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Chapter

Introduction

All our knowledge has its origins in our

perceptions.

— Leonardo da Vinci

Optical microscopy has revolutionised natural sciences for centuries. It has been at
the heart of fundamental discoveries, enabling the visualisation of objects too small
for human perception. A pivotal moment in the 17th century was the publication
of Micrographia by Robert Hooke [Hoo65] — the first illustrated book on microscopy
— providing unprecedented insights into the microscopic world. Hooke famously
discovered biological cells when he observed that cork consists of tiny chambers. His
work also contained the first published image of a microorganism, describing mould
as being made of what he called microscopical mushrooms. Around the same time,
Antoni van Leeuwenhoek made equally groundbreaking discoveries [Ges04]. He was
the first to describe red blood cells, and observed that fertilisation involved sperm
entering the egg cell. Perhaps his most revolutionary discovery was that of living

bacteria, which he called animalcules.

Being able to see directly what biological cells consist of and how they operate
revolutionised our understanding of biology and facilitated rapid progress in medicine.
Yet, resolving features smaller than ~ 200 nm remained out of reach owing to the
diffraction limit of light: As first described by Ernst Abbe in the late 19th century
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[Abb73], a light microscope’s resolution is fundamentally limited to approximately
half of the employed wavelength.

This resolution can be increased by using shorter wavelengths, sparking the de-
velopment of x-ray [Falll], and electron microscopy [Vanl2]. Nowadays, electron
microscopy even allows for atomic resolution. However, the spatial resolution in both
techniques is still limited by diffraction and governed by the respective wavelengths.
For atomic resolution electron microscopy, kiloelectronvolt (keV) electron energies are
necessary. This energy scale is orders of magnitude larger than many fundamental
excitations in solids, many of which lie in the few electronvolt (eV) or millielectronvolt
(meV) range [Basll, Chel4, Caol8, Wanl8]. To investigate these excitations directly
on the nanoscale, different techniques are required.

Super-resolved fluorescence microscopy harnesses nonlinear light-matter interaction
to achieve sub-diffractional imaging [Hel07], a milestone acknowledged with the
2014 Nobel Prize in Chemistry. One such technique, stimulated emission depletion
microscopy, uses light of a specific wavelength to excite a select transition in a
fluorescing chemical compound, the fluorophore. Fluorescence can then be suppressed
by stimulated emission at the fluorescing wavelength using a doughnut-shaped beam
profile. Since the probability of a fluorophore remaining in the excited state decreases
nonlinearly with the intensity of the depleting beam, the surviving fluorescence-
emitting region is confined to well below the diffraction limit. Scanning this confined
fluorescence spot across the sample enables sub-diffractional optical imaging. These
methods excel in biological imaging, offering 3D visualization, but rely on fluorescent
labels and visible to near-infrared frequencies. For materials where labelling is not
an option, label-free imaging and spectroscopy at the nanoscale are necessary.

The diffraction limit can also be overcome by using linear light-matter interaction
with non-propagating evanescent fields, which do not adhere to the diffraction limit
[Nov12]. This idea gave birth to the field of near-field microscopy [Chel9b, Hil25],
where light-matter interaction with evanescent fields confined to sub-wavelength sized
objects is investigated. Early experiments focused on light transmitted through small
apertures. Today, scattering-type scanning near-field optical microscopy (SNOM)
based on light confined to nanoscale metallic tips is predominantly used. SNOM
provides nanometre spatial resolution irrespective of the employed wavelength, making

it ideally suited for low-energy spectroscopy with mid-infrared or terahertz radiation.



This has revolutionised our understanding of light-matter interaction at the nanoscale,
granting direct access to phase transitions [Qaz07, Hub16], photochemistry in real
working conditions [Mei23], and exotic quasiparticles [Feil2, Chel2, Hub17, Hu20,
Pla21, Zha21a).

However, reaching these length scales comes with an additional challenge: Dynamics
at the nanoscale occur on much shorter time scales than those of macroscopic
objects [Zew00, Kra09]. For example, to investigate key molecular dynamics on
their intrinsic time scales — such as vibrations of the molecular frame or atomic
rearrangements during chemical reactions — a time resolution of ~ 100 fs or better is
needed [Zew00, Kra09]. Thus, pushing optical microscopy not only to the smallest
length but also to the shortest time scales is key to establishing a causal link between
nanoscopic elementary dynamics and macroscopic functionalities of condensed matter.
As the bandwidth of modern electronics is insufficient to detect such ultrafast
dynamics, they can only be accessed with ultrashort light pulses.

The birth of ultrafast science is often ascribed to Eadward Muybridge’s experiments
in the 19th century [Muy29]. Using an array of cameras with extremely short shutter
opening time, he demonstrated that, at certain times, all four hooves of a galloping
horse are off the ground simultaneously — a detail too fast for human perception.
Today, ultrafast experiments build on the same principle, but instead of mechanical
shutters, ultrashort light pulses act as a shutter providing femtosecond snapshots of
sample properties [LH21].

One of the most fundamental concepts enabling the measurement of such fast dy-
namics is ultrafast pump-probe spectroscopy. In such experiments, a pump pulse
prepares the system in a specific state while a time-delayed probe pulse analyses
its evolution. Varying the delay time between the two pulses by changing their
relative optical path lengths allows stroboscopic measurements of ultrafast dynam-
ics. Combining pump-probe techniques with subcycle field-resolved measurements
by electro-optic and streaking techniques has revolutionised our understanding of
light-matter interaction. Directly mapping the time evolution of the carrier wave
has provided access to the full classical information of light [Kie04, Lei23] as well as
quantum field fluctuations [Riel5, BC19]. These capabilities have shaped strong-field
and attosecond science [Cor07, Kra09], providing insights into dynamics faster than

a cycle of light — from ultrafast screening [Hub01] and lightwave-driven charge-carrier
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acceleration [Wim14, Hohl5, Boo22, Bor23| to electron tunnelling [Shal2, Sail9]
and many-body correlations [Fre22]. Subcycle optical information from single atoms,
however, has so far remained elusive.

Combining subcycle time resolution with near-field microscopy has granted access
to the temporal evolution of the nanoscale dielectric function on combined length
and time scales of ~10nm and ~10fs [Eis14]. Watching the nanocosm in motion
has provided fascinating insights, such as revealing local charge transfer dynamics
[Pla21], phase transitions [Hub16, Stil8, Sid22], and ultrafast plasmonic responses
[Wagl4, Nil6, Ang25]. However, in near-field microscopy the spatial resolution is
limited by the tip’s finite radius of curvature [Nov12], which is typically on the order
of tens of nanometres [Hil25].

Tantalising glimpses into ultrafast atomic-scale dynamics have been made possible by
lightwave-driven scanning tunnelling microscopy, where the d.c. bias voltage of a scan-
ning tunnelling microscope is replaced with an ultrafast a.c. bias voltage — the oscillat-
ing carrier wave of a phase-locked light pulse [Coc16, Pel20, Pel21, Roe24|. Tracing
rectified, time-averaged lightwave-driven tunnelling currents in pump-probe experi-
ments has enabled capturing the first ultrafast single-molecule movies [Coc16, Pel20],
inspiring a fast-growing research field [Jell17, Luo20, Yos21, Amm21, Pel21, Amm22,
Roe24, Jel24]. Yet, measuring the rapid motion of electrons driven on a subcycle

time scale remains out of reach.

In this thesis, I will demonstrate how we utilised nonlinear light-matter interaction
with tip-confined evanescent fields to promote all-optical microscopy to simultaneous
atomic-scale spatial and subcycle time resolution [Sid24]. In this context, we found
a novel non-classical near-field response characterised by a 7/2 phase shift with
respect to the conventional near fields. This novel signal is emitted from the ultrafast
a.c. tunnelling of electrons driven on subcycle time scales. Leveraging this near-
field optical tunnelling emission (NOTE) signal, we achieved atomic-scale spatial
resolution and directly measured ultrafast tunnelling currents with subcycle time
resolution. Surprisingly, we observed finite ultrafast tunnelling currents even for bias

voltages within the band gap of a van der Waals semiconductor.



Chapter 2 will provide an overview of two state-of-the-art ultrafast nanoscopy tech-
niques — ultrafast near-field microscopy (section 2.1) and lightwave-driven scanning
tunnelling microscopy (section 2.2).

In chapter 3, I will introduce the novel experimental setup that we developed to
find out how far we can push the spatial resolution of subcycle terahertz near-field
microscopy. For this we combine a megahertz repetition rate, high-power terahertz
source (sections 3.1 and 3.2) and field-resolved detection via electro-optic sampling
with a commercial low-temperature ultra-high vacuum scanning probe microscope.
This microscope is equipped with stiff qPlus atomic-force microscopy sensors, and
customised with optical access via two high numerical aperture parabolic mirrors
(section 3.3). Operating in such a stable regime allows us to perform near-field
measurements at atomic-scale tip-sample separations.

In chapter 4, we observe a novel near-field response that is in phase with the vector
potential of the driving field and confined to significantly smaller volumes than the
conventional near-field signal. Operating at tapping amplitudes orders of magnitude
smaller than customary, we find that this signal decays on atomic length scales
(section 4.2). I will show in section 4.3 that this short-ranged signal originates from
light emission from ultrafast tunnelling currents. To demonstrate this, we proposed a
semiclassical dipole model, and our theory partner Jan Wilhelm developed an ab initio
quantum mechanical model based on time-dependent density functional theory. Both
models successfully reproduce the hallmark features of our experimental observations.
Section 4.4 presents all-optical atomic-scale resolution microscopy of defects in a
Au(111) surface and section 4.5 explores atomic-scale subcycle spectroscopy on a
monolayer of tungsten diselenide. By accounting for the complex-valued transfer
function from the near field of the tip to the far field and the response function of
our detection setup, we can reconstruct the atomic-scale dipole at the apex of the
microscope’s tip which emits the novel signal. This allows us to retrieve the subcycle
tunnelling currents driven between tip and sample directly in the time domain, even
within the band gap of a semiconducting van der Waals material (section 4.6).

In chapter 5, I will introduce how we developed a tunable optical pump source at
megahertz repetition rates, to improve the capabilities of our experimental setup.
We build on optical parametric amplification (section 5.1) to set up a two-stage

noncollinear optical parametric amplifier operating at pulse repetition rates of up
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to 8.26 MHz (section 5.2). In section 5.3, I will introduce a novel pump modulation
scheme, which circumvents modulating the optical power and thus enables measure-
ments without artefacts arising from periodic modulation of the thermal expansion
of the tip.

Chapter 6 will summarise the findings presented in this thesis and provide an outlook

on future research directions.



Chapter

Ultratast nanoscopy

The nanocosm is constantly in motion. Single molecules vibrate [Sti98, Mal23]
and rotate [Mal23], electronic wave packets evolve [Bre05, Kra09], and chemical
reactions unfold on ultrafast time scales [Zew00, Dan24]. In crystalline media,
atomic cores oscillate collectively — known as phonons [Cur22] — while quasi-free
electrons in metals or electron-hole pairs in semiconductors give rise to collective
plasma oscillations, known as plasmons [Noz58|. Electrons and holes can also form
hydrogen-like bound states — so-called excitons [Chel4]. Interactions between these
fundamental excitations shape key physical properties of condensed matter systems.
For instance, electron-phonon coupling can lead to superconductivity [Bar57]. When
light and matter couple strongly, hybrid light-matter states — called polaritons — can
emerge [Basl6, Bas21]. These dynamics occur on a vast range of ultrashort time

scales ranging from picoseconds (107!2s) or femto- (10715 s) to attoseconds (1071%s).

To custom tailor the macroscopic functionalities of condensed matter systems, it is
essential to understand the intricate interplay of these elementary excitations. In line
with the well-known proverb “seeing is believing”, watching these dynamics unfold
in real space on their intrinsic length and time scales is one of the key challenges of
modern science. Thus, ultrafast nanoscopy is rapidly growing into a vibrant research
field [Dhil7, Lei23, Hil25, Zha25].

This chapter will provide a short introduction into two of the most advanced ultrafast

nanoscopy techniques — ultrafast near-field microscopy (section 2.1) and lightwave-

driven scanning tunnelling microscopy (section 2.2).



2 Ultrafast nanoscopy

2.1 Ultrafast scanning near-field optical

microscopy

Scanning near-field optical microscopy (SNOM) [Nov12, Chel9b, Hil25] uses lin-
ear light-matter interaction with evanescent fields! confined to nanoscale metallic
objects to overcome the diffraction limit. This technique has become a power-
ful tool for investigating the nanoworld, offering insights into phase transitions
[Qaz07, Hubl6], as well as quasiparticles such as Dirac plasmons in graphene
[Feil2, Chel2, Lunl7, Zha21lb, Don21, Ang25|, topological polaritons in molyb-
denum trioxide [Hu20] and hyperbolic polaritons [Zha21la]. Additionally, SNOM has
provided access to photochemistry [Mei23], and light-matter interaction in quantum

materials [Sunl§].

The concept of SNOM was first proposed by Edward Synge in 1928 [Syn28]. He
suggested illuminating a sub-wavelength-sized hole (diameter: 10 nm) from one side,
allowing the light to pass through the aperture and interact with a sample placed in
direct proximity on the other side. The transmitted light would then be detected,
enabling optical measurements beyond the diffraction limit, promising a spatial

resolution of a few nanometres. This idea was experimentally realised in the second
half of the 20th century [Ash72, Lew84, Poh84].

Nowadays, in near-field microscopy, light is typically focused onto the apex of a sharp
metallic tip of an atomic force microscope (AFM) positioned above a sample (Fig.
2.1a). The tip confines the light field spatially, significantly enhancing the local field
strength. This efficiently generates localised evanescent fields beneath the tip that
probe the sample’s optical response at the nanoscale. As a result, the scattered light
carries information about the sample’s local dielectric properties. This scattered
signal is detected and analysed in the far field. By scanning the sample laterally
and detecting the scattered light for each position, near-field microscopy enables
mapping the sample’s local dielectric function with a spatial resolution determined
by the radius of curvature of the tip’s apex, which usually is in the range of a few

tens of nanometres [Hil25].

IEvanescent fields are non-propagating electromagnetic waves that decay exponentially away
from interfaces.
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Figure 2.1 |Scanning near-field optical microscopy. a, A transient electric field
waveform is coupled to the apex of a sharp metallic tip (apex radius of curvature
Ttip, indicated by the circle and red arrow) and the scattered radiation, containing
information on the nanoscale dielectric function, is detected. b, The scattered field
E5t features a nonlinear tip-sample distance (z) dependence (bottom left). Thus,
when periodically modulating the relative tip-sample distance (Az) at the tapping
frequency 14.p (top left), the scattered signal features bursts at each point of closest
approach in the tapping cycle with period vt_a%) (bottom right). Performing a Fourier
transform (FT) reveals the harmonic constituents £ of the scattered signal (top
right), which allow for separating the near-field and far-field signals, and thus grant
access to nanoscale spatial resolution.
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Isolating the scattered light. The volume in which near-field interaction occurs
in SNOM is determined by the size of the tip’s apex [M0020] (~1 x 1072*m? for a
tip-apex radius of curvature of r;, = 10nm). Specifically for long wavelengths, as in
the terahertz (THz) spectral range, this volume is several orders of magnitude smaller
than a diffraction-limited focal spot size (~3 x 1072 m3 for 1 THz). Therefore any
optical signal collected will be dominated by the far-field signal consisting mostly of
the specular reflection off the sample’s surface.

However, one can make use of the fact that the near-field interaction features a
nonlinear tip-sample distance dependence (Fig. 2.1b, equation 2.4), owing to its
evanescent nature, whereas the far field does not. When tapping the AFM tip
sinusoidally at a frequency 14, [Kno99, Hil25], the scattered field E5* is modulated:
Periodic bursts occur each time the tip reaches the point of closest approach (bottom
right in Fig. 2.1b). By performing a Fourier transform of this signal, we find that
it contains higher harmonics of the tapping frequency 14, (top right), which arise
owing to the nonlinear tip-sample distance dependence of the near fields. Spurious
far-field signals, originating e.g. from scattering at the oscillating tip shaft, might
contaminate the signal. This contribution can be suppressed by measuring at higher
harmonics or smaller tapping amplitudes [Hil25]. Thus, to isolate the near-field
signal, we use lock-in detection and demodulate at integer multiples of 14,5, which

provides access to the sample’s local dielectric response.

The point-dipole model. Over the years, various methods have been developed
to model the near-field interaction, including sophisticated finite element simulations
[Mo0020]. However, the first approach to model the near-field interaction in the
quasi-electrostatic limit — an analytical point dipole model [Kno99, Kno00, Chel9b]
— already provides a remarkably good description. In this model, the carrier wave of
light transiently displaces electrons within the tip, forming a time-dependent dipole
within its apex with a strongly confined near field. This near field interacts with
the charges in the sample, inducing a polarisation that depends on the sample’s
local dielectric function. The sample’s response is approximated by an image dipole
whose field, in turn, modifies the tip dipole. The oscillating tip dipole thus encodes

information on the sample’s local dielectric function into the scattered light.

10



2.1 Ultrafast scanning near-field optical microscopy

In the point-dipole model, the tip is approximated as a sphere with a radius equal to

the tip’s apex radius of curvature ry,. Its polarisability « is given by [Kno00]

€ti —1
= 43 P 2.1
o =l (2.1)

where €, is the dielectric function of the tip. The centre of the spherical tip is
positioned at a distance d above a sample which fills the infinite half-space beneath
the tip. When an external electric field £ which is polarised perpendicular to the
sample’s surface is applied, it induces a dipole moment p within the spherical tip
given by

p=ak. (2.2)

The electric field of this dipole polarises the sample, and the sample’s response can

be described by an image dipole p’ = p located at a distance of 2d from the centre

€sample — 1
Esample‘i’l

of the spherical tip. § = is the sample’s reflection coefficient and €gmple the

sample’s dielectric function. This image dipole acts back on the tip dipole which is
modified to [Kno00]

/

P
167d3

Here, the effective polarisability a.g is given by [Kno00|

p=oalE+ ) = aegl. (2.3)

(8]
Qo =~ (2.4)
1— 167d3

The oscillating time-dependent dipole in the tip, according to Maxwell’s equations,
emits light which can be detected in the far field. There, the amplitude of the

scattered electric field E5?' scales with
E* o aegF, (2.5)

and contains information on €gample-

Ultrafast scanning near-field optical microscopy. Thanks to the all-optical
nature of SNOM, it can leverage the full potential of ultrafast optics. Combining

SNOM with ultrafast excitation and probing has allowed it to trace the femtosecond

11
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time evolution of the nanoscale dielectric function [Eis14, Wagl4, Hub16, Hub17,
Jial9, Pla21, Ste21], providing e.g. access to the ultrafast insulator-to-metal phase
transition of vanadium dioxide on nanometre length scales [Hub16], and enabling
femtosecond nano-videography of interface polaritons excited by photo-induced

interband transitions in black phosphorus heterostructures [Hub17].

In combination with subcycle field resolution via electro-optic sampling, SNOM
in the mid-infrared spectral range has enabled the study of local photoinduced
carrier dynamics in single indium-arsenide nanowires [Eis14]. Subcycle field-resolved
THz-SNOM [Mool2, Stil8, Jin21, Pla21, Kim23, Ziz24] traces ultrafast changes in
the sample’s polarisability. This makes it sensitive to all charge carriers, indepen-
dent of selection rules. Subcycle THz-SNOM has proven to be an extremely useful
and versatile tool, providing insights into charge-transfer processes in transition
metal dichalcogenide (TMDC) heterostructures on nanometre length scales [Pla21].
Furthermore, probing the ultrafast nonequilibrium dynamics of excitons — bound
electron-hole pairs — in monolayers and bilayers of TMDCs with nanometre spatial
resolution has revealed nanoscale variations in the excitonic Mott transition — a tran-
sition from an excitonic gas to an electron-hole plasma [Sid22]. Recently, THz-SNOM
has provided nanoscale insights into carrier dynamics in metal halide perovskites
[Kim22, Ziz24], which are promising new solar cell materials [Grel4, Zuol6, Ronl18].
There, by analysing deep-subcycle time shifts, the interplay of nanoscale variations
in structure and chemical composition with ultrafast carrier transport has been inves-
tigated [Ziz24]. Together with a tunable optical pump source, subcycle THz-SNOM
was employed to gain insights into the ultrafast dielectric response of quasi-one-
dimensional excitons in monolayers of the van-der-Waals magnet CrSBr [Mei24].
Recently, dynamics of surface plasmon polaritons in graphene were imaged directly
in space and time [Ang25]. There, the polariton propagation was even controlled on
a subcycle time scale using optical pump pulses.

Even though SNOM has provided fascinating insights into the nanocosm in motion,
so far, the spatial resolution of SNOM is limited by the nanometre size of the tip’s
apex, preventing it from achieving atomic resolution. However, a first glimpse into
femtosecond atomic-scale dynamics has been provided by the recent invention of
lightwave-driven scanning tunnelling microscopy, which will be detailed in the next

section.
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2.2 Lightwave-driven scanning tunnelling microscopy

2.2 Lightwave-driven scanning tunnelling

microscopy

Scanning tunnelling microscopy (STM) [Bin82, Bin83] revolutionised surface science
by visualising single atoms. Owing to this success, Gerd Binnig and Heinrich Rohrer
received the Nobel Prize in Physics in the year 1986, sharing it with Ernst Ruska
who was honoured for his contributions to electron microscopy. Today, STM allows
to visualise the local density of states of surfaces with sub-atomic precision and even
enables the visualisation of quantum mechanical wave functions of single molecular
orbitals [Rep05, Lil07, Groll].

Building on these capabilities, the advent of lightwave-driven STM has offered
first insights into ultrafast atomic-scale dynamics. Starting with nanometre-scale
resolution [Cocl3], it soon achieved atomic spatial resolution and state-selective
tunnelling [Cocl16]. This rapidly established lightwave-STM as a vibrant and fast-
growing research field [Jell7, Luo20, Ml20, Pel20, Pel21, Amm21, Yos21, Amm?22,
Ara22; Roe24, Jel24]. This section will explain the working principle of both d.c.
STM, based on reference [Che21], and lightwave-STM.

Scanning tunnelling microscopy. In STM, an atomically sharp metallic tip,
usually made of tungsten or platinum-iridium, is brought into atomic-scale proximity
of a conducting surface (see Fig. 2.2a). Despite being separated by a vacuum barrier,
the electronic wave functions of tip and sample overlap, allowing tunnelling currents
to flow between them. Since the wave functions decay exponentially into the vacuum
barrier, these tunnelling currents depend strongly on the tip-sample separation — for
metals, the tunnelling current typically decays by about one decade per angstrom.
Via piezo actuators, the tip or sample can be scanned in x, y and z, enabling mapping
of these tunnelling currents with sub-angstrom precision. The potential landscape
of such a tunnelling junction is shown in Fig. 2.2b. There, the local density of
states of the sample (s) and tip (t) are filled to their respective Fermi energies Ef s
and Ep;. Tip and sample are separated by a vacuum barrier of the height of the
work function ¢, which is assumed to be the same for sample and tip for simplicity.
Panel ¢ shows what happens when a d.c. bias voltage V' is applied between tip

and sample: The potential landscape is tilted. Now there are free states in the

13
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Figure 2.2 | Scanning tunnelling microscopy. a, An atomically sharp metallic tip is
placed in atomic-scale proximity above a conducting sample. When applying a d.c.
bias voltage V between tip and sample, a directed tunnelling current J flows which
is measured with the readout electronics. Panel b shows the potential landscape of
the tunnelling junction in an unbiased case. Sample (s) and tip (t) states are filled
to their Fermi energies Fr ¢ and Ly, respectively. ¢, Applying a bias voltage tilts
this potential landscape. Now there are free states in the sample at energies which
are occupied in the tip, allowing a directional tunnelling current to flow. ¢: Work
function, E: Energy, e: Elementary charge.

sample at energies which are occupied in the tip, allowing a directed tunnelling
current to flow from the tip to the sample. This tunnelling current J is measured
electronically (readout electronics depicted schematically in Fig. 2.2a) and can be
used for atomic-scale imaging. There are two main measurement modes: constant
height and constant current. Recording the tunnelling current J while scanning
the tip laterally across the sample, i.e. in x and y, at a constant height maps out
the local electronic structure. In constant-current mode, the current is used as an
input for a feedback loop (typically a PID controller), which adjusts the tip height
to maintain the tunnelling current at a fixed value. Simultaneously recording the z

position of the tip maps out the sample’s apparent topography.

Assuming a low temperature, a constant local density of states in the tip over the

energy interval from the sample’s Fermi energy Ers to Eps + eV, and a spherically

14



2.2 Lightwave-driven scanning tunnelling microscopy

symmetric tip, the tunnelling current can be approximated as [Che21]

eV
J oc/ ps(Eps +€,7)de. (2.6)
0

Here, ps denotes the sample’s local density of states, and = represents the position of

the tip. Differentiating this equation yields

dJ
o & ps(Eps +eV,r). (2.7)

Thus measuring the differential conductance dJ/dV provides access to the sample’s

local density of states. This technique is known as scanning tunnelling spectroscopy.

The strong-field regime. To make STM ultrafast, the d.c. bias can be replaced
with the fastest controllable bias: the oscillating carrier wave of a phase-locked single-
cycle light pulse which confines the tunnelling current to a femtosecond time window
[Cocl3, Cocl6]. Yet, light-matter interaction at an STM tunnelling junction can
occur in two fundamentally different regimes: (i) the (multi-)photon absorption
regime, and (ii) the strong-field regime, where the oscillating electric field acts
like a classical quasi-static bias field. To ensure operation in the latter regime, the

Keldysh parameter 7 serves as a figure of merit to distinguish between these

€ V/2mee€
! \/ 20, T eE (28)

regimes [Kel65]:

The Keldysh parameter compares the system’s excitation energy e with the pon-

e?E?
4mw?

deromotive energy U, = — the cycle-averaged kinetic energy of an electron
performing a quiver motion from acceleration within an oscillating electric field.
me denotes the electron mass, e the elementary charge, w the angular frequency
of the incident lightwave, and E the electric field amplitude. For v > 1, i.e. high
frequencies and low field strengths, the ponderomotive energy gained by electrons
accelerated by the light’s carrier wave is much lower than the excitation energy. Here,
the excitation is dominated by absorption of one or multiple photons. Conversely,

for v < 1, i.e. high electric field strengths and low frequencies, field-driven effects
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2 Ultrafast nanoscopy

dominate. Here, the carrier wave of light acts as a classical field which dynamically
alters the potential landscape.

Many relevant excitation energies, such as interband excitations in semiconductors
[Cos16, Wanl18|, molecular resonances [Rep05, Lil07], or work functions of metals
[Che21] lie in the range of electronvolts. To reach the field-driven regime, intense
light fields with photon energies significantly lower than the relevant excitation
energies are required. For this purpose, light in the terahertz? (THz) to mid-infrared®
spectral range is often used. On the one hand, the comparatively low photon energies
(~ meV to 250 meV) are typically far from the relevant excitation energies. On the
other hand, the oscillation half-cycles with durations in the range of femtoseconds
remain short enough to resolve many fundamental ultrafast processes.

Operating in the field-driven regime has led to the emergence of the field of lightwave
electronics [Bor23, Kir25|, where the carrier wave of light is harnessed to dynamically
steer charge carriers faster than a cycle of light [Sch14, Hoh15, Lan16, Reil8, Bor20,
Sch21, Fre22]. These advances even hold the potential for computing at clock rates

in the petahertz range.

Lightwave-driven scanning tunnelling microscopy. Combining the concept
of lightwave electronics with STM has led to the development of lightwave-driven
STM. This technique was first demonstrated in an ambient-air STM [Cocl3]| and
later promoted to atomic resolution and state selective tunnelling using an ultra-high
vacuum low-temperature STM [Cocl6, Pel20, Pel21].

Figure 2.3a shows schematically the experimental setup. A single-cycle waveform is
coupled to the apex of an STM tip which is positioned above a conductive sample.
Any time-averaged current J flowing between tip and sample can be measured with
the STM’s readout electronics. An exemplary d.c. tunnelling conductance, i.e. J-V
curve, of a Au(111) surface is shown in Fig. 2.3b. A phase-locked single-cycle electric
field waveform (Fig. 2.3a,c) acts as an ultrafast transient bias voltage which drives
an a.c. tunnelling current J,, between tip and sample. In the approximation of
instantaneous tunnelling, at any point in time, the instantaneous lightwave bias

drives a current proportional to the d.c. tunnelling conductance evaluated at the

2~1 THz to 10 THz
3~10 THz to 60 THz
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Figure 2.3 | Lightwave-driven scanning tunnelling microscopy. a, An electric field
waveform (light blue) replaces the DC bias voltage in an STM, confining the tunnelling
current in time. Depending on the sample’s conductance, i.e. the J-V curve (b), and
the exact shape of the electric field waveform (c), more electrons might tunnel to
one side (gold coloured) than the other (silver coloured) within one pulse. This leads
to a rectified time-averaged current (Jj,,) which can be detected with the STM’s
readout electronics.

respective voltage. If more electrons tunnel to one side than the other within one
pulse, a time-averaged lightwave-driven tunnelling current (.Jy,) can be measured
with the STM preamplifier. Such a time-averaged lightwave-driven tunnelling current
originates from asymmetries in the sample’s J-V characteristics, which rectify the
ultrafast tunnelling currents. For instance, in the case shown in Fig. 2.3b,c, the
time-averaged tunnelling current would be negative, as the largest half-cycle of the
THz waveform is negative, and the tunnelling conductance at negative bias voltages
outweighs that at positive bias voltages. The time-averaged rectified tunnelling

current is given by
<le> = Vrep Nrectiﬁed €, (29>

where v, is the pulse repetition rate of the laser, Nyectifiea 1S the number of electrons

rectified per pulse and e is the elementary charge.

State-selective tunnelling can be achieved by using asymmetric electric field waveforms

and energetically localised states, such as a lowest unoccupied molecular orbital of a
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2 Ultrafast nanoscopy

pentacene molecule [Coc16]. When tuning the electric field strength, such that only
the peak of the largest half-cycle reaches the tunnelling resonance, selective single-
electron tunnelling via this state is possible. As a result, the tunnelling current is
confined to just a fraction of the transient bias waveform, enabling ~ 100 fs snapshots
of molecular orbitals for a centre frequency of ~1THz [Cocl6]. Employing a THz
pump—THz probe measurement scheme, state-selective lightwave-STM realised the
dream of watching the coherent motion of a single molecule moving on its intrinsic

length and time scales [Cocl6].

These advancements have prompted a vibrant research field exploring the nanoworld
in motion on atomic length scales: The carrier wave in the near field of the tunnelling
junction, acting as a femtosecond atomic-scale force, has been used to coherently
control the motion of a single-molecule switch [Pel20]. Using such a switch as a
local bias gauge, the tip-confined THz-induced near-field waveform was sampled
with subcycle temporal and atomic-scale spatial resolution directly in the tunnelling
junction [Pel21]. Lightwave-STM combined with optical pumping enabled the direct
observation of the picosecond spreading dynamics of electrons optically excited into
the lowest unoccupied molecular orbital of a Cgy molecular film [Yos21]. Recently, ul-
trafast lightwave-driven scanning tunnelling spectroscopy was demonstrated [Roe24],
combining angstrom spatial, femtosecond temporal and meV energy resolution. In
this work, sweeping the THz bias voltage and recording the rectified tunnelling
current provided access to ultrafast changes in the local density of states. THz
pump—THz probe experiments on single-atom defects in a transition metal dichalco-
genide monolayer within the same study revealed effects of electron-phonon coupling
at the atomic scale.

Lightwave-STM has revolutionised our access to and understanding of physics at
the ultimate time and length scales. It excels in systems with isolated energy levels,
where ultrafast tunnelling can be approximated as unidirectional. Yet in more
complex systems, lightwave-STM may not capture all relevant dynamics, as it only
provides access to the time-integrated action of the entire driving light pulse. The
dynamics in the tunnelling junction of a lightwave-STM are extremely far from
equilibrium, with tunnelling conductances that differ drastically from the steady
state [Jel17]. These ultrafast tunnelling currents are governed by multiple competing

nonlinearities, which depend on the specific conditions of ultrafast tunnelling and
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2.2 Lightwave-driven scanning tunnelling microscopy

dynamics within the sample. For instance, as seen in references [Pel21, Roe24],
tunnelling of a single electron already alters the potential landscape for subsequent
electrons. Consequently, the reconstruction of ultrafast tunnelling currents requires
model assumptions that are only reliable under the most well-defined conditions.
Subcycle resolution at atomic length scales, potentially even of ultrafast tunnelling
currents, could be crucial for understanding the complex interplay of competing
nonlinearities at these ultimately short time and length scales.

This raises the central question: Can we combine the strengths of lightwave-STM and
subcycle near-field microscopy to access subcycle dynamics at atomic length scales?
To address this challenge, we developed a novel THz-SNOM that integrates the
key advantages of both techniques. (i) It has access to the subcycle time scale
by tracing the scattered electric field waveforms in electro-optic sampling, and (ii)
operates in the most stable conditions with picometre-precise piezo positioning in
a low-temperature and UHV environment. The next chapter provides a detailed

description of this experimental setup.
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Chapter

A low-temperature subcycle near-field

IMICroscope

This chapter details the experimental setup of our low-temperature SNOM. During
the first years of my PhD, I focused on developing the optical setup described in
this chapter, together with Master’s and Bachelor’s students Peter Menden and
Sonja Lingl, under the guidance of Rupert Huber, and with contributions from the
other authors in reference [Sid24]. The development of the low-temperature ultra-high
vacuum scanning probe microscope was primarily led by Fabian Sandner, Felix Schiegl,
Thomas Siday, Yaroslav Gerasimenko € Rupert Huber with contributions from all

authors in reference [Sid24].

SNOM measures light scattered from nanoscale metallic tips to provide information
on the nanoscale dielectric function. Unlike lightwave-STM, which is limited to
conductive samples and lacks subcycle temporal resolution, SNOM does not require
electrically conductive samples and offers direct subcycle time resolution. Thus,
promoting SNOM to atomic length scales would significantly broaden the range of
material systems accessible on atomic length and ultrafast time scales, while even

granting access to phenomena occurring on subcycle time scales.

To push the spatial resolution limits of SNOM, we promote subcycle near-field

microscopy to the most stable configurations: An ultra-high-vacuum (UHV) envi-
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3 A low-temperature subcycle near-field microscope

ronment (pressure &~ 1071 mbar) at temperatures down to 10 K, together with a
milliwatt-level phase-stable THz source operating at MHz pulse repetition rates.
This chapter details the development of our novel experimental setup. Section 3.1
will provide an overview of the experimental setup, including the employed laser,
the THz generation, the microscope and the optical detection. In section 3.2, T will
explain the details of the THz generation setup based on tilted-pulse-front optical
rectification and the field-resolved detection via electro-optic sampling (EOS). Finally,
I will outline the key aspects of our low-temperature UHV scanning probe microscope
which set it apart from the AFMs used in conventional SNOMs (section 3.3).

3.1 Terahertz scanning near-field optical

microscopy at cryogenic temperatures

The key to our approach is to use a commercial low-temperature ultra-high vacuum
combined STM/AFM with a customized high numerical aperture optical access and
couple this with a high-power, high pulse repetition rate phase-locked THz source.

Our experimental setup is sketched in Fig. 3.1. We start with a commercial high-
power ytterbium-fibre amplifier which provides pulses in the near-infrared (NIR)
spectral range with a centre wavelength of 1030 nm and a pulse duration of 260 fs
at an average power of 50 W. The pulse repetition rate can be tuned to integer
divisions of the oscillator repetition rate of 41.3 MHz, with a maximum pulse energy
of 40 nJ reached at 1.25 MHz. These pulses are used for THz generation via optical
rectification in a lithium niobate (LiNbOj) crystal. Phase matching is achieved by
tilting the near-infrared pulse’s intensity fronts (details in section 3.2.2), which we
realise by imaging a diffraction grating into the crystal.

A custom-designed Teflon lens ensures that both the horizontal and the vertical axes
of the THz beam are focused onto the incoupling parabolic mirror of the microscope,
which subsequently focuses the THz pulses onto an atomically sharp tungsten tip.
This tip is mounted to a stiff qPlus sensor (section 3.3 & Fig. 3.7), allowing for
atomic-scale tapping amplitudes at the tapping frequency 4., ~ 20kHz. vy, is
orders of magnitude lower than the laser’s pulse repetition rate. This ensures that

heat is deposited onto the tip in a quasi-continuous manner, avoiding artefacts arising
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Figure 3.1 | Experimental setup. An ytterbium-fibre amplifier provides pulses with a
centre wavelength of A\. = 1030 nm, a pulse duration of 7 = 260 fs, a pulse repetition
rate tunable between t4ep, min = 1.25 MHz and 14ep max = 41.3 MHz at an average
power of P = 50 W. The majority of the laser’s output is used to seed the THz
generation, where the THz probe pulses are generated via optical rectification in
lithium niobate (LiNbOj) in the tilted-pulse-front phase-matching condition. The
pulse-front (PF) tilt is induced by a diffraction grating (DG) and imaged into the
LiNbOj crystal via an imaging lens (Ly). The first lens (L) sets the peak intensity
within the LiNbO3 crystal and a parabolic mirror (PM) collimates the THz radiation.
Owing to the anisotropic THz generation geometry and the inherent diffraction-
induced divergence, a half-cylindrical, half-spherical Teflon lens (L3) is used to refocus
the THz beam onto the first LT-SNOM parabolic mirror. This mirror focuses the
THz radiation onto the tip, which is mounted on a stiff qPlus sensor that can oscillate
at the tapping frequency 14,,. The second LT-SNOM parabolic collects the scattered
radiation which is then detected via electro-optic sampling (EOS). ITO: Quartz
window covered with a layer of indium-tin oxide, DM: Dielectric mirror, GM: Gold
mirror, GaP: (110)-oriented gallium phosphide crystal, QW: Quarter-wave plate,
WP: Wollaston polariser, PD: Photodiode.
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3 A low-temperature subcycle near-field microscope

from thermal expansion bursts during the tapping cycle. The qPlus sensor’s electrical
contacts enable tunnelling-current measurements through the STM preamplifier,
allowing us to perform lightwave-STM measurements. Both tip and sample are
mounted in a vibration-isolated fashion in a UHV chamber with pressures of about
10~ mbar and cooled to temperatures down to 10 K via a liquid-helium cryostat.

For SNOM, a second parabolic mirror collects the scattered radiation. The coherently
scattered light is detected with subcycle resolution via electro-optic sampling (section
3.2.3), using the laser fundamental as gate pulses. The entire THz beam path outside
of the UHV chamber is purged with gaseous nitrogen to circumvent water vapour

absorbing the THz radiation.

3.2 A high-repetition-rate high-power terahertz

source

This section provides a detailed explanation of the THz generation process, expanding
on the previous section. I begin by outlining the fundamental requirements for our
light source: It has to be in the THz spectral range, have a stable carrier-envelope

phase, and it must operate at high average powers at high pulse repetition rates.

THz spectral range. Operating at THz frequencies brings unique advantages, as
charge carriers in semiconductors exhibit distinct signatures in this spectral range
[Hub01, Ulb11, Dhil7, Lei23]. Ultrafast THz-SNOM provides contact-free, non-
invasive access to fundamental properties such as charge carrier densities, mobilities,
and recombination dynamics — independent of selection rules — while achieving
nanoscale spatial resolution [Pla21, Sid22, Ziz24, Mei24, Ang25]. Moreover, the
combination of strong fields and low photon energies in the THz spectral range places
light-matter interaction in a predominantly field-driven regime, where dynamics are
dictated by the instantaneous electric field rather than by (multi-)photon absorption.
Operating in this regime could also potentially provide insight into whether lightwave-
driven tunnelling currents — such as those in lightwave-STM (section 2.2) — contribute

to near-field signals.
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3.2 A high-repetition-rate high-power terahertz source

A stable carrier-envelope phase. To achieve subcycle time resolution, it is
imperative that the phase between the maximum of the pulse’s intensity envelope and
the maximum of the carrier wave — known as the carrier-envelope phase — remains
constant. In other words, the waveform must be identical for each light pulse. Only
with a stable carrier-envelope phase do the coherent dynamics driven by the light
pulse’s carrier wave remain identical from shot to shot, allowing for their stroboscopic

detection.

High average powers at high pulse repetition rates. Since the probing volume
in near-field microscopy is orders of magnitude smaller than in far-field experiments,
the signal-to-noise ratio is significantly reduced. To compensate this, it is essential to
use light sources with high average powers at high pulse repetition rates in the MHz
range. This becomes even more crucial when working with atomically sharp tips
in a cryogenic-temperature and UHV environment and with atomic-scale tapping
amplitudes, where the probing volume could potentially be even smaller. Additionally,
being able to drive tunnelling currents between tip and sample would be desirable,
as it could potentially offer insights into how tunnelling affects near-field signals. In
steady-state STM, bias voltages on the order of volts are employed to reach specific
sample resonances [Rep05, Lil07]. Given THz field-enhancement factors on the order
of 10° [Pel21], to achieve field strengths in the range of 1 VA~ at the tunnelling
junction, field strengths of approximately 1kV em™" are required in the far field.

THz generation via tilted-pulse-front optical rectification of femtosecond NIR pulses
in a lithium niobate crystal meets all these requirements. I will explain this procedure
in detail in the following two sections. Section 3.2.1 provides an introduction to
nonlinear optics, focusing on optical rectification. The concept of tilted-pulse-front
optical rectification and the specificities of our THz generation setup are explained
in section 3.2.2, and section 3.2.3 will describe how we measure the generated THz

waveforms via electro-optic sampling.
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3 A low-temperature subcycle near-field microscope

3.2.1 Nonlinear optics

The explanation in this section follows that of reference [Boy0§].
Linear optics describes everyday phenomena such as refraction, reflection and trans-
mission, and assumes that the response of a medium to the electric field of light

is linear. In this case, the material’s polarisation P is approximated as
P~ PY = ¢\VE, (3.1)

where P() is the linear polarisation, €, is the vacuum permittivity and xy(! is the
linear susceptibility of the medium. However, with the advent of ultrafast lasers, the
achievable electric field strengths have increased significantly. At these higher field
strengths, the linear approximation no longer holds and one has to take higher orders
into account. The polarisation can then be described by a power series expansion of

the form .
P=¢)Y X"E"=) P", (3.2)
n=1 n

where P denotes the n-th order polarisation and y™ are the nonlinear suscepti-
bilities which are tensors of rank n + 1.
The first correction to the linear approximation appears at the second order of
polarisation, which arises only in non-centrosymmetric crystals, where Y does not
vanish:

P® = ¢y E2 (3.3)

When considering an electric field consisting of two different frequencies w; and wo,
ie.,
E(t) = Eje ™" 4 Eye ™' + cc., (3.4)

the resulting second-order polarisation is given by

P2 — 6OX(z) {Efe—zmt + Ege—%mt + 2E1E2e—i(w1+w2)t

| 3.5
+2E, Ejeiwi—w2)t o C.C.} +2¢0x? (E\E; + EyE3) . 35

This contains multiple terms oscillating at newly generated frequencies. The terms
oscillating at 2w; and 2w9 are called second-harmonic generation (SHG). Whereas

sum-frequency generation (SFG) and difference-frequency generation (DFG) re-
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Figure 3.2 | Optical rectification of ultrashort near-infrared pulses. a, In the photon
picture of difference-frequency generation and optical rectification, two photons
with frequencies w; and w, interact in a x® nonlinear medium. There, the higher
frequency photon w; splits into two photons, one with the frequency ws and the
other at the difference frequency ws = w; — wy. b, An ultrafast NIR pulse features a
Gaussian spectral intensity (red). Any two frequencies w; and ws contained in this
spectrum can mix to generate a low-frequency component at ws in the THz spectral
range.

fer to those oscillating at w; + wy and w; — wo, respectively. The constant term,
260)((2) (E\E} + EyE3), resulting from w; — w; and wy — wy is known as optical
rectification.

When using ultrafast lasers, the spectral intensity of a light pulse contains a range of
frequencies (Fig. 3.2b). In this case, optical rectification can be understood as intra-
pulse difference-frequency generation, and can generate low-frequency components in
the THz or MIR spectral range. Since the phase term vanishes in optical rectification
(see equation 3.5), this process generates inherently phase-locked pulses'. In the
photon picture (Fig. 3.2a), (intra-pulse) DFG can be understood as a high-frequency
photon, with frequency wy, exciting a virtual energy level. The presence of photons
with the frequency wy stimulates the emission of two lower-frequency photons with
frequencies wy and ws3. There, energy conservation is automatically satisfied, since

hwi = hwy 4+ hws. Yet, simultaneous momentum conservation is not a given.

Phase matching. In nonlinear optical processes, momentum conservation can be

expressed in the photon picture as the requirement that the total momentum of all

IThe carrier-envelope phase does not change from pulse to pulse, independent of the carrier-
envelope phase of the generating NIR pulse.
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3 A low-temperature subcycle near-field microscope

photons before the interaction must equal the total momentum of all photons after

the interaction. This can be expressed mathematically as
k= 1 (X kb — Y ki) — o, (3.6)

where AAk is the net change in photon momentum and k£ = 27“ is the magnitude of the
wave vector k with the wavelength A. In the case of (intra-pulse) difference-frequency

generation, this condition becomes

Ak =k — (kg + k3) = 0. (3.7)

In the wave description of light, momentum conservation corresponds to constructive
interference of the elementary waves generated at different points in space and time,
leading to maximal conversion efficiency. The art of achieving this condition is called

phase matching.

The main obstacle to phase matching is dispersion, i.e. the frequency dependence of

the refractive index n, which modifies the wave vector via

2T 2™ wn

kzjz/\—():?, (3.8)
where )¢ is the wavelength in vacuum, c¢ the speed of light and w the angular
frequency. In many materials, normal dispersion occurs, meaning that the refractive
index increases as a function of frequency. This makes simultaneous phase matching,
equation 3.7, and energy conservation challenging. To overcome this challenge,
several techniques have been developed — most notably quasi-phase matching and
critical phase matching. In quasi-phase matching [Bla07, Negl1, Hek20], the crystal
length is chosen such that the phase difference between the generated waves is small
enough to allow for constructive interference over the entire crystal length. Critical
phase matching [Hub00, Sel08] relies on the polarisation dependence of the refractive
index in birefringent crystals. This allows to tune the phase-matching condition by

tilting the crystal axes with respect to the propagation direction.

To meet all of the criteria for our source, i.e. generating carrier-envelope-phase stable

THz pulses with high average power at MHz repetition rates, we employ a different
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3.2 A high-repetition-rate high-power terahertz source

phase-matching technique — tilted-pulse-front optical rectification in lithium niobate
(LiNbO3) — which has proven to be the most efficient approach for THz generation

at MHz repetition rates and microjoule pulse energies [Mey20].

3.2.2 Tilted-pulse-front optical rectification

In critical phase matching [Hub00, Sel08], the group velocity of the generating
NIR pulse is matched to the phase velocity of the generated THz pulses. However,
this requirement cannot be fulfilled in certain x® nonlinear crystals owing to a
significant velocity mismatch. In specific materials — most prominently in lithium
niobate (LiNbOj) — tilted-pulse-front optical rectification [Heb02, Ste03, Heb04,
L’h07a, L’h07b] offers an effective alternative. Lithium niobate is particularly suited
for optical rectification due to its large nonlinear coefficient of 168 pm V' and high
damage threshold exceeding 100 GW ecm™? [Fiil20]. The essential requirement for
tilted-pulse-front optical rectification is that the phase velocity of the generated THz
pulses, vpn THz, is lower than the group velocity of the generating NIR pulses, vgr niR-
When a NIR light pulse travels through such a x? crystal, THz elementary waves
(blue dashed lines in Fig. 3.3) are generated. The THz phase fronts (blue lines),
formed by the superposition of the elementary waves emitted at different instants in
time (red dashed lines), interfere destructively both in the propagation direction of
the NIR pulse (Fig. 3.3a) and along the direction defined by the angle v with respect
to vg nir (Fig. 3.3b). Here, v is the Cherenkov angle, which is given by

cosy = Uph/THz (3.9)
VUgr NIR

Reducing the NIR beam waist to below the THz wavelength decreases the maximal
phase difference ¢ between the phase fronts propagating at the angle v to below 2.
This suppresses destructive interference, allowing a THz wavefront to propagate in
this direction (Fig. 3.3c). This configuration is known as Cherenkov THz generation
[Ste05, Bak07, L'h07a, L’h07b]. Yet the tight focusing required for this technique
limits the usable NIR pulse energies. Additionally, owing to the symmetry of the
Cherenkov generation geometry, only half of the generated THz power is coupled

out to one side.
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3 A low-temperature subcycle near-field microscope

Figure 3.3 | Tilted-pulse-front optical rectification. a, In a x® nonlinear crystal
where the group velocity at NIR frequencies v, nir significantly exceeds the THz
phase velocity vpn ., the generated THz phase fronts (blue lines) formed by the
superposition of elementary waves (blue dashed lines) generated at different instants
in time (red dashed lines) interfere destructively along the propagation direction of
the NIR pulses. b, Additional THz phase fronts propagate at an angle v relative to
the NIR propagation direction. Owing to the finite beam waist of the generating NIR
pulses (pale red), these phase fronts accrue a phase difference ¢ during propagation.
This also leads to destructive interference along this propagation direction. c,
Reducing the NIR beam waist to below the THz wavelength decreases ¢, preventing
complete destructive interference, and allowing a THz wavefront to propagate in
this direction. This is referred to as the Cherenkov generation geometry. d, To
direct the generated THz intensity to one side and allow for larger generation cross
sections, the NIR pulses’ intensity front (red dashed lines) is tilted. This leads to
constructive interference of all the THz phase fronts generated within the NIR beam
waist along the v-direction on one side (top) and destructive interference on the
other side (bottom).
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3.2 A high-repetition-rate high-power terahertz source

It is possible to circumvent the limitations of the Cherenkov geometry by aligning
the NIR intensity fronts with the THz phase fronts. This can be achieved by tilting
the NIR pulse’s intensity fronts by the angle ~, as shown in Fig. 3.3d. This leads to
constructive interference on one side (top) where the generated THz phase fronts
propagate at an angle v relative to vy N, Whereas on the other side (bottom),
the THz elementary waves interfere destructively. By transferring energy only to
one propagation direction and allowing for generation along larger cross-sections
and thus with higher pulse energy, this generation scheme, called tilted-pulse-front
optical rectification, is extremely efficient. With millijoule pump-pulse energies,
conversion efficiencies of up to 3.8% have been reported in cryogenically cooled
lithium niobate [Hual3, Fiil20]. Cryogenic cooling reduces the THz absorption in
lithium niobate [P4l05], enhancing the conversion efficiency. Even at MHz repetition
rates and microjoule pulse energies, a record 66 mW from a few-cycle source driven

by a table-top laser was reported [Mey20].

In our experiment, we perform tilted-pulse-front optical rectification as shown in
Figs. 3.4 and 3.1 (THz generation panel). To tilt the NIR pulse front, we make use
of the fact that angular dispersion generates a pulse-front tilt [Heb96]. We obtain
the angular dispersion by using a transmissive diffraction grating (grating constant:
1600 mm ™) operating at an incidence angle of a = 55.5°, which transmits 94% of
optical power into the first diffraction order at an angle of 55.5°. If a diffraction
grating is operated in Littrow configuration, where the incoupling angle a equals the
outcoupling angle, the pulse-front tilt generated by the grating, Ygrating, is given by
[Tot23]

tan(Ygrating) = 2 tan(a). (3.10)

For our grating, this equates to a pulse-front tilt of Ygating = 71°. As angular
dispersion also introduces a group velocity dispersion, the grating has to be imaged
into the crystal, such that all spectral components overlap in space and time within
the crystal, in the so-called colour focus. After magnification with a magnification
factor M, and diffraction at the lithium niobate crystal’s surface, the pulse-front tilt
~ within the crystal is calculated as [T6t23]

7 = tan”( tan(Ygrating) ), (3.11)

M Ngr NIR
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3 A low-temperature subcycle near-field microscope

Figure 3.4 | Experimental realisation
of tilted-pulse-front optical rectifica-
tion. The pulse front (PF) of the NIR
pulses (orange) is tilted by a diffraction

__________ L. .. grating (DG) and imaged via a lens

----- \_/ 2, LINDO, A} (L) into the lithium niobate crystal
55.5° ]69° (LiNbO3), where optical rectification
L generates THz pulses (blue). The first

1 / lens (L) can be translated to set the
/ L O peak intensity inside the crystal. Via

a parabolic mirror (PM) and a custom
Teflon lens (Lj) the THz pulses are first
collimated and then focused onto the
incoupling parabolic of the microscope
(see Fig. 3.1). DM: Dielectric mirror.
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where ng, nir is the NIR group refractive index in the lithium niobate crystal. To
match the pulse-front tilt with the phase matching condition (equation 3.9), we
choose M = 0.67. We obtain this magnification factor by using a lens with a focal
length of f = 50 mm to image the grating (object distance: 124.6 mm) into the
crystal (image distance: 83.5mm). This yields the desired condition of v = 63°.
The crystal consists of stoichiometric lithium niobate with a magnesium oxide doping
of 1%, which reduces photorefractive effects and increases the damage threshold
[P4104], and it is tailored for high-power applications: It is cut such that all transmis-
sions occur perpendicular to the crystal’s surfaces. Due to the noncollinear nature of
the THz generation process, the THz radiation can exit the crystal while the residual
NIR light experiences total internal reflection before being directed to a beam dump
after exiting the LiNbOj prism. Both surfaces through which the NIR pulses are
transmitted have an anti-reflection coating.

We cool the crystal to liquid nitrogen temperatures, allowing us to generate THz
with the full 50 W of the laser fundamental and increasing the conversion efficiency.
We tune the focusing conditions (by translating L as indicated in Fig. 3.4) to achieve
a peak intensity of ~8 GW em ™2, which was shown to be optimal at MHz repetition
rates and microjoule pulse energies [Mey20]. At a repetition rate of 5 MHz, we

achieved an average THz power of ~20 mW.

32



3.2 A high-repetition-rate high-power terahertz source

Owing to the anisotropy of the THz generation process, where the generation only
acts like a point source in the vertical axis, a single parabolic mirror is insufficient for
collimation of the THz radiation. To correct for this, we employ a custom-designed
Teflon lens, which is cylindrical on the entrance side with a radius of curvature of
935.25 mm, collimating the horizontal axis of the beam, and spherical on the exit
side with a radius of curvature of —326.25 mm. This focuses the THz radiation onto

the incoupling parabolic mirror of the microscope (see Fig. 3.1).

3.2.3 Field-resolved detection

To trace the coherently scattered electric field waveforms with subcycle resolution,
we use electro-optic sampling (EOS, Fig. 3.5 & bottom right panel in Fig. 3.1).
Acting as an "oscilloscope for light”, EOS is routinely employed to sample THz to
mid-infrared waveforms [Wu95, Hub00, Kiib04, Kam07, Knol8] and has recently
even been extended into the near-infrared and visible spectral regions [Keil6, Rid22].
EOS stroboscopically samples phase-locked electric field waveforms with even shorter,
so-called gate pulses. Both pulses are spatially and temporally overlapped in a
x® nonlinear crystal — in our case a (110)-cut gallium phosphide (GaP) crystal
with a thickness of 2mm. This gives rise to the Pockels effect, also known as the
linear electro-optic effect. Through the Pockels effect, the refractive index of a y(?
crystal changes linearly with an applied electric field — here, the electric field of
the THz pulse. This induces a birefringence in the electro-optic crystal which is
imprinted onto the polarisation state of a near-infrared gate pulse. Alternatively,
this process can be understood as a combination of sum- and difference-frequency
generation between the THz and gate pulses, which oscillate at the frequencies vy,
and Vgate, respectively. There, new photons at the frequencies vgute & vru, with a
polarisation perpendicular to the gate pulses are generated. This induces ellipticity
in the polarisation state of the NIR gate pulses.

To detect the THz-induced ellipticity of the gate pulse’s polarisation with high
sensitivity, we employ a balanced detection scheme. This consists of a quarter-wave
plate, a Wollaston prism and two photodiodes. The quarter-wave plate sets the
gate polarisation to be circular in the absence of a THz field, such that the two

polarisation components split by the Wollaston prism and detected by the photodiodes
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Figure 3.5 | Electro-optic sampling. A THz electric field waveform (FEry,) and a
NIR gate pulse (orange) are overlapped in a x(?) nonlinear crystal, gallium phosphide
(GaP). Via the Pockels effect, the instantaneous field strength of Ery, is imprinted
onto the polarisation of the gate pulse which is read out via a quarter-wave plate
(QW), a Wollaston prism (WP) and two balanced photodiodes (PD). Changing the
delay time t between both pulses while measuring the differential signal on the PDs
reveals the electric field waveform Ery, ().

are balanced. By measuring the differential signal between the two photodiodes, we
detect THz-induced changes in the polarisation while suppressing common noise.
Since the x® nonlinearity responds instantaneously and the gate pulses are much
shorter than an oscillation cycle of the THz pulses, we can stroboscopically sample
the THz electric field waveform by varying the delay time between the THz and gate
pulses. We achieve this by translating a mechanical delay stage in the gate beam
path (Gate panel in Fig. 3.1), changing the relative timing between THz and gate
pulses. Depending on the experiment, we either mechanically chop the THz pulses or
modulate the scattered light via the tapping tip. Using a lock-in detection scheme,
such a setup allows to routinely achieve signal-to-noise ratios limited by the shot

noise.

To detect the generated far-field THz transients we mechanically chop the THz beam
for lock-in detection and perform electro-optic sampling. The recorded far-field THz
waveform is depicted in Fig. 3.6a, featuring a pulse duration of 0.7 ps (measured as
the full width at half maximum, FWHM, of the intensity envelope). Via Fourier
transform, we retrieve the spectral amplitude (Fig. 3.6b) with a centre frequency
of 0.94 THz, a FWHM bandwidth of 0.98 THz and measurable spectral components
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Figure 3.6 | a, THz transient generated via tilted-pulse-front optical rectification
in a cryogenically cooled lithium niobate crystal, and electro-optically detected in
a (110)-cut GaP crystal with a thickness of 2mm. It features a pulse duration
(FWHM of the intensity envelope) of 0.7ps. b, The spectral amplitude reaches
its maximum at 0.7 THz, with another kink at 1.26 THz. It reaches a bandwidth
of 0.98 THz (FWHM of the spectral amplitude) at a centre frequency of 0.94 THz.
Figure adapted from [Sid24].

ranging from 0.1 THz to 2.6 THz. The spectral amplitude reaches its maximum at
0.7 THz with a second peak at 1.26 THz.

3.3 A customized low-temperature, ultra-high

vacuum scanning probe microscope

To bring SNOM to the most stable configuration, we adapted the scan head design
of a commercially available tip-enhanced Raman spectroscopy microscope, which
operates at cryogenic temperatures down to 10K, and in a UHV environment at
pressures of about 1071° mbar. In collaboration with the manufacturer, we optimised
the vibration-isolated scan head for optical coupling by integrating custom parabolic
mirrors with a large numerical aperture (NA = 0.4), which allow us to obtain
atomically strong THz fields in the tip-sample junction.

In conventional SNOM, metal-coated silicon cantilevers are typically used [Chel9b,

Hil25]. These cantilevers lack the stiffness required for atomic-resolution AFM and
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3 A low-temperature subcycle near-field microscope

a AFM STM

Piezo

Figure 3.7 | qPlus AFM sensor with tungsten tip. a, A qPlus sensor consists of a
stiff quartz tuning fork (beige) which is driven vertically by an excitation piezoelectric
crystal (light grey) that is separated from the tuning fork by an insulating layer (grey).
The electrical contacts (golden) allow for simultaneous AFM and STM operation.
An electrochemically etched tungsten tip (dark grey) is glued to the free-standing
prong of the tuning fork. b, Scanning electron microscopy image of the apex of the
tungsten tip.

do not allow for STM experiments. For simultaneous atomic-scale AFM and STM
measurements, we employ qPlus sensors [Gie03, Giel9]: A tungsten tip is attached
to the end of the free prong of a stiff quartz tuning fork glued to an insulating layer
(Fig. 3.7a). An excitation piezo is driven to shake the sensor vertically, resonantly
driving a tip-tapping motion (resonance frequency: ~20kHz), which is read out via
the AFM contacts on the piezoelectric tuning fork. Forces acting on the tip alter the
sensor’s resonance frequency while a phase-locked loop ensures resonant driving. The
shift of the resonance frequency serves as a measure of force and thus can be used as
a feedback parameter for AFM imaging. The tapping amplitude is maintained at a
constant value by a second control loop. The high stiffness of the quartz tuning fork
allows for exceptionally small tapping amplitudes in the picometre range, enabling
atomic-resolution AFM. An STM contact wire is fixed directly next to the tip. The
wire is connected to the STM preamplifier, enabling the measurement of tunnelling
currents flowing between tip and sample. For AFM and STM imaging, the sample is

scanned via a piezo actuator, which allows for picometre-precise positioning.

Achieving high-resolution STM and AFM measurements requires atomically sharp

tips. To fabricate such tips with a small apex radius of curvature, we start with
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3.3 A customized low-temperature, ultra-high vacuum scanning probe microscope

tungsten wires with a thickness of 125 pm and use electrochemical etching, following
the procedure described in reference [Kul03]. This process produces tips like the
one shown in Fig. 3.7b, which depicts a scanning electron microscopy image of a tip
apex. For an electron microscopy image of the macroscopic tip shape, please refer to
Fig. 4.14b. To remove any tungsten oxide on the tip’s surface, we briefly dip it into
highly concentrated hydrofluoric acid before immediately transferring it to the UHV

environment to prevent further oxidation.

At the end of section 2.2, I posed the question whether we can achieve subcycle
atomic-scale resolution by combining the strengths of lightwave-STM and subcycle
SNOM. We are now in the unique position to answer this question, since we (i)
developed a state-of-the-art high-power THz source operating at MHz repetition
rates using tilted-pulse-front optical rectification in lithium niobate and (ii) have
high-NA optical access to a low-temperature UHV scanning probe microscope which
allows for picometre-precise control over the tip-sample separation.

The next chapter explores the limits of spatial resolution in SNOM by harnessing
the capabilities of this unique setup. I will show that, in the limit of atomic-scale
tapping amplitudes and atomic-scale tip-sample separations, the transient electric
field of the THz waveform drives tunnelling currents which lead to the emission of
coherent light. Detecting this light with EOS allows us to trace atomically confined,

subcycle tunnelling currents directly in the time domain.
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Chapter I

Near-field optical tunnelling emission

MICroscopy

This chapter encompasses the results published in Thomas Siday™®, Johannes Hayes*,
Felix Schiegl* et al., ”All-optical subcycle microscopy on atomic length scales”,
Nature 629, 329-334 (2024). (*These authors contributed equally.) The results
shown here are the outcome of a group effort together with Thomas Siday, Felix
Schiegl, Fabian Sandner, Peter Menden, Valentin Bergbauer, Martin Zizlsperger,
Svenja Nerreter, Sonja Lingl, Jascha Repp, Jan Wilhelm, Markus Huber, Yaroslav
Gerasimenko € Rupert Huber. For a detailed breakdown of individual contributions,

please refer to the original publication, hereafter cited as reference [Sid24].

Macroscopic functionalities of condensed matter systems arise from a complex inter-
play of microscopic elementary dynamics. This has driven the persistent pursuit of
optical microscopy at the ultimate time and length scales. The fundamental limit
of conventional optical microscopy, the diffraction limit, can be circumvented by
exploiting optical nonlinearities, which is the fundamental concept of super-resolution
microscopy [Hel07]. Near-field microscopy (section 2.1) uses linear light-matter in-
teraction with tip-confined evanescent light fields [Bet92, Zen95, Kno99|]. This has
enabled a spatial resolution of a few nanometres irrespective of the illumination
wavelength, providing access to the nanoworld in motion [Qaz07, Feil2, Chel2, Eis14,
Lunl7, Hub17, Sunl8, Jial9, Esm19, Hu20, Zha21b, Don21, Zha2la, Ste21, Pla21,
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4 Near-field optical tunnelling emission microscopy

Sid22, Mei23, Mei24, Ziz24, Ang25]. Yet the atomic scale has remained out of reach
owing to the nanometre size of the tip apex radius of curvature [Nov12].

This chapter details how we exploit angstrom-scale nonlinearities in tip-confined
fields to promote optical near-field microscopy to atomic-scale spatial resolution while
retaining subcycle femtosecond time resolution. In section 4.1, I will outline how we
discovered an entirely unforeseen non-classical near-field response, which oscillates
in phase with the vector potential of light, and is confined to significantly smaller
spatial dimensions than the conventional near-field signal. This ultrafast signal,
characterised by an optical phase delay of ~7/2 with respect to the conventional
near fields, decays on picometre length scales (section 4.2). Using both a semiclassical
and a quantum model based on time-dependent density functional theory, we show
that this signal originates from a polarisation formed by ultrafast a.c. tunnelling
currents driven by the optical near fields (section 4.3).

I highlight the capabilities of our novel optical concept in section 4.4 by showcasing
how we image nanometre-sized defects which are hidden from atomic force microscopy.
To the best of our knowledge, our new technique is the first to provide access to
subcycle atomic-scale spectroscopy (section 4.5) and it even allows us to clock
atomically-confined ultrafast current transients on a semiconducting van der Waals
material directly in the time domain (section 4.6). Our results open the door to
exploring quantum light-matter interaction and electronic dynamics on the shortest

possible length and time scales in conducting and even insulating quantum materials.

4.1 Near-field microscopy at atomic-scale

tip-sample distances

Atomic protrusions at the scanning probe’s apex (inset in Fig. 4.1) are key to the
extreme spatial resolution of both atomic force microscopy (AFM) [Bin86, Gie03]
and scanning tunnelling microscopy (STM) [Bin82, Che21]. In tip-based scattering
near-field optical microscopy (section 2.1), however, the spatial resolution is governed
by the size of the dipole induced within the tip’s apex. The extent of this dipole is on
the order of the tip-apex radius of curvature [Nov12]. Typically, this radius is found

to be in the tens of nanometres, raising the question: Why does the radius of curvature
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4.1 Near-field microscopy at atomic-scale tip-sample distances

Figure 4.1 | Near-field microscopy at
angstrom-scale tip-sample distances.
We couple THz waveforms Ejigr, to the
apex of an atomically sharp tungsten
tip placed above an atomically clean
Au(111) surface and record the scat-
tered waveforms 5% with subcycle res-
olution via EOS. We focus on the key
question, how the atomic-scale features
of the tip’s apex (inset) affect the scat-
tered radiation. Figure adapted from
[Sid24].

not correspond to the radius of the most frontier atom of the tip, which would enable
atomic resolution? In near-field microscopy, the role of atomic protrusions remains
poorly understood, in particular, how tunnelling electrons could potentially alter
the recorded near-field signals. We set out to explore these questions with our novel
experimental setup described in chapter 3. The key here is that using the stiff qPlus
AFM sensor [Gie03, Giel9] with a sharp tungsten tip, we can control the tip-sample
separation with picometre precision. To be able to exploit this level of control, we

operate in UHV and at cryogenic temperatures.

To explore atomic-scale nonlinearities, we couple the strong THz waveforms Ejigps
shown in Fig. 3.6 to the apex of our sharp tungsten tip (Fig. 4.1) which is placed
above an atomically flat and clean Au(111) surface. With EOS, we record the
scattered waveforms E5® with subcycle resolution. To achieve high signal-to-noise
ratios while keeping peak THz field strengths on the order of 1kV cm™", we tune the

pulse repetition rate of our laser to 13.7 MHz.

We begin by examining whether the frontier atoms of our tip can influence near-field
scattering when brought within a few angstroms above the flat Au(111) surface. To
test this, we tap the tip with an amplitude of A = 25nm and trace the scattered
waveforms demodulated at the second harmonic of the tip-tapping frequency ap.
As we approach the tip to the sample, we first observe a typical near-field response,
with the amplitude of the scattered light increasing exponentially with decreasing tip-

sample separation (Fig. 4.2a). The peak of the scattered waveforms ESC“ is plotted
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Figure 4.2 | Near-field microscopy at angstrom-scale tip-sample distances. a, Scat-
tered waveforms demodulated at the second harmonic of the tip-tapping frequency
E5®t measured while approaching the tip to the sample (the relative tip-sample
separation Az is colour-coded and shown in b). Panel b shows the peak of the
scattered waveforms E5@ = E5(t = 0fs) as a function of Az. At large Az, the
amplitude of the scattered waveforms increases exponentially with decreasing Az,
exhibiting a decay constant typical for SNOM (dashed yellow line in b). When
approaching to Az < 1nm, E5®" accrues a distinct phase shift Ay of almost /2.
The much shorter decay constant (blue dashed line in b) indicates a new regime of
light-matter interaction. The dashed lines represent independent exponential fits for
the decay of the near field, as well as the atomic-scale contribution to the measured
signal. Tapping amplitude: 25nm. Incoupled peak far-field electric field strength:
Ehght = 1.3kVem™'. At closest approach, on average about 900 electrons per pulse
are rectified. Figure adapted from [Sid24].
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4.1 Near-field microscopy at atomic-scale tip-sample distances

in Fig. 4.2b as a function of the relative tip-sample separation Az (see footnote !).
There, the initial decay constant at Az > 1nm lies in the tens of nanometres (yellow
dashed line: exponential fit), as expected for SNOM [Nov12, Moo20]. Yet, when
approaching the tip to the sample very closely (Az < 1nm), the amplitude of the
scattered signal is significantly boosted and the scattered waveforms accrue a distinct
phase shift Ay of almost 7/2. When tracing the peaks of these transients (Fig.
4.2b), we observe a much shorter decay constant (blue dashed line: independent
exponential fit). This strikingly different behaviour indicates that we have entered a
completely new regime of light-matter interaction and that this signal might stem

from an entirely different source.

Dependence of scattered near fields on the demodulation order. In SNOM,
the decay of the scattered signal as a function of Az depends on the demodulation
order [Kno00, Mo0o020]: Owing to the fact that the near-field interaction features a non-
linear distance dependence, the decay length decreases with increasing demodulation
order.

We now compare the scattered waveforms recorded at different demodulation orders
(Fig. 4.3) but measured simultaneously with Fig. 4.2. Demodulating at the tapping
frequency 1,, (Fig. 4.3a) results in a more gradual signal increase as a function of
the relative tip-sample separation Az in comparison with Fig. 4.2a, and the phase
only shifts by a fraction of the shift observed before. In contrast, when demodulating
at 314, (Fig. 4.3b), the phase shift already occurs at larger Az and the scattered
field’s amplitude changes more drastically over the range of tip-sample distances.
We can explain this behaviour in the following way: The scattered fields consist of
two distinct contributions: (i) a conventional mesoscopic near field, and (ii) a novel
short-ranged interaction. The conventional near field exhibits a weaker nonlinear
distance dependence compared to the novel signal. Consequently, their relative
contributions to the different harmonic constituents evolve differently. A stronger
nonlinearity increases the relative contributions of the higher harmonics (compare
Fig. 2.1b). Thus, the signal demodulated at 3v4,;, is primarily formed by the novel

short-ranged signal. This is evident in two ways. First, a pronounced phase shift

! Az refers to the relative tapping-cycle-averaged tip position. Note that Az = 0 corresponds to
the closest approach in the respective measurement and does not indicate a point contact.
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Figure 4.3 | Scattered waveforms demodulated at 14, (a) and 3v4,, (b) measured
simultaneously with Fig. 4.2. Demodulating at the tapping frequency 14, leads to a
more gradual increase in signal amplitude as a function of the tapping-cycle-averaged
tip-sample separation Az, compared to Fig. 4.2a, and the corresponding phase shift
is significantly smaller. In contrast, when demodulating at 3v4,p, the phase shift
occurs at larger tip-sample distances, and the scattered field’s amplitude exhibits a
more pronounced variation over the measured range. Figure adapted from [Sid24].
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4.2 Picometric near-field decays

is observed already at relatively large Az, indicating that the novel short-ranged
contribution dominates the signal early on. Second, because this novel signal is
confined to very small tip-sample separations, its amplitude rapidly diminishes as
Az increases, leaving only a weak conventional near-field signal at larger distances.
In contrast, measurements at v4,, are dominated by the conventional near field, as
reflected by the minimal phase variation across the same range of Az.

This further highlights the highly nonlinear distance dependence of our new signal,

supporting the hypothesis that this could be a new regime of light-matter interaction.

4.2 Picometric near-field decays

The large tapping amplitude of A = 25nm used in section 4.1 inevitably mixes
both mesoscopic and atomic-scale contributions to the near-field signal as it spans
several orders of magnitude in tip-sample separation over a single tapping cycle.
Nevertheless, the optical phase is clearly influenced when the tip apex approaches
atomic proximity to the sample surface.

To investigate this extremely short-ranged interaction at its intrinsic length scale,
we reduce the tapping amplitude to 1nm and approach the surface again. A
reduced tapping amplitude alters the relative contributions of the two signal sources.
Conventional near fields decay on the length scale of the tip’s apex radius of curvature
(~10nm). Thus, by tapping the tip at an amplitude significantly smaller than the
tip radius, the modulation of the near fields is reduced and their impact on the
measured signal is suppressed. Yet, considering the short decay length of the novel
phase-shifted signal obtained in Fig. 4.2b, this signal should still be modulated with
such a small tapping amplitude.

As we approach the tip sufficiently close to the sample, a strong transient signal
emerges in all three measured harmonics (blue spheres, Fig. 4.4), despite the tapping
amplitude being orders of magnitude smaller than in conventional near-field mi-
croscopy. Remarkably, at the shortest tip-sample separation, a current emerges even
without any static bias voltage applied. This current originates from electrons driven
by the ultrafast bipolar transient bias of the THz pulse. The THz bias drives electron
tunnelling back and forth through the tunnelling barrier between tip and sample when

the frontier atoms of the tip are brought close enough to the sample for tunnelling to
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4 Near-field optical tunnelling emission microscopy
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set in. Electrons which are rectified owing to asymmetries in the sample’s J-V char-
acteristics contribute to a time-averaged net current (Ji), as explained in section 2.2,
which we measure electronically. This is exactly the current which forms the basis for
lightwave-STM [Cocl3, Cocl6, Jell7, Luo20, Pel21, Gar22, Wan22, Ara22, Roe24]
and lightwave electronic nanodevices [Bio21, Bor23]. Since the tip is tapped, the

measured rectified current (Jy,,) is averaged over the tapping cycle.

When retracting the tip by only 200 pm (orange spheres, Fig. 4.4), where no sizeable
time-averaged lightwave-driven tunnelling current (Ji,) is observed, we detect no
near-field signals, except for a residual signal in the first harmonic. Comparing this
residual signal to the transients at higher harmonics with an approached tip again
reveals a distinct phase shift of ~7/2. I would like to emphasize here, that this
indicates that our phase-shifted optical signal decays within only 200 pm, about one
atomic diameter?, just like the tunnelling current. This strikingly strong confinement
of the novel signal, comparable to that of the tunnelling current, suggests a direct

link between the phase-shifted signal and the ultrafast tunnelling dynamics.

2The lattice constant of Au(111) is 288 pm [Dar02].
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4.2 Picometric near-field decays

Figure 4.5 | Schematic of the tun-
nelling current and light emission dur-
ing the tapping cycle. The dashed white
line indicates the tip-position z(¢) dur-
ing the tapping cycle. At the position of
closest approach, the tunnelling proba-
bility is maximal. There, the tunnelling
current (magenta) driven by the incom-
ing electric field waveform Ejge, and
the emitted E also reach their max-
imum. By reducing the tapping am-
plitude to only 200 pm, approximately
one atomic diameter, the far-field and
even conventional near-field contribu-

tions are suppressed. Figure adapted
from [Sid24].

According to Maxwell’s equations, time-dependent currents J emit light, since they
enter as a source term in the wave equation for the electric field E [Jac62]:

1 02 0

Here A is the Laplace operator, r the spatial coordinate, ¢ the speed of light and
o the vacuum permeability. In our case, the ultrafast lightwave-driven tunnelling
currents Jy, emit transient electric field waveforms Efea.

We propose that our detection scheme should be sensitive to these emitted transients
since tapping the tip modulates the emission process. Throughout the tip’s tapping
cycle (Fig. 4.5), lightwave-driven tunnelling predominantly occurs when tip and
sample are in close proximity. When the incoming waveform Eygp, drives an ultrafast
tunnelling current Ji,, between tip and sample, J,, according to equation 4.1, causes
the emission of Eft. Both Jy, and Ei%* reach their maximal strength at the point
of closest approach (Az = 0).

Asymmetries in the sample’s J-V characteristics rectify Jj, resulting in a time-
averaged tunnelling current (Ji,) (magenta) which we measure electronically. (Ji)
also reaches its maximum at Az = 0, yet we measure the tapping-cycle-averaged

rectified tunnelling currents.
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4 Near-field optical tunnelling emission microscopy

Knowing from Fig. 4.4 that the new optical signal decays within 200 pm, we choose to
reduce the tapping amplitude to only 200 pm — about one atomic diameter and orders
of magnitude smaller than customary in SNOM. Reducing the tapping amplitude
to this scale effectively eliminates both the background signal at the first harmonic
— stemming from e.g. geometric modulation of the far field — and the mesoscopic

near-field contribution. At the same time, the short-ranged signal is still modulated.

Under these extreme conditions, we analyse whether our phase-shifted optical signals
can be correlated with the lightwave-driven tunnelling currents. Specifically, we
investigate their dependence on the tip-sample separation. We simultaneously sample
the decay of both signals (Fig. 4.6) and observe that even at picometric tapping
amplitudes a strong scattered signal E5®" persists, where the peak electric field
Bt = E5t(t = 0fs) decays by an order of magnitude over 200 pm (Fig. 4.6a).
This decay behaviour strikingly resembles that of the time-averaged lightwave-driven

tunnelling currents (.J,,), further supporting a common origin of the two signals.

To validate this interpretation, we trace the scattered THz electric field waveforms
in the time domain (Fig. 4.6b). At a minimal relative tip-sample separation of
Az = 0, we detect intense waveforms peaking at EOS time ¢t = 0fs in both scattered
harmonics (blue spheres). To compare this to the conventional mesoscopic near-
field signals, we also record a scattered near-field waveform with a larger tapping
amplitude of A = 2nm outside of the tunnelling regime (orange spheres). Again
we find the distinct phase shift of 7/2 between the conventional near fields and
our short-ranged signal, providing further indication that this new signal originates
from lightwave-driven tunnelling. The picometric decay together with the distinct
Ay = /2 phase shift points to the microscopic mechanism of the atomically confined
near-fields: An alternating optical polarisation formed by ultrafast a.c. tunnelling

currents which are driven by the THz electric fields.

Yet, the light emission from such a tunnelling event, consisting of a handful of
electrons tunnelling across an angstrom-scale gap, according to equation 4.1 would
be virtually undetectable. However, by leveraging the efficient coupling of fields at
the tip apex into the far field via the tip acting as an antenna, tunnelling-driven
emission surpasses even the conventional near-field signal in our specific experimental

conditions. This result critically relies on atom-scale stability and picometric tapping
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Figure 4.6 | Picometre near-field decays. a, When the tip-tapping amplitude is re-
duced to 200 pm, the peak of the scattered signal E;Cﬂt = E5(t = 0fs) demodulated
at the second harmonic of 14,, decays on the same length scale as the time-averaged
lightwave-driven tunnelling current (.J,) as a function of the relative tip-sample
distance Az. b, Scattered waveforms demodulated at 14, (bottom) and 2u4,, (top)
for tip-tapping amplitudes A = 200 pm (dark blue) and A = 2nm (orange). On
average, about 180 electrons per pulse were rectified in the case of the dark blue
curves, which were measured in tunnelling contact (Az ~ 0). The dashed curves
represent a fit based on the semiclassical model from section 4.3. Elight — 0.8kVem L.

Figure adapted from [Sid24].
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4 Near-field optical tunnelling emission microscopy

amplitudes. Only then the tunnelling-driven emission constitutes the dominant

contribution to the observed response.

4.3 Terahertz emission from lightwave-driven

tunnelling currents

In section 4.2, I demonstrated how we can use atomic-scale tapping amplitudes to
isolate the novel short-ranged interaction from conventional near-field signals. We
found that under these conditions, the optical signals decay on the same length
scale as the time-averaged lightwave-driven tunnelling currents. To understand the
subcycle dynamics occurring, specifically, to understand what gives rise to the /2
phase shift, it is essential to uncover the microscopic mechanism leading to the
light emission. In this section, I will present a semiclassical model (section 4.3.1),
which is able to grasp the key signatures of our short-ranged signal, i.e. the 7/2
phase delay with respect to conventional near fields and the atomic-scale localisation.
Furthermore, I will also present in short, the fully quantum model developed by our
theory partner Jan Wilhelm (section 4.3.2), which supports the conclusion that the

phase-shifted optical signal originates from ultrafast tunnelling currents.

4.3.1 Semiclassical dipole model

Key features can be understood already with a semiclassical dipole model. There,
the origins of the conventional, purely dielectric near-field signal and the tunnelling
current signal can be described by time-dependent oscillating electric dipoles.

If a transient THz electric field Ejgne is coupled to the tip, a near-field dipole is
induced, as described in section 2.1. Its dipole moment p,; follows the driving
field and the dimensions of the dipole correspond to the radius of curvature of
the tip. In addition, the electric field of this near-field dipole acts as a transient
bias voltage (Fig. 4.7b) which can drive an atomically localised tunnelling current
Jiw between the frontier atom of the tip and the sample. In the approximation of
instantaneous tunnelling, which is fairly coarse [Jell7, Pel21], this transient bias
drives an instantaneous tunnelling current Jy, (Fig. 4.7c), which follows the d.c.

tunnelling conductance (Fig. 4.7a), in phase with the driving field. Both the near-field
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Figure 4.7 | Semiclassical modelling of the atomically confined optical near-field
signals. a, Measured d.c. tunnelling conductance of the Au(111) sample. b, Lightwave
bias induced by a test transient. ¢, Following the point-dipole model, the test transient
forms an electric near-field dipole py,s (orange) in phase with the driving field. In the
approximation of instantaneous tunnelling, this dipole drives an ultrafast tunnelling
current Jy,, (magenta) between tip and sample, according to the conductance shown
in a. This current is in phase with the near-field dipole, reaching its maximum at
time t;, and it leads to the accumulation of charges, forming a second, lightwave-
driven dipole pyy, (blue). This dipole is proportional to the integral over the current,
reaching its maximum at the zero crossing of the driving field (o, vertical dashed
line), leading to a phase shift of 7/2 compared to the mesoscopic near-field dipole.
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4 Near-field optical tunnelling emission microscopy

dipole and the ultrafast tunnelling currents reach their maximum at the same time
(t; in Fig. 4.7c).

This current in turn accumulates charge carriers in the tip and the sample, forming
a second, lightwave-driven dipole py, (Fig. 4.7c). Since the accumulated charge
corresponds to the time integral over the instantaneous tunnelling current Jiy, prw
reaches its maximum at the zero crossing of the driving electric field (¢ in panel c).
Accordingly, the phase of the lightwave-driven dipole moment py,, is retarded by 7/2
compared to the driving field and the mesoscopic near-field dipole.

At large delay times where the driving field has already vanished, a residual py,
persists. This residual dipole forms the basis for the time-averaged lightwave-driven
tunnelling current (.Ji,) measured in lightwave-STM. This highlights the depth
of information available in our experiment, where the field-resolved optical signal
provides insights into the full subcycle dynamics of Jj,, directly in the time domain,
rather than relying on solely measuring the time-averaged tunnelling current (Ji,).
Both time-dependent dipoles, p,¢ and py,, emit light into the far field, which is
detected via EOS. This emission is modified by the tip’s antenna-like response.
Accounting for the complex-valued tip-transfer function and the EOS detector
response (for details see section 4.6), we can already use this semiclassical model to
fit the previously measured data with a test waveform (dashed lines in Figs. 4.4 and
4.6).

Yet, the model ultimately assumes that the nanoscale dipole py, is formed by
accumulation of tunnelled electrons, and that the ultrafast flow of tunnelling electrons
follows the same conductance as d.c. tunnelling, despite this being a rather simplified
approximation [Jell7, Pel21], as already pointed out. Thus, our theory partner
Jan Wilhelm performed a fully quantum-mechanical model based on ab initio time-

dependent density-functional theory calculations.
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4.3 Terahertz emission from lightwave-driven tunnelling currents

4.3.2 Quantum model

This section explains the key findings of the quantum model by Jan Wilhelm. For
details on the calculations, I would like to refer to the methods section of our
manuscript [Sid24].

To grasp the formation dynamics of the lightwave-driven dipole py,, independent of
any prior assumptions on the tunnelling itself, Jan Wilhelm carried out ab initio
quantum simulations based on real-time time-dependent density functional theory
(TDDFT), modelling the charge density in a tip-sample system consisting of 1010
sodium atoms for different tip-sample separations. There we trace the evolution of
the charge density in the time domain, while an incoming transient electric field
waveform Ejgy (central frequency: 6 THz, pulse duration®: 235.5fs, peak electric
field: 1Vnm_1) drives the dynamics. Here, the electron tunnelling dynamics is
automatically included by the overlap of atomic orbitals.

In the semiclassical model, at time ¢; (top in Fig. 4.8a) where the driving field Ejgy
reaches its maximum, the mesoscopic near-field dipole p,s which oscillates in phase
with the driving field is maximal. With the quantum model (bottom in Fig. 4.8a),
we find that at a tip-sample separation of 9 A, the tunnelling current distribution
(Jiw, magenta isosurfaces) is highly inhomogeneous, determined by the polarisation of
individual atomic orbitals. In contrast, when the tip is retracted to 14 A, barely any
tunnelling occurs. When the driving field crosses zero at t5 in the semiclassical model
(top in Fig. 4.8b), the near-field dipole vanishes but the charges accumulated from the
tunnelling dynamics form an additional lightwave-driven dipole py,,. The quantum
simulation (bottom) shows how this dipole is formed: The tunnelling currents lead
to a change in the charge density distribution at a tip-sample separation of 9 A, as
shown by the isosurfaces of the relative charge density Ap in the bottom of panel
b. Here, the relative charge density Ap refers to the change in charge density with
respect to equilibrium, where blue denotes a negative Ap, i.e. a decrease in charge
density, and red a positive Ap. On the other hand, at Az = 14 A, where almost no
tunnelling currents have flown, no dipole is formed.

Figure 4.9 shows the results of the quantum simulation in the time domain, calculated

for a tip-sample separation of 9 A. Plotted here are the near field at the tip apex

3Full width at half maximum of the Gaussian envelope.
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4 Near-field optical tunnelling emission microscopy

Figure 4.8 | Microscopic picture of the THz emission from ultrafast lightwave-driven
tunnelling currents. a, At time ¢, Fjgne and the induced mesoscopic near-field dipole
Pur are maximal (top). The bottom shows the frontier atoms of the tip. TDDFT
is used here to calculate the ultrafast tunnelling currents at t;, as depicted by the
magenta isosurfaces. At a tip-sample distance of z = 9 A, lightwave tunnelling
currents flow, whereas there is almost no ultrafast tunnelling at z = 14 A. b, At
time ¢y, where FEjigne = 0, the near-field dipole py¢ also reaches zero, but the charges
accumulated from the tunnelling process form an additional lightwave-driven dipole
Piw. The results of the TDDFT calculations (bottom) show isosurfaces of the relative
charge density Ap. For a tip-sample distance of 9 A, a dipole exists even when the
external lightwave-bias field crosses zero. This results from the ultrafast lightwave-
driven tunnelling currents. In contrast, at z = 14 A no sizeable dipole is formed
owing to the lack of tunnelling. Blue: negative Ap, red: positive Ap. Figure adapted
from [Sid24].
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4.3 Terahertz emission from lightwave-driven tunnelling currents

Figure 4.9 | Atomic-scale dipole for-
mation dynamics in the time domain
calculated in TDDF'T at a tip-sample
distance of 9 A, showing the near
field at the tip apex E.¢ the rela-
tive charge density Ap and the in-
stantaneous tunnelling currents Ji,.
t; and t, indicate where the driv-
ing field reaches its maximum and
the subsequent zero crossing, respec-
tively. The experimentally observed
7 /2 phase shift is reproduced. A non-
zero Ap at large delay times (black
arrow) shows that charges are accu-
mulated owing to nonlinearities in
the formation of the tunnelling cur-
_—nf ' , , rents. These residual charges are pro-
-200 0 200 portional to the time-averaged tun-
Time, t (fs) nelling currents (Jy,) measured in
lightwave-STM. Figure adapted from
[Sid24].
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E.¢, the relative charge density Ap and the instantaneous tunnelling currents Jy,.
In this case, Ap represents the total change in charge density, obtained as the sum
over all relative charge Ap in the tip minus the sum over all Ap in the sample.
The simulations successfully capture the characteristic phase delay of Ap = /2
between E,; and Ap. Notably, the presence of a non-zero Ap at large delay times
indicates that charges are accumulated owing to nonlinearities in the formation of
the tunnelling currents. This confirms the prediction of the semiclassical model, that
these residual charges form the time-averaged tunnelling currents (.Ji,) observed in
lightwave-STM.

The quantum simulations confirm the microscopic origin of our phase-shifted short-
ranged optical signal: Light emission from subcycle tunnelling currents driven by the
near fields. We thus call this new technique Near-field Optical Tunnelling Emission,
or in short NOTE.

Finally, we trace the peak of the NOTE dipole py, and the peak of the subcycle

tunnelling currents Jiw as a function of tip-sample separation in the quantum simula-

25



4 Near-field optical tunnelling emission microscopy

Figure 4.10 | Atomic-scale decay of
10% o 10% e the NOTE signal from the ab initio
TDDEFT calculations. a, Decreasing am-
e plitude of the simulated NOTE dipole
Diw as a function of average tip-sample
Q separation (z) at a tapping amplitude of
10714 1A. b, The maximum of the ultrafast
tunnelling current j1W features a similar
decay as a function of tip-sample sepa-

10 11 12 9 10 11 ration z. Figure adapted from [Sid24].
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tions (Fig. 4.10). Again, just as in Fig. 4.6, both signals decay on the same length
scale.

First traces of more complex quantum dynamics might already be present in the
experimental transients in Fiig. 4.6. There, the experimental curves appear to oscillate
at a higher frequency than predicted by the semiclassical model — independent of the
test transients used for the semiclassical calculations. Such a deviation likely arises
due to screening effects. Any tunnelled electrons polarise the surrounding medium,
dynamically modifying the tunnelling barrier for the subsequent electrons.

Despite the significant advances made with the state-of-the-art quantum model, it
still falls short in specific points. Accurately capturing NOTE with its inherently
non-equilibrium and non-perturbative nature, would require scaling calculations to
a degree that poses considerable challenges even for today’s cutting-edge quantum
theory. While these simulations reveal key NOTE features, fully accounting for
many-body interactions — such as screening, scattering, and phonon and plasmon
emission — remains a task for future theoretical development.

Nonetheless, these results illustrate that the NOTE dipole is formed by tunnelling.
Thus the spatial resolution should be inherently governed by the overlap of atomic
orbitals. This suggests the potential for atomic-scale resolution in NOTE microscopy,
which we will explore in the following section. There I will demonstrate that NOTE
is the first all-optical microscopy technique — one that relies solely on sending in
light and measuring the outgoing light — featuring atomic resolution while also being

subcycle sensitive.
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4.4 Optical microscopy with atomic-scale spatial resolution

4.4 Optical microscopy with atomic-scale spatial

resolution

In the previous section, I detailed how we established a link between the optical
NOTE signals and the subcycle lightwave-driven tunnelling currents. Both experiment
(Fig. 4.6) and quantum simulations (Fig. 4.10) showed that the NOTE signal decays
on atomic length scales. Given these two conditions, we expect the lateral resolution
of NOTE microscopy to be similar to that of STM, which features sub-angstrom
spatial resolution [Rep05, Lil07, Groll, Cocl6, Pel20, Che21, Roe24].

To test this hypothesis, we focus on a single packing defect in the herringbone
reconstruction of a Au(111) surface (Fig. 4.11). This defect features a contrast
in both d.c. STM and lightwave-driven STM (panels a,c) which likely stems from
variations in the sample’s local density of states. However, the defect holds the
advantage that it is topographically flat, as seen in AFM (panel b). The flatness
ensures that our optical signals are not influenced by topographic artefacts and
allows us to use a quasi-constant height AFM feedback mode — we tap the tip
and keep a constant frequency shift, maintaining a constant average tip-sample
separation. We perform a high-precision line-cut through one of these defects,
measuring simultaneously the rectified tunnelling current (Ji,) (panel d) and the
peak of the NOTE transient EAicat (panel e). Both signals trace out the entire feature,
determined by the extended wavefunction of the packing defect, illustrating that the
resolution of both NOTE and lightwave-STM is governed by the orbital overlap of
the frontier atom of the tip and the sample.

While the lateral extent of the packing defect’s wave function limits the confinement
of both the NOTE and STM signals on this sample, this does not imply a hard
resolution limit. Instead, it indicates that the resolution in NOTE microscopy
follows the same principles as state-of-the-art STM, where sub-angstrom features
can be resolved. Unlike STM, NOTE does not rely on the electrical measurement
of time-averaged tunnelling currents. Thus, NOTE microscopy should, like AFM
[Gie03, Sch17], alternate charging scanning tunnelling microscopy (AC-STM) [Pat19]
and near-field microscopy [Chel9b], not be restricted to electrically conductive
samples. As a result, NOTE should enable atomic and subcycle resolution even for

non-conductive samples.

57



4 Near-field optical tunnelling emission microscopy

Topo. (pm)
<JIw> (pA)

Es* (a.u.) @

20 0 0 2 4 6 8 10
Topography (pm) X (nm)

Figure 4.11 | Atomic-scale spatial resolution of NOTE microscopy. a, A herringbone
reconstruction and nanometre-sized packing defects are revealed in a constant-
current STM image of the Au(111) surface (voltage V' = —450mV, current setpoint
Jset = 100pA). Scale bar: 5nm. b, AFM topography (A = 250 pm, frequency
shift setpoint Awt,, = —6 Hz) of the area marked by the dashed square in panel a.
The defect is hardly noticeable in the AFM image, indicating that the STM signal
stems from variations in the local density of states. ¢, The lattice defect is clearly
visible in the quasi-constant-height lightwave-STM image captured simultaneously
with panel b. Scale bars in b and ¢: 1nm. d, Quasi-constant-height (A = 250 pm,
Ay, = —5.8 Hz) lightwave-STM line scan over a similar defect (dashed line in a),
tracing the time-averaged lightwave-tunnelling current (Jpy). Simultaneously, the
same defect is imaged via its NOTE signal (e). Here, we show the peak of the scattered
electric field transient demodulated at the first harmonic of the tapping frequency
EAfcat. To enhance clarity, the data have been smoothed using a Savitzky—Golay filter
with a five-point window. Elight —0.4kVem ™! in ¢ and Elight =0.5kVem ™ in d, e
With a pulse repetition rate of 13.7 MHz, one electron rectified per pulse corresponds
to a time-averaged tunnelling current of about 2.2 pA. Figure adapted from [Sid24].

o8



4.5 Subcycle atomic-scale spectroscopy

4.5 Subcycle atomic-scale spectroscopy

NOTE not only facilitates angstrom-scale spatial resolution, but it also allows for
subcycle atomic-scale spectroscopy. We demonstrate this by studying a monolayer of
tungsten diselenide (WSey) exfoliated directly on a flat Au(111) surface. This surface
was prepared by cleaving mica and subsequent thermal evaporation of gold onto it
in a high-vacuum chamber. Freshly cleaved WSe, was then stamped onto the gold
surface in the load-lock chamber of the microscope, producing mostly monolayer but
also bi- and trilayer WSe, flakes, which we can identify with steady-state tunnelling
spectroscopy (Fig. 4.12b). Figure 4.12a shows a d.c. STM image of the monolayer
WSe, on gold sample, revealing both the unit cell of the WSes; monolayer (yellow)

and the moiré unit cell formed between it and the gold surface (orange).

When sweeping the THz electric field strength Elight and recording the time-averaged
lightwave-driven tunnelling current (Jj,,) we trace out the onset of tunnelling into
the valence band of the WSes monolayer (Fig. 4.12¢). We also sample the peak of
the NOTE signal in both the first and second harmonic (E; and E,) as a function of
Elight (Fig. 4.12d). At the highest field strength, about 20 electrons are rectified per
pulse. The emerging optical nonlinearity resembles the onset behaviour of valence
band tunnelling, as highlighted by the dashed lines which are overlaid as a guide
to the eye and correspond to the d.c. conductance onset of the valence band. This
remarkable agreement is a signature of the subcycle sampling inherent to NOTE,
where the instantaneous tunnelling current at the peak of the incident field maps
directly onto the peak of the NOTE signal, owing to the 7/2 phase shift between
the two.

While NOTE offers model-free access to subcycle tunnelling spectroscopy, this is not
the case for the time-averaged lightwave-driven current (J,) (Fig. 4.12c). Although
(Jiw) also traces out the onset, this current originates only from electrons rectified
by our specific combination of waveform and conductance. All subcycle dynamics
which might occur are lost in the process of rectification.

The measurements in this section can be considered as the first atomic-scale subcycle
measurement of ultrafast conductance. Taking this idea yet one step further, the
following section will provide a first glimpse into how NOTE can deliver information

on the subcycle atomic-scale tunnelling dynamics directly in the time domain.
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Figure 4.12|Subcycle atomic-scale spectroscopy of WSey. a, Constant-current
STM image (bias voltage V = 1V, current setpoint Js; = 100 pA) of the surface of
the monolayer WSey which is exfoliated directly on flat Au(111). The unit cells of the
WSe; and the moiré superlattice formed between it and the gold surface are depicted
in yellow and orange, respectively. Scale bar: 1nm. b, steady-state differential
conductance spectroscopy of monolayer (ML) and trilayer (TL) WSey on Au(111).
The trilayer features a clear band gap. ¢, The onset of time-integrated THz-driven
tunnelling currents (J,) in monolayer WSey as a function of the peak THz field
strength (Ehght), indicating the start of tunnelling into the WSes valence band. d,
The peak of the scattered NOTE transients demodulated at the first harmonic E,
and second harmonic Es of the tapping frequency features an onset behaviour as
a function of Ehght. On average, about 20 electrons are rectified per pulse at the
highest used field strength. For reference, the d.c. valence band conductance onset
of the monolayer is overlaid as black dashed lines as a guide to the eye. The error
bars correspond to one standard deviation. Figure adapted from [Sid24].
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4.6 Clocking subcycle tunnelling currents on

atomic length scales

The simplicity of the tunnelling junction of a WSes; monolayer exfoliated directly
onto a flat Au(111) surface leads to an ultrafast current-voltage characteristic that
closely resembles its d.c. counterpart. Yet, in most material systems, the ultrafast
flow of tunnelling electrons is unlikely to line up with the d.c. behaviour. In this
section, I will explain, how the NOTE signal enables access to the ultrafast tunnelling
dynamics directly in the time domain and how we can leverage this to trace the
subcycle tunnelling currents within the band gap of a semiconducting quantum
material — a trilayer of WSe, on gold.

In our models, the NOTE dipole is formed as a time integral over the ultrafast
tunnelling currents. Thus, by differentiating this dipole, we can access the subcycle
tunnelling currents directly in the time domain. To do so, we need to first retrieve
the NOTE dipole at the tip’s apex, which emits the NOTE transients we measure in

electro-optic sampling.

4.6.1 Retrieving atomic-scale dipoles at the scanning probe’s

apex

In our measurement we detect far-field waveforms which are scattered from the
nanoscopic scale of the tip’s apex. Yet, the NOTE transients measured in the far
field differ from the NOTE dipole at the tip apex. This transformation is mainly
governed by two contributions: the response function of our detection system and
the scattering process from the near field to the far field. In this section, I will
explain, how we can account for both of these transformations to gain access to the

time-dependent dipoles at the tip’s apex.

Correcting for the detector response

Our detection system features a complex-valued frequency-dependent response func-
tion. Thus, the transients we measure in EOS do not directly represent the electric

field propagating to the electro-optic crystal. There are two main factors which we

61



4 Near-field optical tunnelling emission microscopy

Figure 4.13 | Response function of the
electro-optic sampling setup including
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have to take into account to correct for this. On the one hand, the focal spot size
is frequency dependent owing to diffraction. Higher frequencies are focused more
tightly, which increases their field strength in comparison with lower frequencies.
Since the gate pulses have a significantly higher centre frequency (291 THz) than the
sampled waveforms (~0.1-2.5 THz), only the centre of the THz beam will interact
with the gate pulses, effectively acting as a high-pass frequency filter in our detection.
To evaluate the influence of this effect, we use Gaussian optics to find the frequency
dependent detection sensitivity. For this we evaluate the local frequency-dependent
field strength and integrate over the volume in which the interaction with the gate
pulses takes place [Pla21].

On the other hand, the electro-optic crystal introduces additional frequency de-
pendence. This stems from the coupling between the THz and gate pulses via the
Y@
matching condition [Kam07]. Taking all these effects into account, we receive the

nonlinearity, the transmission through the electro-optic crystal, and the phase

complex-valued EOS response function of our detection system as shown in Fig. 4.13.
The response amplitude features a FWHM bandwidth of 2.1 THz spanning from
0.3 THz to 2.4 THz. The spectral phase is relatively flat up to 1.5 THz from whereon

it increases.

Numerical simulation of the tip-transfer function

The second critical contribution affecting the measured waveform is the emission

process from the tip’s apex into the far field. The nanoscale tip acts as an antenna,
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4.6 Clocking subcycle tunnelling currents on atomic length scales

and the frequency-dependent transfer from the tip to the far field can be described by
a complex-valued transfer function. Numerical simulations allow for the calculation
of these transfer functions. We build here on previous experience in their calculation
[Pel21].

To simulate the frequency dependent transfer function from the far field to the near
field, we solved Maxwell’s equations in the frequency domain with the commercial
finite element solver COMSOL Multiphysics. The tip geometry (Fig. 4.14a,c) was
modelled with a shaft radius of 62.5 pm, a tapered section length of 150 pm, and an
apex radius of curvature of 50 nm, as determined from electron microscopy images
of the experimental tip (Fig. 4.14b). We positioned the tungsten tip at di;, = 1 nm
above a flat gold sample and implemented the complex dielectric functions of tungsten
[Ord88] and gold [Ord87] from literature. Tip and sample were placed into a 2D
simulation geometry with a width of 0.9 mm and a height of 1.2 mm, allowing us to
calculate the transfer function for a spectral range from 0.3 THz to 6 THz with a

spacing of 0.1 THz within our available computational resources.

We coupled in the THz radiation at an angle of @ = 33° (with respect to the
sample surface) by using a scattering boundary condition on the incoupling side. To
minimise artefacts stemming from scattering and diffraction at the edges where the
excitation boundary meets other regions, we multiplied the incoupled plane wave

with a windowing function W (s):

L
where s is the coordinate along the scattering boundary and L the length of the

W(s) = 5 (1 - cos(2m 7)),

scattering boundary.

Except for the excitation boundary, all boundaries were equipped with perfectly
matched layers to absorb all outgoing radiation and imitate an infinite volume. The
edges of the perfectly matched layers were also given a scattering boundary condition

to further suppress any residual backscattering.

To simultaneously account for the influence of the mesoscopic tip shape and the
nanoscopic tip apex, we implemented a graded mesh [Pel21] (Fig. 4.15). This
approach allows the large simulation volume to be meshed coarsely while maintaining

a fine mesh at the nanoscale tip apex. We achieve this by decreasing the mesh
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Figure 4.14 | Finite element simulation geometry. a, The 2D simulation area is
surrounded by perfectly matched layers (PML) with a thickness of 100 um, except
for the excitation boundary (dashed red line), where the light is coupled in at an
angle of a = 33° by a scattering boundary condition. The tip is based on a scanning
electron microscopy image (b) of the type of tip used in the experiments. Shaft
radius: 62.5 pm, length of the tapered part of the tip: 150 pm, tip apex radius of
curvature: 50 nm, tip sample distance: 1nm. ¢, The zoom-in shows the simulation
geometry at the apex of the tip, which is split into multiple sections to allow for
graded meshing. k: Wave vector.
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Figure 4.15 | Meshing of the simulation volume. To enable simultaneous meshing of
a large volume, comparable with the excitation wavelength, and a nanoscale STM
tip, a graded mesh is used. In the main volume (a) a maximum element size of
5 pm is employed to ensure at least 10 meshing points per wavelength. The inset (b)
shows the boxes (red lines) which are used to grade the mesh. Towards the tip, the
mesh becomes progressively finer such that there are always multiple mesh nodes
between tip and sample.
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Figure 4.16 | Numerical simulation of the tip-transfer function. a, Simulated electric
field amplitude |E| for an excitation frequency f of 1 THz, with the outline of the
STM tip sketched in grey. The field at the apex of the tip is shown in the inset.
b, Calculated field-enhancement factor, resembling a f~! behaviour, and relative
phase shift as a function of frequency. The phase is shifted by approximately —m /2
and both phase and field enhancement feature slight periodic modulations. Figure
adapted from [Sid24].

size stepwise (red boxes in Fig. 4.15b). To ensure at least 10 mesh elements per
wavelength at a maximum frequency of 6 THz, the maximal mesh-element size was
kept at 5 pum. The minimum element size at the tip apex was 3 A, ensuring multiple

meshing nodes between tip and sample.

To retrieve the complex-valued transfer function (Fig. 4.16), we evaluate the electric
field’s amplitude and phase in the centre of the tunnelling junction (Eip, ¢up) and
compare them to results from a reference simulation where the tip was replaced
with vacuum (Eyae, @vac). We evaluate the field enhancement by calculating the
ratio Ei,/Evac and the phase shift is calculated as the difference @i, — pyac. When
sweeping the frequency of the incoupled lightwave, we find the field enhancement
showing a clear f~! behaviour (f: THz frequency), consistent with the results in
reference [Pel21], with slight modulations which can be altered by changing the tip
geometry. These slight modulations are also seen in the phase shift of approximately
—0.57. In reference [Pel21] a similar periodic modulation was found and attributed
to standing waves formed by surface plasmons reflected at the tip’s etching edge

and at the tip apex, giving rise to a periodic enhancement or reduction of the
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4.6 Clocking subcycle tunnelling currents on atomic length scales

coupling efficiency. It is important to note here, that both near-field and NOTE
signals originate from extremely sub-wavelength volumes at the tip apex. Thus they
both experience the same phase shift and their relative phase is not influenced by
propagation.

To conclude, by quantifying the complex-valued frequency-domain response functions
of both the detection system and the scattering process, we can now reconstruct the
time-dependent dipoles at the tip’s apex. Building on these results, section 4.6.2
will demonstrate how NOTE can provide a first glimpse into subcycle atomic-scale

tunnelling currents directly in the time domain.

4.6.2 Tracing subcycle atomic-scale tunnelling directly in the

time domain

NOTE microscopy directly measures the optical signal emitted by tunnelling currents
that are driven on a subcycle timescale. Therefore, it does not rely on a net current
flowing, unlike lightwave-STM. This allows us to investigate even insulating samples,
as I will demonstrate in this section. With the tools developed in section 4.6.1, we
will even be able to extract these subcycle tunnelling currents directly in the time
domain.

To gain access to the instantaneous tunnelling currents, we first need to find the
nanoscale dipoles at the tip’s apex — the extraction is illustrated in Fig. 4.17, where
we begin by measuring the electric field transient in the time domain via EOS. We
then proceed to the frequency domain via a Fourier transform. There, we correct the
spectrum by dividing it by the tip-transfer function (Fig. 4.16), which we obtained
by solving Maxwell’s equations with the numerical finite element simulations, and we
divide by the response function of our detection system (Fig. 4.13). Since the response
function features spectral components with zero amplitude at large frequencies, a
windowing function is required to erase any artefacts arising from dividing by zero.
The corrected spectrum is then transformed back into the time domain using an
inverse Fourier transform, yielding the oscillating dipole at the tip’s apex, which
emits the light we measure. This process holds true for both the near-field and
the NOTE dipole. The latter arises from the accumulation of the tunnelled charge

carriers. As established in section 4.3, this is mathematically expressed by the
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Meas_ure Solve quwell‘s Dipole
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Figure 4.17 | Schematic on the retrieval of the nanoscale dipole at the tip’s apex.
The transient electric field waveform is measured in the time domain and converted
to the frequency domain via a Fourier transform (FT). There, the complex-valued
spectrum is divided by the tip-transfer function, derived from solving Maxwell’s
equations, and by the response function of the detection system. This yields the
corrected spectrum, which is then transformed back into the time domain using an
inverse Fourier transform (IFT) to obtain the dipole at the tip’s apex. Peach: Time
domain. Purple: Frequency domain.

NOTE dipole being the integral of the ultrafast tunnelling currents. Thus, taking its

time-derivative reveals the subcycle tunnelling current directly in the time domain.

To demonstrate that the ultrafast flow of tunnelling electrons can dramatically differ
from the d.c. case, we switch to a more insulating sample: a native trilayer of WSe, on
Au(111), which can also be found on the sample system that was described in section
4.5. The additional layers of WSey form intermediate tunnelling barriers, removing
direct tunnelling between the tip and the gold surface, and give rise to alternative
tunnelling pathways. The d.c. STM differential conductance of this sample is shown
in Fig. 4.12b, revealing a clear band gap, confirming its semiconducting nature. We
now tune the amplitude of the transient THz bias voltage, such that tunnelling
out of the valence band of the trilayer only just sets in. Thus, if d.c. and ultrafast
a.c. tunnelling followed the same current-voltage behaviour, as approximated in
lightwave-STM, only the field crest of the THz waveform would drive tunnelling.

Consequently, this current would be uni-directional.

To challenge this approximation, we set out to resolve ultrafast atomic-scale tunnelling
currents with subcycle time resolution for the first time using the method described
above. We first measure the near-field transient on the WSe, trilayer with a slightly
retracted tip (F; in Fig. 4.18a) and compare it to the NOTE signal that we obtain
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Figure 4.18 | Subcycle tunnelling currents on trilayer WSe,. a, Scattered near-field
transient demodulated at v4,, measured with a slightly retracted tip, £, and NOTE
transient, Ey, demodulated at 214, recorded in tunnelling contact. Ly was measured
with a rectified tunnelling current of approximately 50 electrons per pulse on average
at a frequency shift setpoint of Av = —6 Hz at a tapping amplitude of A = 250 pm.
E; was measured with a tip retracted by 300 pm from the original setpoint. b, By
accounting for the tip-transfer function and the response of the detection system,
we can retrieve the time-dependent dipoles at the apex of the tip, pyr and py, that
emitted F; and F, in a, respectively. The instantaneous tunnelling current Jj,
obtained by differentiating py, is shown in magenta. The error bars in this figure
correspond to one standard deviation. Ehght = 0.3kVem ™. Figure adapted from

[Sid24].

in tunnelling contact (Es in Fig. 4.18a). There, on average about 50 electrons per
pulse are rectified.

By accounting for the tip-transfer function and the response function of the detection
system, we retrieve the near-field dipole p,¢ from E; and the NOTE dipole py,, from
E, (Fig. 4.18b). Finally, taking the time derivative of the NOTE dipole, we directly
clock the subcycle tunnelling currents in the time domain (magenta in Fig. 4.18b). 1
would like to emphasise here, that to the best of our knowledge, these experiments
mark the first subcycle tunnelling process ever resolved directly on atomic length
scales.

Intriguingly, we observe a finite tunnelling current, even for bias voltages within the

band gap of the sample, where no rectified lightwave-driven tunnelling currents can
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be measured. These currents could for example stem from the additional tunnelling
pathways introduced by the WSe; trilayer, where some are completely hidden to
time integrated measurements. Several alternative tunnelling pathways could occur
in the trilayer. For example, a charge planted into the top layer can sequentially
tunnel to the second and then third layer, which is hybridized with gold, allowing it
to reach the substrate. Alternatively, the charge could remain in the top or second
layer for some time before returning to the tip within the next half cycle of the
driving field. The net, time-averaged current picked up by the STM preamplifier
can only be sensitive to the first path. However, the charges temporarily occupying
the top and middle layers inevitably contribute to the NOTE signal. Additionally,
the signal may be affected by field-induced band bending and subcycle distortion of
atomic orbitals in the top WSey layer — caused by charges that are trapped within
the trilayer during the entire THz pulse.

It is these effects which are beyond reach of conventional current-sampling techniques
and which are only accessible through the subcycle sampling intrinsic to NOTE. This
highlights the greatest strength of all-optical NOTE microscopy: enabling subcycle
access to tunnelling currents directly in the time domain without prior assumptions
about the non-equilibrium material conductance or the exact fields at the tip apex.
Unlike in current-sampling techniques, NOTE’s quantitative field sampling of the
emitted light relies on the well-defined and instantaneous x® optical nonlinearity
of EOS. This downconversion in the EOS crystal is both spatially and temporally
separated from the dynamics occurring within the tip-sample junction. Thus, the de-
tection scheme is completely decoupled from the inherent sample dynamics. This is in
stark contrast to lightwave-STM where only the electrons that happen to be rectified
as a consequence of the complex interplay of competing nonlinearities can be detected.
Instead NOTE gives direct subcycle access to the flow of quantum mechanical entities
— electrons — providing unique insights into tunnelling dynamics far from equilibrium,
in the strong-field regime. Under these circumstances, previously tunnelled electrons
can influence the tunnelling dynamics of the following electrons [Pel21, Roe24]. Thus,
as in attosecond ionisation [Dah12] and high-harmonic generation [Cor07, Kra09],
the absolute timing of electron tunnelling becomes critical. The extreme confinement
of tunnelling electrons in space and time in NOTE greatly increases the probability of

two consecutive tunnelling electrons interacting, enhancing correlation effects. NOTE
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enables in situ control over this confinement. This approach could be particularly
interesting for correlated materials, e.g. including the formation of excitons near

specific atomic sites.

To conclude this chapter, we have found a novel quantum-mechanical atomic-scale
contrast mechanism for near-field microscopy: light emission from ultrafast a.c.
tunnelling currents driven by optical near fields. This discovery brings ultrafast
optical microscopy to atomic length scales and facilitates clocking the subcycle
dynamics of atomically confined tunnelling currents directly in the time domain.
Since NOTE measures the light emitted by electrons transiently driven to and from
the sample (similar to AC-STM [Pat19] but on an ultrafast time scale), it does
not rely on time-averaged tunnelling currents, even providing access to insulating
materials. Furthermore, the detection in NOTE is based on the instantaneous (%
nonlinearity of EOS and is thus decoupled from the sample dynamics, unlike in
current-sampling techniques.

Looking ahead, we envisage NOTE unravelling quantum phases one by one by tracing
the subcycle quantum flow of electrons on its intrinsic length and time scales. To
facilitate this, we aim to prepare a host of dynamical phases of matter by fabricating
novel material systems and driving elementary excitations within these. To prepare
these excited states, we have developed a state-of-the-art tunable optical pump
source operating at MHz repetition rates. This pump source can be modulated at
high frequencies up to 300 kHz while maintaining thermal stability, promising atomic
resolution optical pump—NOTE probe experiments. The next chapter will detail

the design and setup of this tunable optical pump source.
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Chapter

A tunable ultrafast optical pump source

The noncollinear optical parametric amplifier (NOPA) described in this chapter was
developed together with Christian Meineke and Lukas Kastner, who at the same time
built similar NOPAs in their setups. FEspecially former Bachelor’s and Master’s
student Peter Menden helped in the construction of this NOPA. My colleagues Felix
Schiegl and Svenja Nerreter contributed in the final stages of the development.

Near-field optical tunnelling emission microscopy opens an entirely new perspective
on elementary dynamics at their intrinsic length and time scales, promising to unravel
the inner workings of even the most complex material systems. Among these, twisted
van der Waals heterostructures have recently attracted particular interest owing to
their remarkable potential for realising elusive states of matter in the laboratory
[Geil3, Caol8, Wanl8, Zho21, Ken21, Zha21a].

By stacking different materials, monolayer by monolayer, such heterostructures offer
an extremely versatile toolbox with a host of tuning knobs, including twist angle,
gating and strain [Ken21]. This allows precise control over emergent phenomena
— reliably creating and manipulating new phases of matter, such as charge density
waves [Che20], superconductors [Caol8, Bal20], Mott insulators [Chel9a], moiré flat
bands [Bal20, Xia21, Xu22] and moiré excitons [Yul7, Tral9, Hua22].

In semiconducting TMDC monolayers, the Coulomb interaction between electrons
and holes is significantly stronger than in bulk semiconductors due to reduced

dielectric screening. Additionally, the lower dimensionality leads to a smaller effective
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5 A tunable ultrafast optical pump source

separation between electron and hole. Together with large effective masses, this gives
rise to high exciton binding energies, of a few hundred meV, allowing excitons to
remain stable even at room temperature [Wan1§].

Excitons in moiré superlattices experience a periodically modulated potential land-
scape and have been shown to localise [Kar22] and form on ultrafast time scales
[Sch22] in momentum space studies. However, directly resolving moiré exciton
formation in space and time has so far remained elusive.

For this task, NOTE microscopy would be ideally suited, particularly when combined
with an ultrafast tunable pump source capable of resonantly generating excitons
in various material systems. Typical exciton resonances in TMDCs range from the
near-infrared to the visible spectral range — around 1-2eV [Wanl8]. To reach such
photon energies, optical parametric amplification of a broadband supercontinuum
can be exploited.

Optical parametric amplifiers (OPAs) driven by ultrashort NIR pulses have proven
to be stable, tunable light sources. Their broad gain bandwidth, made possible
by nonlinear crystals that support broadband phase matching — such as S-barium
borate (BBO) — allows for tunability from the visible to the NIR spectral range, and
enables pulse durations shorter than the seed pulses provided by the driving lasers
[Rie00, Cer03, Man16].

However, commercially available ytterbium-laser-based OPAs generating femtosecond
visible light pulses typically operate at pulse repetition rates of a few hundred kilohertz.
Currently, the highest commercially available pulse repetition rate is 2 MHz (offered
by Light Conversion, Active Fiber Systems, and APE). Even in scientific literature,
reports on optical parametric amplifiers operating in the visible spectral range and
at MHz repetition rates remain scarce [Fat12, Nill4, Mei24].

Thus we developed a two-stage noncollinear optical parametric amplifier (NOPA)
operating at pulse repetition rates of up to 8.26 MHz, with a tunable centre wavelength
in the spectral range from 650 nm to 900 nm. The design and implementation of the
NOPA will be discussed in this chapter. Section 5.1 introduces the relevant physical
principles and design considerations. The experimental implementation is described
in section 5.2, followed by section 5.3 which presents a novel pump modulation scheme
we developed to avoid measurement artefacts arising from thermal tip-expansion

effects.
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5.1 Optical parametric amplification

With ytterbium-based lasers, spectral tunability down to wavelengths as short as
650 nm can be achieved in an OPA seeded by a supercontinuum generated in a y®
medium and pumped by the second harmonic of the laser’s fundamental wavelength
[Man16]. This section provides an overview of the key physical processes in optical
parametric amplification. Section 5.1.1 explains how a broadband supercontinuum

) medium. In section

can be generated from intense narrowband light pulses in a y
5.1.2, the principles of parametric amplification are explained and section 5.1.3 covers

second-harmonic generation.

5.1.1 Supercontinuum generation

To generate new frequencies over a wide spectral range from a narrowband laser
fundamental, centred around 291 THz, we use supercontinuum generation [Cou07,
Ber07] in a x® nonlinear crystal. In crystals with inversion-symmetry, x® is
the leading perturbative order, resulting in an intensity dependent refractive
index. This determines how the refractive index of a material changes as a function
of the light intensity and leads to multiple nonlinear phenomena, such as self-
phase modulation, self-focusing and self-steepening. Supercontinuum generation
is a complex interplay between these effects. Self-phase modulation broadens the
pulse’s spectrum and self-focusing boosts the intensity by confining the beam profile
spatially. Self-steepening further increases the intensity by effectively focusing the
pulse in time. At sufficiently high intensities, plasma generation will set in, which
defocuses the beam. Multiple cycles of self-focusing and plasma-defocusing guide
the light in a highly intense filament. Together, these processes can lead to extreme
spectral broadening, resulting in a so-called supercontinuum. In this section, I will
explain these nonlinear optical phenomena based on the framework presented in

reference [Boy08].

Intensity-dependent refractive index. In a nonlinear crystal with vanishing x(
nonlinearity, the first term in the nonlinear polarisation is P®®). Under monochromatic

illumination at the frequency w, and neglecting third-harmonic generation, we
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consider only the component of P® oscillating at w. To leading order, the nonlinear
polarisation PNV then becomes [Sal07, Boy08]

PNL(w) _ 360X(3)(W =w-+w— w)|E(w)|2E(W)- (51)

Assuming linearly polarised light and an isotropic medium, the tensor nature of Y
can be neglected. Excluding all other nonlinear polarisations, the total material

polarisation P can be written as
P(w) = eoxVE(w) + PN (w) = eoxen B(w) (5.2)

with the effective susceptibility yeg. In general, the refractive index is defined as
[Boy08]

where the linear refractive index ng is given by [Boy08§]

no = /1 + x. (5.4)

However now, there is also a nonlinear contribution to the refractive index, yielding

the intensity dependent refractive index, also known as the optical Kerr effect [Boy08]:
n=mng+nsl, (5.5)
where ns is called the nonlinear refractive index and the intensity I corresponds to

(Boy08]
I = 2ngepc| E(w)]?, (5.6)

where ¢y denotes the vacuum permittivity and ¢ the speed of light.

To identify no, we start by substituting equation 5.5 into equation 5.3, which yields

(no+mn2l)* = 1+ xW +3xP|B(w)P?, (5.7)
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relating the nonlinear refractive index to the nonlinear susceptibility. Using the

definition for the intensity from equation 5.6, we receive
ng + 2nona2nococ EW)[* + O(|E@)[Y) = 1+ xW + 3xPEW)P,  (5.8)

where O(|E(w)|*) denotes all terms scaling with |E(w)[*. Neglecting O(|E(w)[*) and

solving for ns, we obtain the nonlinear refractive index

3x®
 AnZeoc’

2 (5.9)
The intensity-dependent refractive index has multiple consequences, including the
effects of self-phase modulation, self-focusing, and self-steepening which will be

discussed in the following.

Self-phase modulation. The electric field E(z,t) of a propagating light pulse
can be described by

E(z,t) = A(z,t) /Foz=20D) e = A(z,t) " + c.c.. (5.10)

Here, A(z,t) is the amplitude and ® the phase, where kq is the wave vector, wy
the frequency and z and t the space and time coordinate, respectively. When the
light pulse propagates through a xy® nonlinear medium, it experiences the intensity

dependent refractive index, equation 5.5, leading to a time-dependent wave vector:

k(t) = Ln(t) = ko + LnnI(t), (5.11)
c c
with kg = “2ng. This also affects the phase
b = k’oZ + ﬂngf(t)z — th = k’oZ — q)NL — WQt, (512)
c

resulting in an additional time-dependent term, the nonlinear phase ®yp,. Since the

instantaneous frequency w(t) is defined as [Boy08]

wit) = — (5.13)

Ea
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Figure 5.1 | Self-phase modulation. a, A Gaussian intensity envelope of a fem-
tosecond pulse (orange) with its carrier wave (bright orange) oscillating beneath
it. Owing to the optical Kerr effect, the intensity envelope induces a corresponding
time-dependent variation in the refractive index. b, The time-varying refractive index
changes the instantaneous frequency dw proportional to the negative time-derivative
of the intensity envelope. Frequencies arriving earlier are reduced and those which
arrive later are increased.

this changes the instantaneous frequency via

dPnr,

t) =
w() wo + dt

= wy + dw, (5.14)

where dw is the change in instantaneous frequency. Thus, an intense light pulse can
alter its own spectral content by modulating its phase — hence the name self-phase

modulation.

Figure 5.1 shows this effect for a light pulse with a Gaussian intensity envelope.
Since the change in instantaneous frequency dw is proportional to the negative time-
derivative of the intensity, early parts of the pulse experience a frequency reduction
via a negative dw and later parts experience a frequency increase. For Fourier limited
or positively chirped! pulses, which is the most common case, this leads to spectral

broadening. Negatively chirped pulses experience spectral narrowing.

LChirp refers to a time-dependent variation in a pulse’s instantaneous frequency. For a positively
(negatively) chirped pulse, the instantaneous frequency increases (decreases) as a function of time.
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Figure 5.2 | Self-focusing. a, A Gaussian intensity profile in space induces a cor-
responding Gaussian-shaped refractive index profile in a x® medium owing to the
intensity-dependent refractive index, b. c, This refractive-index variation slows down
the central part of the Gaussian beam profile relative to the edges, causing the
wavefronts to curve inward, focusing the beam. This so-called self-focusing effect
increases the intensity, which can facilitate damage in the medium.

Self-focusing. According to the intensity-dependent refractive index, a light pulse
with a Gaussian spatial intensity profile (Fig. 5.2a) experiences a similar spatial
profile of the refractive index (Fig. 5.2b). As a result, the central part of the beam
propagates more slowly than the edges, curving the wavefronts and focusing the
beam (Fig. 5.2¢). This drastically enhances the intensity and can ultimately lead

) medium. Diffraction, however, counteracts the process of

to damage in the y
self-focusing. The critical power is where diffraction and self-focusing are perfectly
balanced. Below it, diffraction dominates, while above it, self-focusing prevails. The
critical power P, is given by [Boy08]
0.61)2)\2
Pcr = ﬂ-( ) 07 (515)

8%0712

where )\ is the wavelength in vacuum.

At some point, self-focusing leads to such high intensities that multi-photon absorption

begins to set in [Cou07, Ber07]. This process promotes electrons from the valence to
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Figure 5.3 | Self-steepening. a, A laser pulse with a Gaussian intensity envelope
(grey) in the time domain experiences a corresponding Gaussian temporal refractive
index distribution. This effectively slows down the central part of the pulse with
respect to the edges, smoothing out the beginning of the pulse and enhancing the
trailing part (orange). b, This also alters the change in the instantaneous frequency
dw (orange). Here, the trailing part of the pulse is modulated much more than in
the case without self-steepening (grey).

the conduction band, generating a plasma. The plasma counteracts self-focusing by

reducing the material’s refractive index n according to [Cou07]:

(5.16)

nany— 2
Here, p is the plasma density, and p. is the critical plasma density above which the
plasma becomes opaque. As a result of the reduction in n, the beam defocuses,
which halts further plasma generation. This allows self-focusing to dominate again,
starting a new cycle of plasma formation and subsequent defocusing. Multiple cycles
of self-focusing, plasma generation and defocusing guide the light in a so-called
filament [Cou07] — a tightly focused region where the light remains highly confined

and maintains an extremely high intensity over an extended propagation distance.

Self-steepening. The extreme intensities within such a filament initiate the effect
of self-steepening. Owing to the intensity dependent refractive index, a light pulse

with a Gaussian temporal intensity envelope experiences a higher refractive index
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at its intensity peak than at its edges. As a result, the pulse’s peak slows down
compared to its leading and trailing edges, distorting the Gaussian shape as shown
in Fig. 5.3a. While the leading edge of the pulse flattens, the intensity drop at the
trailing edge becomes significantly steeper. This altered pulse shape also leads to a
modified change of the instantaneous frequency due to self-phase modulation (Fig.
5.3b). The leading edge of the pulse undergoes a weaker redshift which increases
substantially towards the centre of the pulse. The blueshift at the trailing edge is
significantly intensified. Consequently, the spectral broadening exhibits a pronounced

asyminetry.

Self-phase modulation and self-steepening within a filament formed by a balance of
self-focusing and plasma-defocusing lead to the generation of an extremely broadband
but relatively weak supercontinuum. To select a specific spectral region within the

supercontinuum and amplify it, we resort to optical parametric amplification.

5.1.2 Phase matching in parametric amplification

As seen in equation 3.5 of section 3.2.1, mixing two frequencies w; and w, in a x®
nonlinear crystal can lead to the generation of their difference frequency wz = wy; —ws.
In the context of parametric amplification, w; is usually called pump frequency w,,
wy is the signal frequency wg, and ws the idler frequency wi. The energy diagram
of difference-frequency generation (DFG) is shown in Fig. 5.4a. The pump photon
is split into a signal photon and an idler photon, amplifying the signal pulses and
generating the idler pulses. This is why this process is also referred to as optical
parametric amplification, a technique that enables the amplification of select

spectral regions within extremely broadband yet weak supercontinua.

Critical phase matching. Phase matching, i.e. photon momentum conservation
(see section 3.2.1), can be achieved by exploiting the polarisation-dependent refractive
index in birefringent crystals, which is known as critical phase matching.

Here we use BBO as the x® nonlinear crystal. It features broadband transparency
along with a large nonlinear coefficient and allows for phase matching throughout

the desired spectral range [Manl6]. BBO is a negatively uniaxial birefringent
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crystal, which means it possesses a single optic axis where the refractive index for
extraordinary polarisation?, n., is smaller than that for ordinary polarisation®, n,.

If the optic axis is tilted by an angle 0, with respect to the wave vector k, the two
refractive indices light can experience in a uniaxial birefringent crystal are n, and

Neo, Where ne, is given by [Sal07]

1 _ sin®(0pm) €08 (Opm)

) 2 T

(5.17)

By rotating the crystal, the optimal 6,,, can be chosen, such that the phase matching
condition (hAk = 0, equation 3.7) can be fulfilled. Since BBO features normal
dispersion, i.e. S—Z > 0, there are two ways in which phase matching can be achieved.
Type-1 phase matching: eoo. The wave with the highest frequency, wy, is
extraordinarily polarised, while the other two waves?, w, and ws, are ordinarily
polarised — eoo.

Type-I1 phase matching: eoe. The waves with the highest and lowest frequency,
wy and ws, are extraordinarily polarised, whereas the wave at the intermediate
frequency, wy, is ordinarily polarised — eoe.

Which type of phase matching occurs is governed by the nonlinear tensor y(?). For
both types of phase matching, the nonlinear tensor can be broken down to effective
nonlinearities dog. In crystals with the point group 3m, such as BBO, x(® reduces to
[Man16]

o = ds1sin(6) — daa cos() sin(3¢), (5.18)
°9%¢ — dyy cos?(6) cos(36). (5.19)

Here, the azimuthal angle ¢ is the angle between the crystal’s x-axis and the wave
vector’s projection onto the x-y plane [Eim87]. From equations 5.18 and 5.19, we
find that type-I phase matching occurs when ¢ = 90°, and type-II phase matching
when ¢ = 0°.

Figure 5.4b shows how type-II phase-matched collinear optical parametric amplifica-

tion is achieved in a BBO crystal. For type-II phase matching, the azimuthal angle ¢

2Polarisation parallel to the optic axis of the crystal
3Polarisation perpendicular to the optic axis of the crystal
4Here the convention that the frequency decreases from w; to ws is used.
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Figure 5.4 | Optical parametric amplification. a, Energy diagram for difference-
frequency generation (DFG). The energy of the pump photon, in this case the
second-harmonic photon, is split into a signal photon and an idler photon. wy:
Second-harmonic pump frequency, ws: Signal frequency, w;: Idler frequency. b,
Type-1I phase matching for DFG in BBO. The incoming signal wave £, is polarised
perpendicular to the optic axis of the crystal (z-axis), experiencing the ordinary
refractive index n,. The pump wave E, ., is polarised vertically. It thus has a
component parallel to the crystal’s optic axis and experiences the extraordinary
refractive index n.,. The azimuthal angle ¢ between the x-axis and the projection
of the wave vector onto the x-y plane is set to 0° for type-II phase matching. The
polar angle 0 of the crystal, together with the adjustable angle ¢ (which lies between
the surface normal and the wave vector in the crystal), forms the internal phase
matching angle fpy. The resulting idler field E; ., is extraordinarily polarised, while
the amplified signal wave remains ordinarily polarised.

is set to 0°. The incoming signal wave’s electric field Es, is polarised perpendicular
to the crystal’s optic axis (the z-axis), therefore experiencing the ordinary refractive
index. The high-frequency pump wave’s polarisation (E,e,) contains a component
parallel to the optic axis and thus experiences the extraordinary refractive index. In
type-1I phase matching, the newly generated idler wave is polarised extraordinarily.
The internal phase matching angle 0, can be set by adjusting the external rotation
angle 0. This allows detuning from the crystal’s polar angle 6, determined by the
crystal’s cut. Due to dispersion, the optimal ,,, varies with the amplified wavelength.

Thus, tuning 0,,, enables fine control over the amplified spectral range.

Noncollinear optical parametric amplification. One key challenge in paramet-
ric amplification is the mismatch between the signal and idler group velocities, v
and vg ;. This leads to the signal and idler pulses separating in space and time while

they propagate through the mixing crystal (Fig. 5.5a). Since both of them undergo
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Figure 5.5 | Noncollinear optical parametric amplification. a, In the x® nonlinear
crystal (blue box), the group velocities of the idler (vy;, dark grey) and the signal
(vgs, yellow) pulses differ. As a consequence, they separate in space and time after
propagating through the crystal. Since the pump pulse undergoes difference-frequency
generation with both the signal and the idler pulse, them separating in time lengthens
the duration of the amplified signal pulse. b, This temporal elongation is avoided,
when the wave vectors are tilted with respect to each other by an angle (2, such that
the projection of the idler’s group velocity onto the propagation direction of the signal
pulse matches the signal’s group velocity. This configuration is called the magic
angle. ¢, One can realise this when tilting the pump wave vector k, with respect
to the signal wave vector kg by an angle ¢, such that by momentum conservation
2 reaches the magic angle. k;: Idler wave vector, fpy: Phase-matching angle, o.a.:
Optic axis. This figure was inspired by similar figures in [Rie00, Cer03, Man16].
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difference-frequency mixing with the pump pulse, each contributing to the generation
of the other, this lengthens both the idler and the amplified signal pulses. This
effect is counteracted, if the signal and idler pulses interact in a noncollinear fashion.
Tilting their wave vectors by an angle {2 relative to each other allows the projection
of v, ; onto the direction of v, to be matched with v, s [Rie00, Cer03, Man16|. This
condition is satisfied when:

Vg s = COS(12)vg;. (5.20)

This way, the time-separation between signal and idler pulses is counteracted and
elongation of the amplified pulses is avoided (Fig. 5.5b). This configuration is called
magic-angle noncollinear optical parametric amplification and allows for the most
broadband phase matching.

This broadband noncollinear optical parametric amplification can be achieved by
tilting the pump wave vector k, with respect to the signal wave vector kg, such that
by momentum conservation {2 matches the magic angle (Fig. 5.5¢). For this purpose,
the angle ¢ between k, and ks, which we can tune in the experiment, is set to the
value determined by [Sch07]

_ sin({2)
"\ Jk2 k2 + 2kk; cos(©2)

sin(yp) . (5.21)

Here, ks and k; are the magnitudes of the signal and idler wave vectors ks and k;,

respectively.

5.1.3 Second-harmonic generation

For parametric amplification, a source of high frequency photons is necessary to
pump the process. Due to energy conservation in difference-frequency generation,
w3 = w; — We, the pump frequency w; has to be higher than both the signal and
the idler frequency. To reach photon energies which correspond to the resonances of
(moiré) excitons in TMDCs, which typically lie below 2.4 eV [Wan18|, we can use the
second harmonic of the centre frequency of our ytterbium-fibre amplifier as pump
pulses (photon energy: 2.4eV). Thus, we resort to second-harmonic generation in a

x® nonlinear crystal, 3-barium borate (BBO).
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zZ-axis

Figure 5.6 | Second-harmonic generation. a, Energy diagram for SHG. Two photons
of the fundamental frequency wy (orange) are converted to one photon at the second-
harmonic frequency wsy. b, Type-I phase matching for SHG in a x(® nonlinear BBO
crystal. The polarisation of the incoming NIR electric field E, is perpendicular to
the crystal’s optic axis (z-axis), resulting in ordinary polarisation. With cut-angles
¢ = 90° and 6 = 23.5°, the BBO crystal is configured for type-I phase matching.
Rotating the crystal around the x-axis adjusts the angle 4, allowing for tuning of
the phase-matching angle 0py = 6 4+ § = 23.4°. The generated second-harmonic field
Fgh oo is vertically polarised, featuring a component parallel to the optic axis leading
to extraordinary polarisation.

The nonlinear polarisation in a y(?) nonlinear crystal, as seen in equation 3.5, contains
spectral components oscillating at twice the incoming laser frequency, which is referred
to as second-harmonic generation (SHG). Figure 5.6a shows the energy diagram
of SHG. Two photons of the fundamental frequency w¢ combine to one photon at
the second-harmonic frequency wsy = 2wy. To perform SHG, we use type-I phase
matching achieved in a BBO crystal as shown in Fig. 5.6b. The polarisation of the
incident NIR pulse’s electric field Ex, is perpendicular to the crystal’s optic axis,
resulting in ordinary polarisation. The crystal is cut for type-I phase matching,
i,e. ¢ = 90°, with a polar angle of # = 23.5°. We fine-tune the phase-matching
condition by rotating the crystal around its x-axis, adjusting the angle . This
allows precise control of the phase-matching angle, 0, = 0 + § = 23.4°, optimising
the conversion process. The resulting second-harmonic field, Egyeo, is polarised

vertically, i.e. features extraordinary polarisation.
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rates

5.2 A two-stage noncollinear optical parametric

amplifier at megahertz repetition rates

Having laid the theoretical foundation by detailing the processes relevant in optical
parametric amplification in the previous sections, this section demonstrates how
we leverage these effects to experimentally realise a tunable optical pump source
operating at a high pulse repetition rate of 8.26 MHz.

To achieve this, we have designed a NOPA consisting of two amplification stages, as
sketched in Fig. 5.7. We start with the ytterbium-fibre amplifier used in the previous
chapters (centre wavelength A. = 1030 nm, pulse duration 7 = 260 fs). We operate
at a pulse repetition rate of 8.26 MHz, the highest repetition rate at which we found
supercontinuum generation to be stable. The NOPA requires an input pulse energy of
e = 2.1pnJ. A half-wave plate and a thin-film polariser split the NIR pulses into two
arms: (i) the supercontinuum arm and (ii) the SHG arm of the NOPA. The reflected
part, arm (i), consisting of 0.54 pJ is used for supercontinuum generation. There, the
pulses are focused into a x® medium, an yttrium aluminium garnet (YAG) crystal
with a thickness of 5mm. YAG crystals feature a comparatively large nonlinear
refractive index of ny = 6.2 x 1079 cm? W' [Dub17] and have been shown to be
resistant to optical damage even for supercontinuum generation at high repetition
rates [Gri20]. A lens with a focal length of f = 50 mm focuses the pulses, reaching
a peak intensity of ~14 GW cm™? at the entrance facet of the YAG crystal. This
ignites a filament which generates a supercontinuum spanning from the infrared to
the visible range. Since we aim to amplify only the short-wavelength part of this
supercontinuum, we filter out the long-wavelength components including the residual
laser fundamental using a short-pass filter with a cut-off wavelength of 950 nm. The
spectral intensity of the filtered supercontinuum covers the wavelength range from
950 nm to 575 nm (Fig. 5.8a), and gradually decreases as the wavelength deviates
further from the laser fundamental of 1030 nm. A lens with f = 25 mm, positioned
directly behind the YAG crystal, refocuses the supercontinuum into the first NOPA
stage.

The part that is transmitted through the thin-film polariser, arm (ii), consisting of
the remaining 1.56 nJ of pulse energy, generates the pump pulses via SHG in a BBO
crystal with a thickness of 1.2 mm cut for type-I phase matching (¢ = 90°, § = 23.5°).
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Figure 5.7 | Schematic setup of the two-stage noncollinear optical parametric ampli-
fier. Pulses from an ytterbium-fibre amplifier with a centre wavelength of 1030 nm,
pulse duration of 260 fs, maximum repetition rate of 8.26 MHz and a pulse energy
of € = 2.111J are used for noncollinear optical parametric amplification. The pulses
are split into two arms via a half-wave plate (HW) and a thin-film polariser (TFP).
1.56 nJ are used to generate the second harmonic in a BBO with a thickness of
1.2mm and cut for type-1 phase matching. A conversion efficiency of 62% leads to
11J of the second harmonic which is sent as pump pulses into the two amplification
stages with approximately equal power. The other 0.54 1J of the fundamental are
used to generate a supercontinuum in a YAG crystal with a thickness of 5 mm which
is subsequently amplified in stage 1 and stage 2 via optical parametric amplification.
The time overlap between the supercontinuum signal pulses and the second-harmonic
pump pulses is tuned via a delay stage in each amplification stage. DM: Dielectric
mirror, L: Lens, FM: Focusing mirror, SCG: Supercontinuum generation, SHG:
Second-harmonic generation.
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Figure 5.8 | Supercontinuum and second-harmonic spectra. a, The spectral inten-
sity of the short-wavelength part of the supercontinuum reaches as far as 575 nm,
whereas the long-wavelength part is filtered out with a short-pass filter with a cut-off
wavelength of 950 nm. b, The spectral intensity of the second-harmonic pulses is
centred at 516 nm and features a FWHM bandwidth of 3nm.

This results in the spectral intensity depicted in Fig. 5.8b, centred at 516 nm with a
FWHM bandwidth of 3nm. With a NIR peak intensity of 13.5 GW cm ™2 we achieve
a power conversion efficiency of 62%, resulting in a pump-pulse energy of 1 pJ.

The pump pulses are split into the two NOPA stages with the combination of a
half-wave plate and a thin-film polariser. The pump-splitting ratio can be tuned to
optimise the conversion efficiency of the OPA process. We found the best splitting
ratio to be ~50 : 50. Any residual spectral components at the laser’s fundamental
wavelength are filtered out by the dielectric mirrors along the following beam path
which have a high-reflectivity coating for a wavelength of 515nm but not for the
fundamental wavelength.

In the first NOPA stage (stage 1), the supercontinuum and the pump pulses are
spatio-temporally overlapped in a BBO crystal (0 = 26.5°, ¢ = 0°) with a thickness
of 5mm leading to optical parametric amplification. Owing to the noncollinearity
with a pump-tilt angle of ~ 3°; idler and pump pulses can be easily blocked after
amplification. The signal pulses are further amplified in the second NOPA stage
(stage 2) in an identical BBO. The pump pulses are focused into the two stages using
lenses with focal lengths of f = 250 mm and f = 300 mm, leading to peak intensities
of 3GW cm 2 and 2.6 GW cm ™2, respectively. In both amplification stages, the time-
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Figure 5.9 | NOPA output spectra after the two-stage amplification demonstrating
the spectral tunability. The plot shows the normalised spectral intensity after both
NOPA stages for central wavelengths between 650 nm and 900 nm, in steps of ~25nm.
The spectra are offset vertically in increments of 0.05 for clarity.

overlap is tuned using a delay stage, and the phase-matching conditions are optimised
by tilting the crystal. This allows us to choose which spectral region to amplify.
Using two amplification stages enables operation in a regime of pump depletion,
which greatly enhances the stability of OPAs, as it is less sensitive to fluctuations in
the supercontinuum seed pulses [Cer03]. Typically, quantum efficiencies® of 30% or
higher are used. We achieved a quantum efficiency of ~39% when amplifying at a

centre wavelength of 730 nm.

Figure 5.9 shows the spectral intensity after two NOPA stages tuned to different
spectral amplification regions. We find that we are able to produce more than 100 mW
of average power in the entire spectral range reaching from 650 nm to 900 nm. At a
pulse repetition rate of 8.26 MHz, this relates to a pulse energy of ~12nJ. At even
shorter wavelengths, amplification is drastically reduced in BBO crystals owing to

absorption of the idler pulses, which sets in at wavelengths of ~3 pm [Eim87].

5The fraction of pump photons undergoing difference-frequency generation
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5.3 Constant-power pump modulation

To trace the ultrafast dynamics induced by pump pulses in pump-probe experiments,
the pump-pulse train has to be modulated for lock-in detection. In most far-field
experiments, this is achieved by mechanically chopping the beam. For higher
modulation frequencies, acousto-optic modulators are often employed. Irrespective
of the technique, usually the modulation cycle consists of a part where the light is
turned on and one part where it is turned off. This changes the thermal load on
the system throughout the modulation cycle. For experiments with atomic-scale
tip-sample separation, such thermal fluctuations can be detrimental.

Whereas at THz frequencies, the influence of thermal effects on STM tips is negligible
[Aza24], in the visible and NIR spectral ranges, tip heating can significantly alter
the tunnelling junction [Gra98, Hub98, Ger00, Aza24]. [Gra98] investigated tip
expansion at different modulation frequencies for continuous-wave irradiation. They
estimated the expansion of a tungsten tip to be ~ 10pmmW ' in the best case
scenario, at a modulation frequency of 100 kHz. [Ger00] argues on the basis of finite
element simulations, that previous studies with pulsed lasers, finding a tip expansion
of a few nanometres for microjoule pulse energies, may have underestimated tip
expansion by more than an order of magnitude, owing to their limited detection
bandwidths.

To avoid this issue entirely, it is essential to modulate the pump-pulse train without
changing the thermal load on the tunnelling junction. We have therefore developed
a new modulation scheme which does not change the average power incident on the
tip throughout the modulation cycle. Instead, this scheme is based on changing the

relative timing of pump and probe pulses.

Shaken-pulse-pair optical pumping. To investigate pump-induced changes in
NOTE signals while retaining atomic resolution, we developed a pump-modulation
scheme based on the idea of shaken-pulse-pair modulation [Tak02, Tak05]. In this
approach, the timing of the pump pulses is modulated by changing the optical path
length periodically via an end mirror on a piezoelectric stage. In these studies, timing
modulations in the range of picoseconds were achieved at modulation frequencies of

a few hertz.
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CavJe
Figure 5.10 | Shaken-pulse-pair pump-modulation scheme. To modulate the tim-
ing of the pump pulses, we use a Pockels cell (PC) in half-wave operation which
periodically switches the polarisation of the pump pulses (red) from s-polarisation
(black dots) to p-polarisation (black stripes). Depending on their polarisation, the
pump pulses are split onto two different beam paths with different lengths via a
Wollaston prism (WP). In the longer path, a half-wave plate turns the polarisation
by 90° such that when recombining via a beam splitter (BS), both paths have the
same polarisation. A half-wave plate (HW) and linear polariser (POL) before the
PC are used to reduce the pump power to below its damage threshold and to align
the polarisation with the PC’s orientation. The PC’s driver sends a high-voltage
signal, allowing modulation at frequencies of up to 300 kHz. SM: Silver mirror.

To combine this approach with significantly higher modulation frequencies for im-
proved signal-to-noise ratios, we developed a similar modulation scheme using a
Pockels cell (PC) and polarisation optics to periodically direct the pump pulses
along two different beam paths (Fig. 5.10). The difference in beam paths ensures
that half of the time, the pump pulses arrive before the probe pulses, leading to a
pump-induced change in the scattered light. The other half of the time, the pump
pulses arrive after the probe pulses and thus do not influence the detected light.
This way, the average power on the tip-sample junction remains constant, while the
periodic presence and absence of the pump-induced signal enables its detection with

a lock-in amplifier.

To achieve this, the PC is operated in half-wave mode and switches the pump-pulse
polarisation strictly between s-polarised and p-polarised at frequencies of up to
300kHz. A Wollaston prism then spatially separates the s- and p-polarised pulse
trains onto two beam paths with different lengths. The difference in path lengths
is chosen to be ~ 500 mm such that even pump-probe delay times of up to 1.5ns

are achievable before pulses from the longer pump path start to temporally overlap
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emission microscopy

with the probe pulses. The polarisation in the longer path is turned by 90° with a
half-wave plate such that upon recombination with a beam splitter both pulse trains
have the same polarisation.

The PC’s medium consists of two BBO crystals with a thickness of 20 mm each.
This introduces significant dispersion into the setup. At a wavelength of 730 nm, the
ordinary refractive index of BBO has a group velocity dispersion of ~ 83 fs> mm~!
[Eim87] — the total group delay dispersion from the Pockels cell alone would amount
to ~3300fs?. Including the dispersion introduced by the other dispersive optics in
the pump beam path, we estimate a total group delay dispersion on the order of
5000 fs>. To compensate for the dispersion, my colleagues Feliz Schiegl and Svenja

Nerreter implemented a prism compressor, reducing the pulse duration to ~70fs.

5.4 Experimental setup for ultrafast pump-probe
near-field optical tunnelling emission

microscopy

Figure 5.11 depicts the entire setup for ultrafast NOTE, including the optical pump
path. The THz generation, the microscope and EOS remain as described in chapter 3.
The optical pump path consists of the two-stage NOPA, the novel pump modulation
scheme and a prism compressor. The pump-probe delay time is adjusted with a
motorised stage. THz and pump pulses are overlapped with a quartz window coated
with a thin layer of indium tin oxide. This window is transparent for visible and
NIR light but reflects THz radiation. The co-propagating THz and pump pulses are
focused to the apex of the tungsten tip. The pump-polarisation is set perpendicular
to the tip to minimise tip-coupling and thereby reduce pump-induced thermal effects.
Light coherently scattered from the tip is detected via EOS. Any residual pump
light is filtered out with a germanium wafer, which transmits THz radiation while
absorbing visible light.

Owing to the long pump-propagation path (~10m), astigmatism in the pump beam
profile, originating from the noncollinear geometry in the parametric amplification,
must be corrected. To achieve this, we employ a spatial filter consisting of a pinhole

(diameter 30 pm) placed at the focal plane between two lenses, each with a focal
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length of f = 50mm. Due to this mode clean-up and multiple reflection losses
along the optical path, the pump power at the entrance window of the microscope is
reduced to ~5mW (~0.61nJ pulse energy).

With the high-NA parabolic mirrors in the microscope, we can achieve beam waists
with a 1/e? intensity radius of ~1.5pm at the tip’s apex. Thus an average power
of ~0.6 mW would suffice to reach a pump fluence of 1mJcm™2. Typical pump flu-
ences in previous ultrafast THz-SNOM experiments were on the order of 100 pJ cm ™2
[Pla21, Sid22]. For excitons in TMDCs, pump fluences below 30 jiJ cm ™2 have already
been shown to generate exciton densities high enough for excitons to dissociate into
a plasma of electrons and holes [Sid22]. Thus, even taking into account the reflection
loss at the diamond entrance window (~30%), the remaining pump power is more

than sufficient for our planned experiments.

With the development of the optical setup complete, we have established the foun-
dation for ultrafast optical pump—NOTE probe microscopy across a wide range of
material systems. This opens an entirely new avenue for exploring ultrafast dynamics
at the atomic scale and paves the way for deeper insights into light—matter interaction
on its intrinsic time and length scales. I am truly excited to see the groundbreaking
physical discoveries that will be made with this unique setup, and I sincerely hope it
will bring to life the vision of directly observing the formation of moiré excitons in

space and time.
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Figure 5.11 | Full setup schematic, including the optical pump path. Pulses from the
ytterbium-fibre amplifier serve as seed pulses for the pump and THz generation and
as the gate pulses for electro-optic sampling (EOS). The optical pump path (yellow
boxes) consists of the two-stage NOPA, the shaken-pulse-pair pump-modulation
scheme and a prism compressor (Comp.). The pump-delay stage sets the pump-probe
delay time t,. After THz generation, THz and pump pulses are spatially overlapped
with a quartz window coated with a thin layer of indium tin oxide (ITO) and both are
coupled to the low-temperature SNOM (LT-SNOM) tip’s apex. To reduce the effect
of pump-induced tip heating, a half-wave plate (HW) sets the pump polarisation
orthogonal to the tip. Light scattered from the tip coherently is detected via EOS.
SM: Silver mirror.
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Chapter

Conclusion

In this thesis, I have shown how we can leverage light emission from atomically
confined lightwave-driven tunnelling currents to bring all-optical microscopy to

simultaneous atomic-scale spatial and subcycle time resolution.

In chapter 2, I introduced two cornerstones of ultrafast nanoscopy — lightwave-
STM and ultrafast SNOM — which both offer unique advantages. While SNOM
enables subcycle time resolution via electro-optic sampling, the extreme stability of

low-temperature UHV lightwave-STM allows for atomic spatial resolution.

Aiming to combine the strengths of both techniques, we set out to establish subcycle
THz-SNOM under the stable conditions of low-temperature UHV STM. To this
end, we developed an entirely new state-of-the-art experimental setup. The optical
setup consists of a high-power, phase-locked terahertz source operating at MHz pulse
repetition rates based on tilted-pulse-front optical rectification in lithium niobate. We
merged the optical setup with a combined STM/AFM which features custom high-NA
optical access, and operates at cryogenic temperatures in UHV. The microscope is
equipped with a stiff qPlus sensor — allowing for picometric tapping amplitudes —
with an atomically sharp tungsten tip. We focus the THz pulses onto the apex of
this tip and detect the coherently scattered radiation with subcycle resolution via
EOS.

I explained how we harnessed novel atomic-scale near-field signals originating from
subcycle tunnelling currents to perform all-optical subcycle atomic-scale microscopy

and spectroscopy, granting access to subcycle tunnelling dynamics. Using our unique
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setup, we explored the near-field interaction at atomic-scale tip-sample separations.
We observed that, as the tip approaches the sample, the scattered light undergoes a
phase-shift of ~m/2 and the signal amplitude increases significantly at atomic tip-
sample separations. Moreover, when employing picometric tip-tapping amplitudes,
we found that this phase-shifted signal decays on the same length scale as lightwave-

driven tunnelling currents.

Using a semiclassical dipole model, we successfully reproduced the hallmark features
of this signal. We attribute this novel short-ranged signal to a transient dipole in
the tip formed by tunnelling electrons driven by the ultrafast lightwave bias. Since
charge accumulation follows the integral over the tunnelling current, this dipole is
phase-shifted by 7/2 with respect to both the driving field and the conventional
near field, which oscillates in phase with the driving field. This picture was further
supported by ab initio TDDFT simulations performed by Jan Wilhelm. Having
recognised that this novel optical signal is emitted from ultrafast tunnelling currents
driven by the near fields, we termed it Near-field Optical Tunnelling Emission
(NOTE).

We showcased the capabilities of this new technique by imaging a nanometre-sized
defect in a Au(111) surface, revealing that the spatial resolution of NOTE follows
that of lightwave-STM. By sweeping the THz electric field strength and tracking
the peak of the NOTE signal in EOS, we traced out the onset of the valence band
of a monolayer of WSe; on Au(111), demonstrating the first atomic-scale subcycle
spectroscopy. A key advantage of NOTE is its all-optical nature, enabling subcycle
resolution. As it does not require time-averaged rectified tunnelling currents, NOTE
is not limited to conductive samples. We demonstrated this on a semiconducting
quantum material: a trilayer of WSes on Au(111). By tracing the NOTE signal
in tunnelling contact, and accounting for the tip-transfer function and detector
response, we retrieved the NOTE dipole at the tip apex. Since, according to our
model, the NOTE dipole forms as an integral over the ultrafast tunnelling currents,
differentiating the dipole allowed us to extract the instantaneous tunnelling currents
directly in the time domain. This approach provides a radical new means of probing
light-matter interaction on atomic length and subcycle time scales, promising to

unravel the inner workings of condensed matter.
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To enable the investigation of pump-induced dynamics — such as moiré exciton
formation — via NOTE, we expanded the capabilities of our experimental setup
by developing a tunable optical pump source. Building on optical parametric
amplification, we designed a two-stage noncollinear optical parametric amplifier,
which can be operated at pulse repetition rates as high as 8.26 MHz. This system
allows for tuning the centre wavelength of the pump pulses between 650 nm and
900 nm. To prevent measurement artefacts caused by changing the thermal load on
the tip when modulating the pump pulses, we developed a new modulation scheme.
There, instead of simply turning the pump pulses on and off, we periodically shift the
timing of the pump pulses so that they alternately interact with the sample before

the probe pulse arrives or too late to have any influence on the measurement.

Outlook: Unravelling the quantum world in motion. With the unprecedented
subcycle temporal and atomic-scale spatial resolution of NOTE, we are now in an
ideal position to unravel many of the pressing questions in condensed matter physics.
With tunable ultrafast optical excitation, we can now investigate the formation
dynamics and lifetimes of excitons directly in space and time. Moiré heterostructures
of TMDCs provide a periodically modulated potential landscape for excitons [Kar22,
Sch22|, and we may be able to observe excitons becoming trapped in potential
minima or at atomic-scale defects.

Exploiting the temperature tunability of our microscope, we can also explore a wide
range of phase transitions. Phase transitions in correlated electron systems — such
as in charge-density-wave materials [Porl4, Gerl9, Che20], or insulator-to-metal
transitions [Hub16] — are often driven by the interplay of many-body interactions.
Our approach offers direct access to the microscopic dynamics underlying such phase
transitions in both space and time. We could also investigate the ultrafast melting
and formation of Wigner crystals [Zho21], where strong Coulomb correlations drive
electrons into an ordered lattice-like structure.

Many more fascinating quantum phases can be obtained in twisted van der Waals
heterostructures [Ken21]. With our approach, we can now access these phenomena

on their intrinsic time and length scales.
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Outlook: Towards attosecond resolution. We expect NOTE to be frequency-
scalable, potentially even reaching attosecond resolution. EOS has already been
demonstrated across the infrared spectral range [Sel08, Keil6] and was recently
extended into the visible domain [Rid22]. Moreover, the emission intensity of a
dipole follows an w* dependence [Jac62], where w is the angular frequency, making
an extension of NOTE into the near-infrared regime particularly promising.
Crucially, attosecond pulses are not a prerequisite for attosecond precision, as
demonstrated in a recent experiment [Fre22]. In this study, the authors used phase-
locked mid-infrared waveforms to force coherent electron-hole pairs along closed
quantum trajectories, and clocked their dynamics with attosecond precision. A similar
strategy could be feasible for NOTE, where the relatively low centre frequencies in
the mid-infrared spectral range would ensure operation in a field-driven regime.
Ultimately, increasing the driving frequency while simultaneously broadening the

EOS bandwidth could unlock access to previously unattainable ultrafast dynamics.

Outlook: NOTE from continuous-wave-driven tunnelling currents. Since
NOTE does not require net currents, it does not require an asymmetric tunnelling
conductance within the lightwave-bias window. Thus, even with a relatively small
a.c. lightwave bias — as from a continuous-wave source — a subcycle a.c. tunnelling
current may flow if the tip is sufficiently close to the sample, potentially leading
to light emission. In fact, initial indications of this effect have already appeared
in earlier experiments where we used a mid-infrared quantum-cascade laser as the
light source. In these experiments, the phase of the scattered signal — obtained in
continuous-wave SNOM via interferometric pseudo-heterodyne detection [Oce06] —
shifted at atomic tip-sample separations and the signal decayed on the length scale
of tunnelling currents. Now, with a deeper understanding of NOTE, we are actively

investigating this phenomenon further.
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Quantitative sampling of atomic-scale electromagnetic waveforms
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Valentin Bergbauer, Martin Zizlsperger, Svenja Nerreter, Sonja Lingl, Jascha
Repp, Jan Wilhelm, Markus A. Huber, Yaroslav A. Gerasimenko & Rupert
Huber
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SPIE OPTO, 2025
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« Johannes Hayes, Thomas Siday, Felix Schiegl, Fabian Sandner, Peter Menden,
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Subcycle scanning near-field terahertz microscopy reaching atomic
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49th International Conference on Infrared, Millimeter, and Terahertz Waves
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e 49th International Conference on Infrared, Millimeter, and Terahertz

Waves

1 — 6 September 2024 | Perth, Australia

Keynote talk

Johannes Hayes, Thomas Siday, Felix Schiegl, Fabian Sandner, Peter Menden,

Valentin Bergbauer, Martin Zizlsperger, Svenja Nerreter, Sonja Lingl, Jascha
Repp, Jan Wilhelm, Markus A. Huber, Yaroslav A. Gerasimenko & Rupert
Huber

Subcycle scanning near-field terahertz microscopy reaching atomic
resolution

This contribution was awarded second place in the Best Student Presentation

Award competition, selected from over 100 applications.

23rd International Conference on Ultrafast Phenomena

14 — 19 July 2024 | Barcelona, Spain

Contributed talk

Johannes Hayes, Thomas Siday, Felix Schiegl, Fabian Sandner, Peter Menden,

Valentin Bergbauer, Martin Zizlsperger, Svenja Nerreter, Sonja Lingl, Jascha
Repp, Jan Wilhelm, Markus A. Huber, Yaroslav A. Gerasimenko & Rupert
Huber

All-Optical Subcycle Microscopy with Atomic-Scale Resolution

XI International Symposium on Ultrafast Dynamics & Ultrafast
Bandgap Photonics

16 — 22 June 2024 | Hersonissos, Crete, Greece

Invited talk

Johannes Hayes, Thomas Siday, Felix Schiegl, Fabian Sandner, Peter Menden,

Valentin Bergbauer, Martin Zizlsperger, Svenja Nerreter, Sonja Lingl, Jascha
Repp, Jan Wilhelm, Markus A. Huber, Yaroslav A. Gerasimenko & Rupert
Huber

Clocking the subcycle dynamics of atomically confined tunnelling

currents



« 2024 Conference on Lasers and Electro-Optics (CLEO)
5 — 10 May 2024 | Charlotte, North Carolina, USA
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Johannes Hayes, Thomas Siday, Felix Schiegl, Fabian Sandner, Peter Menden,

Valentin Bergbauer, Martin Zizlsperger, Svenja Nerreter, Sonja Lingl, Jascha
Repp, Jan Wilhelm, Markus A. Huber, Yaroslav A. Gerasimenko & Rupert
Huber

All-Optical Subcycle Microscopy at the Atomic Scale

e Internal workshop of SFB 1277 — Emergent Relativistic Effects in
Condensed Matter
26 — 27 October 2020 | Virtual conference
Contributed talk

Johannes Hayes, Dominik Peller, Carmen Roelcke, Lukas Z. Kastner, Thomas

Buchner, Alexander Neef, Dominik Sidler, Franco Bonafé, Michael Ruggen-
thaler, Angel Rubio, Christian Meineke, Michael Prager, Dieter Schuh, Do-
minique Bougeard, Rupert Huber & Jascha Repp

Generation and atomic-scale quantitative sampling of intense half-

cycle terahertz transients
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