEP), which has already been discussed in the introduction of LW-STM (section 2.3),
the centre frequency must be considerably increased. This must be achieved while
maintaining the high field strengths necessary to drive tunnelling currents within
the Angstrom-sized gap.

As no laser sources exist that directly emit suitable mid-infrared pulses, a wide range
of techniques have been developed for the generation of CEP-stable multi-terahertz
pulses. These include photon mixing in gas jets [Coo00], spintronic emitters [Seil6],
difference-frequency generation in nonlinear crystals [Hub00a], and a novel source
termed quantum well emitters [Mei22]. The reader is referred to section 4.3 for details.
After careful consideration of tunability, efficiency, and bandwidth of the table-top
solutions, terahertz generation through the nonlinear optical effect of difference-
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frequency generation (DFG, see explanations following eq. 2.10) within the broad
spectrum of a single pulse [Hub00a, Sel08, Jun10] proves the most fitting for our
applications and the desired laser parameters. In this mixing process, the difference
frequencies of spectral components present in the incident pulse are created.

In order to estimate the power of the pump laser necessary for the generation of the
intense mid-infrared pulses via DFG, the following concepts were considered:

After generation, the multi-terahertz pulses are focused into the STM junction, acting
as an ultrafast bias. Thus, the field strength of the pulses in the near field has to
be large enough to result in bias voltages of several volts across the Angstrém-scale
tunnelling gap. As most interesting semiconducting crystals and molecules exhibit
energy levels in the range of =2V to 2V from the Fermi level, such transient voltages
should be preferably reached with the laser pulses. Assuming a gap size of 10 A, this
amounts to extreme field strengths of 20 MV /cm across the tip-sample junction. To
estimate the necessary pulse energy and far-field strength, a comparison between the
pulses employed in the first generation terahertz LW-STM and the second genera-
tion mid-infrared LW-STM provides insights. First, the higher-frequency radiation
(25 THz versus 0.9 THz) of the new source would allow for tighter focusing in the
tunnelling junction. With the short focal length implemented in the new STM scan
head (f = 7.5mm, see sec. 4.6), a focus with an FWHM of 40 pm for a centre fre-
quency of 25 THz can be easily achieved. Notably, this is a factor of 50 smaller than
the focal spot in the first-generation terahertz-driven STM (approximately 2mm
FWHM). As a result, assuming that the employed pulse energy remains the same,
this would lead to a 502 times larger intensity and 50 times enhanced electric field.
Second, as the mid-infrared pulses are shorter by a factor of approximately 25, the
peak intensity is also scaled by this value. The peak field is thus stronger by a factor
of v/25.

Moreover, when the radiation propagates along the tip towards the nanoscopic gap,
its field strength is enhanced by several orders of magnitude (see sec. 2.5). This
near-field enhancement factor is roughly inversely proportional to the frequency of
radiation. The field enhancement of 2x10° for a centre frequency of 0.9 THz deter-
mined in section 2.5 is therefore expected to be reduced to approximately 3—5x103
for a centre frequency of 25 THz. In total, compared to the terahertz-range, a mid-

infrared pulse with the same pulse energy is expected to lead to an approximately
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six times larger peak near field. Since the terahertz pulse energies of 400 pJ (at a
centre frequency of 0.9 THz) in the first-generation STM (see sec. 2.2) suffice for
the application in LW-STM, in the second-generation mid-infrared-driven STM, a
mid-infrared pulse energy of 400 pJ/v/6 & 160 pJ should be adequate.
Prerequisites for the laser pulses. In the previous paragraph, I have established
that a mid-infrared pulse energy of 160pJ or preferably more must be available.
Taking an additional buffer of a factor of ten into account, this leads to a desired
mid-infrared pulse energy of around 1.6nJ. As we want to generate the mid-infrared
pulses by means of DFG, a suitable pump laser with sufficiently large near-infrared
pulse energies must be employed. Reported conversion efficiencies of DFG using near-
infrared pulses to generate multi-terahertz pulses lay in the range of a few percent
[Jun10]. Sell et al. [Sel08] even reported on quantum conversion efficiencies of up
to 18% in periodically poled lithium niobate as nonlinear crystal when pumped by
near-infrared pulses with a centre wavelength of 1550 nm. Aiming towards a mid-
infrared pulse energy of 1.6 nJ for a spectrum centred around 25 THz and cautiously
assuming a quantum conversion efficiency of 1%, near-infrared pulses with an energy
of around 2 pJ are needed. For this estimation, near-infrared pulses centred around
a wavelength of 1028 nm (frequency of 292 THz) were assumed.

In order to maximise the conversion efficiencies in nonlinear optical processes, such
as DFG, the peak intensity must be maximised. Thus, the pulse energy must be
compressed in space and time. The former can be achieved by tight focusing of
the beam, while for the latter, more elaborate compression techniques are necessary.
Moreover, for the generation of multi-terahertz radiation based on DFG, the effi-
ciency is also indirectly dependent on the pulse duration. Specifically, in order to
generate a certain frequency with DFG, the pump spectrum has to be broad enough
to support said difference frequency. For the generation of mid-infrared radiation
centred at 25 THz exhibiting a pulse duration shorter than a single cycle of light,
near-infrared laser pulses with a broad bandwidth spanning roughly 15—40 THz are
necessary. For a laser source with a centre wavelength of 1028 nm and thus centre
frequency of 292 THz, this corresponds to a quarter-octave spanning spectrum (wave-
lengths between 950 nm and 1130 nm) and a Fourier-transform-limited pulse duration
of around 12fs (for details on Fourier-transform limits see sec. 4.2). Achieving such

ultrashort near-infrared pulses is therefore an essential first step for the realisation
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of ultrashort mid-infrared pulses.

Such broadband, high-power, and high-repetition laser sources are not readily com-
mercially available. Instead, we opted for the spectral broadening and temporal
compression of near-infrared laser pulses within our laboratory. Therefore, when
choosing a suitable pump laser amplifier, we must consider the non-unity efficiency
of spectral broadening schemes. Hence, an additional factor of two in the pulse energy
of the laser amplifier should be taken into account, leading to a desired minimal
near-infrared pulse energy of 4 pJ.

Moreover, if the pulse duration is reduced, so is the duration of the transient bias
applied across the STM junction. This decreases the tunnelling window and therefore
the number of electrons tunnelling per pulse. In the interest of maintaining similar
tunnelling currents (electrons tunnelled per second) and keeping the data acquisition
times short, the repetition rate of the laser source has to be increased from 610 kHz in
the first-generation THz-STM into the few megahertz (MHz) range. In combination
with the minimum pulse energy of 4 pJ, this necessitates a near-infrared source emit-
ting an average power of several Watts. In summary, the near-infrared pulses used
for the generation of multi-terahertz pulses that are LW-STM-compatible have to
fulfil a multitude of requirements including a broad spectrum, short pulse duration,

and high pulse energies.

4.1 Optimisation of ultrashort near-infrared laser

pulses

The myriad of requirements imposed on the laser source reduce the selection to
fibre-based laser amplifiers. Only these are capable of generating high-energy pulses
on the order of tens of microjoules while maintaining a high repetition rate of sev-
eral megahertz. As a foundation of the optical setup for the new mid-infrared driven
LW-STM (MIR-STM), a high-power diode-pumped Ytterbium-doped-fibre (Yh:fibre)
amplifier is used (commercially available from Active Fiber Systems). It consists of
a laser oscillator and a chirped pulse amplification (CPA) scheme [Nob18] with two
laser amplifiers (see Fig. 4.2a). The oscillator output is amplified in a first Yb:doped,
diode-pumped fibre (Fig. 4.2a, Amp1). The pulses are stretched by means of highly-
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nonlinear fibre Bragg grating (Fig. 4.2a, FBG) prior to the main amplification fibre
(Fig. 4.2a, Amp2) and recompressed afterwards using a grating compressor. The out-
put pulses of the laser system exhibit an FWHM duration of 267 fs with an intensity
spectrum centred at 1030nm (Fig. 4.2b). The repetition rate is tunable between
50kHz and the oscillator repetition rate of 18.57 MHz. The output power reaches
100 W at a capped pulse energy of 200 nJ. The pulse duration can be stretched up
to several nanoseconds using the FBG.

Illustration of the optical setup. Before presenting the characterisation of the
Yhb:fibre amplifier, I will provide a brief overview of the different steps necessary to
achieve the desired phase-stable single-cycle mid-infrared pulses as well as a source of
tunable visible pulses for the application in the novel LW-STM. Figure 4.3 illustrates
the main tools I utilised to arrive at this goal. Each step will be explained in detail
in later sections within this chapter.

The output of the high-power Yb:fibre laser amplifier is guided through a beam-
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Yb:fibre laser amplifier
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Figure 4.3 | Sketch of the optical setup. The near-infrared pulses emitted by a
high-power Yb:fibre laser are guided through an active beam-stabilisation scheme
prior to spectral broadening in a first Herriott-type multipass cell (HC1). After
passing through HC1 and a chirped-mirror compressor (CMP), the compressed pulse
is split into two parts, allowing for the separate generation of ultrashort mid-infrared
and visible pulses. The largest fraction of the HC1 output is guided through HC2
and a second CMP to be then used for the generation of broadband phase-stable
mid-infrared pulses via intrapulse DFG (see sec. 4.3). These mid-infrared pulses can
be either directly focused into the tip-sample junction of the STM or pairs of pulses
can be created in a Michelson interferometer (see sec. 4.4) before they are guided
into the STM. A small fraction of the HC1 output-pulse energy is guided through an
empty multipass cell (“delay multipass cell”, DMPC, see sec. 4.5) to establish a beam
path that is equally long as the one in HC2. In a non-collinear optical parametric
amplifier (NOPA), tunable laser pulses in the visible domain are created (see sec. 4.5)
and then compressed in a prism compressor to ensure ultrashort pulse durations.
The visible and mid-infrared pulses are recombined using an I'TO window before
being focused onto the STM tip. Alternatively, the mid-infrared and visible pulses
can be guided into an electro-optic detection scheme (EOS, see sec. 2.3). The prism
compressor is not yet set up at the time of writing this thesis, which is indicated by
the dotted outline of the corresponding box.
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stabilisation scheme that utilises two motorised mirrors and four-quadrant photodi-
odes to actively stabilise the beam pointing. Subsequently, to spectrally broaden and
temporally compress the near-infrared pulses, the near-infrared power is focused into
the first of two Herriott-type pulse-compression cells (HC1). Their mode of operation
will be explained in detail in section 4.2. By means of a broadband half-wave plate
and a thin-film polariser (TFP) placed in between the two Herriott-cell stages, the
pulse energy can be split into two parts such that two different goals can be pursued:
the generation of phase-locked mid-infrared as well as tunable visible laser pulses.
The larger fraction of the pulse energy propagates through a second Herriott cell
(HC2), broadening the spectra of the pulses even further. After compression in a
chirped-mirror compressor and two fused silica wedges, the near-infrared pulses are
focused into a gallium selenide crystal to generate pulses in the mid-infrared range
by means of intrapulse DFG (see sec. 4.3). The resulting ultrashort, inherently
phase-stable pulses can be split into two parts within a Michelson interferometer
(see sec. 4.4), creating pairs of mid-infrared pulses. These pairs of pulses are then
focused onto the STM tip to act as transient bias voltage. The pulse pairs, which
can be delayed with respect to each other, will be used to perform MIR pump — MIR
probe experiments. Alternatively, the mid-infrared pulses can also be guided into an
electro-optic detection scheme (see sec. 2.3) for characterisation.

Instead of perturbing the system with a mid-infrared pulse, it is often desirable
to investigate the response of the sample to excitations of the electronic degree of
freedom. This is done by focusing pulses with sufficiently large photon energies onto
the sample. To this end, laser pulses in the visible domain must be generated. The
small part of near-infrared power split off after HC1 passes through an empty delay
multipass cell (DMPC, see sec. 4.5) to generate a beam path which is similar in
length to HC2. Subsequently, the near-infrared pulses are converted into the visible
domain and amplified within a non-collinear optical parametric amplifier (NOPA, see
sec. 4.5). This provides a tunable source for visible pulses that must be compressed
temporally within a prism compressor prior to temporal and spatial overlap with
the mid-infrared pulses using a glass slide covered with indium tin oxide (ITO). Sub-

sequently, the visible and mid-infrared pulses are focused into the tip-sample junction.

The multitude of nonlinear optical processes mentioned in this paragraph and ex-
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plained in more detail in later sections relies on a high-power source of ultrashort
laser pulses. Only then can we achieve the desired laser parameters for an MIR-STM.
In addition to the requirements of simultaneously high-energy and ultrashort near-
infrared pulses, further prerequisites on the stability of the laser source and the pulse
characteristics must be imposed. First, the optical beam path from the laser output
to the incoupling of the generated mid-infrared radiation into the measurement de-
vice may span several to tens of metres. For this reason, an ultimately stable beam
pointing and beam position are necessary. Second, to ensure a constant pulse energy
in the generated mid-infrared range, the power of the laser amplifier must be highly
stable as well. Third, for optimal focusing and interaction between different spectral
components of the initial pulse within the nonlinear crystal, all frequencies should be
homogeneously distributed over the beam area. The extent of existing inhomogeneity
is quantified by the so-called spatial chirp (see sec. 4.1). Finally, the majority of the
pulse energy must be confined temporally within the ultrashort pulse. However, the
average power that is detected does not necessarily originate exclusively from the
pulses. For example, a continuous wave background or even just an extended pedestal,
which the short pulse rests upon, will distribute the laser power over a larger time
window and thus drastically reduce the peak intensity (see sec. 4.1). This in turn
will diminish the conversion efficiencies in nonlinear processes.

In order to fulfil all these criteria, the laser source must be characterised and opti-
mised in the optical lab to ensure stable operation.

Beam-pointing stability. On the way from the laser output to the actual measure-
ment apparatus, a long path of tens of metres with a myriad of delicately aligned
optical components has to be traversed. As these components can be very sensitive
to variations of the beam position, hence such fluctuations have to be minimised.
Moreover, the focal size and position should not vary more than a few microns once
the laser is guided into the tip-sample junction. Therefore, beam-pointing stability is
of utmost importance for our application and must be closely monitored. To quantify
the beam pointing, the output of the Yb:fibre amplifier was guided over several me-
tres of beam path and then visualised using a beam profiler. Over the course of two
hours, the beam position was registered each second. The pointing fluctuations of the
laser source escalate with increasing amplifier pumping up to 33 prad and 18.5 prad

root-mean-square (RMS) angular deviation in the x- and y-direction, respectively,
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4.1 Optimisation of ultrashort near-infrared laser pulses

for 100 W at 5 MHz. Importantly, over the measured time, the beam continuously
drifted in the horizontal direction. These unpredictable fluctuations of beam position
necessitate an active beam-stabilisation scheme. Using two piezo-controlled mirror
mounts and two four-quadrant diodes, the instantaneous beam centre-of-mass is mon-
itored and actively controlled, reducing beam-pointing fluctuations to below 5 prad
RMS. Air flow, which also strongly influences beam propagation, is minimised by
guiding the beam through tubes and housing the whole optical table.

Noise spectrum and power stability. In addition to ensuring positional stabil-
ity, maintaining a stable laser output power is crucial during operation due to the
sensitivity of nonlinear optical effects to even minor intensity fluctuations. Moreover,
to minimise the measurement time, the signal-to-noise ratio needs to be maximised,
approaching the shot-noise limit.

Monitoring the variation of the laser shot-to-shot signal on a photodiode over a time
window of seven seconds reveals an RMS variation from the mean of 0.6%, which
is acceptable for such a high-power laser amplifier. The amplifier was operated at a
repetition rate of 5 MHz and output power of 100 W. Calculating the Fourier trans-
form of the time trace provides the amplitude noise spectral density (see Fig. 4.4a),
showing the overall drop of excess noise towards higher frequencies and several local
maxima in the 100—1000 Hz range. For our measurement scheme of lock-in detection,
it is essential to choose a modulation frequency where the noise is as small as possi-
ble. For realistic mechanical chopping frequencies — several hundreds to a thousand
hertz —, the most desirable frequency windows are around 760 Hz or 1010 Hz (marked
as dotted lines in Fig. 4.4a). By choosing a chopper with a larger number of spokes,
even a chopping frequency of 2kHz may be attainable.

Possible tuning knobs to change the noise spectrum lie in the temperature of the
deionised water in the laser cooling circuit, the chiller compressor, and the laser
pumping diodes as well as optimised electronic circuitry.

In spite of all attempts to minimise the noise, it is necessary to collect measurement
data over several hours to maximise the signal-to-noise ratio. To this end, the output
power of the laser must be suitably stable. After letting the amplifier system and
the whole optical setup thermally equilibrate, the power fluctuations of around 0.1%
root-mean-square over 150 minutes (see Fig. 4.4b) are remarkably low ensuring very

stable measurement conditions over long periods of time.
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Figure 4.4 | Shot-to-shot and long-term stability. a, Monitoring the pulse train
over 7s reveals an RMS noise of 0.6%. Calculating the Fourier transform uncovers
the dominating noise peak at around 100 Hz. Local minima in noise and thus good
choices for modulation frequencies in lock-in detection are marked by dotted lines at
760 Hz and 1010 Hz. b, The long-term power stability monitored using a photodiode
(PD) over 120 minutes possesses an RMS noise of 0.1%.

Beam quality. For optimal propagation and focusing conditions, it is useful to work
with a beam profile that resembles a Gaussian beam as closely as possible. The
M2 parameter, also called beam propagation ratio or beam quality factor, quanti-
fies how close the beam profile is to an ideal Gaussian profile. A value of M? = 1
represents a perfect Gaussian beam, while larger values may lead to increased beam
divergence, larger foci, irregular beam profiles, or other imperfections.

The optimal laser source outputs light pulses whose spatio-temporal shape can be
modelled by a Gaussian. For laser pulses propagating in the z-direction, the intensity
distribution can be written as:

I(r,z,t) = ]0< o >2 exp ( 2 > exp <_7_22t2> (4.1)

w(z) w(z)?
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with the intensity at the beam centre I, the beam waist radius wy, and the momentary
Gaussian beam radius w(z) defined as the radial distance at which the intensity has
dropped to e% of its value at the centre. Accordingly, the temporal envelope is
quantified by 7, which indicates a drop to }2 X Iy in time.

At each position z along the beam propagation axis, the beam radius is given by:

w(z) = woy/1+ (i) (4.2)

Twan
R = W?[?’ (4.3)

which quantifies the propagation distance over which the beam area doubles from

with the Rayleigh length:

the beam-waist position.
The M? parameter of a given beam is determined by measuring the beam diameter

at multiple positions within the Rayleigh length and fitting the beam divergence:

TWo

w?(2) = wi + M* (L> (z — 2)? (4.4)

For the Yb:fibre amplifier used for this project, the average M? values are 1.2 for
both the x- and y-direction. These values are close to the optimal case of M? = 1,
indicating good focusing conditions.

Spatial homogeneity. The intensity spectrum of the laser output is not necessarily
the same at different positions across the beam profile. This spatial inhomogeneity
or spatial chirp leads to less efficient nonlinear optical processes (see sec. 4.2) and
should thus be minimised.

Measuring the intensity spectrum indeed reveals strong inhomogeneities in the spec-
tral composition across the beam diameter. Supplementary Figures C.la and b illus-
trate the striking differences in the spectra measured at different positions within
the beam area. A gradual change along the vertical axis of the beam cross sec-
tion is revealed. More precisely, at the upper portion of the beam, a larger spectral
weight of the long-wavelength side can be observed, while the lower portion fea-
tures stronger short-wavelength components (see Suppl. Fig. C.1a). Similarly, albeit

less pronounced, in the horizontal direction, the short-wavelength spectral weight
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Figure 4.5 | Relative intensity and V-value. The spatial homogeneity of the
laser beam is investigated at the CPA output before realignment (a), after realign-
ment (b), and at the Herriott-cell output (c) by recording the intensity spectrum at
various positions across the beam profile. The relative intensity (left axis), showing
a Gaussian shape for all three panels, is obtained by integrating the spectra and
normalising them to the spectrum on the beam axis (z =y = 0). A quantification of
the homogeneity is given by the spectral overlap or V-value (right axis). By realign-
ment of the compressor after the CPA, the spectral overlap in both radial directions
V, and Vj, could evidently be improved from a weighted average of 97.7%/96.5% to
99.7%/99.5%. The beam at the output of the Herriott cells possesses slightly inferior
spatial homogeneity than the realigned CPA output.

increases from left to right (Suppl. Fig. C.1b). This information can be analysed
further in order to quantify the spectral changes. A regularly used figure of merit

for spatial homogeneity is the spectral overlap or so-called V-value:

(1 TR |

' I dX - [ Io(X) dX (4.5)

This V-value quantifies how much the intensity spectrum at a certain position I(\)

differs from the spectrum on the beam axis Io()A). In Fig. 4.5a, the relative intensity

L = ( % 110<(/\)\))?A) and V-values are depicted as a function of the transverse coordinate
x/w, or y/w,, where w, and (w,) denote the beam waist in the x- and y-direction,

respectively. By weighting the spectral overlap with the relative intensity, a single
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scalar can be used to describe the spatial homogeneity of a laser beam in the x-

and y-direction, separately:

Vz - flrel(a:)dx (46)
7 = L laly) -V (y)dy
Vy ; flrel(y)dy (4'7)

The weighted V-values extracted for the CPA output, V, = 97.7% and V,, = 96.5%,
are considerably worse than for comparable laser sources.

After trouble-shooting, the issue was identified to be a misalignment of the grating
compressor after the CPA within the laser housing. Correction of the grating and
end-mirror alignment greatly improved the spatial homogeneity (see Suppl. Fig. C.1c
and d). The spatial variation has become barely visible in the y-direction and only
minor changes in the x-direction are discernible. The V-values have correspondingly
greatly improved to V,, = 99.7% and V,, = 99.5% (see Fig. 4.5b).

For completeness, the V-values of the output of the dual-stage Herriott-type pulse-
compression cell (short HC) are depicted in Fig. 4.5¢. The mode of operation of the
HC is detailed in section 4.2, which the reader may kindly be referred to for fur-
ther information. Measuring the spectra across the HC output beam profile reveals
that the relative intensity curve possesses a Gaussian shape. The spectral overlap
is slightly worse than at the CPA output with V, = 98.1% and V, = 96.9%. Mi-
nor changes in the spectral width are expected from the slight inhomogeneities in
nonlinear processes within the HC. However, shifts in the centroid position are also
detected. This is most likely a remnant of the spatial inhomogeneities of the pump
laser (see Suppl. Fig. C.1c and d).

Pulse contrast. In addition to optimising the laser characteristics in the spatial
domain, modifications in the temporal domain offer another possibility to enhance
the performance of the employed nonlinear effects. Notably, the efficiency of nonlinear
processes is not determined by the pulse energy alone but rather the peak intensity
of the pulse. Thus, the precise temporal shape of the pulses, known as pulse contrast,
must first be closely investigated.

To this end, a custom-built non-collinear SHG autocorrelator was employed (see

appendix C.1.2). In SHG-autocorrelation measurement schemes, the laser pulse is
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split into two equally strong copies that are delayed with respect to each other prior
to superposition in a nonlinear crystal. Detection of the generated second-harmonic
and sum-frequency components as a function of the delay time provides information
about the initial pulse’s duration. Figure 4.6a depicts the autocorrelation trace col-
lected within the relevant delay range from —75ps to +75ps for a laser repetition
rate of 488 kHz on a semi-logarithmic scale. As expected, the emerging trace reveals
a main peak at a delay time of 0 ps, corresponding to perfect temporal overlap of
the two autocorrelator arms. However, interestingly, the main peak resides upon a
relatively large pedestal that even features several smaller peaks, for instance at a
delay time of +12ps (Fig. 4.6b). Performing a low-noise measurement for a smaller
time window (Fig. 4.6¢) uncovers even more remarkable characteristics of the pulse
pedestal. At time delays of —1ps and +1 ps, large peaks with intensities of almost
10% of the main peak appear. Especially these latter side peaks lead to smearing
of the pulse energy over a larger time window than the pulse duration (Gaussian
fit in Fig. 4.6d). As a result, the accessible peak intensity for nonlinear processes
is lower than initially estimated. As an approximate measure of the accessible in-
tensity, I quantified the power within the FWHM of the pulse. However, since in
the measurement process of SHG autocorrelation, the information about the precise
temporal shape of the pulse is lost, a simulation had to be set up. To this end,
the incident near-infrared pulse shape was modelled by overlaying a short Gaussian
intensity envelope, simulating the femtosecond pulse, with multiple broad Gaussians
and squared hyperbolic secants to mimic the pulse pedestal. By numerically auto-
correlating and fitting the simulation to the measured data, an estimate for the true
intensity envelope was obtained. Integration of the resulting intensity traces reveals
that 37% of the pulse energy is confined within the FWHM. Assuming the FWHM
as an estimate for the accessible pulse energy for nonlinear processes, this simulation
suggests that only 37% of the total pulse energy can be harnessed for the essential
nonlinear optical effects employed in our setup. Thus, it is of great importance to
investigate and ideally eliminate the causes of the broad pulse pedestal.

A potential factor may lie in the characteristics of the employed laser source. To
test this hypothesis, I systematically varied numerous laser-amplifier parameters and
indirectly observed the ensuing effect on the pulse contrast by assessing the perfor-

mance of the down-stream nonlinear optical processes. Since the employed multipass
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Figure 4.6 | Autocorrelation to characterise the pulse pedestal. a, The nat-
ural logarithm of the sum-frequency autocorrelation signal over a large delay-time
window (£75ps) reveals side peaks. b, In this enlarged section of the —17.5ps to
+17.5 ps range, the side peaks at +12 ps reaching 2% of the main peak signal (at
Ops) are even more discernible. ¢, A high-resolution low-noise autocorrelation trace
for +7.5 ps shows even more critical peaks at +1 ps reaching 7% of the main peak
signal. d, The autocorrelation signal for +2ps (blue curve) and a Gaussian fit to
the data (red dashed curve) are depicted. The FWHM of the fit amounts to 416 fs,
leading to an estimated pulse duration of 295 fs. These data were recorded with a
repetition rate of 488kHz and an average power of 100 W.
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or Herriott cell (HC1) is the first nonlinear component in the optical path of the laser
beam (see sec. 4.2), I observed the efficiency of this component. As HC1 was imple-
mented to spectrally broaden the near-infrared pulse using self-phase modulation,
the width of the spectrum and the Fourier-transform-limited pulse duration served
as suitable measures of efficiency for this analysis. A more detailed explanation of
Fourier-transform limits is provided in section 4.2.

An interesting outcome was observed upon variation of the diode pumping currents
in the amplifier, i.e., the amplified output energies. Importantly, the total intensity
guided through the Herriott cell for spectral broadening was held constant for dif-
ferent diode currents to ensure comparability. Specifically, a pulse energy of 40 pJ
was split off by means of a half-wave plate and a polarising beamsplitter. As Fig. 4.7
illustrates, although the shapes of the output spectra closely resemble each other
for three different pulse energies, the output spectrum of HC1 is widest for the low-
est pulse energy of 41 11J (red curve) and narrowest for the highest pulse energy of
200 pJ (blue curve), with an intermediate width laying in between (82 pJ, red curve).
Remarkably, despite using the same pulse energy for broadening, different pumping
currents applied to the laser amplifier diodes result in significant variations in spectral
broadening. This phenomenon highlights the impact of the pumping current on the
nonlinear processes occurring within the laser amplifier and identifies the pumping
current as the key source of the above-mentioned wide pedestal in the pulse contrast.
Having established the cause for the unfavourable smeared shape of the pulse, the
question arises how a larger pump current leads to a more narrow spectrum after
the HC1 and vice versa. Most likely, an amplified spontaneous emission within the
laser’s gain medium plays a key role. To understand this, it is important to revisit
the fundamental principles facilitating laser light: Normally, spontaneous emission
produces the seed pulse that by positive feedback within the oscillator cavity leads to
lasing once the lasing threshold is reached. The pulses leaving the oscillator, working
at a repetition rate of 18.57 MHz, are pulse-picked down to the desired repetition
rate (pulse picker of 39 in the case of 488kHz) prior to injection into the dual-stage
amplifier fibres. By changing the diode pumping current in the amplifier, the pop-
ulation inversion and thus amplification factor of the weak oscillator pulses can be
varied. However, excess spontaneous emission is an unwanted effect as it consists

of incoherent radiation which noticeably reduces the maximally possible amplifier
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Figure 4.7 | Optimising the pulse con-
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gain. The contribution of amplified spontaneous emission to the overall signal self-
evidently increases when population inversion increases. This boosts the incoherent
background and depletes energy from the femtosecond pulse. Finally, this strongly
impairs the efficiency of nonlinear processes, in the case of our setup the self-phase
modulation within the Herriott cell, as depicted in Fig. 4.7.

In conclusion, for optimal spectral broadening within the Herriott cell, the laser am-
plifier should thus be pumped only just enough to generate the desired output-pulse
energy. This minimises the loss of accessible pulse intensity and thereby maximises

the efficiency of the essential nonlinear conversion mechanisms.

4.2 Pulse compression in Herriott-type multi-pass

cells

In the last section, the origin of the unfavourable pulse pedestal was identified and
the effect minimised. The optimised ultrashort near-infrared pulses, which shall be
labelled “pump” pulses henceforth, can now be used for the generation of radiation

in the terahertz spectral region. In general, in the multitude of generation techniques
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(see sec. 4.3), the terahertz bandwidth critically depends on the pulse duration
of the incident radiation. If we were to use the previously mentioned nonlinear
conversion process of difference-frequency generation (DFG), as described in the
explanations following equation 2.10, the highest frequency that can be generated
is linked to the largest difference frequency in the near-infrared spectrum. Since
we are interested in pulses in the multi-terahertz to mid-infrared spectral region,
the incident spectrum must support these difference frequencies. The laser output
pulses exhibit merely a bandwidth of 7.9 THz (wavelengths ranging from 1028 nm to
1032nm). A terahertz pulse generated through OR using this spectrum would merely
increase the temporal resolution of state-selective tunnelling in LW-STM by a factor
of four. For the realisation of the intended ultrafast LW-STM that is able to visualise
intramolecular vibrations or electronic dynamics occurring on the few-femtosecond
scale, even shorter mid-infrared waveforms are necessary. Thus, a more broadband
near-infrared pump spectrum is required.

Spectral phase. Before moving on to how this spectral broadening scheme is
achieved in my setup, another prerequisite for achieving ultrashort pulses must be
introduced.

The temporal evolution of the electric field E(t) of a light pulse and its spectral

composition E (w) are linked by a Fourier transform:
E(w) = J[E(t)] = Ey(w) - e (4.8)

wherein ®(w) denotes the spectral phase. It is thus immediately clear that optimising
only the spectral intensity given by I(w) = |E(w)|? does not suffice. The effects of the
amplitude Fy(w) as well as the phase ®(w) must be considered. The shortest possible
pulse duration achievable for a given spectrum is obtained when ®(w) is constant
over all relevant frequencies w. Only then do all spectral components optimally
constructively interfere at ¢ = 0, generating the so-called Fourier-transform-limited
(FTL) pulse.

The phase ®(w) can be expanded in a Taylor series:

1 1
@(UJ) = Do -+ D](OJ — UJU) + § . Dz(w - UJ())Q -+ 6 . DJ(W — OJ())S + ... (49)
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around the centre frequency wy. The term Dy corresponds to the carrier-envelope
phase (CEP) and describes the phase difference between the carrier wave and its
intensity envelope. The second term proportional to the group delay D; relates to a
linear phase shift and therefore shifts the full pulse in time. For the pulse duration,
only higher orders in (w — wp)™ play a role. The group-delay dispersion (GDD) Dy
and third-order dispersion (TOD) Dj stretch the pulse and in the case of TOD can
lead to pre- and post-oscillations. As a result, the higher-order dispersion must be
closely monitored and adjusted throughout the beam path to ensure short pulses.
Only then is the most efficient interaction within the myriad of nonlinear effects
utilised in the setup warranted.

Self-phase modulation. In order to obtain the first necessary ingredient for ultra-
short pulses — the broad spectrum —, the near-infrared pump pulses are spectrally
broadened within two Herriott-type multi-pass cells (short HC).

The broadening scheme within the Herriott cells relies on a third-order nonlinear
optical effect within Argon gas. In contrast to second-order effects like DFG and SHG
(see eq. 2.10), third-order phenomena impose no restrictions on the symmetry of the
medium. The polarisation within an inversion-symmetric medium can be expanded

as a power series of odd-order terms:
P—= (X(l)E +XPE? 1 ) (4.10)

with the dielectric constant £y and the material-specific linear as well as third-order
susceptibilities x( and x®), respectively.
The term proportional to E? leads to a multitude of interesting effects such as self-
phase modulation and self-focusing. Assuming an oscillating electric field given by
E = E, cos(wt) and neglecting terms beyond the third order, equation 4.10 simplifies
to:

P—= (X“)E + X<3>E3) — 5 (X“) + % X(3)|Ew|2>Ew cos(wt)  (411)

Here, the trigonometric identity:

cos®(z) = %cos(Sx) + Z cos(x)
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was used and only terms oscillating at w were included, as only these are relevant
for the two nonlinear effects to be explained here.
The final equation (eq. 4.11) strongly resembles the linear polarisation solely with

an additional nonlinear term in the susceptibility:
® — 3 BR
X = o =+ B (4.12)

As the susceptibility is linked to the refractive index, the following equation is

obtained after further simplifications (see ref. [Boy08]):

2x®

E? = I 4.13
Sno Nno + Mo ( )

n=mngy+

Thus, the refractive index becomes dependent on the intensity of the light, which
leads to intriguing nonlinear optical phenomena.
Now, a linearly polarised electromagnetic wave propagating along the z-axis shall be
considered:

E(z,t) = A(z,t) - etha—iwot (4.14)

with a slowly varying envelope A(z,t), wavevector k, and frequency wy. The intensity-

dependent refractive index leads to an intensity-dependent wavevector:

ko wo - n(I) _ @

(no +na(D)) (4.15)

c C

This results in an intensity-dependent nonlinear phase ¢n,:

onp(t) = Lnol - 2 (4.16)

The instantaneous frequency wi, is related to the derivative of the phase:

d¢
inst = 7, 4.1
Pt =gy (4.17)

Due to the nonlinear refractive index, this leads to a shift of the instantaneous

frequency:

Odn1
ot

6winst = (418)
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Importantly, wi,s does not necessarily have to be a frequency that was previously
present in the incident spectrum. As a result, new frequency components can be
generated, effectively broadening the initial frequency spectrum. This third-order
nonlinear process is labelled self-phase modulation (SPM). Figure 4.8a displays the
SPM created by a Gaussian-shaped intensity envelope with the temporal width 7
(see eq. 4.1) and a peak height of Iy. The nonlinear phase ¢y (¢) follows the same
temporal profile as the intensity envelope (see Fig. 4.8a, centre). The derivative of the
nonlinear phase yields the change in instantaneous frequency due to the nonlinear
refractive index (Fig. 4.8a, right). It leads to a maximum increase and reduction
of the instantaneous frequency wing — wo are given by w™ and w™, respectively. To
maximise the spectral broadening, two main factors are important. First, the effect
can be optimised by using a medium with a high nonlinear refractive index ny (see
eq. 4.13). Second, a larger SPM can be achieved by maximising the distance travelled
by the pulse within the medium. However, the latter strategy is not feasible due to

a second y®-phenomenon happening simultaneously to SPM.
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Figure 4.8 | Self-phase modulation and self-focusing. Due to the nonlinear
refractive index, two intriguing phenomena arise. a, A Gaussian-shaped temporal
intensity envelope with width 7 and maximum I, (left panel) leads to a nonlinear
phase due to self-phase modulation that follows the same shape (middle panel).
The resulting nonlinear change to the instantaneous frequency wiys — wo is given
by the temporal derivative (right panel). The maximum increase and reduction of
the instantaneous frequency are indicated by w™ and w™, respectively. The vertical
black line in all three panels signifies the time at which the intensity reaches its
maximum /y. b, In case of a Gaussian intensity profile in the cross-sectional direction
of the pulse with a width w and maximum [y, the nonlinear change of the refractive
index n — ng = nol becomes dependent on the radial coordinate (middle panel).
Thus, upon entering a medium with a non-zero third-order susceptibility x®, the
wavefronts are bent, leading to reduction of the beam size as the pulse propagates
in the z-direction (right panel). The vertical black line in the left and middle panels
signifies the position at which the maximum intensity I = I; is reached.
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Self-focusing. In addition to a temporal change of the intensity within the pulse,
the intensity typically also varies spatially across the cross section of the beam. In
the case of our setup, the laser pulses emitted by the Yb:fibre amplifier exhibit a
nearly Gaussian spatial intensity profile (see eq. 4.1) with a beam waist radius w (see
Fig. 4.8, left) and a peak intensity Jy. This results in a radially decreasing refractive
index experienced by the beam (Fig. 4.8b, centre) n = ng + nol and thus a lower

propagation velocity v in the centre of the beam profile given by the simple relation:

c

vlr) = no + 7;,21(7')' (4.19)

This self-generated lens bends the wavefronts inwards, causing the beam diameter
to shrink, thereby focusing the beam (see Fig. 4.8b, right). Due to this mechanism
known as self-focusing (SF), the intensity of the laser beam increases. As this in turn
will affect the spatial intensity profile, this is a self-amplifying effect. However, the
naturally occurring effect of diffraction seeks to increase the beam diameter. Up to a
certain threshold power, labelled the critical power, diffraction is able to effectively
counteract the ever further reduction of the beam diameter. The critical power P.
is calculated from the known linear and nonlinear refractive indices, the vacuum
wavelength of the light Ao, as well as an analytical parameter that is dependent on
the initial spatial intensity distribution of the beam. For a Gaussian mode profile, the
constant possesses a value of approximately « ~ 1.9 [Fib00], leading to the equation:
A5 0.3TmA

P.= ~— 4.2
a47m0n2 8ngng (420)

For powers above P, so-called catastrophic self-focusing occurs, leading to ever-
shrinking beam diameters until a plasma is created within the material. In some
applications, this is even desired (e.g., supercontinuum generation). If the power is
increased further, ultimately the nonlinear optical medium is damaged irreparably.
Thus, when pulses with a power above P, are employed and plasma generation is
not desired (as is the case in controlled spectral broadening), the upper limit on
the material length is given by the propagation length until the beam diameter has

shrunk so much that it creates a plasma.
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Herriott cell design. In the previous paragraph, it has been established that for
optimal spectral broadening, the peak intensity should be preferably high and the
propagation length in the nonlinear medium should be sufficiently long. However, as
SPM and SF inadvertently occur simultaneously in any nonlinear medium, spectral
broadening (facilitated by the former) cannot be harnessed without some extent of
concomitant beam focusing (caused by the latter). Given that a high peak intensity
of the incident pulse further increases the amount of self-focusing and thus leads to
the formation of a plasma filament in the medium, employing a thick medium for
spectral broadening is only possible for relatively low peak powers on the order of
1MW. Even for near-infrared pulses longer than 1 ps, this limits the suitable pulse
energies to below 101J. This limitation can be overcome by using gas-filled capil-
laries as the medium, since due to low gas pressures smaller refractive indices than
in solid state media are achieved. This increases the critical power P, (see eq. 4.20),
allowing for larger input-pulse energies. However, noticeable SPM comparable to
solid state media only sets in for pulse energies above 100 pJ. This leaves a window
between pulse energies of approximately 10 pJ and 100 pJ where these conventional
techniques are not applicable for the spectral broadening and temporal compression
of femtosecond near-infrared pulses.

In order to achieve large spectral broadening, while avoiding material and beam-
profile deterioration, a new design was presented. In this scheme coined by Her-
riott et al. [Her64, Her65], the near-infrared beam repeatedly passes through either a
thin bulk nonlinear medium or a pressurised compartment in a resonator-like setup.
In each cycle, the beam acquires a nonlinear phase, leading to spectral broadening
via SPM. In the case of a solid-state Herriott-type cell (HC), the SF is kept small
as the propagation length within the medium is short. Additionally, the cell optics
(focusing mirrors) in solid-state HC and gas-filled HC are designed such that they
are able to compensate for the SF and create roughly equal-sized foci for subsequent
passes [Sch16, Weil7h, Weil7a] through the resonator.

As mentioned above, the incident beam diameter and the focusing optics have to be
chosen such that the peak intensity within the medium suffices to achieve consider-
able SPM while remaining below the threshold of plasma generation. In addition,
different design parameters have to be adjusted depending on the specifications of

the incident laser beam, the used nonlinear medium, and the desired output spectrum.
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4.2 Pulse compression in Herriott-type multi-pass cells

For example, the number of passes through the medium needs to be adapted, as this
parameter determines the total nonlinear phase amassed by the near-infrared pulse.
In principle, maximising the number of passes would be favourable, as this increases
the exploited nonlinear effect of self-phase modulation. However, the maximal num-
ber of passes a resonator can maintain is limited due to geometrical reasons, which
will be detailed in the following. As the beam must be coupled into and out of the
resonator, all reflections apart from the first and last one must occur at different
spots on the cell end mirrors. In a closed, off-axis ray path, in- and outcoupling
can be achieved by placing a small pick-off mirror in front of one of the focusing
mirrors or by directly employing a focusing mirror with a slit cut-out. In order not
to clip parts of the beam, this pick-off mirror/cut-out must be larger than the beam
diameter. After the pulse is coupled into the Herriott cell, two conditions need to be
met throughout the numerous internal reflections: First, all reflection spots should
be located at the same radial distance from the cell mirrors’ centres. Second, neigh-
bouring reflections on the resonator mirrors must be separated sufficiently far that
they do not overlap. This provides a constraint on the beam diameter and number of
passes through the resonator. After the final internal reflection, the beam is coupled
out of the cell by passage through the original entry point. Thus, a closed optical
path must be ensured. These prerequisites can be fulfilled by choosing a suitable
geometry of the Herriott cell. The exact reflection pattern on the end mirrors of a
Herriott cell is governed by two parameters: the number of full round trips through
the cell n and the number of 360°-rotations the ray performs around the mirror axes
m. Given the two quantities n and m, the angle 6, that subsequent reflections on

one cell mirror are separated by must follow the relation:
n - Oy =27 -m, where m = 1,2,...,n (4.21)

Per round trip, the beam passes the nonlinear medium twice, leading to spectral
broadening each time. For a closed path, the distance d,,,,, between the cell mirrors

with the focal length f has to be chosen accordingly:

Apm = 2f - (1 — COS(egm)> (4.22)
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A detailed mathematical derivation is provided in work by Herriott et al. [Her64].
As mentioned above, to maximise the nonlinear phase acquired by the pulse during
propagation through the Herriott cell, it is generally desirable to choose a large
number of full round trips through the medium, i.e., a large n. However, the quantity n
is limited by several factors. First, due to the geometrical aspects mentioned above,
only a limited number of reflections find room on the resonator end mirrors. Second,
during the propagation through the medium and reflection off mirrors, the beam not
only undergoes spectral broadening but also experiences dispersion. This temporally
stretches the pulse leading to a reduced peak intensity, which in turn diminishes the
broadening efficiency. Analogous to the above-mentioned restrictions on the number
of round trips n and at a given focal length f, various restrictions also apply to
the number of 360°-rotations m. Namely, n and m must be selected to be coprime
numbers. This criterion results from the necessity that the beam does not reflect off
the same position on the mirror more than once, which is necessary for the in- and
outcoupling of the pulses. Furthermore, in order to achieve a self-imaging resonator
design, where the focal spot at the centre does not change in size for subsequent passes
through the cavity, for a fixed value m the distance between the resonator mirrors
must be adjusted according to equation 4.22. Importantly, each mirror separation dyy,
is linked to a different beam waist at the focus. Therefore, the intensity within the
nonlinear medium can be varied by simply changing the resonator length d,,, and
the value of m. This in turn affects the SPM, making the total nonlinear phase shift

accumulated in the cell, given by the so-called B-integral, easily tunable:

B= 21/712(2) -I(z)dz = 2n /ng(z) S —" (4.23)

Y T . Trw?(2)

In this equation, A, €, and 7 denote the central wavelength, energy, and duration of
the near-infrared pulses in the medium with the nonlinear refractive index ny. The
variable z indicates the position along the direction of beam propagation.

Dual-stage Herriott cell. Due to all the constraints mentioned above, the pulse
compression typically achievable in a single-stage Herriott cell is limited to a factor
of approximately nine [Sei22]. Since we wish to reduce the output pulse duration
and thus increase the spectral width considerably more, a dual-stage Herriott cell

is necessary. By implementing two Herriott cells in series, a reduction of the near-
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Figure 4.9 | Schematic of multipass cells in the setup. The laser pulses from
the amplifier are focused into a first Argon-filled Herriott cell under a pressure of
16 bar (light grey box). After spectral broadening by SPM in 32 passes through
the resonator (n = 16), the pulses are temporally compressed in a chirped-mirror
compressor. By passing through a half-wave plate (red) and a thin-film polariser
(dark blue) acting as a beamsplitter, a small fraction of the power is directed into the
NOPA (see sec. 4.5). The largest portion of the pulse energy is focused into a second
HC with a pressure of 10.5 bar (dark grey box, n = 16). Subsequently, using a second
chirped-mirror compressor, the pulses are prepared for mid-infrared generation (see
sec. 4.3).

infrared laser pulses from a duration of around 270 fs to below 80fs in a first and to
13.5fs in a second stage is achieved.

Figure 4.9 displays the final design of the dual-stage compression cell. The incident
laser pulse from the amplifier is reflected off a focusing mirror (f = 750 mm) and
focused into the first (top) pressurised resonator filled with 16 bar of Argon through
a fused silica window and a 15° sector cut out in one of the resonator end mirrors.
Within the resonator, the pulse propagates back and forth 16 times (n = 16), while
travelling in azimuthal circles 13 times (m = 13). A camera image of the end mirror
reveals the 16 round trips as spots on the end mirror (opposite to the cut out) of
the first cell and the angular advance of 146° between subsequent reflections (see
Fig. 4.10a). After these 16 round trips, the pulse leaves the resonator through the
same cut-out but under a slightly upward tilted angle, such that it can be separated

from the incident beam using a D-cut mirror. After pulse compression using suitable
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Figure 4.10 | Camera view of the mul-
tipass cell end mirrors. A camera is di-
rected towards the unmodified end mirrors
in HC1 and HC2 to monitor the cell per-
formance during operation. a, A camera
snapshot of the spot pattern on the end
mirror of HC1 is shown for n = 16, m = 13.
The so-called angular advance between two
subsequent reflections # = 146° is sketched
for two exemplary spots. b, A snapshot of
the spot pattern on the end mirror of HC2
reveals the 16 reflections the beam experi-
ences within the resonator.

chirped mirrors, the pulse energy is split into two parts using a waveplate and a
thin-film polariser. A small fraction of the pulse energy is used for the operation
of a NOPA (sec. 4.5). The majority of the pulse energy is guided through a second
HC (orange beam path) that is operated at a pressure of 10.5 mbar of Argon. Again,
the pulse travels between the resonator mirrors 16 times (n = 16) before being
compressed in a second chirped-mirror compressor and being guided towards the
mid-infrared generation setup (see sec. 4.3). The individual steps are described in
detail in the following.

The pulses coupled out after HC1 are characterised in detail to determine their suit-
ability for our application. Figure 4.11a depicts the intensity spectrum of the HC1
output pulses as a function of the input-pulse energy. The FTL pulse duration drops
from 260 fs at low input energy to around 90 fs for 29pJ (see Fig. 4.11b). However,
the pulses emerging from HC1 are far from the FTL duration due to the dispersion
of the medium and the self-phase modulation. The duration of these pulses can
be accurately measured using autocorrelators or frequency-resolved gating (FROG),
which are described in section 4.2.

By guiding the pulses through a chirped-mirror compressor with 14 reflections, a
GDD of —4900 fs? (—350 fs? per reflection) can be applied, bringing the pulse dura-
tion close to FTL.

The overall transmission of HC1 including the chirped-mirror compressor amounts

to 85%, resulting in an output energy of 24.6 pJ. Notably, the reduction of pulse
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Figure 4.11 | Energy-dependent spectral broadening of the first Herriott
cell. a, The output spectra of HC1 for increasing input-pulse energies are plotted
using a semi-logarithmic scale. Curves are offset by one order of magnitude and values
below 1072 of the maximum are omitted for clarity. b, As a result of the spectral
broadening, the FTL pulse duration drastically decreases with rising input-pulse
energy, dropping below 90 fs for an input-pulse energy of 29 pJ.

duration from an FTL of 235fs to 90 fs is not the best compression achievable with
this setup. In fact, by optimising the chirp of the incident pulse, the gas pressure, and
the pulse energy, the spectral broadening can be considerably amplified, reducing the
output pulse duration to 75 fs. However, this was only attainable for low repetition
rates up to 500 kHz. At higher repetition rates (1—2MHz), I found that instabilities
in spectral broadening begin to arise at input energies of 20 pJ. Further increasing
the pulse energy, these instabilities drastically deteriorate the beam profile, render-
ing the pulses unsuitable for further operation. A possible reason was found in the
instabilities of the gas. At high input energies, the peak intensity in the focal region
at the centre of the cell is large enough to ionise the Argon gas and create a plasma.

At low repetition rates, the gas has sufficient time to relax or be replaced between
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subsequent laser pulses. As the repetition rate increases ever more, atoms are still
ionised when a subsequent pulse arrives, leading to a build-up of plasma. The plasma
leads to an alteration of the refractive index and the focusing conditions as well as
to a deterioration of the beam profile. Further analyses and improvements must be
made, if the desire persists to push the compression of HC1 to 75 fs or lower. After a
second compression stage, the difference in output pulse duration of 11 fs compared
to 13.5 fs between the optimised (low repetition rate) and stabilised (high repetition
rate) case becomes irrelevant for our application.

Between the two HC stages, using a broadband half-wave plate and a thin-film polar-
ising beamsplitter (TFP), the power can be variably separated into two parts. The
power reflected off the TFP is used to operate a non-collinear optical parametric
amplifier, which is closely described in section 4.5. The majority of pulse energy
is transmitted through the TFP and focused into a second gas-filled Herriott-type
multipass cell. As in the first multipass cell, the beam propagates through the res-
onator 32 times. However, in contrast to HC1, chirped end mirrors are implemented
in the HC2 resonator. At each reflection, the chirped end mirrors imprint a GDD
of —50fs? onto the pulse. This is necessary as the spectra entering HC2 are already
very broad. Thus, the dispersion in the medium stretches the pulses, which must
be compensated for after each pass through the cell. Without the negative GDD of
the mirrors, broadening in HC2 would only take place during the first few passes
through the resonator and render the remaining passes futile. Notably, a delicate
balance between spectral bandwidth and pulse duration must be maintained. If the
chirped mirrors compensated for both the nonlinear phase and the dispersion of the
gas-filled cell, an effect known as self-steepening [DeM67] could occur that uncon-
trollably compresses the pulse and damages the optics as a result. In our setup, the
Argon gas at a pressure of 10.5 bar in HC2 leads to a material-caused GDD of 453 fs?
per pass, which is almost compensated for by the chirped mirrors (—50 fs?). The com-
pensation of the material dispersion and not the nonlinear phase ensures a gradual
broadening of the spectrum over all 32 passes (see camera image of the end mirror in
Fig. 4.10b). After spectral broadening in the dual-stage HC, the spectrum exhibits
spectral components from to 910 nm to 1100 nm at an input-pulse energy of around
2911J. The gradual broadening of the spectra after passing through both multipass
cells is visualised in Fig. 4.12a. The FTL pulse duration drops from initially 155 fs
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Figure 4.12 | Spectra and Fourier-limited pulse duration of the dual-stage
Herriott cell. a, The output spectra of the dual-stage HC for increasing input-
pulse energies are plotted on a semi-logarithmic scale. The curves are offset by one
order of magnitude and measurement values below 1073 of the peak are omitted for
clarity. b, As a result of the spectral broadening, the FTL pulse duration drastically
decreases with a rising input-pulse energy, dropping below 20 fs for an input-pulse
energy of 29 pJ.

to below 20fs (see Fig. 4.12b).

In addition to achieving broadband spectra, which has been detailed above, the
generation of femtosecond near-infrared laser pulses necessitates a second require-
ment: All frequency components must interfere constructively. This is equivalent to
demanding the relative phase of all spectral components to be brought as close to
zero as possible. As a first step towards this goal, the pulse duration is determined
in order to ensure that the pulses are as close to the FTL as possible.

Pulse diagnostics and compression. In order to temporally compress pulses to

their FTL, the group-delay dispersion has to be first determined and then compen-
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Figure 4.13 | Frequency-resolved opti-

cal gating. An incident transient is split

into two identical copies using either a { —
50/50 beamsplitter or a D-cut mirror (BS). _
The beam path in one part can be varied BS DS
using a motorised delay stage (DS). Subse-
quently, both beams are focused into the
same [-barium borate (BBO) crystal un-

der a small acute angle using two spheri-

cal mirrors (SM). When both beampaths K SM
temporally and spatially overlap, on top
of the second harmonic of each arm sepa-
rately, a substantial sum-frequency signal
will arise. The spectral composition of the
sum-frequency signal is recorded for each
delay time using a spectrometer (Spec.),
leading to a so-called spectrogram.

Spec.

BBO SM

sated using suitable optical components.

As all electronic measurement techniques operate far too slowly to resolve the os-
cillation frequency of near-infrared light, one must employ optical nonlinearities in
creative ways to measure pulse durations and spectral phases.

The most common method to determine the phase of femtosecond pulses is frequency-
resolved optical gating (FROG). A customary variant called SHG-FROG is utilised
here to assess the near-infrared pulses after the Herriott cells.

Figure 4.13 depicts the general mode of operation of an SHG-FROG. The pulse to be
analysed is separated into two equal parts, which are spatially as well as temporally
superimposed in a x? nonlinear optical crystal (here S-barium borate, short BBO)
under a small acute angle. The generated sum frequency is detected in a spectrome-
ter. Varying the delay time between the two copies of the pulse and recording the
spectra results in a FROG trace or spectrogram. Using a retrieval algorithm, the
spectral intensity and phase information of the incident pulse can be reconstructed.
Figure 4.14a shows such a measured FROG spectrogram of the broadened near-
infrared pulses after passing HC1 and a chirped-mirror compressor. Clearly, the sum
frequency strongly depends on the relative delay time and is strongest at a delay

time of 0fs. Utilising an iterative retrieval algorithm, the measured spectrogram is
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reconstructed. The reconstructed spectrogram and spectral information are depicted
in Fig. 4.14b and Fig. 4.14c, respectively. The spectral phase is relatively flat and
shows only a minor curvature. To achieve this flat spectral phase, the pulses exiting
HC1 are reflected 14 times off chirped mirrors with a GDD of —350 fs? per reflection
prior to the FROG measurement. As the comparison of the calculated intensity
envelope with the transform-limited pulse duration reveals, a non-zero GDD remains
(see Fig. 4.14d). This is, however, of no issue as the combination of pulse energy and
pulse duration leads to sufficiently high peak intensities for spectral broadening in a
second HC.

After HC2, the compressed pulses are characterised again to ensure that they are as
close to FTL as possible. Implementing a pair of fused silica wedges with variable
thickness, facilitating the fine-tuning of the GDD, the pulses can be compressed to
13.5fs at an FTL of 8fs. The recorded (panel a) and retrieved FROG traces (panel b)
as well as the spectral intensity and phase (panel c¢) of the compressed pulses are
depicted in Fig. 4.15.

Thus, using the above-mentioned range of techniques, we successfully created ul-
trashort near-infrared laser pulses well-suited for the generation of broadband mid-

infrared radiation (see sec. 4.3).
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Figure 4.14 | FROG measurements of the HC1 output pulses. a, A FROG
spectrogram of the compressed HC1 output pulses is recorded. b, The reconstructed
FROG spectrogram nicely resembles the measured trace. ¢, The retrieved spectral
intensity (black curve) and phase (red curve) of the reconstructed waveform are
depicted. d, The temporal intensity envelope of the reconstructed pulse (black curve)
shows an FWHM width of 73fs, while the FTL pulse duration lies at 34fs (red
curve).
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Figure 4.15 | FROG measurements of the dual-stage Herriott cell output
pulses. a, A FROG spectrogram is recorded after compression of the HC2 output
pulses. b, The reconstructed FROG spectrogram closely resembles the measured
one. ¢, The retrieved spectral intensity (black) and phase (red) of the reconstructed
waveform are depicted. d, The temporal intensity envelope of the reconstructed pulse
(black) exhibits a duration of 13.5fs at an FTL (red) of 8fs.
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4.3 Generation of single-cycle mid-infrared pulses

The frequency range between microwave and infrared radiation, typically spanning
from a few hundred gigahertz to several terahertz, is commonly labelled the “tera-
hertz gap”. This frequency range has long been considered challenging to access and
study due to the lack of suitable laser systems and technologies. Over the last decades,
many ways to generate laser pulses within the terahertz gap have been developed.
For example, vacuum electronic devices usually used for microwave generation, such
as magnetrons, gyrotrons, and synchrotrons [Gan06], can undergo targeted modi-
fications to enable their operation at terahertz frequencies. Nevertheless, if pulses
suitable for LW-STM within this spectral range are desired, additional requirements
must be met by the laser source. Specifically, to support single-cycle pulses in the
terahertz and mid-infrared range, a sufficiently broadband frequency spectrum is
crucial. The most critical pulse characteristic for the application of laser pulses in
the field of lightwave-electronics [Sch14, Hoh15, Reil8, Sch19a] is the stability of the
CEP. Thus, the origin of the CEP shall be revisited in the following explanations,
closely following previous elaborations by Cundiff and Weiner [Cun10].

A train of pulses emitted by a laser oscillator is characterised by the periodic rep-
etition of intensity spikes with a width of 7 and a temporal separation between
subsequent laser shots of ﬁ Figure 4.16a displays such an exemplary pulse train
with Gaussian-shaped intensity envelopes for each pulse. The spectrum of a singular
pulse is broadband and exhibits a width that is inversely proportional to the pulse
duration 7. Notably, subsequent pulses in the pulse train are not identical: The oscil-
lating carrier wave does not necessarily peak at the peak of the envelope. The reason
for this variability is that while the laser pulse is travelling back and forth within
the oscillator, the different propagation velocities of the carrier wave (travelling at
the phase velocity) and the peak of the intensity envelope (travelling at the group
velocity) lead to a phase shift. This phase shift is different for each pulse emitted
by the oscillator, leading to variations in the exact temporal shape of the electric
field underneath the envelope. The temporal evolution of this phase is given by the
so-called carrier-envelope phase ¢cg. As these pulses periodically reoccur, the Fourier
transform of the whole pulse train consists of evenly spaced sharp lines underneath

the envelope (see Fig. 4.16b). This so-called frequency-comb is however offset from a
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Figure 4.16 | Carrier-envelope phase. A pulse train emitted by a near-infrared
laser oscillator (feentre = 292 THz), operating at a Iepetition rate of fp, features
periodically repeating intensity spikes spaced in time by +-. a, For a non-CEP-stable
pulse train, the temporal evolution of the relative phabe between the electric field
oscillating within the envelope and the peak of the envelope is described by the carrier-
envelope phase ¢cg. b, The resulting Fourier spectrum exhibits periodically spaced
spectral lines, the so-called frequency-comb, with a spacing of fep,. The non-constant
¢cg leads to an offset of the comb from zero frequency by the carrier-envelope offset
fero- ¢, In the case of a CEP-stable pulse train, all pulses are identical. d, The
constant carrier-envelope phase ¢cg in a CEP-stable pulse train leads to a frequency
comb in which the individual lines are placed at integer multiples of fiep.

frequency of zero by the carrier-envelope offset frequency fcro (see Fig. 4.16b). The

individual spectral lines within the full pulse train can then be written as:

fo =1nfiep + fceo (4.24)

In a CEP-stable pulse train, the carrier envelope phase ¢¢cg is constant and there-
fore the shape of the oscillating electric field remains unchanged over time (see
Fig. 4.16¢). As a result, the frequency-comb is locked to a carrier-envelope offset

frequency fcpo = 0 and the individual spectral lines are given by f, = nf., (see
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Fig. 4.16d). Only such phase-locked ( fcro = 0) pulses are suitable for our application.
Creating these CEP-stable pulse trains constitutes the most challenging aspect of
the optical setup.

In the endeavour to provide user-friendly and cost-effective laser sources for CEP-
stable pulses, numerous research groups and commercial laser suppliers have devel-
oped publicly procurable table-top solutions in recent years [Dhil7, Lei23]. The most
promising table-top sources providing intense, CEP-stable, and octave-spanning spec-
tra involve the interaction of femtosecond laser pulses in the near-infrared domain
with matter in a variety of different fashions. Several approaches that may come into
question for our application will be introduced and analysed for their suitability.
For instance, photoconductive switches, which consist of small gold antennas fabri-
cated on top of a semiconductor, can be used to generate low-frequency terahertz
radiation [Aus84]. Upon illumination of the semiconductor between the two antenna
electrodes with ultrashort laser pulses with a suitable photon energy, electrons are
photoexcited over the bandgap and accelerated in a strong DC electric field. Due to
the short lifetime of the charge carriers, a short current burst is established that ac-
cording to Maxwell’s equations emits electromagnetic radiation. Applied to suitable
materials, this mechanism has been used to successfully generate broadband spectra
with frequencies up to 30 THz [Sin20].

A second potentially applicable method is based upon the use of two-coloured laser
filaments in a gas [Coo00]. By focusing high-energy near-infrared pulses at a fre-
quency wp and its second harmonic 2w into a gas jet, nonlinear interactions in the
generated plasma can produce highly asymmetric terahertz waveforms. Disadvan-
tageously, this technique is relatively unstable and requires extremely high pulse
energies, limiting the achievable repetition rates to a few kilohertz when using table-
top laser amplifier systems. As we need to work at high repetition rates in the range
from hundreds of kilohertz to several megahertz to achieve reasonable data acquisi-
tion times, sources based on two-coloured filaments are not fitting for us.

Another promising technique to generate single-cycle terahertz pulses involves spin-
tronic emitters, which harness the inverse spin Hall effect [Seil6]. Specifically, ul-
trashort near-infrared pulses are absorbed in a bilayer structure consisting of a
ferromagnetic and a nonmagnetic metallic film within an external magnetic field. A

superdiffusive spin current [Bat12] launched in the ferromagnetic layer is converted
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into a charge current due to the inverse spin Hall effect. Owing to the ultrafast opti-
cal excitation, superdiffusion, and charge lifetimes of less than 100 fs, the ultrashort
current burst leads to the pulsed emission of a phase-stable sub-cycle terahertz pulse
[Kam13]. However, the limited optical skin depth of metals hinders the scaling of
these emitters in thickness, necessitating large pump-pulse energies to achieve high
terahertz field strengths, effectively limiting the repetition rate.

A recent promising technological advancement in the generation of high-field-strength,
sub-cycle terahertz pulses utilises ultrafast shift currents in quantum well (QW)
emitters [Mei22]. In this approach, ultrashort near-infrared pulses are absorbed in
a custom-tailored Type-II band-aligned QW structure. The wave functions of the
photoexcited electrons and holes are localised predominantly at opposite ends of the
QW due to the inbuilt electric potential. As a result, the photoexcitation creates an
ultrafast shift current spike, which is ultimately limited by the near-infrared pulse
duration. The shift current leads to the emission of ultrashort terahertz pulses with
frequency components up to 21.4 THz (full width at tenth of maximum, FWTM).
Although the use of QW emitters offers promising avenues for generating short laser
pulses in the multi-terahertz regime, it is still not well established and the achieved
maximum multi-terahertz frequency of 21.4 THz (FWTM) is well below what is
required for a single-cycle pulse in the mid-infrared spectral range.

Considering the current state-of-the-art single-cycle terahertz sources, the most ver-
satile and tunable emitter for the accomplishment of our desired terahertz pulse
parameters remains the highly-efficient and well-established technique of difference-
frequency generation (DFG) within a nonlinear optical crystal. This second-order
nonlinear optical process is described briefly in the following paragraph.
Difference-frequency generation. The most flexible means of generating ultra-
short laser pulses in the terahertz and mid-infrared regime relies on nonlinear optical
effects in non-centrosymmetric crystals. As already mentioned in section 4.2 and
noted in equation 2.10, for intense light fields the polarisation induced by an external
electric field can be expanded in a power series. Taking only the term quadratic in
incident field strength into account, two incident electromagnetic waves oscillating
at angular frequencies w; and wy create a polarisation oscillating at their beating
frequency w3 = w; — wo that emits an electromagnetic wave at the difference fre-

quency ws (see Fig. 4.17a).
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Figure 4.17 | Difference-frequency generation. a, Within a suitable nonlinear
medium, the second-order nonlinear optical process of difference-frequency generation
(DFG) allows for the creation of radiation at the beating frequency of two incoming
electromagnetic waves oscillating at angular frequencies w; and wy. Apart from the
photon oscillating at w3 = w; —ws, two photons at ws exit the medium. b, In the case
of optical rectification, two frequencies within the same near-infrared femtosecond
pulse f, = nfiep + forpo and fi, = mfiep + fopo interact, leading to the emission
of a difference-frequency component with a vanishing carrier-envelope frequency:
fair = (n—m)frep. As any pair of two spectral components within the frequency
comb can emit mid-infrared radiation at their difference frequency, a broad spectrum
ultimately limited by the near-infrared bandwidth can be generated.

The two high-frequency components for the coherent mixing process do not necessar-
ily have to originate from different pulses. In the special case of intra-pulse DFG, also
termed optical rectification (OR), two spectral components within the same pulse
interact. As all possible pairs of frequencies within the incident near-infrared spec-
trum create new frequency components, a broadband low-frequency spectrum will
arise, featuring a maximum frequency given by the bandwidth of the near-infrared
pulse. Figure 4.17b illustrates such an OR from the near-infrared (hundreds of THz)
into the few- to multi-terahertz spectral regime [Ric94, Bon95, Kai00]. Notably, laser
pulses generated by means of OR are inherently CEP-stable. As mentioned in the

discussion following Fig. 4.16, the frequencies emitted by a pulsed laser are given by:

Jo =1nfwep + fero (4.25)

By nonlinear interaction of two frequencies f,, and f, from the same pulse within a
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second-order nonlinear optical medium, the resulting difference frequency:

faig = fo — [
= (0frep + foro) — (M frep + fero)
= (0 —m)frep (4.26)

is independent of the carrier-envelope offset frequency fcgo. The CEP-stability of
mid-infrared pulses generated in this way was first demonstrated by Huber et al.
[Hub0Oa]. The authors showed electro-optically sampled mid-infrared waveforms
with frequencies surpassing 40 THz .

The different frequencies partaking in the DFG process shall henceforth be called
“pump” frequency (wq = 27 f,), “seed” frequency (wo = 27 fi,, m<n), and “idler”
frequency (ws = w; —we = 27(n — m) frep). As depicted in Fig. 4.17a, a second
frequency component oscillating at wy is generated simultaneously within the DFG
process. This component shall be called “signal”.

However, in order to attain a nonlinear polarisation within the medium that oscillates
at w3 = w; — wsy, the two incident spectral components must overlap temporally.
Thus, only Fourier-transform-limited pulses can make use of the full near-infrared
bandwidth. Therefore, the twofold importance of the duration of the near-infrared
pulse for a given spectrum becomes apparent: First, shorter pulses lead to higher
peak intensities and thus more efficient OR and second, pulses closer to the FTL
increase the effective bandwidth.

Phase matching. In the conversion process from one high-energy photon with
the energy FE; to two low-energy photons (E» and FEj), energy and momentum

conservation must be fulfilled. The former is satisfied by simply requiring:

B\ = E, + B (4.27)

The latter can be achieved by meeting the phase-matching (PM) condition, as will
be explained in the following. An ultrashort incident near-infrared pulse and thus
the phase of the nonlinear polarisation it creates within a crystal propagate at

the group velocity of the pulse. At each position within the crystal, the oscillating



4 Femtosecond LW-STM: towards the visualisation of intramolecular motion

nonlinear polarisation leads to the emission of mid-infrared radiation. These mid-

infrared frequencies travel at their respective phase velocities v, = governed

by the refractive index nygr(w) in the medium. Thus, if the phase velocities do
not coincide with the group velocity, the generated mid-infrared radiation and the
polarisation may partially interfere destructively. The most efficient mid-infrared
generation is therefore achieved in the case of equal propagation velocities of the
second-order polarisation and the mid-infrared radiation and can be written in terms
of the wavevectors as:

ks =k — ko, (4.29)
where:

;Wi

ki = |ki| = i=1,2,3 (4.30)

denote the wavevectors of the three different oscillating electromagnetic fields. This
condition of vanishing wavevector mismatch Ak = |k3 — (k1 — k2)| is readily fulfilled
only in a few media and only for specific combinations of photon energies due to
the material’s dispersion. This can be circumvented by using birefringent crystals
whose refractive index can be tuned. In a uniaxially birefringent crystal, a single
direction, the so-called optic axis, governs the optical anisotropy of the medium.
Electromagnetic radiation propagating parallel to the optic axis is always subject
to the ordinary refractive index n,, regardless of its polarisation. However, light
propagating under an angle of § with respect to the optic axis and with a non-zero
electric field component along the optic axis experiences a different, extraordinary

refractive index ne,. This can be tuned by the PM angle 6 according to the equation:

1 _ cos?(f) N sin?(6)

Neo(W,0)2 Mo(w)?  ne(w)?

(4.31)

wherein n, and n, are the ordinary refractive index and the principal value of the
extraordinary refractive index, respectively. One distinguishes between positively
(ne > n,) and negatively (n. < n,) birefringent media. In negatively birefringent,
normally dispersive (n,, < n,,) media, which are used in this work, the photon at
the highest frequency w; has to be polarised extraordinarily such that the phase-
matching condition in equation 4.29 is fulfilled. As a result, PM can be achieved in

two different configurations:
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o Type-I phase matching (eoo): The pump photon is polarised extraordinarily.
The signal photon and the idler photon are polarised ordinarily.

o Type-II phase matching (eoe): The pump and idler photons are polarised

extraordinarily, while the signal photon is polarised ordinarily.

The abbreviations in brackets — eoo and eoe — indicate the polarisation axes of the
highest- to lowest-frequency photon from left to right. In summary, based on the
available incident spectrum and the angle-dependent nonlinear susceptibility of the
crystal, the suitable phase-matching type and angle must be chosen to fulfil the
momentum conservation for the desired output spectrum.

Simulation of optical rectification in gallium selenide. All requirements dis-
cussed above must be taken into account to identify suitable materials for the gen-
eration of mid-infrared pulses using DFG. To briefly recapitulate, relevant factors
include a high nonlinear susceptibility x(? and broadband phase matching for the
input laser spectra centred around 1030 nm. The layered crystal gallium selenide
(GaSe) not only fulfils all these requirements but has also proven very versatile for
optical rectification from the near-infrared into the terahertz and mid-infrared spec-
tral regions. Specifically, it is transparent over a wide spectral region (0.7—18 um)
and has a particularly high effective nonlinear susceptibility (ds2 = (86 & 17) &)
[A1109].

In order to investigate whether GaSe can act as a suitable emitter for broadband,
CEP-stable, mid-infrared, and single-cycle pulses, simulations are performed prior
to the experimental realisation. The reader is referred to appendix C.3.1 for details
on the theoretical description and the simulation of optical rectification in nonlinear
optical crystals. The final result from solving the nonlinear wave equation is given
by:

_ S m i Tina o o ARL) (4.32)

]3 >
N1N2N3EYC

The intensity I3 of the generated mid-infrared radiation at a specific frequency ws
depends on multiple parameters such as the intensities at the pump and seed fre-
quency ([; and 1), the corresponding refractive indices at all three frequencies (n,
ng, and n3) and the crystal thickness L. Moreover, the effective nonlinearity driven

by the incident light deg and the wavevector mismatch Ak enter the equation. How
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Figure 4.18 | Sketch of relevant angles and polarisations for DFG in gallium
selenide. Two incident near-infrared electric fields, Enir .o and Exig,o, propagating
along the horizontal black arrow are polarised along the extraordinary and ordinary
axes of a gallium selenide crystal (GaSe). The optic axis is denoted by the dotted
black line. In the illustrated case, the generated difference-frequency signal FEygr
is polarised parallel to Enig, o, indicating type-I PM. By varying the azimuthal
angle ¢ (rotation about the optic axis), the PM type and thus the polarisation of the
mid-infrared radiation can be changed. The angle 6.y (rotation around the dashed
vertical black line) defines the efficiency of the conversion and the spectrum of the
mid-infrared pulses.

the results of the theoretical analyses influence our experimental emitter design and
geometry are presented in the following.

In this setup, the near-infrared pulses, which were previously spectrally broadened
in the dual-stage multipass cell are to be focused into the nonlinear optical crystal
GaSe. For the most efficient mid-infrared generation, the phase mismatch must be
minimised and the nonlinear polarisation should be created along the crystal axis
with the highest nonlinear susceptibility. The available degrees of freedom to tune OR
and satisfy these conditions include the polarisation of the near-infrared pulse and
the crystal orientation relative to the incident light. Setting the correct polarisation
of the incident near-infrared light with respect to the crystal axes is therefore crucial.
As sketched in Fig. 4.18, the nonlinear optical crystal can be rotated in the azimuthal
direction by an angle ¢ and in the sagittal direction by the polar angle ... Light
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4.3 Generation of single-cycle mid-infrared pulses

incident on the crystal under the angle 6., is refracted at the air—crystal interface
according to Snell’s law. Within the crystal the propagation angle relative to the
optic axis is called the (internal) PM angle 6. As explained above, for optimal opti-
cal rectification, the PM angle § must be chosen such that the photon momentum
mismatch in the spectral region of interest is minimised (see eq. 4.31). Moreover,
the effective nonlinearity of GaSe is influenced by the PM angle 6 as well as the

azimuthal angle ¢ according to the following equation:

20 — dyy cos (6) sin (30) (433)
¢ — gy cos® (0) cos (36) (4.34)

Evidently, the choice of PM type influences the optimal polar angle that should be
employed.

For type-1 PM, which will be used for the rest of this thesis, the generated mid-infrared
radiation Eyg is polarised perpendicular to the pump field (Enig,eo) and parallel to
the seed field (Enir,o). Importantly, in the case of OR, where pump and seed field
originate from the same near-infrared pulse, the polarisation of the incident light
must be chosen such that it contains electric field components oscillating parallel
as well as perpendicular to the optic axis. In other words, the pulse must exhibit
non-zero projections onto the extraordinary and the ordinary axes of the nonlinear
optical crystal. If an angle of 45° is chosen between Enir and the extraordinary axis,
this leads to equally large electric fields (Exireo = Enir,o) along the two relevant
crystal axes.

In order to find the optimal PM angle for the generation of the desired mid-infrared
spectrum, the phase mismatch Ak must be determined for different angles 6 and idler
frequencies. More precisely, the field strength of a certain generated mid-infrared
frequency is strongly influenced by the PM factor [sinc(AkL/2)|. Calculating the
PM factor for a GaSe crystal with a thickness of 50 pm and an incident near-infrared
pump pulse with a centre wavelength of 1028 nm reveals a broadband region from
approximately a frequency of 10 THz to 50 THz with a small phase mismatch (see
Fig. 4.19a). Thus, in this frequency range, theoretically, large mid-infrared field
strengths could be generated. As mentioned above, the possible difference frequen-

cies emitted from a nonlinear crystal are ultimately limited by the bandwidth of
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Figure 4.19 | Simulated optical rectification in GaSe. a, The phase-matching
factor for a GaSe crystal with a thickness of 50 pm at a pump wavelength of 1028 nm
is calculated for various internal PM angles . For an angle of 14°, broadband PM
for frequencies spanning 10 to 55 THz is achievable. b, The HC output spectrum
utilised for mid-infrared generation is plotted on a semi-logarithmic scale. ¢, The
possible difference frequencies within the near-infrared spectrum are obtained by
a convolution of the spectrum with itself (blue). When taking PM into account,
the amplitude spectrum drastically changes its shape (red). d, The simulated mid-
infrared transient (red) exhibits an ultrashort pulse duration with a field crest (top
90%) of only 4.3fs. The intensity envelope possesses an FWHM of 36 fs.
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the incident laser pulse. Taking the spectrum of the HC output into account (see
Fig. 4.19b), the mid-infrared spectrum that can theoretically be generated for the
known incident near-infrared pulse is simulated for an internal PM angle of 6 = 14°
(see Fig. 4.19a, red horizontal line). As Fig. 4.19¢ shows, the broadband near-infrared
spectra would support difference-frequency components up to 60 THz (FWTM), rep-
resented by the blue curve in Fig. 4.19c. By multiplying this spectrum with the
corresponding phase-matching factors and normalising the result, the red curve in
Fig. 4.19c¢ is obtained. This spectrum denotes the relative amplitude of the different
mid-infrared frequency components that can be generated within a GaSe crystal
with a thickness of 50 pm using the ultrashort near-infrared pulses created in the
dual-stage HC. The resulting mid-infrared transient calculated via Fourier trans-
form possesses an asymmetric pulse shape with a peak field duration (top 90%) of
only 4.3fs, rendering it highly suitable for the application as ultrafast bias pulse
in LW-STM. To determine the optimal thickness of the employed GaSe crystal, I
compared the resulting mid-infrared transients for varying crystal thicknesses. This
analysis revealed that in order to allow for broadband PM and generate asymmetric
waveforms, GaSe crystals with a thickness of 50 pm or less should be used.

Near-infrared focus in GaSe. Having shown that GaSe with a thickness of 50 pm
is indeed a suitable candidate for the generation of ultrashort mid-infrared pulses,
the next step would be to create sufficiently high peak intensities within the crystal.
As the nonlinear effect of difference-frequency generation scales quadratically with
the incident electric field, creating a sharp focus is the most straightforward way of
increasing the output power of mid-infrared radiation. However, the smallest possible
beam diameter is limited by the damage threshold of GaSe. Inconveniently, the pre-
cise damage threshold of GaSe for femtosecond pulses at megahertz repetition rates
has not yet been investigated in detail in the literature. A general estimate for the
peak intensity that is well tolerated by usual nonlinear optical crystals lies around
200 % With the laser specifications of our setup, namely a pulse energy of 17 pJ
and a pulse duration of 14 fs, the peak power reaches 1.2 GW. As a result, a Gaussian
beam radius of wy = 750 pm (880 pm FWHM) is already sufficiently small to reach a
suitable peak intensity of 200 % To generate a focus of this size, the output beam
of HC2, which exhibits beam radii of wy = 1650 pm and wy, = 1850 pm, must be
only slightly focused. This is achieved by using a deliberately slightly misaligned
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Figure 4.20 | Focusing into the gallium selenide crystal. a, For the generation
of a suitable focal size, two curved mirrors (ROC = —800 mm and ROC = +600 mm)
are placed at a distance of 137 mm from each other. The generation crystal is placed
in the focus that is obtained 1570 mm after the focusing mirror. A gold mirror (ROC
= —800mm) is used to collimate the generated mid-infrared radiation. An ITO
window separates the mid-infrared pulses from the remaining pump light. b, The
experimentally determined intensity distribution in the focal plane reveals a Gaussian
beam profile with waist radii of wy = 750 pm and w, = 660.

mirror telescope (see Fig. 4.20a). Using a calculation of the beam caustic (see Suppl.
Fig. C.6) and tests, the optimal focal size was obtained by placing a concave mirror
with ROC = —800mm at a distance of 137 mm from a convex mirror with ROC =
+600mm. The beam waist at the focus amounts to wy = 750 pm and wy = 660 pm
(Fig. 4.20b). Thus, the peak intensity at the focus exceeds 200 %7 sufficient for the
generation of mid-infrared transients through optical rectification within GaSe and
still below the damage threshold.

Generation of ultrashort mid-infrared waveforms. As explained in the pre-
vious chapter covering the simulation of optical rectification (see sec. 4.3), in the
difference-frequency generation process, pump photons are annihilated, while signal
and idler photons are created. As a result, during the propagation through the non-
linear optical medium, the number of pump photons is gradually depleted, whereas
the other two increase. In order to guarantee the highest possible mid-infrared out-
put, the number of pump photons should exceed the number of seed photons at the
crystal entrance face. In intra-pulse DFG, this is achieved by rotating the incident
near-infrared polarisation. When polarised at an angle of 45° with respect to the

extraordinary axis, the projections of the electric field onto the extraordinary and
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ordinary axes are equally large. Thus, the electric fields of the pump and the seed
part are equally strong. In order to optimise the optical rectification process, the
near-infrared polarisation is chosen such that a slightly larger fraction of the incident
light is polarised along the extraordinary axis, yielding a larger pump intensity than
seed intensity of the incident light.

As disclosed above and illustrated in Fig. 4.19a, the spectral components that can
be generated with high efficiency within GaSe critically depend on the PM angle 6.
In order explore the optimal angle for our application, the experimentally gener-
ated waveforms and mid-infrared spectra as a function of 6., are recorded with
an electro-optic sampling (EOS) setup (for details on EOS see sec. 2.3). External
phase-matching angle and incidence angle are used interchangeably in the following.
For the mid-infrared generation and detection, GaSe crystals with a thickness of
30pum and 6pm, respectively, were chosen. As the detection mechanism again is
based on a nonlinear optical process, in general PM must also be considered there.
The advantage of using such a thin GaSe crystal for detection is the extremely broad-
band PM, which legitimises neglecting the detector response [Knol8].

Figure 4.21a displays the normalised mid-infrared waveforms generated for the dif-
ferent angles of incidence fqy. Performing Fourier transforms of all waveforms leads
to the spectra in Fig. 4.21b, spanning from a frequency of 10 to 38 THz (FWTM).
Based on the data displayed in Fig. 4.21a, one would choose an external PM angle
of either 0° or 50°, as this leads to the most asymmetric waveforms with an asym-
metry factor (largest positive half-cycle in relation to largest negative excursion) of
1:1.7. Both angles have their respective advantages: In the case of zero-degree phase
matching, Fresnel reflection at the air-crystal interface is minimised for s-polarised
light. The greater transmission increases the pulse energy available for OR and thus
leads to higher intensities of the generated mid-infrared radiation. Yet, the overall
spectrum for an external PM angle of § = 0° is centred around a lower frequency
than the spectra generated for larger angles. Considering that higher frequencies
lead to a better temporal resolution in LW-STM operation, an external PM angle
of By = 50° would seem the best choice. However, the optimal waveform for the
application in lightwave-driven STM is determined by its shape in the near field. To
obtain the expected near-field waveform, the changes to the spectral amplitude and

spectral phase upon propagation into the STM junction must be considered. The
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Figure 4.21 | Dependence of the mid-infrared transient on the angle of
incidence. a, The mid-infrared transients generated with various angles of incidence
Oext o1 the GaSe crystal are detected via electro-optic sampling. The most asymmetric
waveforms occur for angles of 6y = 0° and 6o = 50°. b, Performing Fourier
transforms of the transients displayed in panel a results in the amplitude spectra
shown here. With increasing angle of incidence, a clear shift to higher frequencies is
visible.
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transfer function from far to near field in the mid-infrared range is given by a field
enhancement that is inversely proportional to the frequency and a CEP shift of —7.
Applying this transfer function to the complex-valued spectra leads to the various
waveforms depicted in Fig. 4.22a. In the near field, the most asymmetrical waveforms
arise for angles of incidence of 35° and 40°, each characterised by an asymmetry ratio
of 1:1.47. Both measured waveforms exhibit ultrashort pulse durations with a peak
width (top 90%) of 6fs and 6.7 fs for incidence angles Oy of 35° and 40°, respectively.
Due to the shorter pulse duration, an external phase-matching angle of 35° was cho-
sen. As a result of the frequency-dependent transfer function, the centre frequency of
21 THz in the near field is red-shifted compared to the centre frequency of 24 THz in
the far field. The near-field waveform for the chosen angle of incidence of 35° exhibits
a pulse duration of 32fs (FWHM of intensity envelope), which warrants that only
1.5 oscillation cycles at the centre frequency occur underneath the intensity envelope.
Given the ultrashort peak width of only 6 fs and an asymmetry ratio of almost 1:1.5,
these pulses are highly suitable for the application in a MIR-STM.

Prior to guiding the generated mid-infrared pulses into the STM chamber, the re-
maining near-infrared pump and signal light must be filtered out. Otherwise, this
high-intensity laser light would heat the sample system and the STM chamber con-
siderably, making high-precision scanning tunnelling experiments impossible. To this
end, a suitable indium-tin-oxide (ITO) covered glass window is used. The plasma
frequency of this coating is chosen to lay between the mid-infrared and near-infrared
spectral regions. The high-frequency near-infrared radiation is thus transmitted to
largest extent and dumped, while the desired mid-infrared spectral region is reflected.
After two reflections off I'TO windows, all remaining near-infrared radiation is re-
moved and the pure mid-infrared pulse energy can be measured in a pyroelectric
detector. Using a suitable lock-in detection technique, the mid-infrared pulse energy
is determined to be 179 pJ prior to the incoupling into the vacuum chamber. Guiding
the mid-infrared radiation towards the STM, a large loss of pulse energy must be
considered. The diamond window, through which the radiation enters the vacuum
chamber, exhibits a transmittance of approximately 69% under normal incidence.
Thus, only a pulse energy of 124 pJ remains after the window.This pulse energy is
then focused into the STM junction using a parabolic mirror mounted on the scan

head. The design of the STM scan head (see sec. 4.6) allows for the installation of
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a, The expected near-field mid-infrared transients within the tunnelling junction are
obtained by applying the far-field-to-near-field transfer function to the transients
shown in Fig. 4.21a. The most suitable near-field transients are created for angles of
incidence on the GaSe crystal of e = 35° and ., = 40°. The corresponding peak
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are attained via Fourier transform of the waveforms shown in panel a.
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a parabolic mirror with a very short focal length (f = 7.5mm) close to tunnelling
junction, which enables a small focal size and therefore large laser intensities. The col-
limated Gaussian beam diameter of 5.53 mm (see measurements in appendix C.3.3)
leads to a focal size in the range of 30 pm (E%—diauneter)7 assuming Gaussian beam
propagation with a beam quality of M2 = 1.3. With the pulse duration of 35 fs, this
yields an approximate peak intensity of Ipeax ~ 700 MW " The peak field would then

cm? *

21 eak kv 3V
Epeak = || — & — =73-10"%~+ 4.
peak ceo 730Cm 7.3-10 i (4.35)

As mentioned above, the propagation of radiation along the STM tip into the

amount to:

nanoscopic tunnelling junction leads to a considerable near-field enhancement. For
mid-infrared radiation, the enhancement factor is expected to be several thousand
(3000 — 5000), which would increase the peak field to around 28 % Applying such
large voltages across the STM junction would give us access energy levels far above
the conduction band of solids or empty orbitals in molecules. As most interesting
dynamics occur close to the Fermi energy, the mid-infrared transients would need to
be attenuated to sufficiently low field strengths. Of course, additional power losses
must be considered when including further beam steering in the beampath such as
flipping polarity or performing MIR pump — MIR probe experiments. However, the
bandgaps of most semiconductors or electronic excitations we would like to investi-
gate lie in the range of a few volts, which provides us with a margin of two orders of

magnitude.

4.4 Michelson interferometer and mid-infrared

beam steering

In order to enable MIR pump — MIR probe experiments, identical copies of the
mid-infrared waveform must be generated and temporally delayed relative to one
another. Figure 4.23 shows a schematic of the Michelson interferometer employed. A
beamsplitter separates the mid-infrared pulse into two equally strong parts. In each
interferometer arm, the polarisation can be rotated and the pulse can be modulated

by means of a mechanical chopper. The modulation is ultimately necessary for low-
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Figure 4.23 | Sketch of the Michelson interferometer. Using a gold-coated
Germanium wafer as beamsplitter, identical copies of the incident mid-infrared pulse
are generated. The two pulses within each pair are guided into two different inter-
ferometer arms (blue and green shaded box) and delayed with respect to each other
using a motorised delay stage. By making use of the Gouy phase shift, the polarity
of the transients can be separately adjusted in each interferometer arm by removing
a movable mirror (indicated by the dashed outline). In each arm, the pulse train is
periodically blocked using a mechanical chopper wheel and rotated in polarisation
by means of a wire-grid polariser. The combining this with a stationary polariser
(analyser) after the beamcombiner allows for the continuous control of the electric
field strength of each arm.
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noise lock-in detection of the lightwave-driven tunnelling currents. One arm can be
delayed with respect to the other by means of a motorised delay stage. As will be
explained in detail in the following section, additionally, the setup allows for the
individual change of the polarity of the mid-infrared waveforms. Traditionally, to
separate terahertz or mid-infrared radiation into two approximately equal parts, the
light is polarised perpendicular to the plane of incidence on a bare germanium wafer
under an angle of incidence of 45°. At this angle, the reflectivity of germanium for
light with a wavelength of 11 pm, for example, lies at 48%, making this type of optical
device a simple solution for a 50/50 beamsplitter. However, a main disadvantage
of germanium wafers arises from multiple internal reflections of the incident pulse.
Problematically, the reflected pulses leave the wafer in the same direction as the
main pulse, with a spatial offset of several micrometres and a temporal offset that
depends on the number of reflections N and the wafer thickness. Assuming a wafer

with a thickness of 500 pm and taking Snell’s law into account, the trailing reflections
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are separated in time by A7y from the main pulse:

Ary = N - 2 - 500 nm nge

in 45°
- cos <arcsin <sm >> =N-13.0ps (4.36)

Co NGe

These spurious reflections cannot easily be separated from the main pulse prior to
focusing onto the tip, thereby complicating precise experimental control. To circum-
vent this, the germanium wafer is placed at the Brewster’s angle with respect to the
incident light. To create a non-zero reflectivity, a gold layer much thinner than the
electromagnetic skin depth at 20 THz (da, = 25.7nm) is evaporated on the front
side. As the layer is so thin, a non-zero portion of the electric field can still penetrate
the gold layer and is transmitted through the wafer. The thickness of the gold layer
should be chosen such that the beamsplitter ideally allows for an identical reflectivity
and transmissivity of 50%. Due to the limited precision of the evaporation process
of the (3+2) nm thick gold layer onto the wafer, a beamsplitter with a ratio of 55:45
(reflectivity:transmissivity) was fabricated.

After the original beam is split using the described setup, the two parts of the original
beam travel along almost identical paths. The identical components are explained
below. In order to temporally delay the two interferometer arms with respect to
each other, a mechanical delay stage is placed in one arm. This stage allows for a
variable travel distance of £25 mm, corresponding to a delay time of about £83ps.
Both beams are reflected back towards the gold-coated germanium wafer. Here, again
parts of each beam are reflected and transmitted, allowing the wafer to effectively
function as a beamcombiner.

The optical components that are alike in the two arms include mechanical choppers,
pulse-flipping optics, and wire-grid polarisers. The optical choppers are used to pe-
riodically block the mid-infrared pulse trains. As a result, the tunnelling currents
driven by the mid-infrared pulses will also be modulated at this frequency. This allows
for the application of lock-in amplification of the lightwave-driven tunnelling current
to increase the signal-to-noise ratio. When using mechanical choppers, special care
must be taken to ensure that the pulse train is periodically either completely blocked
or unblocked. It must be avoided that pulses are clipped by the chopper wheel. This
can be achieved by choosing the aspect ratio between the chopper opening and the

beam diameter as large as possible. To this end, in each arm of the interferometer,

149



4 Femtosecond LW-STM: towards the visualisation of intramolecular motion

the beam is focused using an off-axis parabolic mirror with a focal length of 3".
In each focal plane, a mechanical optical chopper blade is placed to modulate the
mid-infrared pulse trains. The diverging mid-infrared beams are recollimated using
identical off-axis parabolic mirrors with a focal length of 3".

Flipping the polarity of the mid-infrared waveforms. It is of utmost impor-
tance to be able to apply positive and/or negative ultrafast voltage pulses across the
tip-sample junction. In our setup, the polarity of the waveforms can be switched by
making use of the Gouy phase shift. The so-called Gouy phase denotes an additional
phase contribution that a Gaussian beam acquires along its propagation direction.
The Gouy phase is related to the distance to the beam waist z = 0 and the Rayleigh
length 2R (see eq.4.3):

z
= —arctan( — 4.37

oa(z) arc dn(ZR) (4.37)

According to this equation, when light passes through a focus from z = —oco to

z = +00, it acquires an additional CEP shift of:

00 —00
Ap = —arctan(g) - arctan( - ) =7 (4.38)
Making use of this phase shift in each of the two interferometer arms, the polarity
can be flipped individually. This allows for MIR pump — MIR probe measurements
in which either pulse can access either the valence or the conduction band of a semi-
conducting sample.
Varying the mid-infrared field strength. In addition to flipping the polarity
of the bias applied across the tip-sample junction, the bias magnitude is adjustable
using electronically rotatable wire-grid polarisers placed in each interferometer arm
separately. By rotating the polarisation of the mid-infrared laser pulses and subse-
quent passing through a fixed analyser, the mid-infrared field strength can be tuned.
In summary, the employed mid-infrared optics allow for the generation of identical
copies of the pulse, delaying these with respect to each other. To allow for various
different experimental designs, these pulses can be separately flipped in polarity,
tuned in field strength, and modulated at different frequencies. Notably, by changing
the phase-matching angle of the optical rectification, even the centre frequency can

be adapted to the experimental goal. This versatile source is thus able to be used for
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the investigation of ultrafast dynamics excited by applying tunable voltage pulses in
the positive or negative direction. The bias can either be employed as a force pulse
(see sec. 2.6), or to charge the sample by removing (see sec. 2.3) or injecting (see
sec. 2.4 and Chapter 3) a single electron within less than half a cycle of the driving
field.
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4.5 Generation of ultrashort optical pump pulses

The source of ultrashort pump pulses described in this chapter was planned and de-
signed by me. In the build-up, Johannes Hayes, Peter Menden, and Samuel Balonier
aided me and played crucial parts for the timely completion.

The previous chapters have explained the generation of mid-infrared transients that
open a tunnelling window shorter than 10 fs across the tip-sample junction. By means
of a Michelson interferometer and multi-component beam-steering optics, these ul-
trashort voltage pulses allow for pump-probe experiments with tunable field strength
and flippable polarity. Single electrons can thus be injected into the sample or ex-
tracted from the sample and the effect of the resulting dynamics on the conductivity
can be probed by a second mid-infrared pulse. However, if we are interested in the
dynamics that are induced by promoting electrons from filled states into unoccupied
states of a semiconductor or molecule, a different excitation pathway is necessary.
By the absorption of photons with a suitable energy, a multitude of higher-lying
energy levels in the sample can be reached and the dynamics of their relaxation pro-
cess investigated. For example, pump-probe experiments utilising visible pump and
mid-infrared probe pulses have been shown to provide information on the lifetime
of excitons and hot electrons [Mer19a] as well as on the propagation of collective
excitations such as surface polaritons [Hub16]. For these reasons, we aimed to develop
a setup that permits the excitation of the sample with pulses in the visible domain.
After the dual-stage HC, the broadened near-infrared spectra already contain spec-
tral components with photon energies in the right ballpark. The spectrum after
the first HC spans a wavelength interval between 1013 nm and 1047 nm, while after
the second HC already spectral components down to a wavelength of 950 nm are
available for pumping the sample. This facilitates the excitation of a multitude of
low-energy transitions within solid-state and molecular samples with energies up
to 1.3 eV. However, a large number of interesting transitions in condensed-matter sys-
tems lie at higher energies and thus in the regime of visible photons. Semiconducting
bandgaps are typically situated at energies between 1eV and 2 eV, which corresponds
to wavelengths between 620 nm and 1200 nm. In order to resonantly excite matter
at these energies, pump photons with an energy larger than the laser fundamental

of 1.2eV are necessary. This can be achieved by making use of nonlinear frequency
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conversion to create a source of ultrashort pulses in the visible regime.

For this purpose, a small portion of the HC1 output energy is split off using a broad-
band half-wave plate and a polarising beamsplitter (see Fig. 4.9). This portion of the
beam containing a pulse energy of 1.74 pJ, henceforth referred to as “pump arm”, is
used for the generation and amplification of visible pulses. Before doing so, another
aspect must be considered: namely the temporal overlap of the different pulses within
the setup. Specifically, the majority of HC1 output-pulse energy (23 1J) is guided
through a second HC for further broadening and finally used for the generation of
mid-infrared radiation. Ultimately, the pump pulses and the mid-infrared pulses,
whose generation scheme has been described in a previous section (sec. 4.3), must be
spatially and temporally overlapped within the STM junction. Thus, the optical path
length from the laser amplifier output to the STM junction must be precisely con-
trolled and matched with micrometre precision. Particularly, the additional distance
that the mid-infrared generating part of the laser beam (referred to as “MIR-arm”)
traverses within the second broadening stage must also be added to the split-off
pump arm. To this end, an empty resonator was set up, as is depicted in Fig. 4.24
(orange background). Subsequently, the near-infrared pulses are used to generate a
supercontinuum and the second harmonic of the incident frequencies. Tunable parts
of the supercontinuum can then be amplified in a dual-stage non-collinear optical
parametric amplifier using the second-harmonic photons. To temporally compress
the visible pulses to their respective FTL, a prism compressor will be set up. The
three major stations the pulses pass on their way from the HC1 output to the STM
DMPC (see Fig. 4.24, orange background), optical parametric amplifier (Fig. 4.24,
green background), and prism compressor (Fig. 4.24, blue background) — will be
explained in detail in the remainder of this section.

Delay multipass cell (DMPC). The additional beam path necessary in the pump
arm in order to temporally overlap it with the MIR-arm could be simply achieved by
reflecting the beam back and forth across the optical table until the necessary length
is reached. However, small variations in the incoming beam angle, mirror positions,
or even air density will lead to large position fluctuations after the long propagation
distance. The issue of air density fluctuations and turbulences can be mitigated by
a housing possessing only small holes for the in- and outcoupling of radiation. How-

ever, beam-pointing variations and mirror vibrations cannot be overcome in this way.
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Figure 4.24 | Schematic of delay multipass cell, two-stage non-collinear
optical parametric amplifier, and prism compressor. The ultrashort near-
infrared laser pulses exiting HC1 are guided through a delay multipass cell to add a
beampath of 11.4m (red box). After the DMPC, using a thin-film polariser, a small
part of the incoming near-infrared pulse energy is split off and used to generate a
supercontinuum spanning from near-infrared to visible wavelengths inside a YAG
crystal. The majority of the pulse energy is focused into a BBO crystal for frequency-
doubling. After passing a manual delay stage, this second-harmonic light is split into
two equally strong parts using a 50/50 beamsplitter. The two parts are separately
focused into two subsequent non-collinear optical parametric amplifier (NOPA) stages
using BBO to amplify tunable parts of the supercontinuum spectrum. The whole
NOPA setup is enclosed in the green box. In order to compress the visible pulses, a
prism compressor on the basis of two highly-dispersive SF11 prisms will be set up
(blue box).
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Therefore, the necessary elongation of the beampath is achieved using a so-called
self-imaging multipass cell.

The designed self-imaging multipass cell, which shall be called delay multipass cell
(DMPC) in the following, consists of two focusing mirrors forming a resonator in
which the beam is reflected back and forth. In its design, this component is identical
to a Herriott-type broadening cell from which the nonlinear medium has been re-
moved. As we do not wish to imprint any GDD on the pulses, the resonator mirrors
are not chirped. As explained in section 4.2, the incoming laser beam is focused into
the centre of the resonator and then is reflected back and forth between the two
focusing end mirrors several times (see Fig. 4.24, top). Importantly, in contrast to
an HC, where a high peak intensity at the resonator centre is desired to achieve
high SPM, the focal size is not relevant within the DMPC. The exact number of
round trips until the beam is coupled out again depends on the exact design choices
of the resonator. In case of the DMPC set up, the incoming laser beam is focused
into the centre of a resonator using a curved mirror (f = 750 mm). The two end
mirrors (f = 250mm) are placed at a distance of 812mm from each other. The
beam is reflected back and forth 14 times allowing for large propagation distances
of in my case 11.4m. During these 14 round trips through the resonator, the laser
spot travels circularly around the centre axis of the end mirrors five times. Using the
nomenclature introduced in section 4.2 on Herriott cell design, this corresponds to
n =7 and m = 5. Figure 4.25 displays the calculated order and positions where an
incident pulse coupled in through a small scraper mirror placed in front position 0
would impinge on the two resonator mirrors. By deliberate minor misalignment of
the cell, the in- and outcoupled beams propagate under slightly different angles and
can be separated using a D-cut mirror. By using a DMPC, one can introduce large
beam paths while maintaining a setup which has a table-top suitable footprint of
around 100cmx20cm. The resonator design chosen exhibits a self-correcting po-
tential against fluctuations of beam pointing and mirror deformations, effectively
keeping the total beam length and position very stable.

The focusing mirrors’ radii of curvature as well as the mirror distance are set such
that the beam diameters on the mirrors stay roughly equally large for all passes
through the cell. In order to achieve this, mode-matching considerations must be

made. This allows for the minimisation of changes to the beam diameter in spite of
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Figure 4.25 | Calculated spots of in- ROC =-500 mm, d =812 mm
cidence in the DMPC. In order to ob- n=7,m=5
tain a certain optical path travelled within 2 9
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a travelling distance of 11.4m.

The output pulses of the DMPC are then used for the generation and amplification of
suitable visible pulses. Figure 4.24 provides a sketch of the relevant steps and optical
components used. The pulse energy is split into two parts, which are explained in
detail in the following paragraphs. One part is used to drive the highly nonlinear
process of supercontinuum generation, while the other part is frequency-doubled by
means of the second-order nonlinear process of second-harmonic generation. For the
amplification of the supercontinuum, the process of difference-frequency generation
is utilised in a dual-stage NOPA.

Supercontinuum generation. For the optical excitation of a multitude of elec-
tronic transitions in condensed matter, photon energies in the range of 1—2eV would
be highly advantageous. The near-infrared spectrum after the first HC spans from
a wavelength of 1013 nm to 1047 nm and thus spans photon energies from 1.18 eV
to 1.22eV. In order to create spectral components with higher photon energies, we
make use of the extremely nonlinear optical process of supercontinuum or whitelight
(WL) generation. Specifically, a pulse energy of 0.26 nJ of the DMPC output is fo-
cused tightly (f = 25mm) into an yttrium aluminium garnet (YAG) crystal with
a thickness of 5mm. The tight focus in combination with the short pulse duration
leads to large peak intensities so that higher orders of nonlinearities become impor-
tant (see eq. 2.10). A multitude of processes including self-phase modulation (see
eq. 4.18), four-wave mixing, and soliton based dynamics occur simultaneously within

a thin plasma filament created by the extreme field strength. The length within the
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crystal over which these processes take place is governed by a very delicate balance of
two competing effects: self-focusing (see sec. 4.2) and diffraction. Under the correct
conditions, this leads to the formation of a filament or plasma channel over the whole
crystal thickness. Using an iris diaphragm and a lens with a focal length of 25 mm
on a linear stage, the focusing conditions can be adjusted to achieve optimal spectral
broadening within the YAG crystal. I deliberately upchirp the supercontinuum by
using a short-focal-length (f = 50 mm) and therefore very thick fused silica lens for
recollimation. After filtering out the remaining near-infrared fundamental spectrum
using a shortpass filter, the remaining generated visible part of the spectrum spans
wavelengths from 550 nm to 1000 nm (see Fig. 4.26). Despite the short-pass filter
with a cut-off wavelength of 950 nm, a large contribution from the fundamental beam
remains. The broad spectrum now contains photon energies sufficiently large to inves-
tigate the multitude of interesting systems mentioned earlier: electronic excitations
over the bandgap of semiconductors, the creation of electron—hole pairs, overcoming
the HOMO-LUMO energy barrier in molecules, and many more. However, supercon-
tinuum generation is a very inefficient process that reaches an output-pulse energy
of 14.3nJ (within the spectrum spanning wavelengths from 550 nm to 1000 nm) for
a near-infrared input energy of 260 nJ. When focusing such weak pulses with a low
number of photons onto the sample, the excitation density — i.e., the excited atoms
or molecules per unit area — would be very small, leading to small pump-induced
changes to the sample properties that may prove challenging to detect. To overcome
the issue of low pump pulse energy, the WL spectrum can be amplified using a
so-called optical parametric amplifier, which will be explained in the following para-
graph.

Second-harmonic generation. The basic idea of a optical parametric amplifica-
tion (OPA) lies in siphoning energy from a high-intensity photon and splitting it into
two lower energy photons. As the spectrum to be amplified, the previously generated
WL, lies in the range of photon energies between 1.24 eV and 2.25¢V (wavelengths
of 550—1000nm), photons with an energy higher than that must be generated. By
means of second-harmonic generation (SHG) of the near-infrared HC1 output, pho-
tons with a frequency of 2 x wyr = 2 x 291 THz = 582 THz, which corresponds to
energies of 2.13 €V, are created.

The necessary near-infrared pulse energy for this purpose is split off from the DMPC
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output. Near-infrared pulses with an energy of 1.23nJ are focused (f = 250 mm)
into a f-barium borate (BBO) crystal with a thickness of 5mm. Notably, BBO is
a non-centrosymmetric material with a high damage threshold, wide transparency
range, and high nonlinear coefficient. Due to its symmetry, it features a non-vanishing
second-order susceptibility x®, leading to the emission of the second harmonic of
the incident wavelength under the correct phase-matching conditions. Harnessing
the nonlinearity of the BBO crystal, the spectrum of the near-infrared pulses is
partially frequency-doubled into the visible regime spanning from 490 nm to 550 nm.
The process of SHG is very efficient with a conversion rate of 60%, leading to a
pulse energy of 732nJ in the green spectral range. The remaining laser fundamental
is filtered out using dielectric mirrors whose reflectivity is maximised for a central
wavelength of 515 nm while maintaining a high transmissivity for 1030 nm.
Subsequently, the power of the green second-harmonic light (see Fig. 4.26, green) is
split equally into two parts, which are used to amplify the visible supercontinuum
in two optical parametric amplification stages placed in series.

Non-collinear optical parametric amplifier. In general, OPA relies on difference-
frequency generation (see explanation following eq. 2.10 and sec. 4.3) between a pump
photon and a seed photon, creating a so-called idler photon. Simultaneously, in order

to satisfy energy conservation:
hwpump = fw}signal + ﬁ'(*-}icllcr (439)

a second photon with the same energy as the seed, the signal, is emitted. In this OPA

setup, the green second harmonic centred at a wavelength of 515nm provides the
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pump photon, while the WL pulse donates the seed photon. Both pulses are spatially
and temporally overlapped within a second-order nonlinear medium. Specifically,
BBO was selected for the same reasons as outlined in the preceding subsection, along
with the potential to perform broadband phase matching for DFG. For parametric
amplification to set in, energy and momentum conservation must be fulfilled, as
described in section 4.3 and appendix C.3.1. To achieve this, the phase-matching
angle of the BBO crystal can be adjusted. In contrast to collinear OPA, where
pump and seed beams travel collinearly, we opted for the so-called non-collinear OPA
(NOPA). In this implementation, the pump and seed beams impinge on the nonlinear
crystal under a small acute angle. The freedom to choose the exact angle creates
an additional tuning knob on the minimisation of the group-velocity mismatch in a
large spectral range [Rie00, Cer03].

To choose the part of the WL spectrum to be amplified, the strong chirp introduced
by the collimating lens becomes beneficial. As a result of the dispersion of the thick
lens used for collimation, longer wavelengths travel at the front of the beam, while
short wavelengths are located further in the back. By changing the length of the SHG
arm using a delay stage, temporal overlap with different parts of the strongly chirped
WL pulse within the BBO crystal can be reached. To accomplish the most efficient
amplification, the PM angle of the BBO crystal can additionally be modified.

To further increase the pulse energy of the visible spectrum, the pre-amplified pulses
are focused into a second NOPA stage with the second half of the second-harmonic
light acting as pump pulses. Besides the advantage of higher-energy visible pulses, a
double-stage NOPA is much more stable than a single-stage NOPA when used in the
so-called pump-saturation regime. The issue of instability poses a grave limitation
to the beam quality, especially when a supercontinuum is used as seed pulse for
DFG: In general, the delicate process of supercontinuum generation is highly prone
to irregularities like small beam-pointing or power fluctuations and the experimental
conditions including air pressure and composition. Such factors may thus lead to
large variations in the supercontinuum output power of the YAG crystal. As a
consequence, if such an unstable pulse is amplified within a NOPA, the instabilities
are amplified as well. This can be prevented by operating the NOPA in the pump-
saturation regime, which is achieved if the number of pump photons and not signal

photons limits the conversion process. Advantageously, the pump pulse exhibits less



4 Femtosecond LW-STM: towards the visualisation of intramolecular motion

Energy (eV)
1.6 1.5 1.4
Figure 4.27 | Amplified spectrum for L * L * L
one or two NOPA stages. The amplifi- 1 ] — Stage 1
cation of the spectrum centred at a wave- £ g4 - g(t'?[ﬁestza os
length of 800 nm in stage 1 (purple), stage é 1 - 9
2 (red), and both simultaneously (blue) is = 0.6 7

depicted. The spectra are normalised to 5
the peak of the spectral intensity after the
dual amplification. A clear nonlinear in- £ o
crease in intensity when amplified twice
becomes apparent.

750 800 850 900
Wavelength (nm)

sources of instabilities like variations in the number of photons, since the second-
order nonlinear process of SHG is relatively stable. Hence, we split the pump beam
into two parts and use each half as a pump pulse for one NOPA setup, respectively,
which are positioned consecutively.

Figure 4.27 impressively demonstrates the nonlinear increase from single- to dual-
stage amplification for a central wavelength of 800 nm. The NOPA allows for the
amplification of the seed from a pulse energy of few nanojoules to 70nJ for a second-
harmonic pump energy of around 333 nJ in each stage.

The resulting pulse energies for other seed spectra are summarised in the following

table.

Central wavelength (nm) | 640 | 700 | 750 | 800 | 850 | 900
Power (mW) 125 79 | 75 | 68 | 66 | 77
Pulse energy (nJ) 123 | 72 | 77 | 70 | 68 | 79

Figure 4.28 displays the amplified spectra for different centre wavelengths after the
two stages. The intensities are normalised to the integral over the respective spectral
intensity and multiplied by the detected power to remove artefacts created through
different incoupling into the spectrometer fibre.

In summary, the designed and aligned dual-stage NOPA is able to create high-energy,
tunable pulses in the visible spectral region exhibiting central wavelengths between
640 nm and 900 nm. This corresponds to photon energies between 1.37eV and 1.94€V.
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Figure 4.28 | Wavelength-dependent 10"
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Pulse compression. In order to ensure a temporal resolution below 35 fs within the
STM, the optical pulse should possess a duration in the same range. The duration of
the NOPA output pulses for a centre wavelength of 800 nm were determined by means
of SHG-FROG. The measured and retrieved FROG spectrograms are illustrated in
Fig. 4.29. The measured spectrogram is relatively uniform and exhibits its centre
at a frequency of 750 THz. The retrieved spectrogram resembles the measured one
best for the intensity and phase spectrum depicted in Fig. 4.29c. A clear residual
chirp is visible in the strong curvature of the spectral phase. The pulse envelope with
an FWHM of 130fs can theoretically be compressed close to the FTL of 25fs by
imprinting a GDD of —390 fs2. The amplified pulses are relatively narrowband due
to the limited temporal overlap of the long WL pulses with the short SHG pulses
within the DFG crystal as well as due to the narrowband phase matching within the
thick BBO crystal. Using a prism compressor, we plan to remove the residual chirp
and achieve close-to-FTL pulses.

Shorter NOPA output pulses are technically achievable by reducing the chirp of the
WL pulses prior to amplification or the thickness of the BBO crystals within the
amplification stages. However, a delicate balance between power, temporal resolution
in the STM, and resonant excitation must be attained. Moreover, for shorter pulses
and therefore more broadband spectra, higher-order dispersion becomes ever more
crucial. Since third-order dispersion cannot be compensated for in a prism compressor,

a hybrid prism-grating compressor would be required. The trade-off between pulse
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duration and monochromatic/resonant excitation established in this setup allows for
pulses with bandwidths between 9 THz and 13 THz while maintaining pulse durations
below 40 fs.
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Figure 4.29 | FROG measurements for the NOPA output at a wavelength
of 800 nm. a, The measured FROG spectrogram features a relatively uniformly
shaped peak centred around 750 THz. b, The reconstructed FROG spectrogram
nicely resembles the measured trace. ¢, The retrieved intensity spectrum peaks at a
frequency of around 372 THz. The phase spectrum reveals a residual chirp of 390 fs2.
d, The retrieved intensity envelope (Env.) of the pulse features a duration (FWHM)
of 130 fs, while the Fourier-transform-limited pulse duration lies at 25 fs.
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In conclusion, by making use of spectral broadening in a Herriott cell, SHG, and a
dual-stage NOPA, ultrashort visible pulses with adjustable centre wavelengths can be
generated. In various experimental designs, these pulses can be used to optically excite
a multitude of different systems in the LW-STM and visualise femtosecond dynamics
on the atomic scale. For instance, the tunable wavelength (640—900nm) and thus
photon energies between 1.4 eV and 2.0 eV of the NOPA output pulses make resonant
pumping of a wide range of excitonic or electronic transitions possible. Moreover, if
smaller photon energies (<1.2€V) are desired, the broad near-infrared pulses emitted
by the dual-stage HC can be directly focused onto the sample. For large-bandgap
semiconductors or the excitation of electrons far over the band edge, one can employ
the second-harmonic pulses (with a photon energy of 2.4¢eV) generated in a BBO
crystal.

The high pulse energy of the visible pulses (200—350nJ) together with the short
focal length within the STM leads to high excitation densities that considerably alter
the sample’s properties and thus easily detectable signals. This opens the avenue
for the investigation of the intriguing nanoscale physics occurring within tens of

femtoseconds to picoseconds after optical excitation.

4.6 Optimised STM scan head for
lightwave-driven scanning tunnelling

microscopy

The new LW-STM setup utilising mid-infrared carrier waves was designed and built in
close collaboration with the research group of Prof. Dr. Jascha Repp. All components
for smooth STM operation were and are assembled by Dr. Thomas Buchner, Raffael
Spachtholz, and Christoph Rohrer. For the sake of completeness, the most important
considerations in the design and construction of the STM scan head are summarised
here.

As the scan head constitutes the centrepiece of any STM, its design should be op-
timised for the exact desired experiment and measurement scheme. The standard
considerations required for DC- and electronic AC-STM operated at low tempera-

tures include sufficient thermal and vibrational decoupling from the environment, an
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ample scan range for relative motion between tip and sample, biasing of tip and/or
sample, as well as low-resistance wiring to the measurement device. The first two
requirements are achieved by suspending the scan unit from springs and attaching
additional eddy current dampers (see Fig. 4.30) to the bottom of the copper base-
plate. By surrounding the scan head with two layers of cryogenically cooled shields
(liquid nitrogen and liquid helium) as well as an ultrahigh vacuum of 1071 mbar, the
thermal exchange is limited to blackbody radiation of the 4.2 K cold surrounding.
Besides these basic prerequisites, the scan head employed for LW-driven STM ne-
cessitates additional adaptations. For example, an additional optical access to the
STM tip must be accommodated. The radiation coupled in from outside the vacuum
chambers through these windows must be guided towards and focused onto the tip-
sample junction. In our first implementation of a lightwave-driven STM (see Fig. 2.5,
sketch in the bottom part), the collimated terahertz beam is focused using an off-axis
parabolic mirror with a focal length of 75mm. A following planar mirror, which is
tiltable via piezo driving motors, allows for the precise alignment of the beam to
the tip-sample junction. Both these optical components are mounted directly on the
scan head, resulting in a highly stable focus position even for vertical and horizontal
motion of the scan head relative to the incident beam.

In the first-generation setup [Cocl13], the STM tip is scanned across the sample
with Angstrom-precision using piezo stacks. Given the relatively large focus of the
terahertz radiation, measuring few millimetres in diameter, the tip can be moved
in a spot size of hundreds of micrometres without a noticeable reduction of the
field strength. However, during standard STM operation, it is regularly necessary
to change the tip position on the millimetre scale for various reasons, including the
search for an optimal measurement spot or a tip cleaning procedure. In these cases,
the laser alignment must be repeated, which substantially increases the time spent on
the alignment procedure at the expense of measurement time. In the new MIR-STM,
where the frequency of the incoupled radiation is higher by a factor of more than 20
relative to the first-generation THz-STM, the focal size will shrink accordingly, which
theoretically amplifies the need for frequent realignment of the focal spot. For these
considerations, the sample should ideally be scanned with a fixed tip position. This
eliminates the need for realignment of the beam when changing the measurement

spot, reducing undesired interruptions of the data acquisition.
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Furthermore, for the characterisation and investigation of samples, it is also of in-
terest to study radiation scattered or even emitted from the tip-sample junction. In
many techniques related to STM, the scattered light is in fact the main informa-
tion extracted in the measurement. For example, using tip-enhanced Raman spec-
troscopy (TERS) [vSL12, Zhal6] or scanning near-field optical microscopy (SNOM)
[Eis14, Hub16, Pla21], fascinating physical properties and dynamics can be investi-
gated.

Aiming to harness this additional channel of information in our new MIR-STM,
we designed the optics to collect the radiation scattered from and emitted by the
tip-sample junction. To this end, a large curved mirror is placed in close proximity
to the tip (see Fig. 4.30 and Fig. 4.31). One half of the parabolic mirror is used to
focus the radiation onto the tip and the other to collect light scattered or emitted
out of the junction, collimate it, and guide it out of the vacuum chamber for detec-
tion. The large mirror covering i of the solid angle and of which one half is used to
gather scattered light is expected to be able to collect sufficiently large intensities of
scattered radiation for analysis. Having this channel of information on the spectral
composition of the scattered and emitted radiation aside of the tunnelling current
will greatly improve the capabilities of the new MIR-STM.

Another advantage of placing the mirrors in close proximity to the tip is the high
numerical aperture and thus the smaller focal size. This increases the mid-infrared
field strength and therefore the ultrafast bias applied across the junction, enabling
the access to energy levels further away from the Fermi energy. Furthermore, re-
stricting the light to a smaller area leads to a higher excitation density. For example,
when pumping the sample with photons in the visible range whose energy exceeds
the bandgap of a semiconductor, the excited electrons and holes or even their paired
quasiparticles, excitons, can strongly influence the local conductivity of the sample.
A higher density of excitons would lead to a clearer signal, reducing acquisition times
substantially.

As aresult of the changes to the geometry of tip and mirror, the new scan head needed
to accommodate additional modifications of the ramp ring. The ramp ring holds the
sample and allows for the relative motion between the tip and the sample surface
(see Fig. 4.30). As first introduced by Besocke et al. [Bes87] in 1987, this movement
can be achieved by placing a ring with three ramps on top of three piezo-electric

166



4.6 Optimised STM scan head for lightwave-driven scanning tunnelling microscopy

Ramp ring Off-axis parabolic mirror

Ramp piezo

STM tip

Sapphire prism Mirror
re piezo

Figure 4.30 | Schematic front- and side-view of the new STM scan-head
design. A copper base plate with three eddy current dampers forms the foundation
for the scan head. The sample is screwed to the centre of the ramp ring that is
placed on top of three ramp piezos (green cylinders). A large mirror covering i of
the solid angle allows for focusing the radiation onto the tip and recollimating light
originating from the tip-sample junction. The mirror can be moved by means of
three additional piezos (here only visible in the side-view on the right). The STM
tip is mounted on top of a sapphire prism, which facilitates the vertical positioning
of the tip.

driving motors. By applying suitable voltage pulses to different parts of the crystals,
vertical elongations as well as lateral slants are possible, providing a full 3D freedom
of motion of the ramp ring (see Fig. 4.31, ramp piezos). Additionally, the tip can
be moved in the vertical direction using a sapphire prism in a so-called Pan design
[Pan99]. In order to apply a bias voltage to the sample, which is necessary for STM
operation, the ramp ring is conductively connected to the top of the piezo stacks us-
ing phosphor bronze half-spheres (Fig. 4.31, small spheres on top of the ramp piezos).
Each contact can be separately addressed, which allows for the electrical gating of the
sample in addition to biasing the sample relative to the tip. Modifying the doping of
the sample by shifting the Fermi energy serves as an additional tuning knob in the

measurements, which will facilitate the investigation of numerous fascinating and
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Off-axis
parabolic mirror

Figure 4.31|Top-view of the new
scan-head design without the ramp
ring. The off-axis parabolic mirror covers
a large solid angle and is used for the in-
as well as outcoupling of radiation (grey
areas with yellow arrows) into/from the
tip-sample junction. The STM tip can be
moved up and down (into and out of the
image plane) using a sapphire prism.

Ramp piezos STM tip
on sapphire prism

highly relevant samples, including complex two-dimensional semiconductor devices.
In summary, the novel modified STM scan head overcomes the drawbacks of the
first-generation scan head by inverting the ramp-ring geometry such that the sample
is scanned over a stationary tip. This necessitates only a single alignment procedure
of the mid-infrared pulses to the tip prior to the measurements. Moreover, the large
parabolic mirror mounted in close proximity to the tip allows for the generation of
high field strengths in the focus as well as the recollimation of radiation scattered out
of the tunnelling junction for further analysis. These improvements will allow for the
study of ultrafast dynamics on the femtosecond scale within a plethora of appealing
sample structures by investigating the pump-induced changes to the lightwave-driven
tunnelling currents and the emitted light. For example, the experimental design al-
luded to in the end of section 2.7 could become a reality. In that context, the idea
was to resolve the quantum state of a molecular harmonic oscillator by investigating
the statistics of the absorbed and/or emitted photons as a function of the oscillation
phase. The vibration can alter the absorption and emission properties by for example
modulating the transition dipole. Thus, studying the light scattered out of/emitted
from the STM junction spectrally, will yield a new information channel in MIR-STM.
All in all, over the last four years, we set up a new laboratory in which we combine

the incredible atomic spatial resolution of a custom-designed STM with the fem-
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tosecond temporal resolution lightwave electronics have to offer. Starting with an
empty laboratory (see Fig. 4.32a), we planned, designed, purchased, and aligned the
complex optical and electronic components necessary to achieve such a novel ultrafast
nanoscopy setup. Figure 4.32b displays the status of the laboratory in July 2023.
The STM with its preparation chamber and cryostat can be seen in the foreground
of the right panel. The left panel partially shows the Yb:fibre amplifier as well as the
dual-stage Herriott cell and illustrates the density of optical components necessary
to achieve the goal of ultrashort CEP-stable pulses in the mid-infrared range. The
final optical setup and a sketch of the position of the STM relative to the optical
table is provided in Fig. 4.33. The near-infrared output pulses of the Yb:fibre ampli-
fier undergo spectral broadening and temporal compression in a Herriott-cell setup.
The output pulses are split into multiple parts, each used for a different purpose in
the final nanoscopy setup. With one arm, CEP-stable mid-infrared transients are
generated, which will be used to drive tunnelling events in the MIR-STM within a
predicted time window as short as 6 fs. The other arm is used to drive a dual-stage
NOPA for the generation of tunable ultrashort visible pulses. These can be used to
optically excite the sample under investigation. For details on the individual compo-
nents, the reader is referred to the respective sections within this chapter.

In the near future, this setup will enable us to attain deeper insights into the dy-
namics of nanoscopic entities. For example, intramolecular vibrations, high-frequency
phonons in crystals, and potentially even electronic motion can be investigated with
the improved temporal resolution of this novel setup. Dynamics excited either by
means of electron injection/extraction or absorption of a tunable visible pump pulse
can be studied in real-time on the atomic scale. With these capabilities, we may
obtain new insights in the excitation/relaxation pathways of charge carriers and
vibrations as well as their non-trivial interaction. This may elucidate nanoscale vari-
ations in phase transitions and help us understand the origins of high-temperature
superconductivity. Altogether, a wide range of interesting open questions in the field
of condensed-matter physics may be addressed with the new MIR-STM.
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Figure 4.32 | Laboratory photographs. a, Photographs of the empty laboratory
in June 2021 reveal the floor markers for the planned optical table and STM position.
b, A picture taken in July 2023 shows the installed STM and optical setup. In the
left panel, the STM is visible in the foreground (left half of the picture). In the right
panel, the camera angle was chosen to capture more of the optical table (Yb:fibre
amplifier and Herriott cells in the foreground).
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Figure 4.33 | Complete MIR-STM setup. The complete optical setup on the
optical table (grey rectangle) and a sketch of the STM (grey trapezium, not to
scale) are depicted. The three different chambers of the STM setup — the load
lock (LL), the preparation chamber, and the actual STM measurement chamber —
are outlined. The output pulses of the Yb:fibre amplifier are spectrally broadened
and temporally compressed in Herriott cells (HC1, HC2) and employed to drive a
multitude of nonlinear optical processes. The generated CEP-stable mid-infrared
transients as well as tunable visible pump pulses from a NOPA are coupled into the
vacuum chamber of the STM and focused into the tunnelling junction. Details on
the individual steps are provided in the respective sections within this chapter.
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Chapter

Summary and outlook

In this thesis, I presented our recent achievements in improving the capabilities
of lightwave-driven scanning tunnelling microscopy (LW-STM). Building on the
successes of the first-generation LW-STM system, providing a simultaneous Angstrém
and 100 fs spatio-temporal resolution [Coc16], I introduced two series of experiments
investigating a single-molecule switch, magnesium phthalocyanine (MgPc), and a
tungsten diselenide (WSez) monolayer.

The extension of LW-STM to single-molecule ultrafast action spectroscopy allows
for the acquisition of data visualising the result of every attempt of switching MgPc
[Pel20b]. We have detected intriguing position- and probe-strength-dependent varia-
tions in the switching probability. In the near future, chemical videography shedding
light on elaborate reactions such as between multiple components [Rep06] or complex
folding networks [Still] directly on surface and in real space could become a reality.
Utilising ultrafast action spectroscopy and an atom-scale voltage gauge, we are able
to map out the full near-field waveform in an atom-scale gap [Pel21]. State-of-the-art
nanophotonic simulations can now be assessed experimentally, providing the basis
for an improved design of optical nanotechnology.

Applying local femtosecond forces to the MgPc molecule prior to the readout, we
have successfully demonstrated coherent control of the molecule’s motion on the
atomic scale. Specifically, the electric field of a terahertz pulse was used to excite an
in-plane librational motion, leading to coherent oscillations of the switching probabil-

ity. Moreover, the interaction between key atoms of the molecule and the substrate
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leads to strong local differences in the observed libration characteristics [Pel20b].
This motivates the investigation of chemical reactions and their response to pre-
cisely pinpointed excitation to enhance our understanding of catalysts in numerous
processes.

By controlled excitation of the molecular oscillator MgPc, engineering of non-classical
vibrational states may be possible. Investigating the switching statistics of the li-
brating MgPc, we detected intriguing temporal variations of the switching variance.
These modulations could indicate that a squeezed oscillator state is created. FEx-
tended statistical analysis and additional experimental evidence are necessary to
verify these assumptions. Thus, we have introduced quantum-limited counting statis-
tics, taking the first step towards imaging an individual molecule’s quantum state
at its intrinsic spatial and temporal scales.

Intricate motion patterns of atomic nuclei are not only present in molecular systems
but are ubiquitous in all forms of matter at temperatures above absolute zero. No-
tably, the electronic and vibronic attributes of a system are highly interconnected.
Investigating a monolayer of the semiconducting transition-metal dichalcogenide
tungsten diselenide (WSez), we were able to show the interaction of a phonon mode
with the electronic degrees of freedom. Specifically, the localised energy levels, arising
from a single-atomic selenium vacancy in the WSes monolayer, were studied. An
acoustic vertical phonon mode excited by a terahertz pump pulse modulated the
tunnelling current driven by a time-delayed probe pulse. Extending our capabilities
within the LW-STM to allow for the first time-resolved scanning tunnelling spec-
tra on sub-picosecond timescales, we revealed unipolar, non-monotonic shifts of the
tunnelling onset of the lower defect energy level by up to 45meV.

The local conductance of WSey can not only be modified by terahertz field excitation,
but I have also shown that in optical pump — THz probe measurements, changes
to the tunnelling current can be detected. By comparing pump-probe traces on
mono- and bilayer WSe; samples, we potentially detected signatures of intralayer
exciton decay. Further experiments are expected to clarify the origins of the time-
dependent tunnelling current and resolve variations in the charge-carrier dynamics
with Angstrom spatial resolution.

To overcome the limited resolution of visible pump — THz probe experiments and

investigate even faster dynamics, we constructed an improved LW-STM facilitating

174



tunnelling currents with unprecedented temporal precision. To this end, the pulses
generated in a near-infrared high-power laser amplifier were modified by harnessing
numerous nonlinear optical processes: Particularly, we implemented a dual-stage
Herriott-type multipass cell to temporally compress the pulse duration from 270 fs
to 13.5fs (FWHM) and used intrapulse difference-frequency generation within a
gallium selenide crystal to produce inherently phase-stable ultrashort mid-infrared
pulses with a broadband intensity spectrum spanning from a frequency of 10 THz to
38 THz (FWTM). These single-cycle pulses can ultimately be employed as ultrafast
transient bias for the novel MIR-STM.

Moreover, to optically excite charge carriers within the sample, I designed a setup
to create intense pulses in the visible range. Exploiting filamentation within a YAG
crystal, a broadband supercontinuum is created. Variable spectral regions of its
short-wavelength part (550—1000nm) can be amplified by means of a dual-stage
non-collinear optical parametric amplifier. This allows for tunable ultrashort pump
pulses with pulse energies of up to 120 nJ that can be used to resonantly drive specific
energy transitions up to photon energies of 2eV within the sample.

With the combination of a tunable optical excitation and a temporal resolution of
tunnelling below 10 fs, our capabilities to investigate ultrafast dynamics are greatly
enhanced. In the future, this novel setup will enable the visualisation of intramolecular
vibrations, high-frequency phonons, as well as their interaction with the electronic
degrees of freedom [Mer21]. For example, the bound electrons in semiconductors can
be optically excited, leading to a hot electron-hole plasma out of which a plethora of
quasi-particles such as intra- and interlayer excitons [Stel7, Mer19a, Mer20] or trions
[Mak13] can emerge. With the enhanced temporal resolution of the new MIR-STM,
the decay and conversion between these different excited states and their nanoscale
spatial variations can be tracked.

Many properties of quantum materials originate from the complex interplay of charge,
orbital, spin, and lattice degrees of freedom. With LW-STM, local variations in
topographic and electronic properties and their effect on electron—phonon interaction
can be studied. Furthermore, we believe that the temporal resolution within this
next-generation LW-STM will suffice to investigate phase correlations and possibly
their statistical behaviour. For example, the ability to track phase coherence [Cor99]

could yield insights into how phase fluctuations of preformed Cooper pairs contribute
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to shaping the phase diagram of high-temperature superconductors [Keil5].

In addition, intramolecular vibrations greatly influence the light-harvesting capabil-
ities as they play an important role in the efficiency of excitation energy transfer
[Kun22], singlet fission [Dua20], and even photosynthesis [Full4]. Furthermore, molec-
ular vibrations are ubiquitous and govern the efficiency of chemical reactions. For
a deeper understanding of chemical and biological processes, even the vibrations
within the “simple” yet highly relevant molecules carbon dioxide [Joh95] or water
[Per16] must be closely understood. Femtosecond dynamics of vibrations induced by
light [Dan90] or by electron transfer [Raf21] that have so far only been investigated
in ensembles can now be studied at the nanoscale.

I believe that the novel mid-infrared LW-STM with its time, energy, and spatial
resolution is able to address these exciting questions and many more in order to
improve our understanding of the ultrafast nanoscopic phenomena all around us.
To elevate the capabilities of LW-STM even further, one can consider the following
potential enhancements. Combining LW-STM with a strong magnetic field, the
investigation of completely new sample systems and the physical processes therein
become possible. Previous studies have made use of the tunnelling magnetoresistance
with spin-polarised STM tips and have shown the control over individual skyrmions
[Rom13] and single-atom magnets [Nat17] as well as the exploration of spin relaxation
dynamics on nanosecond timescales [Lot10].

To further explore the propagation of ultrafast excitations on the nanoscale, a possible
avenue lies in the use of two STM tips. Launching phonons, plasmons, or other
collective excitations from one position and monitoring the effect at a different
tip position as a function of time would allow for the investigation of propagation
velocities, interference, or dispersion. Hence, this could open another interesting
perspective on the transfer of energy and momentum on nanoscopic scales.

To conclude, building on the groundbreaking insights facilitated by the exceptional
spatio-temporal resolution of LW-STM, the next-generation MIR-STM setup will
expand our understanding and control of the nanoworld by providing even better
temporal resolution and more versatile excitation pathways.

Having commenced this thesis with the famous words of Goethe’s Faust who pon-
dered on the ultimate truth regarding the inner workings of this world, I would like

to conclude my dissertation with an equally well-known quote by the same persona:
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“Da steh’ ich nun, ich armer Tor,

Und bin so klug als wie zuvor!”

“For here I stand, a fool once more,
No wiser than I was before!”
(loose translation)
Faust, Part I (1808), Johann Wolfgang von Goethe
Though at first glance these words convey frustration about scientific stagnation,
they also contain the understanding that every question answered raises novel queries
worth investigating. However, in contrast to Faust’s purely pessimistic view, I whole-
heartedly perceive that in my time as PhD student I have continuously learned and
added to my experiences, satisfying my personal curiosity on the inner workings
of the minuscule building blocks of matter around us. Additionally, I hope to have
committed a tiny sliver of knowledge about our world that has not existed prior to my
research. Perhaps one day, our everyday lives will even benefit from the developments

made on the basis of the insights gained through my efforts.
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Appendix A

Single-molecule oscillator

A.1 Spatial map of the switching probability

In order to investigate the spatial variations in switching behaviour, we performed
experiments for various tip positions. The top row of Suppl. Fig. A.1 depicts the
resulting maps of local switching probability for the two initial configurations: left
(panel a) and right (panel b). In each panel, eight bright lobes of increased switching
probability, of which every other is slightly more distinct, become apparent. Compar-
ing these switching maps to the calculated maps of charging probability (panels ¢
and d for molecule in the left and right configuration initially), reveals clear simi-
larities. From this we can conclude that in first approximation the local charging

probability dominates the switching probability.

A.2 Extended data on quantitative sampling of
the near field

A.2.1 Far-to-near-field transfer function

From the amplitude and phase spectra for the far and near field displayed in Figs. 2.14c
and 2.14d, respectively, a complex-valued far-to-near-field transfer function including
all effects such as coupling, propagation, and quantum phenomena, can be obtained

(Suppl. Fig. A.2). The experimental results for both amplitude (dark blue) and phase
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Figure A.1|Spatial map of the local switching probability. a+b, The mea-
sured spatial profiles of switching probability (events/pulse) for toggling the molecule
from left to right (panel a) and right to left (panel b) exhibit eight bright lobes each,
where every other is slightly stronger in intensity. c+d, Comparing the measured
switching probability to the simulated charging probability shows strong similarities.
This indicates that the switching probability for a certain tip position dramatically
depends on the local charging probability and thus wave-function overlap. The slight
asymmetry in the lobe structure stems from an internal torsion the molecular frame.

180



A.2 Extended data on quantitative sampling of the near field
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(light blue) agree very well with the simulated transfer function (black and grey, re-
spectively). Among the most notable frequency-dependent changes are the %—like
field enhancement and additional finer structure in the phase as well as amplitude
transfer functions. On the curves for both the amplitude and phase of the simulated
transfer function, a small oscillatory structure with a periodicity of approximately
1.3 THz is observed. Even small features such as the flat part of the field enhance-
ment around 1 THz and the oscillation in the phases concur between simulation and
experiment.

The origin of the oscillatory feature becomes apparent upon close examination of
the shape of the tip. Due to the electrochemical etching process, a sharp edge is
created, at which surface plasmons can be reflected, forming a standing-wave pattern
between this lip and the tip apex. For the tip employed in our experiments, this
etched regions span approximately a length of L & 200 pm, acting as a resonator for
surface plasmons whose wavelength A fulfils L = n - A\/2, with n being an integer.
This leads to a slight frequency-periodic modulation of the coupling efficiency of

lightwaves into the junction.

A.2.2 Simulation: Retardation effects in the near field

Adding the molecule into the junction strongly affects the temporal evolution of the
electric field at the centre of the simulated tunnelling junction (see Suppl. Fig. A.3).
The first part of the transient is not modified and only drives electrons from the tip
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into the molecule. Due to accumulation of negative charges in the molecule and the
hole left in the tip, an electric field with opposite polarity to the driving field builds
and reduces the peak field. The lifetime of the charges features a trailing field, which

persists for a long time after the electric field of the pulse has shrunk back to zero.

A.3 Field-induced in-plane rotation

Pump-probe experiments at different positions on the MgPc molecule (marked A-
E in Suppl. Fig. A.4b) reveal interesting spatial variations (see Suppl. Fig. A.4a).
For positions A to C, a large mean switching probability but almost no temporal
variations are detected. In contrast, at the spots marked D-E, the mean switching
yield is lower, while the oscillation amplitude is large. Comparison with density-
functional theory calculations exposes a possible explanation. The colour map in
Suppl. Fig. A.4b encodes the local in-plane rotation as a response to an electric field
applied locally. The region where datasets D-F were recorded corresponds to an area
where a large angle rotation of 1° is caused by the electric field. At positions A-C,
almost no in-plane rotation is caused. The underlying mechanism for these disparities
can be understood when examining the adsorption energetics of the molecule on top
of the sodium-chloride lattice. The negatively charged chlorine ions of the salt interact
strongly with select atoms of the molecular frame. Particularly, the outer hydrogen

atoms of the isoindole units (marked in pink) undergo a strong polar interaction,
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A.3 Field-induced in-plane rotation
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Figure A.4|Local field-induced angular excursion. a, Measuring the position-
and time-dependent switching probability for 6 tip positions (A-F) shows stark
differences. The data recorded at A-C possess a high mean switching probability
over the measured time window (6 — 18 ps), while no clear oscillations are detected.
The inverse behaviour is seen at locations D-F, where the mean probability is low
but strong time-dependent variations persist. b, Comparing the relative positions
of A-F on the molecular frame with DFT calculations of field-induced rotations
reveals the positional coincidence of large switching-probability oscillations and a
large field-induced in-plane rotation of the molecule.

locally binding the molecule tightly to the surface. Disruption of this interaction
with an external electric field thus strongly modifies the adsorption energetic of
MgPc, leading to an in-plane rotation. After the ultrafast electric field pulse in our
experiment has passed, a librational motion about the potential minimum is triggered.
This strongly alters the delay-time-dependent switching probability. The origin of
the local discrepancies becomes clear upon revisiting the analysis of the unpumped
molecule. The four isoindole units exhibit a small internal torsion due to the same
strong polar interaction between specific hydrogen atoms with chlorine ions of the
substrate (see Suppl. Fig. A.5).
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A Single-molecule oscillator

Figure A.5 | Internal torsion of MgPc.
a, Top view of the molecule in its left
configuration on a NaCl lattice. The
strong interaction of select hydrogen atoms @ b

(marked in pink) of the isoindole units
with the negatively charged chlorine ions
dominates the adsorption energetics of
the molecule. The areas of strong inter-
action are marked with red dashed ellipses.
b, As a result of the strong interaction,

the molecule is not completely flat. The
side view reveals an internal torsion of the
isoindole arms.

A.4 Extended data on non-classical oscillator

states

A.4.1 Bootstrapping

Boostrapping is a statistical method used to infer information on a population based
on a set of samples taken [Efr82]. The basic idea of bootstrapping is explained
on a straightforward example. Assume a large population of entities with distinct
properties: balls of different sizes. Each random sampling with replacement leads
to a detected distribution of sizes. From a finite number of draws, the true mean
and variability cannot be exactly determined. However, resampling the recorded
data allows for inferences to be made on the variability of the mean. Importantly,
this statistical resampling approach is purely data-driven and can help us deduce
estimations on fluctuations of the data without making any assumptions on the
underlying statistics of the population.

In the case of the molecule’s switching probability (see Chapter 2.7), to estimate
oy, we employ this bootstrap resampling method. In this process, we draw L
= 4000 values randomly from the observed dataset of M, allowing for the possibility
of selecting the same value more than once. This resampling procedure is repeated
87500 times. For each resampled dataset (indexed as i), we compute the mean value,

m;. The standard deviation of this resulting distribution of m; provides the bootstrap-
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A.4 Extended data on non-classical oscillator states

derived estimate for o(ary.
In our work on single-defect spectroscopy (see Chapter 3), the bootstrap method

was utilised to improve statistics and estimate error bars on the detected lightwave-

dIrw
dEpeak

driven current Ity and its derivative . For each set-specific external parameters
(delay time, pump and probe fields), the measurement and analysis procedure was
the same. The lightwave-driven current was recorded over a certain time period and
subsequently the average value was calculated. The mean values of N measurement
traces were subject to random resampling with replacement M x N times. This
generated M sequences, each containing N elements. Following this, the mean value
(Itw)m (m € M), for each sequence, was computed. Subsequently, the error bar of
Ity was determined as the standard deviation of (Iw),,. Likewise, the error bar of

the derivative was derived as the standard deviation of (;g%)m.
pea
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Appendix

Single-atom vacancy in monolayer WSes

B.1 Ultrafast tunnelling model

The tunnelling process from the metallic tip into a position on the semiconducting
WSey monolayer with a single-atomic vacancy was simulated. For our investigations
we were interested in the tunnelling currents driven up to voltages of 500 mV (between
the first and second defect levels Dy and Ds). To do so, two contributions needed
to be incorporated: the tunnelling through the lower-lying defect level Dy and the
"background" non-resonant co-tunnelling into the pristine WSe, monolayer on gold.
As the electrons tunnelling through D; possess a non-zero dwell time within Dy,
which effectively blocks this tunnelling channel for subsequent electrons, this had to
be considered in the model. A rate equation is able to capture such dynamics in the
following way: i

%:—%-‘r(y(l—N) (B.1)
As per equation B.1, the temporal evolution of the occupation number N of the
first defect level depends on time ¢, and the lifetime of the charged Di-state 1.
The parameter o encodes the instantaneous tunnelling rate into the defect for a
dwell-time of zero.
The uncertainty principle relates the lifetime of an excited state (here D;) with its
energy uncertainty. Therefore, by closely examining the width of Dy in the DC-STS,

the lifetime can be inferred. Fitting the D;-level recorded in conventional DC-STS

187



B Single-atom vacancy in monolayer WSe,

using a Lorentzian line shape Lp, (V) yields a lifetime broadening of r = 5fs.

To be able to compare the simulation to measurement data, we needed to simulate the
autocorrelation trace we recorded. In the experiment, two weak terahertz transients
with peak voltages in the nearfield below the first defect level were superimposed
and temporally delay with respect to another. The total current was maintained
slightly below one electron per pulse, which corresponds to around 100 fA for a laser
repetition rate of 610kHz. In combination with the short lifetime of 5fs, the low
currents ensured that artefacts arising from Coulomb-blockade effects were negligible.
In the simulation, this was included by setting the number of electrons tunnelling
through D; to one electron per 300 fs. This tunnelling rate of one electron per 300 fs

corresponds to tunnelling through the whole defect level, which means:

/OO AVLIp, (V) = 2 (B.2)

_ ~ 300fs

Lower tip-confined voltages will induce lower tunnelling rates. Depending on the
instantaneous tip-confined voltage, the tunnelling probability into the defect level is

calculated as a fraction in the following equation:

I dVLp, (V) e

1 ins ‘/ins = ) .
1, inst (Vi) <. dVLp, (V) 300fs

(B.3)

This allowed us to determine the absolute scaling of o with the instantaneous voltage
Vinst- Notably, when as the tunnelling rate « varies with instantaneous voltage it
becomes a function of ¢ and autocorrelation time 7. By solving the rate equation
numerically for each autocorrelation delay time 7 with the known near-field voltage
transient, the instantaneous tunnelling current ID“ inst(t, T) was extracted.

As mentioned above, apart from state-selective tunnelling into the defect level, elec-
trons with energies lower than the conduction band minimum can tunnel into the
non-zero density of states of the gold-hybridised monolayer WSe, — the background.
The STS spectrum of the pure background was modelled by subtracting the two
Lorentzian curves, describing the two defect levels from the measured DC dI/dV
and fitting the remainder with a 5** order polynomial Polys(V'). The contribution

Thackground (t, T) of the background to the total current was calculated by integrating
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B.2 Analysis of femtosecond snapshots

the polynomial fit from 0 to Vi (t) and the same scaling.

[y dVPolys(V) e

Tvackground (Vinst) = . B.4
backgzound (Vius) [ dVLp, (V)  300fs (B4)

Importantly, for modelling the tunnelling into the background, no rate-equation
model is necessary, as charges tunnelling into the monolayer or the gold substrate
immediately propagate away due to their high mobility. To obtain the total LW-
driven current for each interpulse delay time 7, the sum lgefeet + Thackground Was

integrated over time.

B.2 Analysis of femtosecond snapshots

Within the main text, lightwave-driven snapshots of the single-atomic vacancy within
a WSe, monolayer were recorded (see Fig. 3.12). Further analysis of the images allows
for more elaborate statements on the inherent symmetries. Supplementary Figure B.1
shows the mean signal within a circular region of radius r = 6.7 A centred on the
vacancy indicated as a white circle in Fig. 3.12d. The radial averaging is represented
by the red curve, while the blue curve corresponds to the azimuthal averaging. With
increasing peak field strength, several different trends can be identified. The radially
averaged signal first shows a clear peak at around 2 — 3 A for low field strengths,
while above 0.4 Ey, an increase of the background signal (distance > 5 A) becomes
evident, hinting towards the conduction band onset and thus tunnelling channels
opening into the pristine semiconductor. In azimuthal direction below the defect
level onset, no peaks can be discerned. The angle of 0° corresponds to the white
line drawn in Fig. 3.12d, moving counter-clockwise with increasing angle. Once the
peak field exceeds the defect levels (0.24 V'), three peaks with 120° separation arise,
reproducing the threefold symmetry of the image. Above the conduction band, the
Cs-symmetry disappears, showing only a depression at around 180°. By carefully
comparing the steady-state and ultrafast STM images, we can thus confidently assign
the first (second) peak in the dlpy /dEFSS spectrum to the D1 (D2) level associated

with the selenium vacancy.
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B Single-atom vacancy in monolayer WSe,
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Figure B.1| Analysis of annularity and background signal. Averaging the
LW-STM images displayed in the bottom rows of panels a-c in Fig. 3.12 radially and
azimuthally reveals their dominant appearance. Integrating radially from the centre
of the selenium vacancy to a distance of 6.7 A (exemplarily shown as a white circle in
the bottom row of Fig. 3.12a) and azimuthally over the full 360° (0° marked by white
line, moving counter-clockwise) accentuates the structure of the orbitals for the three
energies used. a, For a peak field of Ef\e;\'“,‘k = 0.08 Ey, no azimuthal dependence (blue
curve) and a wide peak in the radial dependence (red curve) at 2 — 3 A is detected,
indicating an annular shape. b, Above the defect energy levels (EPe® = 0.24 Ey), the
plateau-like peak in radial direction becomes sharper. In azimuthal direction, three
peaks with a spacing of 120° appear. The peak at 180° is attenuated in strength most
likely by another defect nearby. ¢, Within the conduction band (Ef\e{}k = 04E),
the threefold symmetry blurs out and the radial signal increases towards larger radii
from a minimum at the vacancy location. The remaining azimuthal asymmetry can
be again attributed to another disruption of the crystal periodicity nearby.

B.3 Tunnelling decay constant

The tunnelling current possesses a characteristic dependence on the tip-sample dis-
tance. Supplementary Figure B.2 shows the retraction curves (Iiyy vs. z) for two
different delay times, 7 = 8.8 ps (blue) and 7 = 10.2ps (orange), between the
pump (ERe¥ = 0.32F,) and the probe pulse (EFge® = 0.3F,) plotted in a semi-
logarithmic scale. As expected, the current scales exponentially with tip-sample
distance I3y o< exp(—2kAz). Linear fits to the curves yield the decay constants of

k= 1.51A7" and 1.59 A" for the two delay times, respectively. The tip-sample
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B.4 Long-lived defect oscillations

Figure B.2|Retraction curves for
two different delay times. When record-
ing the LW-driven current as a function
of tip-sample separation from a prede-
fined height setpoint (V' = 30mV, I =
49pA, 1.8 A approach) for two different
delay times, 8.8 ps (blue) and 10.2 ps (or-
ange), the expected exponential depen-
dence on tunnelling-barrier thickness, I
exp(—2kAz), is seen. Fitting linear curves
to the semi-logarithmically plotted data
allows for the retrieval of the tunnelling
decay constants, k = 1.51A~! and k =
1.59 A~ respectively.
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distance of Az = 0 corresponds to a height setpoint of V' = 30mV, I = 49pA and

an additional approach by 1.8 A.

B.4 Long-lived defect oscillations

In order to investigate the dynamics a pump pulse with a peak voltage above the con-

duction band onset can excite within the monolayer WSes, pump-probe experiments

were conducted. These showed a distinct oscillation frequency of about 0.33 THz (see

Fig. 3.6 on and off the lobes of a single-atom defect in a monolayer WSe,. Extending

the relative delay between excitation and read-out pulse to more than 95 ps for a

measurement position on the lobe (position 2 in Fig. 3.6¢) reveals the long-lived

oscillation excited by the pump pulse. Over the measured region, no clear decay

was conceivable, pointing towards a weakly-damped phonon mode — in our case the

drum-like vertical oscillation mode of the whole monolayer.
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B Single-atom vacancy in monolayer WSe,

Figure B.3|Current oscillations at 0.2
long delay times. Monitoring the tun-
nelling current driven by the probe pulse  ~ A
X S 0.1

for pump-probe delay times between 83 ps e
and 95 ps shows the long lifetime and thus 77

. - . 53 O 9
weak damping of the current oscillations. &2
The mean current (Ify ). was subtracted I
for better visualisation. The error bars = 0.1
(grey) indicate the standard deviation of
the bootstrapped current signal. -0.2 T T

85 90 95
Delay time t (ps)

B.5 DFT calculations of ultrafast energy shifts of

localised defect levels

It is crucial to thoroughly investigate the impact of atomic displacements resulting
from DM on the energy spectrum at the defect site. The centre-of-mass oscillation,
which is the most prominent motion, causes periodic changes in the monolayer’s
position within the gap by Azge. As a result, the Coulomb interaction of the defect
with its image charge in the tip and substrate is also affected.

Supplementary Figure B.4 displays the nomenclature for the calculation of the energy
shifts. Upon negative displacement (zs. < 0), the distance between the defect and
its image charge in the tip is increased from 2z; to 2(z; — zs.). Correspondingly, the
distance to the image charge in the substrate is reduced from 2z to 2(23 + zge). As
as result, the energy shift AEjc(Azg.) due to this effect can be simply written as a

sum of two Coulomb terms:

AE]C(AZSe) = AE‘]C,tip + AlCIC, substrate (B5)
e? 1 1 e? 1 1

= (—r—-5-) -5 - B.6

2 (2(21 — Azg) 221) 2 (2(22 + Azge) 222) (B.6)

where z; = 4A and z, = 5.5A are the equilibrium distances from the defect to

image plane of tip and substrate, respectively. With the peak-to-peak displacement
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B.5 DFT calculations of ultrafast energy shifts of localised defect levels

Figure B.4 | Image-charge effect and
intracell distortion. To investigate the
shift of energy levels due to a displacement
of the different layers, two contributions
were taken into account. Moving the top se-
lenium layer out of its equilibrium position
w (z1) by Azge < 0 leads to image charges in
both the metallic tip and substrate at dis-
tances 2(z;—Azs.) and 2(z;+Azg, ), respec-
tively. Concurrently, an intracell distortion
Substrate  occurs, leading to the tungsten layer to set-
tle closer to the bottom than the top sele-
nium layer.

Tip

2(z,+Az,,)

of 10 pm extracted from measurements (see Fig. 3.8b), this leads to:
AFic(Azge = +5pm) — AEic(Azge = —5pm) = 10 meV. (B.7)

Figure B.5 visualises both the energy shifts due to the image-charge effect (red data
points, bottom x-axis) and due to intracell distortions (green data points, top x-axis).
The energies are given relative to the valence band maximum FEygy of WSe, for tip-
sample distances —10pm < Az < 10 pm. The illustration shows the corresponding
intracell distances —5.4 pm < Azw.ge < 5.3 pm according to the drum-mode as well
as the combined effect (blue data points). In total, the energy shifts lie in the same
order of magnitude as the energy shifts we have seen in ultrafast ST'S. This indicates
that indeed image-charge effects and intracell distortions could be the origin of the

effects we observe in the experiment. Nonetheless, further contributions are possible.
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Figure B.5 | Effect of defect energy level on atom displacement. The D,
energetic position relative to the valence band maximum shifts down monotonously
with increasing Azg. as a result of the image-charge effect (red), while the intracell
distortion (green) leads to a competing drift. The cumulative effect (blue) amounts
to an energy shift of +18 meV for the peak-to-peak displacement of 10 pm extracted
from the experiment.

B.6 Characterisation of the ultrafast voltage

transient

Injecting terahertz waveforms into the STM junction leads to ultrashort bias pulses,
which under the correct circumstances allow for tunnelling. Importantly, the measured
far-field waveform does not reflect the actual transient voltage in the atomic junction,
as different effects modify the intensity and phase spectrum. Using a molecular switch
as atom-sized voltage gauge, the atomically-confined NFWF could be quantitatively
extracted (see sec. 2.5). This very precise measurement scheme gives information on
the exact shape of the bias voltage with extreme precision. However, this measurement
technique is relatively complex, as it relies on the growth of an insulating layer and
deposition of the molecular switch. Hence, it is valuable to utilise a more broadly

accessible and versatile protocol to measure the NFWF within the tunnelling gap.
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B.6 Characterisation of the ultrafast voltage transient

Notably, in this approach the atomically-confined waveform cannot be recorded but
a voltage pulse within a larger tip-sample junction is extracted.
The basic idea is to utilise a visible pump — terahertz probe scheme where the
visible gate pulse leads to a temporally strongly confined change of the junction
properties, which is probed by the terahertz pulse as described by Yoshida et al.
[Yos19] and Miiller et al. [Miil20]. Supplementary Figure B.6a shows the dependence
of the photocurrent on the DC bias for gate pulses with an average power of 960 pW
at 610 kHz. As the calculated focal spot is in the range of tens of microns and thus
considerably larger than tip-sample distance set in these experiments, both tip and
sample are illuminated and photoelectrons are excited. For positive biasing, the
photocurrent is dominated by photoelectrons flowing from the tip to the sample
and for negative biasing vice versa. As the employed visible pulses have frequencies
in the hundreds-of-terahertz-range, the Keldysh parameter (see eq. 2.8) is expected
to be above 10, indicating dominating multiphoton emission. For low tip-sample
distances and large bias voltages, an additional current contribution through photo-
assisted tunnelling must be considered [Yan11]. Illumination of the junction with a
terahertz pulse in conjunction with the DC bias will lead to a changed photocurrent
signal [Coc13, Wim17] due to the additional transient biasing. As the terahertz pulse
duration is much longer than the photoemission process, which is at the timescale
of the near-infrared pulse envelope (<50 fs), photoemission can be estimated to be
instantaneous. In addition, it can be assumed that the terahertz-induced change in
photocurrent is be determined by the slope of the static I,,—V characteristics (see
Suppl. Fig. B.6a). If the I,,,-V curve is linear, the instantaneous terahertz voltage
nst can be directly obtained by dividing the measured photocurrent by the slope.
Varying the relative arrival time of the near-infrared and the terahertz pulse will
then directly lead to a calibrated near-field voltage transient (see Suppl. Fig. B.6b).
To test the effect of the applied DC bias on the delay-time-dependent photocurrent,
three curves were recorded at Vpc = 0V, 6V, 10V (indicated by dashed lines in
Suppl. Fig. B.6a). Clearly, in the linear regime (6 V' and 10V') the two curves agree
very well (Suppl. Fig. B.6b, blue and purple transients). Setting a DC bias of 0V
leads to the enhancement of negative bias features of the waveform, as a direct
result of the increased slope in the Ip,~Vpe characteristic. Thus, by guaranteeing

that the terahertz voltages remain within the linear region of the I;,—Vpc curve
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Figure B.6 | Voltage transients in STM junction. a, The relation between
the laser-induced photocurrent and the applied DC voltage is strongly nonlinear for
negative bias voltages, while it is linear for positive bias voltages. b, The photocurrent
as a function of pump-probe delay for different DC bias voltages (0V, 6V, and 10V)
was recorded. The nonlinear I,V characteristic (panel a) is reflected in a change
of the shape of the transient current.

and by making use of the quasi-instantaneous photoemission process, the near-field
waveform within the tip-sample gap of 100 nm can be determined in a phase-resolved

manner without the need of a specific sample system.

B.7 Bias-modulation for quicker spectroscopy

measurements

As explained in section 3.4, in order to obtain ultrafast snapshots of the local density
of states, we monitor the probe-pulse-driven tunnelling current for different peak
fields Efs\?k. By differentiating the resulting current I1yy with respect to the tera-
hertz field strength (dInw/dEPEY), we obtain access to the local density of states.
When conducting DC-STS measurements, this derivative dIpc/dVpe is immediately
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B.7 Bias-modulation for quicker spectroscopy measurements

recorded while slowly varying Vpc by modulating the bias with a sine signal of several
hundred hertz and peak-to-peak amplitudes of around 20 mV. By demodulating the
measured current curve I(V) in a lock-in amplifier, the slope can be immediately
extracted. In LW-STS; a similar approach would significantly improve the signal-
to-noise ratio and reduce the measurement time. Therefore, a modulation of the
terahertz field strength in the range of 10-100 Hz would be desirable. I will introduce
the possibility of such a rapid field modulation without the need for additional optical
components that could alter the shape of the waveform.

To achieve this, we modulate the near-infrared polarisation prior to the terahertz
generation in the lithium niobate crystal. Since the nonlinear process of optical
rectification is strongly polarisation-dependent, the field strength of the generated
terahertz pulses will change accordingly. To extract the exact scaling of the terahertz
field strength with the polarisation of the incident near-infrared pulse and rule out
any changes to the waveform, we electro-optically sample the terahertz transients
for different waveplate rotation angles. The waveform remains practically unchanged
within the range of £25° (Suppl. Fig. B.8a). For larger rotations of the near-infrared
polarisation, changes to the waveform become apparent. The peak signal in EOS,
which directly encodes the peak field of the terahertz transient, shows a smooth de-
pendence on the near-infrared polarisation angle (Suppl. Fig. B.8a). Supplementary
Figure B.7 reveals that the asymmetry (panel a) follows a smooth cosine?-dependence
on the polarisation angle, whereas the peak position and peak width possess some
jumps as a function of angle. In summary, small angle modulations (£5°) allow for
the modulation of the terahertz power while keeping the other parameters of the
waveform intact.

To achieve field variations of a few percent, only small angle changes of £5° are
necessary. In combination with a motorised mount allowing for rotation frequencies
of 60 Hz, this facilitates the fast modulation of the terahertz peak voltage in the
junction and the immediate extraction of the instantaneous local density of states
with LW-STS.
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Figure B.7 | Dependence of terahertz waveform on near-infrared polarisa-
tion. Variation of the near-infrared polarisation incident on the nonlinear generation
crystal LiNbOj leads to changes in various parameters of the terahertz transients.

a, The asymmetry ranges from 1.1 for optimal generation efficiency to 1.23 for angles
of £25°. b, The maximum field of the waveforms shifts in time from +12fs to -24 fs
with respect to the 0° case. ¢, The peak width (top 90%) remains relatively stable
with a mean of 121 fs and a standard deviation of 11.3fs. For small angle variations
of £5° the peak width is constant at 132 fs.
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Figure B.8 | Terahertz electric field and waveform vs. near-infrared po-
larisation. a, The normalised EOS traces of the terahertz waveform for various
near-infrared polarisations between —25° and 25° look practically identical, showing
no angle-dependence. Subsequent traces are offset by 0.1 for clarity. b, The field
strength of the generated terahertz transients, however, critically depends on the
polarisation of the near-infrared pulses at the nonlinear crystal. The peak signal of
terahertz transients acquired using electro-optic sampling are plotted as a function
of the near-infrared polarisation. The spheres are coloured in the same scheme as
the waveforms in panel a. Black spheres indicate the peak fields of transients not
shown in panel a.
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Appendix

Ultrashort laser pulses for MIR-STM

C.1 Extended data on the amplifier

characterisation

Extensive characterisation was performed on the commercially acquired high-power
amplifier to ensure that the beam quality in the spatial as well as temporal domain

was suitable for our application.

C.1.1 Spatial homogeneity

The laser output spectrum can vary across the beam profile, exhibiting what is
known as spatial inhomogeneity or spatial chirp. This spatial variation can lead to
less effective nonlinear optical processes, which necessitates its minimisation.

An analysis of the intensity spectrum highlights significant differences in the spectral
composition across the diameter of the beam. Supplementary Figures C.la and b
clearly display the marked distinctions in spectra obtained from various positions
within the beam area. To illustrate this, the spectra have been normalised to their
respective maxima, revealing a gradual transition from a greater spectral emphasis
on the long-wavelength end at the bottom of the beam profile to stronger short-
wavelength components at the top (see Suppl. Fig. C.la). Similarly, though to a
lesser extent, the short-wavelength spectral content increases from left to right in

the horizontal direction (see Suppl. Fig. C.1b).
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C Ultrashort laser pulses for MIR-STM

Upon investigating the issue, it was determined that the problem originated in the
grating compressor within the laser housing after the CPA. Rectifying the alignment
of the grating and the end mirror significantly reduced the inhomogeneity. Panels ¢
and d of Suppl. Fig. C.1 present spectra obtained from positions comparable to those
in panels a and b. The spatial variation is now hardly discernible in the vertical

direction, and only subtle alterations in the horizontal direction can be detected.
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Figure C.1 | Spatial inhomogeneity within the output pulses of the Yb:fibre
amplifier. The spatial variations of the spectra across the mode profile of the laser
output pulses are determined. a+b, The normalised spectra differ dramatically
between the top and bottom as well as the left and right positions, indicating a
considerable spatial chirp. c+d, After the realignment of the compression gratings
and the end mirror within the pulse compressor of the laser amplifier, the spatial
discrepancies of the spectra between the upper and lower as well as the left and right
ends of the mode could be effectively eliminated.
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C.1.2 Pulse contrast

Intensity autocorrelations allow us to precisely identify the temporal characteristics
of the pulse, separating the main peak from its broad pedestal. To this end, the output
pulses of the laser amplifier are guided through a 50/50 beamsplitter, generating two
identical copies of the incident pulse that are delayed with respect to one another
using a motorised stage and subsequently spatially overlapped under a small acute
angle within a S-barium borate (BBO) crystal as depicted in Suppl. Fig. C.2. A long
motorised stage allows for the relative delay of the two autocorrelator arms by up
to £ 400 ps. Apart from the second harmonic of each near-infrared beam separately,
at the temporal overlap a sum-frequency signal arises. By recording the intensity
of this signal for varying delay times, information on the temporal structure of the
pulses can be obtained. The sum-frequency signal resembles a convolution of the

pulse with the time-delayed copy of itself:
r+00
Isna(r) o< | [ E(®)- E(t = 7)df? (C.1)

Due to the spatial separation of the second-harmonic and the sum-frequency signal
achieved by placing an aperture in front of the detector photodiode, only the signal
arising from the interaction of the two arms is filtered out for detection. The signal-
to-noise ratio can be further improved by periodically chopping the pulse train in

one arm and demodulating the photodiode signal in a lock-in amplifier.
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C.2 Extended data on the Herriott cells

Figure C.2 | Autocorrelator for pulse >
characterisation. An incident transient
is split into two identical copies using a
50/50 beamsplitter (BS). The beam path
in one part can be varied using a mo-
torised delay stage (DS). Subsequently,
both beams are focused into the same
[-barium borate (BBO) crystal under a
small acute angle using a spherical mir- SM
ror (SM) and a fused silica lens (L), re- BBO
spectively. When both beampaths tem-
porally and spatially overlap apart from
the second harmonic of each arm sepa- Lockin
rately, a substantial sum-frequency signal amplifier
will arise. The autocorrelation signal of the
two pulses is encoded in the sum-frequency
signal and therefore only this part is de-
tected.

BS

C.2 Extended data on the Herriott cells

The spectral broadening scheme in Herriott-type multipass cells is critically depen-
dent on multiple laser characteristics. In the pursuit to achieve optimal broadening,
temporal compression, while still operating the cells in a stable regime, different pa-
rameters were optimised. These parameters include the type of noble gas, its pressure,
the near-infrared input-pulse duration and energy, as well as the pulse compression

between the two individual cells.

C.2.1 Saturation effect in Herriott cells.

Of note, the second Herriott cell (HC2) is driven in the energy saturation regime.
This implies that the pulse energy focused into HC2 is larger than the minimal pulse
energy necessary to achieve the desired spectral broadening. The higher pulse energy
leads to a higher peak intensity and thus larger self-phase modulation in the first
few passes. As, therefore, the imprinted dispersion is larger than what the chirped

mirrors can compensate for, the pulses are dispersed after the first few resonator
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passes. Thus, in contrast to the case with an optimal input pulse energy, the efficient
spectral broadening is pushed to the first few passes instead of evenly spacing it over
all 32 round trips. Additionally, the amount of higher orders of dispersion picked up
by the pulse in all subsequent passes is larger. This necessitates a chirped mirror
compressor with more negative GDD than in the case of optimal input pulse energy.
Yet, this poses no real issue and the additional group delay dispersion (GDD) is
easily compensated for by more reflections on the chirped mirrors. The mentioned
limitations are acceptable in favour of the crucial advantage of a reduced sensitivity
to small variations of the input pulse energy. This allows for an increased stability

of the output spectrum, which is indispensable for our applications.

C.2.2 Optimised spectral broadening in Herriott cells

Operating the laser amplifier at low repetition rates (100—500 kHz) and upon op-
timising the dispersion of the near-infrared input pulse and the gas pressure, the
spectral broadening efficiency of the dual-stage Herriott cell could be greatly im-
proved. The gradual broadening of the spectra after passing the first and both
multipass cells is visualised in Suppl. Fig. C.3a and Suppl. Fig. C.4, respectively.
The Fourier-transform-limit (FTL) drops to around 75fs after the first stage (see
Suppl. Fig. C.3b) and to well below 20fs when both stages are operated in series
(Suppl. Fig. C.4b).
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Figure C.3 | Energy-dependent spectral broadening of HC1 at a repetition
rate of 500 kHz. a, The output spectra of HC1 for increasing input pulse energies
are plotted in a semi-logarithmic scale. Subsequent curves are offset by one order
of magnitude and measurement values below 1073 of the maximum are omitted for
clarity. b, As a result of the spectral broadening, the FTL pulse duration decreases
with rising input pulse energy, dropping below 80fs for an input pulse energy of
291J.
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Figure C.4 | Spectral broadening of the dual-stage Herriott cell at a repe-
tition rate of 500 kHz. a, The output spectra of the dual-stage HC for increasing
input pulse energies are plotted in a semi-logarithmic scale. Subsequent curves are
offset by one order of magnitude for clarity. b, The FTL pulse duration drops con-
tinuously for increasing input pulse energies, reaching a duration below 20 fs for an
input pulse energy of 30 1J.
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C.2.3 Compression of the HC2 output pulses

The pulses emitted by HC2 after spectral broadening are compressed by means of a
chirped mirror compressor within the housing of the device. In order to quantify the
remaining chirp of the pulses they are characterised by means of frequency-resolved
optical gating (FROG). For the mode of operation see Fig. 4.13. The measured
and reconstructed spectrograms are depicted in Suppl. Fig. C.5a+b. The retrieved
intensity envelope exhibits a width of 22fs. The intensity and phase spectra cor-
responding to the retrieved spectrogram reveal the broadband spectrum and the
remaining chirp. In order to further compress the extremely broadband pulses to
close to their FTL duration, a series of additional chirped mirrors are necessary.
Implementing four additional reflections, each imprinting —50 fs?, and a pair of fused
silica wedges with variable thickness, the pulses can be compressed to 13.5fs at an
FTL of 8fs (see Fig. 4.15). Supplementary Figure C.5 illustrates the recorded (panel
d) and reconstructed (panel e) frequency-resolved optical gating (FROG) traces as

well as the spectral intensity and phase (panel f) after the additional chirped mirrors.
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Figure C.5 | FROG measurements of uncompressed and compressed HC2
output pulses. a, A FROG spectrogram is recorded directly after the second broad-
ening stage. b, The reconstructed FROG trace shows a pulse duration (intensity
envelope) of 22 fs. ¢, The broadband spectral intensity (black) and the spectral phase
(red) of the retrieved uncompressed pulse are plotted. d, The measured trace after
compressing the output of HC2 with additional chirped mirrors is more concen-
trated around zero delay-time than the spectrogram depicted in panel a. e, The
reconstructed FROG trace after compression exhibits a pulse duration (intensity
envelope) of 13.5fs. d, The spectral intensity (black) and the spectral phase (red) of
the compressed retrieved pulse are depicted.
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C.3 Extended data on mid-infrared generation

C.3.1 Simulation of optical rectification

The generation of sub-single-cycle mid-infrared transients from optical rectification of
broadband near-infrared pulses in nonlinear crystals can be simulated in the following
manner. The argumentation and the equations closely follow the book by Boyd
[Boy08] and the diploma thesis of Huber [Hub00b]. As light is an electromagnetic
wave, its propagation through the nonlinear crystal can be described by the nonlinear
wave equation for each frequency component of the field. The electric field and the
nonlinear polarisation (introduced in eq. 2.10) are written as sums of their n positive

frequency components w;,:
E(r,t) =Y E.(r,t); P¥(r,t) =Y PM(r 1) (C2)
n n
where each frequency component is a complex quantity defined as:

(r,t) = E,(r)e ™" + c.c.
(r,t) = PNU(r)e ™!t cc. (C.4)

—
Q
w

Ko

E,
f)n
This notation leads to the nonlinear wave equation given by the following formula:

s e(wy) O%E, 1 62P§L
VE =50 e T e o (C5)

The variable €(w) denotes the linear dielectric function and ¢ is the vacuum dielectric
constant. Assumptions and simplifications allow for the analytical solution of this
differential equation. First, a plane-wave ansatz can be made, as the focal spot
is orders of magnitude larger than the wavelengths involved, warranting minimal
angular divergence. Additionally, due to low nonlinear susceptibilities ynr, in all
materials, the source term on the ride hand side of equation C.5 is small (PN™ oc yxz,).
If a plane wave propagating in the z-direction with the field amplitude A is employed,

the electric field can be written as:

EMIR(27 W) = AMIR(Zy WMIR)ei(k(wmmzw"'mt) (0-6)
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Inserting this ansatz into equation C.5 results in a differential equation for Aygr.

The incident electric fields shall be abbreviated in the same fashion:

Enir1(z,w1) = Anra (2, w1)€i<klzw1t) (C.7)

ENIR,2(27 Wy = w1 — WMIR) = ANIR,Z(Z7 Wz)ei(kzz_wzt) (048)

The generation of mid-infrared radiation along the propagation direction is thus

given by the following differential equation for the amplitude:

0% Ay S W . 0A S Wy
Mnj?(; WMIR) 2k Mir (%, Wvir)

0z
Ui .
N %Amn,ﬁll\]m‘2 . ilkitha)z (©9)

ikMIRZ
. ethMIRz —

with the effective nonlinearity des for a given generation geometry:
220 = dgg cos (0) sin (3¢)  d°F = day cos® (6) cos (3¢) (C.10)

wherein 6 and ¢ denote the phase-matching and azimuthal angle, respectively, as
depicted in Fig. 4.18.

Inserting the phase mismatch Ak as introduced previously:
Ak = |k; — ks — k3| = |ki(0) — ko — kar ()] (C.11)
into eq. C.9, we arrive at

0? Ay y 0AM y Ad g ;
7’““3(;27 wum) + 2ikmir MIRg: wyiik) = — CﬁCU;I\HRANIR,lANIR,Z . gihkz (C.12)

Since the nonlinearities are usually moderate, the mid-infrared amplitude grows very

slowly compared to the timescales of the oscillation frequency:

azAMIR(Z 5 WMIR) 8AMIR(Z s WMIR)
| < |

(C.13)
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This simplifies equation C.9 to:

0Ay 2idegw} i
MIR _ wAMRJANIR,QezAkZ (C.14)
0z Fanre

As no mid-infrared electric field exists before the nonlinear interaction within the
crystal, the boundary condition Aygr(z = 0,wynr) = 0 is set. This first-order
differential equation is then solved, resulting in an electric field oscillating at the
mid-infrared frequency after passing a crystal of length L:

2degwMIrR L ;
V 2 iAkz
Amir(L) = ————c"Anir,1 ANIR,2 / dze
kair 0
2degonir
e 2
=—" ¢ ANIR,lANIR.z : (

ei,Akz _ 1)
kl\'HR

TRk (C.15)

Therefore, given the material dispersion at all involved frequencies and the amplitude
spectrum of the incident field Ayigr, the mid-infrared components can be calculated
for a crystal with known thickness and nonlinear susceptibility x®).

The intensity of the wave at wyr can be calculated as:

har = 2nae0c]| Avir|? (C.16)
eiAkz —1

Ak'

8 A2 2
_ ONafoleghiir A Anira|?) Aniral? - |

C.a7
kair (C17)
The last term appearing in this equation, the phase-matching factor, can be expressed

as:
eiAk'z —1

‘Ak

yielding the final result for the intensity of the generated mid-infrared radiation:

= L%m&(%) (C.18)

_ 8d2gwiip INir, 1 INIR 2 ;5 . AkL

I L2sinc?(—— C.19
3 7117227138002 blIlC( 2 ) ( )

Hence, the efficiency of MIR generation critically depends on the intensities of the in-
cident waves, the phase-matching factor, and the properties of the crystal (length and
effective nonlinearity). Figure 4.19 shows the result of a phase-matching simulation

using the known near-infrared input pulse.
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Figure C.6|Beam caustic and mea- s
sured focus. The change of the hori- 2.5
zontal and vertical beam radii is calcu-
lated for the focusing optics used. Curved _ Hi
mirrors with radii of curvatures of ROC E 154 :5
= —800mm and ROC = +600mm are T 1

2-

placed in a distance of 137 mm (first two = 14

dashed vertical lines) from each other. The 05 1ii — x

generation crystal is placed at a distance Tl —y

of around 1570 mm from the first mirror 0 H———r—"T—"rTr——
(third dashed line). Inset: The experimen- 0 1000 2000

tally determined intensity distribution in Distance to focusing mirror (mm)
the focal plane reveals the Gaussian beam

profile.

C.3.2 Mid-infrared generation focus

In order to generate mid-infrared radiation by means of optical rectification within
a gallium selenide (GaSe) crystal, the beam must be focused to create sufficiently
large peak intensities. To focus the near-infrared pulses into the nonlinear crystal a
concave mirror with a radius of curvature (ROC) of —800mm and a convex mirror
with an ROC of +600 mm were placed at a distance of 138 mm from each other(see
Suppl. Fig. C.6a, vertical dashed lines). Since the calculated locations of the focal
planes in the x- and y-direction do not perfectly coincide, the GaSe crystal is placed
in between the two focal positions at a distance of 1570 mm from the focusing
mirror. The calculated beam waists at the crystal position of wy, gm = 641 nm and
Wy, sim = 630 pm differ from the experimental values of wy = 750 pm and wy = 660 pm
(Suppl. Fig. C.6b) The reasons for this could include a deviation from the estimated
beam quality of M? = 1.2 and a remaining small beam convergence of the pulses

exiting the Herriott cells.

C.3.3 Optimisation of mid-infrared generation

The ultra-broadband near-infrared spectrum created by the dual-stage multipass
cell can support difference frequencies from 0 to 80 THz. Therefore, these close to

Fourier-transform-limited near-infrared input pulses are a perfect starting point for
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the generation of ultrashort mid-infrared transients with a multi-octave spanning
spectrum. However, as mentioned in previous chapters, the phase-matching condition
must be fulfilled in the process of optical rectification (see eq. 4.29). This limiting
factor leads to a mid-infrared spectrum much narrower than the possible difference
frequencies given by a convolution of the spectrum with itself. The blue curve in
Fig. 4.19¢ shows the simulated spectra for infinitely broadband phase matching and
for a GaSe crystal with a thickness of 50 pm and a phase-matching angle of 6 = 14°
when using the measured HC2 output spectra. It becomes apparent that in spite of
the broad input spectrum, only a fraction of spectral components contribute to the
output spectrum.

Cutting the spectrum. As mentioned before, the generation of single-cycle mid-
infrared transients necessitates a broad spectrum. The highest possible frequency
component that can be generated is determined by the bandwidth of the incident
near-infrared spectrum. In general, there is no limit for the lowest frequency compo-
nent. However, terahertz spectral components below 11 THz do not contribute much
to the formation of an ultrashort mid-infrared pulse at a centre frequency of 25 THz
and could even increase the pulse duration. As the mid-infrared spectrum is created
by means of difference-frequency generation (DFG), near-infrared components in the
incident pulse that are separated by less than 11 THz create this radiation. Reducing
the spectral components in the original near-infrared spectrum with a difference of
less than 11 THz can thus suppress the generation of these few-terahertz compo-
nents. A possibility to do so lays in cutting out the central part of the broadband
near-infrared spectrum. Using solely the spectral wings, which are more than 11 THz
apart from each other, for mid-infrared generation would suffice to create the desired
pulse.

In fact, the central part of the near-infrared spectrum even diminishes the capabili-
ties of our mid-infrared generation. Even after the spectral broadening cells, a large
portion of the power is still located close to the central frequency of 295 THz. These
unwanted spectral components increase the thermal stress on the nonlinear material
and limit the focus size that the crystal can sustain over long periods of time. Addi-
tionally, these low-frequency components are critical for gallium selenide specifically,
as an optical phonon lies at around a frequency of 11 THz, which reduces the crystal’s

damage threshold if exited resonantly. Thus, these frequencies are undesirable and
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should be removed for optimisation of the mid-infrared generation.

To this end, a prism compressor based on highly-dispersive prisms fabricated out of
SF11 and a specially designed end mirror was set up. The near-infrared pulses are
focused through two SF11 prisms under the Brewster’s angle onto the end mirror
using a broadband dielectric mirror with a focal length of 1 m. The first prism leads
to angular dispersion of the broadband spectral components that are then refracted
to travel collinearly again by the second prism. The end mirror consists of two D-cut
dielectric mirrors, which can be individually inserted into the line-shaped beam pro-
file from the two sides. The central part of the spectrum thus passes between the
two mirrors and is dumped. Subsequently, the two wings are reflected back the same
beam path and superimposed again after the first prism. The name prism compressor
may be misleading in this context as perfectly compressed near-infrared pulses are
incident. The two functions of this setup are to cut out the central spectral region
and recompress the two separate spectral wings. This can be achieved by varying the
separation and the material insertion of the two prisms. By placing one D-cut mirror
on a stage with a micrometer screw, one of the wings can be temporally delayed
with femtosecond precision with respect to the other.

Supplementary Figure C.7 shows the near-infrared spectrum after the prism compres-
sor setup with the fundamental around 295 THz removed. A percentage of 72% of
the incident power remains in the wings and can be used for mid-infrared generation.
The simulated difference-frequency spectrum spans from a frequency of 6.2 THz to
35.5THz (%—width) and would therefore support a sub-cycle mid-infrared pulse.

A large drawback of the cutting and compression setup used became apparent when
attempting to compress the two wings. As we wish to very precisely choose the spec-
tral region to cut out using the end mirror, the spectral components must be spatially
separated considerably. In the case of a distance of 0.7m between the two prisms,
this meant a splitting of around 20 mm between the components with wavelengths
950 nm and 1110 nm. Due to this broad splitting, prism no. 2 had to be fully inserted
in order to accommodate all spectral components. Two chirped broadband mirrors
with -50fs? had to be inserted between the prisms no. 1 and 2 to even reach an
overall GDD of 0 for for the central wavelength 1030 nm. At such long propagation
distances within the SF11 medium, third-order dispersion of the material becomes

significant, reaching values larger than a TOD of -10 000 fs®. In combination with the
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Figure C.7 | Cut spectrum and possible difference frequencies. a, Spectra of
the two wings — high energy (red) and low energy (blue) — after the prism compressor
setup. b, Calculated possible difference-frequency spectrum in the absence of phase-
matching constraints.

broadband spectrum, this rendered it impossible to simultaneously compress both
spectral wings of the cut spectrum.

Due to this issue and the reflection losses occurring at the eight SF11/air interfaces as
well as slightly too narrowband mirrors, it was decided to put this prism compressor
on hold. Instead, the broadband, transform-limited pulses out the multipass cell are
directly focused into the nonlinear crystal for mid-infrared generation.

In a future setup, these issues could be addressed in part by employing finer tunable
D-mirror insertions that would render it unnecessary to spatially split the spectrum
this immensely. Additionally, using chirped D-cut end mirrors, the compression of
each arm could be done separately. Moreover, one could even think about using two
prisms such that two spectral wings propagate through different prisms, allowing for
separate optimisation.

Pulse synthesis. With the gallium selenide crystal used, phase matching not only
limits the generated spectrum on the low-frequency side due to an optical phonon but
also leads to a cut-off at high frequencies of around 40 THz (see spectra in Fig. 4.21).
This means that the possible difference frequencies in the HC2 output pulses from

the most outer wings of the near-infrared spectrum with a difference of 40-70 THz
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Figure C.8 | Pulse synthesis. a-c, Simulated transients for a GaSe crystal (red)
with a thickness of 50 pm, a LGS crystal (blue) with a thickness of 250 pm and
coherent superposition of the two waveforms (orange). The FWHM duration of the
intensity envelope and the number of optical cycles at the centre frequency are written
in the top and bottom left corners, respectively. d-f, The corresponding normalised
ultrabroadband intensity spectra are obtained by performing Fourier transforms of
the waveforms displayed in panels a-c.
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are barely generated. However, MIR radiation at this frequency could be generated
by employing a different nonlinear crystal with a smaller phase mismatch for DFG
in this spectral region. The nonlinear crystal lithium-gallium-disulphide (LiGaS; or
short LGS) is widely used for this MIR regime. It exhibits a broad transparency for
wavelengths between 0.33pm and 11.6 pm (frequencies between 25 THz and 90 THz),
a high nonlinear susceptibility of 5.6 pm/V [Nam21], and a high damage threshold.
A drawback of LGS, however, is the optical phonon at around 25 THz with a band-
width of 6 THz. As a result, its damage threshold is drastically reduced if the phonon
resonantly driven by the generated MIR radiation at this frequency. These prop-
erties make this crystal suitable for the generation of MIR frequencies from above
28 THz up to 100 THz. It has been shown by Merkl et al.[Mer19b] that by coherent
superposition of the radiation generated in two separate nonlinear crystals, extremely
short, sub-cycle mid-infrared pulses can be generated. By using the 20 fs short output
pulses of a Ti:sapphire laser amplifier operating at a repetition rate of 0.4 MHz, they
showed that making use of type-II DFG in a GaSe crystal with a thickness of 70 pm
and type-I DFG in a LGS crystal with a thickness of 300 pm, a spectrum spanning
1.5 octaves from a frequency of 11 THz to 30 THz can be generated. This approach
should in general be scalable to higher repetition rates and to different pump laser
fundamental wavelengths (from 800nm to 1030 nm). Supplementary Figure C.8 dis-
plays the results of a simulation utilising the Herriott cell output spectrum and
assuming transform-limited near-infrared pulses. The mid-infrared transients for a
GaSe crystal with a thickness of 50 pm in type-II phase matching and 14° internal
phase-matching angle as well as a LGS crystal with a thickness of 250 pm (type I,
47°) are plotted in Suppl. Fig. C.8a and b. The intensity envelope, represented by
the black dashed line, exhibits an FWHM of 27 fs and 19 fs, respectively. The octave-
spanning spectra (d+e) exhibit maxima at frequencies of 26 THz (GaSe) and 39 THz
(LGS), respectively.

By coherent superposition of the two waveforms using a beamcombiner and precise
control over the relative femtosecond delay time between the two waveforms gener-
ated in the two separate crystals, a half-cycle mid-infrared transient with an FWHM
of only 16fs can be created. The extreme asymmetry ratio of 2.1:1 and peak width
(top 90%) of less than 4 fs makes this type of transient optimal for the application
in LW-STM. The mid-infrared spectrum obtained by Fourier transform spans from
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14 THz to 63 THz and thus two optical octaves.

In the spectra and waveforms generated in LGS, the strong phonon absorption around
26 THz becomes clearly visible. Notably, due to the much lower intensity within the
wings of the near-infrared spectrum, the generated high-frequency spectral compo-
nents are equally meagre. To achieve the synthesised transient in Suppl. Fig. C.8c,
the field strengths of the two waveforms generated in GaSe and LGS must be equally
strong. This can be facilitated by splitting the near-infrared power unequally and
thus taking into account the differences in nonlinearities and generation efficiencies.
Mid-infrared beam diameter. In order to estimate the focal size of the mid-
infrared radiation in the tip-sample junction, the beam caustic in the far field must
be determined. To this end, knife-edge experiments are performed. A razor blade
is inserted gradually from one side while the transmitted power is recorded in a
pyrometer (see Suppl. Fig. C.9). The curves are normalised and the data for the
horizontal and vertical direction are offset horizontally for clarity. Assuming a Gaus-
sian beam profile, the beam diameters in the vertical and horizontal direction can be
extracted by fitting error functions to the resulting knife insertion vs. power curves.
Thereby, the mid-infrared beam diameter is determined to be 5.53 mm (;7) in both
directions, which corresponds to an FWHM of 4.72 mm. The beam diameter remains

roughly the same after a metre of propagation hinting towards a well collimated beam.

Figure C.9|Determining the mid- 1
infrared beam diameter. Gradually in-
serting a knife in the horizontal (x, blue) 081
or vertical direction (y, red) reduces the 06 4 rf. fity
detected power (here normalised to the
respective maximum). Assuming a Gaus- (4 -
sian beam profile, fitting the curve with

error functions allows for the determina- (.2 4
tion of the % beam diameters of 5.53 mm
(FWHM = 4.72mm) in both directions. 0
The curves are offset horizontally for clar- 0 5 10

ity. Knife insertion (mm)
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+ International Conference on Ultrafast Phenomena (UP) 2020, con-
ference
November 16 — 19, 2020| virtual conference
Highlighted talk
Lukas 7. Kastner, Dominik Peller, Thomas Buchner, Carmen Roelcke, Florian
Albrecht, Nikolaj Moll, Jascha Repp & R. Huber
Coherent Control of a Single-Molecule Switch with Sub-Cycle Atomic

Forces

« Laser Science to Photonic Applications (CLEO 2021)
May 9 — 14, 2021| virtual conference
Highlighted talk
L.Z. Kastner, D. Peller, T. Buchner, C. Roelcke, F. Albrecht, N. Moll, R. Hu-
ber, & J. Repp
Coherent Control of Single-Molecule Switching Reactions with Fem-

tosecond Atomic Forces

« DPG-Tagung der Sektion Atome, Molekiile, Quantenoptik und Plas-
men (SAMOP 2021)
September 20 — 24, 2021| virtual conference
Poster
L. Kastner, D. Peller, C. Roelcke, T. Buchner, A. Neef, J. Hayes, F. Bonafé,
D. Sidler, M. Ruggenthaler, A. Rubio, J. Repp & R. Huber,

Quantitative Waveform Sampling on Atomic Scales

o 84. Jahrestagung der DPG und DPG-Tagung der Sektion Konden-
sierte Materie (SKM 2021)
September 27 — October 1, 2021| virtual conference
Poster
L. Kastner, D. Peller, C. Roelcke, T. Buchner, A. Neef, J. Hayes, F. Bonafé,
D. Sidler, M. Ruggenthaler, A. Rubio, J. Repp & R. Huber,

Quantitatively sampling Atomic Scale Waveforms
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Internal SFB 1277 Workshop

October 4 — 6, 2021| Waldsassen, Germany

Contributed talk

L. Kastner, D. Peller, C. Roelcke, T. Buchner, A. Neef, J. Hayes, F. Bonafé,
D. Sidler, M. Ruggenthaler, A. Rubio, J. Repp & R. Huber

Sampling Near-field Waveforms on the Atomic Scale

International Conference on Ultrafast Phenomena (UP) 2022, con-
ference

July 18 — 22, 2022| Montréal, Canada

Highlighted talk

L.Z. Kastner , D. Peller, C. Roelcke, T. Buchner, A. Neef, J. Hayes, F. Bonafé,
D. Sidler, M. Ruggenthaler, A. Rubio, J. Repp & R. Huber

Quantitative sampling of atomic-scale half-cycle terahertz waveforms

47th International Conference on Infrared, Millimiter and Terahertz
Waves (IRMMW 2022), conference

August 28 — September 2, 2022| Delft, Netherlands

Keynote talk

L.Z. Kastner, D. Peller, T. Buchner, C. Roelcke, F. Albrecht, N.Moll, J. Repp
& R. Huber
Coherent Control of Single-Molecule Switching Reactions with Sub-

Cycle Atomic Forces

9th International Conference on Antennas and Electromagnetic Sys-
tems (AES 2023), conference

June 5-9, 2022| Torremolinos, Spain

Invited talk

L.Z. Kastner , D. Peller, C. Roelcke, T. Buchner, A. Neef, J. Hayes, F. Bonafé,
D. Sidler, M. Ruggenthaler, A. Rubio, J. Repp & R. Huber

Terahertz Waveforms in the Atom-Scale Gap of a Scanning Tun-

nelling Microscope
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