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Chapter 1
Introduction

“If the whole is ever to gladden thee, that whole in the smallest thing thou must
see” [Goe98]. With these verses as a part of the poem ”Gott, Gemüt und Welt”,
Johann Wolfgang von Goethe mused that to understand our world, the key is the
observation of its elementary building blocks. Following the incentive to understand
the world in its very precious details, numerous scientists have been working on
methods, which make the nanocosmos accessible to the human eye.
This progress is driven by numerous questions. What do chemical reactions look like?
In which way do nuclei and electrons “move” or “react”? And can we change these
properties or influence the motion of particles on small scales? Besides satisfying
our curiosity, insights into the nanocosmos could feed applied research advancing
technology: to establish more efficient catalysts – or qubits with long coherence
times as a sensible basis for quantum computing. There is an enormous variety of
phenomena in the nanoworld to be discovered. It ranges from electron to lattice
dynamics and from single quanta to many-particle systems. Their precise interplay
and competition is particularly interesting.
The motion of minute entities intrinsically takes place on very short time scales. For
instance, molecular motion on an atomic level – such as isomerization [Sch91] or
single-molecule adsorption dynamics [Coc16, Pel20] – takes place on picosecond time
scales and faster. Also bound electron-hole pairs in transition metal dichalcogenides
with a spatial extension on the nanometer scale are known to decay on these time
scales [Poe15, Mer19]. To probe such phenomena simultaneously in space and time,
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1 Introduction

i.e., to record a movie, the techniques applied need to exhibit a high spatial and at
the same time a high temporal precision. Even more, processes such as chemical
reactions, catalysis and dephasing of qubits can be governed by atomically confined
energy levels and reversely, structural motion can shift energy levels. This is why
additional energy resolution is highly desired to paint a more comprehensive picture
of the nanocosmos. In essence, we are requesting a technique ideally with atom-scale
spatial, ultrafast temporal (smaller than one picosecond, 1 ps = 10−12 s) and milli-
electronvolt (meV) energy resolution.

Simultaneously meeting these requirements in a single technique has proven ex-
tremely challenging. Several techniques combine two of the three demands allowing
for the exemplary seminal experiments mentioned in the following.
Time-resolved angle-resolved photoemission spectroscopy and momentum microscopy
feature superior time and energy resolution, enough to monitor the formation and
evolution of Floquet bands [Ito23], to measure the occupation of select molecular
orbitals [Wal21a] and to resolve phonon-induced changes in the band structure
[Bal23]. However, even in momentum microscopy, one averages over larger areas of
periodically structured samples, obscuring details in real space.
The demanded spatial and energy resolution have been achieved by confinement
of light [Lee19] to atomically sharp metallic tips, which has enabled mapping of
molecular levels and vibrational states by combining scanning tunneling microscopy
(STM) with photoluminescence [Yan20] or Raman scattering [Xu21], but no ultrafast
time resolution has been demonstrated so far.
Importantly, ultrafast temporal and atom-scale spatial precision are required to be
able to take videos of the nanoworld. To fulfill these two requirements, the most
prolific approach is the combination of ultrafast techniques with high-resolution mi-
croscopy such as atomic force microscopy [Jah15], electron transmission microscopy
[Gri06, Fei17] or scanning tunneling microscopy (STM) [Coc13, Coc16, Dhi17, Lei23,
Bor23]. Only lately, the field of ultrafast microscopy has started to access the realm
of atom-scale femtosecond dynamics enabling single-molecule movies directly in
space via lightwave-driven scanning tunneling microscopy (LW-STM) [Coc16, Pel20].
LW-STM combines the sub-ångström (1 Å = 10−10 m) spatial resolution of STM
with a temporal precision of about 100 femtoseconds (1 fs = 10−15 s). The latter is
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set by free-space sub-cycle terahertz (1 THz = 1012 Hz) pulses coupled to the STM
tip [Coc16, Pel20].
Energy resolution is intrinsic to conventional STM that images the local density of
states – the convolution of the sample density of states with the local overlap of tip and
sample wavefunctions (chapter 2). However, the temporal evolution of the local den-
sity of states has never been demonstrated, whereas highly desired [LH21, Amm22].

In this work, I will introduce how we combine the requirements of atomic spatial,
ultrafast temporal and millielectron energy resolution in a single setup. First, I give
an overview of scanning tunneling microscopy and spectroscopy (chapter 2) for a
better understanding of LW-STM. In chapter 3, the technical cornerstones used
within this thesis to implement control over structural and electronic dynamics are
summarized. Based on these techniques, I will introduce a novel mechanism to control
molecular structural dynamics on atomic length scales in the most direct way, namely
by applying ultrafast atom-scale forces (chapter 4). Moreover, I will present the
first-ever quantitative measurement of atom-scale near-field waveforms (chapter 5),
allowing us to perform experiments calibrated in units of electron volts. Finally, I will
demonstrate the novel technique of time-resolved lightwave-driven scanning tunneling
spectroscopy (LW-STS) to map out electronic dynamics by watching the temporal
evolution of the local density of states in a defected transition metal dichalcogenide
monolayer with 10 meV-scale energy resolution (chapter 6). Thereby, we open the
door to the uncharted and emphatically proposed [Amm22, Lei23] realm of spectral
evolution of spatially confined energy levels with simultaneous ultrafast temporal and
atom-scale spatial precision. This recent milestone establishes a new field of research
of spectroscopy on atomic length scales – directly in real space. To further explore
the realm of the nanocosmos governed by quantum rules, I will finally give an outlook
on experiments, which access yet another degree of freedom, namely the electronic
spin (chapter 7). For this purpose, a magnetic field has been included in an ultrafast
STM based on intense instrumentation development. The experiments demonstrated
throughout this thesis show that LW-STM together with LW-STS solves a number of
challenges of modern nanoscience and paves the way for a thorough understanding of
processes like transiently driven phase transitions, high-temperature superconductors
and other exotic states of matter on microscopic length scales.
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Chapter 2
Scanning tunneling microscopy and
spectroscopy

This chapter reports on the work of other scientists founding the field of scanning
tunneling microscopy and its theoretical description. In large parts, the text recapitu-
lates discussions in [Che07].

Nowadays, the nanocosmos can be directly imaged with highest-resolution scanning
probe, super-resolution optical and electron microscopes. The impact of these
techniques has been honored with the Nobel Prizes in physics 1986 (E. Ruska:
electron microscope, G. Binnig and H. Rohrer: STM) as well as in chemistry 2014
(E. Betzig, S. W.Hell and W.E. Moerner: superresolution microscopy techniques)
and 2017 (J. Dubochet, J. Frank and R. Henderson: development of cryo-electron
microscopy).
Whereas conventional optical microscopes are generally limited in their spatial
resolution by diffraction, the mentioned microscopes enable the observation of
minuscule objects like single molecules and even individual atoms. In particular,
STM is able to resolve changes of the electronic structure of a specific sample on
atomic length scales. Its invention [Bin82, Bin83] has revolutionized many fields
of research. Once considered a dream (e.g. Feynman’s famous speech “There’s
plenty of room at the bottom”), nowadays, we can routinely map out the electronic
structure of individual molecules in space via STM and additionally in energy using
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2 Scanning tunneling microscopy and spectroscopy

scanning tunneling spectroscopy (STS) [Rep05b]. One of Feynman’s related visions
was to rearrange single atoms deliberately one-by-one directly in space, which can
be achieved via atomic manipulation in STM.
STM and STS will be summarized in this chapter.

Working principle of STM. The STM was invented by Gerd Binnig and cowork-
ers [Bin82, Bin83]. Fundamentally, it consists of an atomically sharp metal tip, which
is scanned across a conductive sample (Fig. 2.1a,b). STM is based on the quantum
mechanical effect of tunneling electrons through a potential barrier between the two
electrodes. When the tip is brought close enough to the sample (typical distance
of a few ångströms), their electronic wavefunctions overlap. In this scenario, the
quantum mechanical probability of electrons to tunnel through a potential barrier is
non-zero. In order to understand the basic principle behind the tunneling processes,
it is sufficient to treat a one-dimensional STM-like system. For a one-dimensional
cut along the apex of the tip perpendicular to the surface, the tunneling barrier can
be approximated by the schematic shown in Fig. 2.1c. Both sample and tip can
be modeled as a free electron gas with potentially different work functions Φs and
Φt. For simplicity, we assume Φ = Φs = Φt. In general, electrons can tunnel from
occupied to unoccupied states. Their transmission probability exponentially depends
on the height of the potential barrier and the distance between the two electrodes.
For a bias voltage V 6= 0 between sample and tip, the potential landscape of the
tunnel junction is tilted (Fig. 2.1c). In this situation, an imbalanced transmission
of tunneling electrons from tip to sample and vice versa occurs such that a current
can be detected (Fig. 2.1d), which is sensitive to the geometry and energy levels of
electronic states down to the atomic scale.
By scanning the tip across the sample and measuring the tunneling current, the
electronic structure of a sample can be mapped in space with atomic resolution. For
a better understanding, we recapitulate the nature of the tunneling current in an
STM junction and its contributions.

Tunneling current. When the two electrodes are far apart, the tip-sample system
can be described as two separate systems, the one of the tip, and the one of the
sample. In this situation, the wavefunctions of sample ψ and tip χ satisfy the
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Figure 2.1 | Scanning tunneling microscopy. a, A metallic tip is scanned across
a conductive sample. When a voltage (V ) is applied between tip and sample, a
current (I) can be detected, which is caused by electrons tunneling from tip to sample
or vice versa across the atomic-scale junction (b, atoms: circles). c, A schematic
energy landscape along a cut in z-direction through the tunnel junction reveals the
vacuum barrier between tip apex atom and sample. The vacuum barrier is dominated
by the work functions Φt, Φs and the shift of the Fermi level EF by eV , where e is
the elementary charge, due to an applied voltage. In the following, we will assume
Φ = Φt = Φs. The wavefunction (Ψ) amplitude of an electron in the tip decays into
the vacuum barrier. The amplitude drop from one electrode to the other depends on
the distance between tip and sample. At a non-zero voltage, electrons can tunnel
from occupied to unoccupied states causing a measurable current. d, Depending on
the distance of atomic features between tip and sample, the transmission probability
of the electron and hence the tunneling current, I, differ.
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2 Scanning tunneling microscopy and spectroscopy

respective Schrödinger equation. Inside the tunnel junction, the wavefunctions
of both electrodes decay exponentially into the vacuum with a decay constant κ.
When brought together, the individual Schrödinger equations need to be merged to
describe the combined system. In principle, the tip and sample wavefunctions are
eigenfunctions of the different Hamiltonians. In Bardeen’s tunneling theory [Bar61]
published even before STM was invented, the influence of the tip system on the
sample’s wavefunction and vice versa is assumed to be negligible. This is very well
fulfilled as long as the tunneling coupling is weak. Then, the total tunneling current
between tip and sample with an applied bias V can be deduced to be

I(V ) = 4πe
~

∫ ∞

−∞
[f(EF − eV + ε) − f(EF + ε)] × ρt(EF − eV + ε)ρs(EF + ε)|M(ε)|2dε

(2.1)
where f(E) = (1 + exp[(E − EF )/kBT ])−1 is the Fermi distribution function and ρt

and ρs describe the density of states (DOS) of tip and sample, respectively. Here,
kB represents the Boltzman constant and T is the temperature. In general, kBT

leads to a finite energy resolution in STM measurements. At low temperatures, the
Fermi distribution function can be approximated by a step function. Thereby, the
expression describing the tunneling current (equation 2.1) simplifies to

I(V ) = 4πe
~

∫ eV

0
ρt(EF − eV + ε)ρs(EF + ε)|M(ε)|2dε . (2.2)

The tunnel matrix element M describes the transition rate from one wavefunction to
the other. In the gap region (0 < z0 < d), M can be written as a surface integral
of the wavefunctions of the tip and the sample on a separation surface Σ, which is
located somewhere between the electrodes inside the barrier [Bar61, Che07]:

M = ~2

2m

∫
Σ
(ψ∇χ∗ − χ∗∇ψ) · dS

= ~2

2m

∫
z=z0

[
ψ
∂χ∗

∂z
− χ∗∂ψ

∂z

]
dxdy .

(2.3)

To understand the dependence of M on the tip-sample distance, we can describe an
effective one-dimensional system, which is homogeneous in x and y direction with
the tunnel barrier in z direction. Then, the wavefunctions in the gap region can be
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written as ψ(x, y, z) = ψ(x, y, 0)·exp(−κz) and χ(x, y, z) = χ(x, y, d)·exp(−κ(d−z)).
The energy-dependent decay constant of the wavefunctions in the case of elastic
tunneling and identical work functions Φ for sample and tip is κ =

√
2m(Φ−ε)

~ [Che07].
m describes the electron mass. In the quasi one-dimensional scenario, the tunnel
matrix elements reads as

M = ~2

2m

∫
z=z0

2κ · ψ(x, y, 0)χ∗(x, y, d) dxdy · exp(−κd) [Che07]. (2.4)

Three components determine M : the energy of the tunneling electron ε, the tip-
sample distance d and the spatial structure of tip and sample wavefunctions. In the
following, we will treat their impact, individually.

Distance dependence. As a consequence of equations 2.2 and 2.4, the tunneling
current through the tunnel junction drops exponentially with tip-sample distance
since I ∝ |M |2 ∝ exp(−2κd). When scanning the tip across local protrusions
of the sample (Fig. 2.1d) while keeping the tip at a fixed height (constant-height
measurement), the smaller tip-sample distance leads to a higher absolute current.
For typical work functions of about Φ ≈ 5 eV ([Che07], chapter 1.2.1) and eV � Φ,
κ amounts to ∼1.14 Å−1 such that the tunneling current drops by an order of
magnitude when d increases by 1 Å. Hence, by mapping the tunneling current as a
function of the tip position, atomic protrusions in the sample can be detected.
Instead of keeping the tip height fixed and measuring the change in tunneling
current, one can utilize a feedback loop, which adjusts the tip height d to keep the
tunneling current constant (Fig. 2.2). In this mode of operation (constant-current
measurements), calibrated piezo actuators steer the tip height. The change in d is
read out, which is linked to the topography of the sample. Irrespective of the exact
operation mode, the detected tunneling current or apparent topography depends on
the local tip-sample distance.

Wavefunction overlap and density of states. As mentioned, M does not only
depend on the tip-sample distance, but it is also determined by the electron energy
and the spatial structure of tip and sample wavefunctions.
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2 Scanning tunneling microscopy and spectroscopy

Figure 2.2 | Constant-current STM. The tip height
d (black line) is adapted such that the tunneling current
(red line) stays constant. Thereby, the tip follows a tra-
jectory closely linked to the topography of the electronic
surface structure.

Only when the wavefunctions of tip and sample overlap at a specific position of the tip,
the tunneling matrix is non-zero such that electrons can tunnel (equations 2.3 and 2.4).
At certain positions in space, the electronic features of the substrate are protruding
less or more prominently into the vacuum such that the overlap of the wavefunction
of the tip apex and the electronic wavefunction of the scanned surface differs at
varying positions of the tip (Fig. 2.3a). Hence, M changes and therefore also the
tunneling current.
The fact that the spatial map of the tunneling current is governed by a convolution
of the tip electronic states and the sample electronic states is an essential finding.
Yet, the interpretation of an image gathered by scanning across a surface is not
straightforward for an unknown tip wavefunction. In contrast, if the tip is assumed
to be a geometrical point, the STM image is shaped by properties of the sample
alone. This approximation, the Tersoff-Hamann model [Ter83, Ter85, Han87], can
be modeled by a spherically symmetric tip wavefunction. In general, the tip wave-
function can be expanded into the spherical-harmonic components [Che07]. The
part of the tunnel matrix element, which is induced by the spherically symmetric
s-wave contribution reads as Ms = Aψ(~r0) with a constant A, where ~r0 is the center
of the tip apex atom [Ter83, Ter85, Han87]. This implies that for s-wave-like tips the
tunneling current is proportional to the square of the sample wavefunction |ψ(~r0)|2.
Hence, whenever the s-state component dominates the overall tip wavefunction, a
scan of the sample leads to a spatially resolved image where the contrast is purely
governed by the electronic structure of the sample surface - with a single atom at
the apex, even atomic resolution is possible. The s-wave approximation is valid for
plain metal tips [Che07].
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Figure 2.3 | Spatial and energy overlap of occupied and unoccupied states.
a, For different tip positions, the overlap of tip (χ) and sample (ψ) wavefunctions
varies. Electrons can only tunnel from one electrode to the other, when the wavefunc-
tions overlap. As a result, the spatial structure of the wavefunctions determines the
tunneling current. Moreover, the fermionic electrons can tunnel only from occupied
to unoccupied states. In both sample and tip, the electronic states are filled up to
the respective Fermi level. b, Schematic energy landscape at zero bias voltage: all
states in tip and sample are occupied up to the same energy for equal work functions
Φ of tip and sample. c, At non-zero bias voltage, electrons can tunnel from occupied
states in the tip to unoccupied states in the sample or vice versa for a flipped polarity
of the bias voltage. Depending on the tip position, tunneling between different states
is possible. The number of occupied and unoccupied states in specific energy intervals
in tip and sample is described by the DOS ρt and ρs.
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2 Scanning tunneling microscopy and spectroscopy

Apart from the spatial dependence of the tunneling current, the applied bias volt-
age shapes the composition of the STM image due to the fact that the measured
current and thus image contrast is created by electrons tunneling from occupied to
unoccupied states at a specific energy (Fig. 2.3b,c). Hence, the tunneling current is
determined by the number of occupied and unoccupied states in the energy interval
from zero voltage to the applied bias voltage eV : the larger the DOS of occupied
states on one electrode and the larger the DOS of unoccupied states on the other
electrode at the same energies, the higher the tunneling current (equation 2.2).

In summary, we can understand STM in the following simplified manner: exploiting
the quantum mechanical tunneling phenomenon and using an atomically sharp tip as
a probe, one can measure a distance-dependent tunneling current which is determined
by the DOS of the two electrodes and the bias voltage applied between tip and
sample. Scanning across the surface, it is possible to map the electronic structure of
a sample with atomic resolution.

Scanning tunneling microscopy of individual molecular orbitals. With a
suitable sample design, one can even resolve the electronic structure of individual
conjugated molecules in real space using STM. To this end, molecules are deposited
onto a suitable substrate. Since the detection signal in STM is an electronic current,
a conductive substrate is necessary to measure tunneling through the barrier. Hence,
to map individual molecules, they can be deposited onto a metallic substrate like
copper or gold crystals. In the study of single molecules, scientists are often interested
in the unperturbed electronic structure in vacuum. When molecules adsorb on metal,
however, their electronic structure is strongly perturbed by the interaction with
substrate electrons. In order to study the unperturbed molecular orbital, one can
decouple the molecular orbitals from the electronic structure of the metal substrate
by depositing an insulating salt layer onto the metal surface as described in [Rep05b].
Such a salt layer needs to be thin enough for electrons to tunnel through. Here, a
trade-off must be made: a thicker layer would allow for more efficient decoupling,
but reduces the tunneling probability from the molecule to the substrate and thus
the measured tunneling current. Usually, a few atomic layers of NaCl are deposited
for single-molecule measurements in STM. In Fig. 2.4a, an exemplary sample with a
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Figure 2.4 | Scanning tunneling microscopy of a single molecule. a, Schematic
setup from bottom to top: metal substrate, salt layer, molecule, vacuum, tip. The
metal tip and the metallic substrate (hollow grey circles) form the two electrodes of
the STM junction. An individual molecule (blue) is decoupled electronically from the
metallic substrate by a salt layer, here NaCl (filled circles), to hinder hybridization
of the substrate electronic states and the molecular orbitals. b, Co-tunneling. When
the bias voltage is too small to open a tunneling channel through a molecular orbital,
electrons tunnel directly from the substrate to the tip (left). In an STM image, the
molecule (here: pentacene) appears as a featureless rod (right panel). c, Resonant
tunneling. When eV exceeds the energy difference between EF − Eorbital, electrons
can tunnel sequentially through the molecular level. Here, an electron tunnels from
the highest occupied molecular level (HOMO) into the tip (1). In a second step, the
HOMO is refilled with an electron from the metallic substrate (2). By scanning the
tip across the molecule, the HOMO can be imaged in real space (right panel).
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2 Scanning tunneling microscopy and spectroscopy

bilayer sodium chloride (NaCl) and an individual pentacene molecule is sketched.
In a schematic potential landscape of the tunnel junction, the molecular frontier
orbitals, the highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular
orbital, can be visualized as discrete energy levels (Fig. 2.4b,c, energy schemes). To
map these orbitals in space, we need to understand the different tunneling paths
for varying voltages. When no bias voltage is applied between tip and substrate,
electrons cannot tunnel from the tip into the molecular orbital and from there into
the surface or vice versa. When a voltage V 6= 0 is applied between substrate and
tip, the Fermi edges of tip and substrate differ by eV . A part of the voltage drops
in the salt layer and the other part in the vacuum gap between molecule and tip.
For any bias voltage, direct tunneling from the substrate to the tip or vice versa is
possible (Fig. 2.4b, left panel) since the metallic tip and substrate have a continuous
DOS. Here, electrons tunnel through the combined thick tunnel barrier. This direct
tunnel process is called “in-gap”, “non-resonant” tunneling or “co-tunneling”. For
small bias voltages with |eV | < |Eorbital −EF|, only co-tunneling can take place such
that an STM scan images the substrate and the molecule appears as an additional
protrusion since it modifies the tunnel barrier (Fig. 2.4b, right panel). When eV
exceeds the energy difference between a molecular level and the tip or sample Fermi
energy (Fig. 2.4c, left panel), additionally, tunneling through a molecular orbital can
take place. For instance, when the tip Fermi level falls below the HOMO energy,
an electron can tunnel from the occupied molecular orbital into the tip in a first
step. In a second step, the molecular orbital is refilled with an electron from the
substrate causing a net tunneling current from the substrate to the tip. In case of
the LUMO, an electron can sequentially tunnel from an occupied state in the tip into
the selected molecular orbital and then from the molecular orbital into the metal
substrate. This two-step tunneling process is referred to as “sequential tunneling”.
Since the tunneling distance between tip/substrate and molecule is much smaller than
the distance between tip and substrate, sequential tunneling through the molecular
orbitals dominates the tunneling current. As a consequence, the orbital density
of the unperturbed molecular orbitals can be resolved directly in space [Rep05b]
(Fig. 2.4c, right panel). Since STM is sensitive to the absolute square of the sample
wavefunction (see paragraph “Wavefunction overlap and density of states”) rather
than the actual wavefunction, phase information of the orbital is lost. Hence, we do
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not map the actual orbital, but orbital densities. For simplicity, however, I will refer
to molecular orbitals rather than orbital densities throughout this thesis.

Scanning tunneling spectroscopy. Whereas STM maps out the spatial structure
of electronic sample properties at specific energies, STS measures the energy structure
of the sample at specific tip positions. Indeed, rather than resolving atomic spatial
features, doing spectroscopy on areas smaller than 10 nm was the original idea of
Binnig and Rohrer [Bin87]. Tunneling spectroscopy is implemented by sweeping the
bias voltage, and thereby accessing states at different energies, and simultaneously
measuring the differential conductance. As we will see, the latter can be linked to
the local density of states.
The spatial resolution of energetically localized molecular orbitals shows in a very
illustrative fashion that STM is intrinsically energy resolving on atomic scales. In
formulas, this is directly intelligible: We simplify equations 2.2 and 2.3 using the
Tersoff-Hamann approach (valid for s-wave like tip orbitals as discussed earlier)
[Ter83, Ter85, Han87]. At a fixed tip position, it can be assumed that the tunneling
matrix element M does not change appreciably in the energy interval of interest.
If the tip DOS is a constant over the energy interval of interest and the sample
DOS varies unnoticeably in an energy interval corresponding to thermal smearing
kBT , the tunneling current is dominated by the sample density of states. Using the
Tersoff-Hamann approach for the tunnel matrix element M ∝ ψ(~r0), where ~r0 is the
center of curvature of the tip, equation 2.2 simplifies to

I(V ) ≈ 4πe
~
ρt|M |2

∫ eV

0
ρs(EF + ε) ∝

∫ eV

0
ρs(EF + ε, ~r0) (2.5)

such that the differential conductance(
dI
dU

)
U=V

∝ ρs(EF + eV, ~r0) (2.6)

is directly proportional to the local density of states (LDOS) of the sample at the
energy EF + eV , which is defined as ρs(EF + eV, ~r0) = |ψ(~r0)|2ρs(EF + eV ).
Hence, for a metallic tip with a flat DOS and a sample, whose DOS does not vary
much in the energy interval kBT , one can obtain the LDOS by recording the tunneling
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2 Scanning tunneling microscopy and spectroscopy

Figure 2.5 | Scanning tunneling spectrum of
pentacene on NaCl on Au(111). The discrete
energy levels of the molecular frontier orbitals, HOMO
(black dots: electrons) and LUMO, appear as peaks
in the differential conductance dI/dV due to the en-
hanced overlap of occupied states on one side and
unoccupied states on the other side. The spectrum
reflects the LDOS of the sample. This figure was
adapted from [Coc16] with permission.

current as a function of applied bias voltage. Its derivative dI/dV directly yields the
sample LDOS. From now on,

(
dI
dU

)
U=V

will be abbreviated as dI
dV

. The first successful
scanning tunneling spectra were shown in 1986 [Ham86, Str86, Ham87, Str87]. An
exemplary scanning tunneling spectrum on pentacene is shown in Fig. 2.5. The
frontier orbitals appear as peaks in dI/dV . Hence, select energy levels can be ac-
cessed in tunneling spectra. Clearly, the LUMO dI/dV peak is much larger than the
HOMO peak. When taking a closer look at the formulas describing the tunneling
current, it becomes clear that STS is most sensitive to states of highest energy in the
bias voltage window (chapter 2.2.4 in [Che07]). This is why, in general, STS probes
unoccupied states more efficiently than occupied ones. Nevertheless, both molecular
frontier orbitals can be accessed via STS and even their broadening mechanisms can
be investigated. In Fig. 2.5, the broadening of the energy levels can be attributed
to coupling of the strongly localized electronic states to phonons in the NaCl layer
[Rep05a, Rep05b, Rep10].

In conclusion, with STM and STS, the scientific community has established tech-
niques to measure the electronic structure of a surface in both space and energy.
The spatial distribution of quantum objects such as electronic wavefunctions can be
mapped in real space via STM and discrete energy levels of atoms or molecules can
be detected via STS.

16



Chapter 3
Probing individual molecular energy levels
on ultrafast time and atomic length scales

Microscopic videography and control of quantum objects such as an individual
molecular orbital has been a major dream of modern sciences as well as nano-,
quantum- and bio-technologies. For this goal, major efforts have been invested in order
to enhance the temporal resolution of atomically precise microscopes and in particular
STM. In this chapter, I discuss ultrafast scanning tunneling microscopy, which allows
for ultrafast microscopic videography and forms the basis of all experiments presented
throughout this thesis. As discussed in chapter 2, conventional scanning tunneling
microscopes can access electronic wavefunctions in space via STM and distinct energy
levels in the LDOS by means of STS. Notably, it has been possible to observe select
molecular orbitals in STM and STS [Rep05b]. Yet, the dynamics in the nanocosmos,
which are responsible for nuclear motion, charge or spin transport take place on
femtosecond to picosecond time scales. This is the major driving force behind the
immense efforts that have been put into enhancing the time resolution of STM.
The innovative technique LW-STM is capable of resolving ultrafast dynamics on
atomic length scales by coupling lightwaves into the STM junction. When ultrashort
light pulses are focused to metallic tips [Krü11, Her12, Pig13, Wim14, Cia17], the
principle of lightwave electronics [Gou07, Bor23] can be exploited such that electrons
are steered by the electric field of the light pulse. Coupling terahertz pulses to
the junction of an STM in ambient conditions has resulted in ∼500 fs and ∼2 nm
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precision [Coc13]. Atomic spatial and simultaneous ∼100 fs temporal precision
have been achieved by operating in an ultrahigh-vacuum low-temperature STM
[Coc16]. Here, single-electron tunneling through select energy levels has even enabled
atomic-scale ultrafast movies of individual molecular orbitals [Coc16, Pel20]. This
thesis is based on the latter approach, which has started a whole new research field
while also setting the bar for other techniques. LW-STM will be explained and
put into historical scientific context in section 3.1. Whilst the goal of microscopic
videography, to observe individual molecules, has been achieved [Coc16], a method to
locally evaluate individual reaction events, which take place on ultrashort time and
atomic length scales in a shot-to-shot method remained yet to be demonstrated until
ultrafast action spectroscopy was developed [Pel20]. This single-shot detection able
to decipher the outcome of statistically governed quantum events will be discussed
in section 3.2.

3.1 Lightwave-driven scanning tunneling
microscopy

While STM and STS enable the investigation of single atoms and molecules directly
in real space, tracking their motion on the intrinsic time and length scales has been
a major challenge until recently. In this section, I will introduce LW-STM, which
benefits from the best out of two worlds: atomic spatial resolution of STM and
temporal precision from ultrafast optics. Only recently, resolving ultrafast dynamics
on atomic length scales was achieved employing LW-STM [Coc16]. Before that, many
pioneering works aimed at improving the temporal resolution of scanning tunneling
microscopy.

Historical overview. To shorten the time window, in which a tunnel current can
flow, in several approaches the bias voltage applied to the junction was modulated
electronically and optically. Purely electronic tunneling microscopes [Kem07, Lot10,
Mou11] allowed for the measurement of spin relaxation times [Lot10] and a fast
analogue of STS [Mou11]. However, they have been limited to a 0.3 ns temporal
precision due to their finite bandwidth.
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Meanwhile, the toolbox of ultrafast photonics offers opportunities to time scales
even below picoseconds. The first experiment coupling ultrafast pulses to an STM
was shown in [Ham90]. Here, optical pulses have induced a surface photovoltage
transiently increasing the tunneling current. In a different approach, the STM was
gated using a photoconductive switch [Wei93]. In these experiments, ultrashort laser
pulses transiently closed the tunneling circuitry, allowing for 2 ps and 50 Å resolution.
However, the time-resolved signal measured in such setups has been found to be
dominated by capacitive coupling rather than a time-resolved tunneling current a
few years later [Gro96]. In a different scheme, “junction mixing STM” [Nun93],
photoconductive switches generated voltage pulses, which propagated onto the
sample via transmission lines. Such setups have allowed for combined nanometer and
picosecond resolution. Meanwhile, the temporal resolution of all approaches where
voltage pulses propagate into the tunnel gap via transmission elements is limited by
electronic bandwidths.
A radically different approach is the direct coupling of optical pulses into the
STM junction like the pioneering experiment mentioned above [Ham90]. In such
experiments, periodically driven tip expansion upon heating by optical pulses [Hub98]
can induce artifacts, which can easily lead to interpretation of spurious signals.
Whereas technical tricks have been played to extract non-thermal transient signals
[Ter10, Dol11], generally, well thought-through rigorous sanity checks need to be
implemented, when laser pulses at optical frequencies are coupled to the STM
junction. Instead of coupling optical pulses into the STM, terahertz carrier waves can
be used to transiently bias the tunneling junction. This idea was first implemented
in [Coc13] in ambient conditions allowing for ∼500 fs temporal and ∼2 nm spatial
precision. In the latter publication, rectified currents induced by a terahertz pulse
were measured averaging a large number of tunnel events originating from a broad
range of electronic states. Actual videography of well-defined quantum states on
their intrinsic femtosecond temporal and atomic length scales has been established by
introducing state-selective tunneling of single electrons [Coc16] which is available only
at stable cryogenic and ultrahigh-vacuum conditions. By sequentially tunneling single
electrons through specific molecular energy levels, atomic spatial with simultaneous
∼100 fs temporal precision has been achieved [Coc16]. This pioneering work in LW-
STM has finally enabled atomic-scale single-molecule ultrafast movies [Coc16, Pel20]
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and was followed by many other works on LW-STM in ultrahigh vacuum at room
temperature [Yos19, Mü20, MS22] and at cryogenic temperatures [Jel17, Pel20, Pel21,
Amm21, Abd21, Yos21, She22, Wan22, She24, Roe24, Jel24, Bob24a]. The basis,
which LW-STM is built on, lightwave electronics, will be discussed in the next
paragraph with all its delicate details to be considered when coupling lightwaves into
the microscopic tunnel junction.

Lightwave electronics. In the last decades, techniques have progressed exploiting
the sub-cycle variation of the carrier wave of an intense laser pulse to control the
motion of electrons in and around atoms. This method has resulted in a significant
extension of the frontiers of nonlinear optics and high-field physics [Bra00]. Moreover,
it lays the foundation of lightwave-driven charge transport in the sense of microscopic
electric currents, so-called lightwave electronics [Gou07].
Historically, this expression was shaped by strong-field experiments in the regime
of nonlinear optics [McP87, Fer88]. Here, high-harmonic radiation was generated in
gaseous media, based on sub-cycle strong-field light–matter interaction of intense laser
pulses with an atom or molecule: one employs such strong fields that they compete
with the internal fields in matter tilting the potential barrier of an electron around an
atomic core following the transient electric-field profile of the lightwave (Fig. 3.1b).
While further studies on high-harmonic generation in gases have shown its potential
for generating extremely broadband radiation [Mid11] usable for sub-femtosecond
light pulses [Pau01, Hen01], the concept of high-order-harmonic generation has also
been adapted to solid state systems [Bor23] pioneering the creation, acceleration and
recombination of excitons [Zak12, Lan16] and even allowing for attosecond clocking
of electron-hole interactions [Fre22].
For employing the field control of lightwave electronics, it is crucial to work in a
regime of light–matter interaction where the electric field of the lightwave is strong
enough to compete with the internal fields in matter. In this scenario, electronic
dynamics can be driven on time scales even shorter than one oscillation period of the
lightwave. Bringing this concept to atomic scales is the goal of LW-STM. To this end,
the different regimes of light–matter interaction (Fig. 3.1) need to be understood.
Interaction of laser radiation with atoms can lead to processes ranging from multi-
photon ionization (Fig. 3.1a) to tunnel ionization (Fig. 3.1b) [Kel64, Cia17]. In the
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3.1 Lightwave-driven scanning tunneling microscopy

Figure 3.1 | Regimes of light–matter interaction. Two extremal processes
of light–matter interaction, light acting as particles (a,c) or as a wave (b,d), are
depicted for a schematic potential landscape of an atom (a,b) and the tunnel junction
of an STM (c,d). For an electronic state (red wavepacket) hosted by the atomic
potential (a) as well as electrons in tip and sample of the STM tunnel barrier (c),
(multi-)photon excitation (blue arrows) to energetically higher-lying states is more
probable in the case of large carrier wave frequencies ν and small electric field
strength (Keldysh parameter γ � 1). b,d, In the strong-field regime (γ � 1),
i.e. strong electric fields and low frequencies, the electric field of the lightwave ELW(t)
adiabatically tilts the potential landscape (b, dashed line) – yielding the energy
difference e · (−ELW(t)) · d between tip and sample of an STM tunnel junction (d).
As a result, tunneling out of the atomic potential (b) or from one electrode to the
other (d) can take place.

21



3 Probing individual molecular energy levels on ultrafast time and atomic length
scales

extreme scenarios, light is either described as a wave or particle (photon). Multi-
photon ionization (photon picture) is the ionization of an atom by absorption of
several photons, which each have an energy below the ionization threshold. Only the
energy of the photons is responsible for the excitation and the shape of the waveform
does not play a role. Conversely, in the regime of tunnel ionization, the lightwaves
(wave picture) act on electrons like a classical field E(t) leading to a tilt of the potential
landscape (Fig. 3.1b). The regime one works in can be characterized by the Keldysh
parameter γ =

√
2mε
eE

ω0 where m is the electron mass, ε is the atomic ionization
potential, e the elementary charge, E represents the field strength and ω0 depicts the
frequency of the laser radiation [Kel64, Del98]. In the limit of γ � 1, the probability
for multi-photon excitations is high. For γ � 1, tunnel ionization is dominating
[Kel64, Del98]. For ultrafast lightwave control of electrons, one has to find the right
balance between frequency and field strength: by choosing low frequencies and strong
fields, the Keldysh parameter decreases. Hence, tunnel ionization is more probable for
low frequencies, but the reachable temporal resolution increases with higher carrier
wave frequencies at the same field strength. Photon energies of terahertz radiation
(∼ meV range) are smaller than typical electron resonances in solids and electronic
transitions in molecules of a few electron volts. For such excitations, terahertz
pulses act as classical fields and, simultaneously, are fast enough to drive and resolve
dynamics on timescales smaller than picoseconds. This is why strong-field radiation
in the terahertz spectral range is particularly favorable for driving tunneling processes
between molecules and solids by exploiting the method of lightwave electronics.

Lightwave-driven scanning tunneling microscopy. For LW-STM, a lightwave
is coupled directly to the STM tip and acts as an ultrafast bias voltage in the junction
(Fig. 3.2). The different regimes of light–matter interaction and the transition
between them have been characterized for light pulses coupled to metallic tips
[Her12, Pig13, Her14]. Starting from localized emission of electrons from sharp
metallic tips with 800 nm excitation radiation [Hom06b, Hom06a, Rop07, Bor10,
Sch10a, Krü11], local field enhancement of mid-infrared and terahertz radiation at
the tip apex [Her12, Wim14] has enabled exploiting the strong-field regime, where
field-induced tunneling becomes important. In the extreme limit, field-emitted
electrons are semi-classically accelerated in the electric field of the lightwave on
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3.1 Lightwave-driven scanning tunneling microscopy

Figure 3.2 | Lightwave as ultrafast bias volt-
age. A lightwave, ELW(t), coupled into the STM
junction acts as an ultrafast bias voltage and tilts
the tunneling barrier. A current driven by the light-
wave can be detected when measuring the overall
tunneling current I in the STM junction.

sub-cycle time scales [Her14]. Based on this knowledge, the concept of lightwave
electronics is exploited in LW-STM in order to drive tunneling processes between tip
and sample, solids or molecules. At optical carrier frequencies with γ � 1, multi-
photon ionization can excite electrons in the two electrodes, tip and sample, above
the vacuum energy without tilting the potential substantially (Fig. 3.1c). Conversely,
at γ � 1, the transient tilt of the tunnel barrier by the electric field of the lightwave
ELW(t) dominates the light–matter interaction. Assuming a constant field between
tip-apex atom and sample as well as a negligible skin depth in metal, the barrier
is tilted by −e · ELW(t) · d. Hence, the lightwave acts as a transient bias voltage
VLW(t) = ELW(t) · d such that sub-cycle tunneling currents can be driven (Fig. 3.1d).
To work in the latter regime of γ � 1 and to be able to resolve ultrafast dynamics
at the same time, we couple terahertz pulses to the tunnel junction, which act as
an ultrafast bias voltage applied between tip and sample. The sub-cycle tunneling
events driven by the lightwave contribute to the detectable net tunneling current.
Depending on an additional steady-state bias voltage V , the measured tunneling
current is partly or fully caused by tunneling events driven by ultrashort pulses.

Waveform-averaged rectified currents in LW-STM. In general, the detected
current in LW-STM is initiated by both the steady-state bias voltage V and the time-
dependent voltage due to the lightwave electric field VLW(t). Following the I-V curve
of the respective sample, the measured tunneling current consists of a steady-state
component I and lightwave-driven components JLW(t). As a first approximation, the
total tunneling current can be calculated as I(V + VLW(t)) (Fig. 3.3). This approach
is commonly referred to as the “instantaneous tunneling model” and will be discussed
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Figure 3.3 | Rectified currents. An ultrafast volt-
age pulse coupled to the STM junction induces a
tunnel current pulse. The instantaneous voltage at
any point in time V + VLW(t) can be translated to
an instantaneous current I + JLW(t) based on the
I-V curve measured via conventional steady-state
STS. The total current detected is the sum of steady-
state and lightwave-induced current and averages
over charge transfer at all instances in time [Coc13].

in greater detail in chapter 6. Of today, it is extremely challenging to directly measure
the instantaneous tunneling current [Sid24]. Usually, tunneling currents in an STM
ranging from picoamperes (pA) to nanoamperes (nA) are amplified before processing
by STM control electronics. With a typical bandwidth of one kilohertz (kHz), STM
current preamplifiers are far to slow too resolve tunneling on ultrafast time scales.
Since the inverse of the bandwidth, namely one millisecond, is orders of magnitude
longer than the duration of the entire lightwave as well as the inverse of typical laser
repetition rates, the amplified signal always represents an average of the current over
the lightwave and often even over many pulse repetition cycles. As a consequence,
all tunnel events induced by the steady-state and lightwave-induced voltage, are
averaged to the total tunneling current. Via lock-in detection together with an
optical chopper, the average total current flowing within one pulse can be extracted
[Coc13, Coc16]. This value is the integral over the instantaneous current JLW(t) such
that the whole transient contributes to the lightwave-driven current. Hence, in first
approximation, the temporal precision in measurements of lightwave-driven currents
is limited by the duration of the terahertz pulse. Conversely, the picture changes
drastically when lightwaves drive tunneling through an individual energy level of
an atom or molecule. Such discrete energy levels are exploited in state-selective
LW-STM [Coc16] enabling the detection of single-electron tunnel events into specific
states on ultrafast time and atomic length scales.

State-selective LW-STM. State-selective LW-STM [Coc16] constitutes one of
the main pillars of this thesis and has been employed for all experiments presented
in the following chapters. In general, macroscopic rectified currents driven by the
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Figure 3.4 | State-selective lightwave-driven STM. In steady-state scanning
tunneling spectroscopy, the localized molecular orbitals (center) manifest as peaks in
the differential conductance (left). The electric field of the terahertz transient (right)
coupled to the STM junction acts as an ultrafast bias voltage. Its peak electric field
is tuned such, that only within an ultrashort time window (arrows) at the very field
crest, it allows tunneling through a molecular orbital. This figure was adapted from
[Coc16] with permission.

whole terahertz transient average over different contributions to the tunneling cur-
rent stemming from several individual states [Coc13]. In contrast, in state-selective
LW-STM, single electrons are sequentially tunneled through specific orbitals within
ultrashort time windows (∼100 fs) and simultaneous atomic precision allowing for
the investigation of intrinsic dynamics of well-defined quantum states on the atomic
scale [Coc16]. This has been achieved by harnessing distinct electronic states of
individual molecules or atoms [Coc16, Pel20, Pel21, Roe24, Bob24a] with the aid of
ultrahigh-vacuum and low-temperature operation.
The state-selective approach yields several advantages. First, discrete energy levels
yield an extremely steeply rising LDOS (chapter 2) such that the temporal precision
can be increased: lightwave-driven tunneling currents are dominated by sub-cycle
intervals, in which the electric field in the tunnel junction is large enough to induce
tunneling through the select levels (Fig. 3.4, red arrows in right panel).
Second, for individual atomic or molecular orbitals, the number of allowed electrons
occupying one energy level is limited in contrast to solid materials like metals or
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semiconductors. Thereby, individual electrons can be tunneled through select quan-
tum states limiting the tunnel currents even more. The detection of quantized tunnel
events facilitated by state-selective LW-STM stands in stark contrast to macro-
scopic currents as known from steady-state tunneling as well as previous ultrafast
STM approaches. For a clean interpretation of data, prerequisites of state-selective
LW-STM are a single-cycle terahertz transient and access to an individual energy
level (Fig. 3.4).
State-selective LW-STM was established in [Coc16] at the University of Regensburg
to track the orbital motion of a select molecular level, the HOMO of an individual
pentacene molecule. The frontier orbitals (see also chapter 2), HOMO and LUMO,
yield peaks in the steady-state dI/dV (Fig. 3.4, left and center). To access the
HOMO, the electric field of the terahertz transient is attenuated such that only
at the field crest, the induced transient voltage in the STM junction can drive
sequential tunneling through the molecular level while the steady-state background
voltage V is kept close to zero. Thereby, the rectified time-integrated tunnel current
ILW = 〈JLW(t)〉 is strongly dominated by tunneling events of single electrons within
a time window much smaller than a single optical cycle of the waveform (arrows).
A narrower peak width of the transient, and hence a more asymmetric waveform,
yields a higher temporal precision. In the experiments demonstrated by Cocker et al.
[Coc16], the temporal precision was shown to be about 100 fs. In these experiments,
the combination of terahertz waveforms with ultrahigh-vacuum STM at liquid-helium
temperature allowed for the atomic spatial resolution of individual molecular orbitals
using lightwaves enhancing the spatial precision by more than an order of magnitude
as compared to previous work on LW-STM [Coc13].
Both the atomic spatial resolution and the state-selective nature of lightwave-driven
tunneling through one select energy level, the HOMO, are evidenced by LW-STM snap-
shots (Fig. 3.5). In these measurements, the DC background voltage is V = 15 mV,
which can only induce in-gap tunneling (chapter 2). Meanwhile, the terahertz tran-
sient is attenuated such that the field crest induces sequential tunneling through
the HOMO as outlined in Fig. 3.4. When scanning the tip across the sample, the
purely lightwave-driven current ILW maps out the HOMO in space – here, with
∼100 fs temporal precision for every single tunneling event. This ultrashort window
of tunneling is much smaller than the inverse of the preamplifier bandwidth such that,
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Figure 3.5 | LW-STM snapshot of the pentacene
HOMO. A lightwave-driven constant-height scan of
pentacene on a NaCl monolayer on Au(110) clearly
exhibits the orbital structure of the HOMO. Thirteen
LW-STM images were corrected for horizontal drift
and averaged. Tip height setpoint: 15 mV, 2 pA and
2.05 Å additional approach.

for the same tip-sample distance, the detected tunneling currents are much smaller
than in conventional STM. To counteract the small duty cycle in LW-STM, the tip
is moved much closer to the surface for femtosecond snapshots than in conventional
STM measurements ensuring a measurable current above the preamplifier detection
threshold. With its ultrafast temporal and atomic spatial precision, state-selective
LW-STM allows for resolving ultrafast dynamics directly on atomic length scales.

Dynamics on ultrafast time scales. The ultimate goal of all developed fast
STM techniques has been to resolve the temporal evolution of structural or electronic
dynamics, which are not accessible with conventional electronics, in real space. For
the first time, in the experiments published in [Coc16], the motion of an individual
molecular orbital could be recorded directly in space. Single-cycle transients allowed
for sequential tunneling through a distinct electronic energy level such that every
tunnel event was evoked within ∼100 fs on average. Over many terahertz pulses,
the time-averaged current was extracted, which was dominated by tunneling events
at the field crest of the transient. By accessing a select molecular energy level and
performing pump-probe experiments, the vibration of a pentacene molecule above
a NaCl decoupling layer was driven and the subsequent ultrafast dynamics were
tracked. With these seminal experiments, a technique has been established to record
molecular movies directly in space.
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3.2 Single-shot detection to decipher local
dynamics

The results presented in this section have been measured and interpreted in close
collaboration with Dominik Peller, Lukas Z. Kastner, Thomas Buchner, Florian
Albrecht, Nikolaj Moll, Rupert Huber and Jascha Repp, and were published in Nature
[Pel20], where the authors’ contribution is specified. The presentation of the results
closely follows the publication. Most figures are adapted from [Pel20] with permission.

The field of LW-STM on atomic length scales has evolved in manifold directions – from
a material perspective, from single molecules [Coc16] via bulk solids [Jel17, She22]
to two-dimensional systems [Amm21, She24, Roe24, Bob24a], in terms of optical
pump pulses [Yos19, Mü20, Yos21, MS22], and in particular, LW-STM has been
driven towards quantum sensing. In lightwave-driven tomography exploiting different
tip heights, the vertical wave function decay of individual orbitals of graphene
nanoribbons could be measured locally at different tip positions in LW-STM with
ångström lateral resolution [Amm21]. The use of H2 adsorbed on a Cu2N surface has
enabled measurements of the surface chemical environment distribution in LW-STM
[Wan22].
In all these pioneering experiments, a large number of individual tunnel events was
averaged. Such a procedure allows us to follow classical motion directly in space and
time. However, quantum objects are governed by statistical probabilities. To directly
observe quantum properties or irreversible chemical reactions with all different
reaction paths, a single-shot technique is required rather than an average probing
mechanism [Pel20, Pel21]. In this section, I introduce the single-shot technique
ultrafast action spectroscopy. For this purpose, we make use of state-selective
LW-STM and apply it to a system with binary outcome, a single-molecule switch.

The single-molecule switch MgPc on NaCl. For our single-shot detection, we
select a molecular switch, which has been characterized in detail using time-integrated
experiments [Pat19a]. From steady-state experiments [Sch13, Zha16, Miw16, Ima16,
Dop18, Pat19a], it is known that specific molecules can switch between different
adsorption geometries on a surface. For magnesium phthalocyanine (MgPc), this
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Figure 3.6 | Simulated and measured LUMO densities of MgPc. a, MgPc
possesses two degenerate LUMO orbitals. The simulated incoherent sum of the
LUMO densities on top of a stick model of the molecule exhibits nodal planes
centered on the isoindole units (arrow). b, STM constant-current topographic map
of the LUMO (V = 1.1 V, I = 2 pA). Charging events through the LUMO trigger
switching of MgPc between two different adsorption geometries on the substrate.
This process is happening repeatedly during acquisition of every single pixel of the
STM image. As a result, the constant-current map represents a superposition of the
electron densities in the two adsorption geometries yielding two nodal planes around
the high symmetry directions defined by the NaCl lattice underneath (dashed lines)
instead of one (a).

is the case, when it adsorbs on a Cl− site of a NaCl layer [Pat19a, Pel20]. In the
simulated LUMO densities of MgPc (Fig. 3.6a), one electronic nodal plane is apparent
on each isoindole unit (arrow). Meanwhile, STM images at the LUMO energy exhibit
two nodal planes instead of one due to the switching behavior of MgPc (Fig. 3.6b,
arrows). On Cl− sites, MgPc adsorbs in two different geometries rotated by an
azimuthal angle of φ = ±10° with respect to the underlying salt layer (Fig. 3.7a,c).
The two stable structural configurations of the molecule in its electronic ground
state can be described by a double-well potential U as a function of rotation angle φ
(Fig. 3.7d). The molecule can be switched between the two geometries upon charging,
in a process of sequential tunneling through a molecular orbital (chapter 2). Starting
from the electronic ground state, the neutral molecule lies in one of the adsorption
geometries, rotated to the left, |l〉, (Fig. 3.7a) or right, |r〉 (Figs. 3.7c). Upon
tunneling an electron into the LUMO (first step of sequential tunneling), MgPc tends
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Figure 3.7 | Charge-induced switching of MgPc adsorbed on a Cl atom
in NaCl. a, In its electronic ground state, the MgPc molecule adsorbs in either of
two degenerate, mirror-symmetric ground states, |l〉 (shown) and |r〉 (c), rotated
by φl,r = ±10° with respect to the underlying NaCl lattice. b, When charged, the
molecule tends to align with the high-symmetry axis of the NaCl lattice [Pat19a].
These adsorption geometries give rise to two different potentials for the uncharged
and the charged scenario (d-f). d, When adsorbed in |l〉 (a), the molecule lies at
φ = +10° in one of two minima (φ = ±10°) of the equilibrium potential U separated
by a barrier. The charged molecule, e.g. when filling the LUMO with one electron,
feels the potential U* with a single miminum at φ = 0° such that a charging event
triggers an in-plane rotation of the molecule towards φ = 0°. Depending on the exact
position of the molecule in the potential U* at the time of neutralization by a tunnel
event out of the LUMO (dashed arrows), the second step of sequential tunneling
through the molecular orbital can result in a switching event to the right-rotated
(φ = −10°) adsorption geometry (c) – or the molecule can fall back into its initial
state (a, c). As a result, the molecule can be switched between the two adsorption
states by charging.
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Figure 3.8 | In-gap STM images of the
molecular switch. Low-voltage scans enable the
detection of the neutral molecule in both adsorp-
tion geometries, |l〉 (a) and |r〉 (b), separately
(constant-height mode, V = 6 mV, image size
20 Å × 20 Å, linear grey scale 0–2 pA). Placing
the scanning tip to the cross-hair position, the
detection current driven by the small bias voltage
V differs considerably for |l〉 and |r〉.

to align with the high-symmetry axes of the underlying salt layer [Pat19a, Pel20]
(Fig. 3.7b). The charged molecule is subject to a potential with a single minimum at
zero degree rotation (Fig. 3.7d). When the electron tunnels out of the LUMO (second
step of sequential tunneling), the molecule is neutralized (Fig. 3.7c,f). Depending on
the position in the potential of the charged molecule U*, the molecular switch can
fall into one of the minima of the double-well potential of its electronic ground state
– back into its initial adsorption geometry (|l〉, Fig. 3.7a) or into the other stable
configuration (|r〉, Fig. 3.7c). As a consequence, by charging, the molecule can be
switched from one adsorption geometry into the other with a certain probability.
In order to image the two adsorption geometries without switching between them, one
can record STM images at voltages well below the LUMO in so-called in-gap images
(Fig. 3.8). At very low voltages, the molecule modifies the tunnel barrier, which is
visible in in-gap images. Yet, no sequential tunneling through molecular orbitals
takes place (chapter 2). Since the voltage does not suffice to charge the molecule,
the molecular switch does not toggle between the two adsorption geometries while
being imaged. It rests in one of the two geometries. Clearly, in such images the left
(Fig. 3.8a) and right (Fig. 3.8b) rotated geometry can be identified. However, the two
configurations can be discerned even without taking a whole image. At the cross-hair
position marked in Fig. 3.8a,b, the measured in-gap detection current differs for
the two geometries: it is larger for |l〉 than for |r〉. When a single tunneling event
switches the molecule, the two adsorption geometries can be distinguished by leaving
the tip at this very position and recording the detection current. The principle
of discerning different molecular conformations is well established in steady-state
experiments [Sti98, Qiu04, Sai05, Lil07] and has even been brought to sub-picosecond
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Figure 3.9 | Ultrafast action spectroscopy. a, For a time window of about
100 fs (red field crest), a lightwave opens a tunneling channel through the LUMO
such that a charge injection can trigger a switching event of the molecular switch.
b, Positioning the tip at a fixed location (e.g. cross-hair position in Fig. 3.8), the
adsorption geometry of the molecule is monitored by an in-gap detection current
Idet (black curve). Individual lightwaves (laser shots) repeatedly inject electrons into
the LUMO enabling switching events between |l〉 and |r〉. Every switching event
manifests as an abrupt change of the detection current, which is registered for each
laser shot, separately for both directions (arrows).

time scales [Li17]. We develop a technique to controllably induce switching of MgPc
within a fraction of a single cycle of light and to detect every single switching event,
in ultrafast action spectroscopy.

Ultrafast action spectroscopy. Whenever a voltage capable of charging our
molecular switch is applied to the STM junction continuously, the molecule toggles
between the two adsorption geometries in an uncontrolled fashion. In contrast, with
the help of LW-STM we can evoke a single switching event within 100 fs by charging
the single-molecule switch MgPc using our terahertz transient. Tuning the field
amplitude of the terahertz pulse to the LUMO energy, the molecule can be charged
within 100 fs and hence the molecule can switch into the other adsorption geometry
(Fig. 3.9a). We do this repeatedly and simultaneously monitor the in-gap detection
current continuously while switching the molecule (Fig. 3.9b). For every laser shot,
we read out whether the molecule has switched: a step in the detection current
corresponds to a switching event of the molecule (arrows). From high current to low
current, the molecule switches from the left- to the right-adsorbed configuration and
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vice versa. To ensure that every switching event can be resolved, the repetition rate
of the laser pulse is lowered to ∼300 Hz lying within the bandwidth of the current
preamplifier, which is about 1 kHz. With lightwave-induced tunneling rates below 0.4
electrons per pulse [Pel20], the probability of two switching events within one laser
pulse becomes negligible. Concluding, every single switching event of the molecule
can be detected. Based on single-molecule action spectroscopy [Bö19], we label our
single-shot technique as ultrafast action spectroscopy since the temporal confinement
of tunneling allows for ultrafast temporal precision. Due to its single-event sensitivity,
ultrafast action spectroscopy enables us to access the full switching statistics of an
individual molecule even for both switching directions separately.

Spatially resolved single-shot detection. Remarkably, the reaction statistics
cannot only be extracted in a direction-dependent fashion, but this can also be done
spatially. At one specific position of the tip, one can extract the switching statistics
of the two different reaction paths from left to right and right to left. Evaluating
the detection current (Fig. 3.9) at different tip positions yields spatial maps of the
local switching probability for both directions individually, pl-r (Fig. 3.10a) and pr-l

(Fig. 3.10b). Pixels where switching cannot be detected are shown in white.
The switching maps reveal a rich sub-molecular structure and a clear direction
dependence. For both directions, the switching probability is locally enhanced in
eight areas (indicated by dashed circles), every other of which is more prominent.
The axes of the molecule in its initial state are marked by dashed lines. Interestingly,
the switching probability is aligned with these axes.
As discussed earlier, every switching event is triggered by a charging event. Hence,
the local switching probability is expected to be intricately linked to the local
charging probability of the LUMO. The latter can be calculated from the overlap
integral of the tip wave function and the LUMO orbital obtained from DFT calcula-
tions [Pel20] (Fig. 3.11). The tip wave function is approximated by an s-like wave
function (Tersoff-Hamann approach, chapter 2) with an exponential decay length of
0.6 Å being centered at a distance of 9 Å above the topmost NaCl layer. Figure 3.11
visualizes the efficiency, with which an electron can be injected into the LUMO in
the respective adsorption geometry.
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3 Probing individual molecular energy levels on ultrafast time and atomic length
scales

Figure 3.10 | Local maps of switching probability. For different tip positions
across the molecule, the switching statistics for both switching directions are detected
to extract the local switching probabilities, pl-r from |l〉 to |r〉 (a) and pr-l from |r〉
to |l〉 (b). The spatial maps reveal sub-molecular features and a clear direction
dependence. Pixels where switching cannot be detected are depicted in white. Eight
areas of enhanced switching probability stand out (dashed circles), every other of
which is more prominent. The symmetry axes of the molecule in the initial state are
indicated by dashed lines.

Indeed, the similarities of switching and charging maps cannot be overlooked: the
switching maps clearly resemble the local charging probability of the respective initial
state. At positions, where an electron can be injected efficiently into the LUMO in a
specific adsorption geometry, the switching probability is higher. When an electron
has tunneled into the LUMO, the probability for the molecule to switch even seems
to be roughly constant such that the switching probability is directly proportional
to the local charging probability.

With our novel sampling technique, ultrafast action spectroscopy, we establish
a method to locally sample the reaction statistics of a single-molecule switch shot by
shot. In the following chapters, I will show how ultrafast action spectroscopy opens
the doors for controlling and observing the action of ultrafast force pulses on select
atoms within an individual molecule (chapter 4) and to directly measure atomic-scale
near-field transients in a tunnel gap of only a few ångströms (chapter 5).
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3.2 Single-shot detection to decipher local dynamics

Figure 3.11 | Local maps of simulated charging probability. The local proba-
bility to tunnel an electron into a LUMO is calculated as the square of the respective
overlap integrals M between tip and orbital electronic wavefunction for both adsorp-
tion geometries |l〉 (a) and |r〉 (b). The tip wave function is approximated as an
s-wave with a decay length of 0.6 Å and centered 9 Å above the top-most NaCl layer.
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Chapter 4
Controlling single-molecule motion

What’s the use of doing all this work if
we don’t get some fun out of this?

— Rosalind Franklin [Klu05]

The results presented in this chapter have been measured and interpreted in close
collaboration with Dominik Peller, Lukas Z. Kastner, Thomas Buchner, Florian
Albrecht, Nikolaj Moll, Rupert Huber and Jascha Repp, and were published in Nature
[Pel20], where the authors’ contribution is specified. The presentation of the results
closely follows the publication with figures adapted from [Pel20] with permission.

Based on the techniques developed and explained in chapter 3, I will now show how
we have established ultrafast forces steering atomic motion in an individual molecule.
In real space, atomic manipulation on individual molecules is a well-established
method in the realm of scanning probe microscopy. Quasi-static forces have been
applied locally to assemble new quantum structures [Esa18] in scanning probe
techniques and even chemical reactions have been induced using external stimuli
[Hla00, Pav17, Alb22]. While the available forces have been quasi-static, exploiting
ultrafast local dynamics would open the doors to tailor chemical reactions or confor-
mational changes of individual molecules giving access to a new era of nanotechnology.
With the development of LW-STM (section 3.1), it has become possible to selectively
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4 Controlling single-molecule motion

access specific molecular energy levels within a time window of about 100 fs – even
in a single-shot fashion [Pel20] (section 3.2) – which can be used to observe ultrafast
molecular motion [Coc16]. In this chapter, I demonstrate how we not only sample,
but even coherently control the motion of the single-molecule switch introduced in
section 3.2. We induce a librational motion of the switch by applying ultrafast force
pulses to specific atoms driving the molecule out of its equilibrium position.
To do so, we utilize the electic field of the terahertz transient coupled into the
STM junction as an electrostatic force pulse, acting on ultrafast time scales. In
contrast, operating the molecular switch between two adsorption geometries is done
by charging. By calibrating the peak electric near field in the junction (section 4.1)
as a voltage, we can disentangle the action of the near-field waveform as an ultrafast
force pulse or a trigger of charging events.

4.1 Energy calibration via a local voltage sensor

We utilize the switching behavior of MgPc on NaCl (see section 3.2) to calibrate the
peak electric near field in the junction in units of volts. In a regime, where the peak
field of the terahertz transient does not suffice to charge the molecular switch, its
electric field can still result in a force acting on the molecule. To disentangle these
regimes, it is crucial to calibrate the peak field in the STM junction in units of volts.
To this end, we identify the lightwave-induced peak voltage when accessing a select
energy level. This is achieved by using the molecular switch (section 3.2) as a local
peak-voltage sensor.
We know that the molecular switch can only toggle between its adsorption geometries
upon a charging event, for instance by tunneling an electron into the LUMO, as
shown in the previous chapter. Moreover, the switching probability seems to be
directly proportional to the charging probability (Figs. 3.10 and 3.11). To calibrate
the electric field in the STM junction, we sweep the peak electric field of the terahertz
transient across the LUMO resonance (Fig. 4.1a). For different peak electric fields and
hence lightwave-induced peak voltages (color-coded), one can record the switching
probability of the molecular switch (Fig. 4.1b). When the peak electric field suffices
to induce a voltage capable of charging the molecule, the switching probability
rises steeply (around 0.2 E0, E0: maximum electric field). Inversely, the steep

38



4.1 Energy calibration via a local voltage sensor

Figure 4.1 | Determining the lightwave-induced peak voltage. a, The peak
electric field Epeak

LW of the terahertz transient is attenuated such that the instantaneous
peak voltage induced in the STM junction sweeps over the LUMO resonance of the
single-molecule switch, MgPc on NaCl, at VLUMO. Charging enables switching of the
molecule. b, The switching probability p of the single-molecule switch (data points)
is recorded as a function of the respective peak electric field and fitted by an error
function. Upon enabling tunnel events through the LUMO, the switching probability
rises steeply. By attributing the peak in the derivative of the error function (gray
curve) to the LUMO peak in the steady-state dI/dV (c), VLUMO, the peak electric
field can be calibrated in units of volts.
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4 Controlling single-molecule motion

rise in the switching probability corresponds to tunneling into the LUMO. As the
LUMO resonance is broadened due to its interaction with phonons in the NaCl layer
underneath [Rep05a, Rep10] (STS, chapter 2), it is Gaussian-shaped with the integral
being an error function. Based on the assumption that the switching probability
is directly correlated with the charging probability of the molecule, the switching
probability is fitted by an error function, whose derivative (gray) peaks at a specific
peak electric field. We attribute the latter to the voltage VLUMO of resonant tunneling
through the LUMO, which appears as a peak in the steady-state tunneling spectrum
dI/dV (Fig. 4.1c) at around 1.2 V.
Assigning the LUMO peak in the steady-state dI/dV (Fig. 4.1c) to the maximum
derivative of the error function fit (Fig. 4.1b), the peak field in the STM junction
can be calibrated in terms of a lightwave-induced peak voltage. For the tip used in
this experiment, the unattenuated terahertz waveform E0 induces a peak voltage
of 5.2 V.

4.2 Sub-cycle dynamics of a molecular switch

Knowing the calibration of the peak electric field strength in units of volts (section 4.1),
we want to measure and control sub-cycle dynamics of the molecular switch with
direct real-space access. Indeed we find that we can coherently steer molecular motion
and modulate the switching probability of the single-molecule switch. Here, the key
idea is to use the electric field of the near-field waveform confined to the atomically
sharp tip as an atom-scale force pulse. To do this, we apply the lightwave-induced
ultrafast voltage pulse to the single-molecule switch without charging it.

Concept: coherent control via ultrafast force pulse. For a better under-
standing of the different aspects of our experiments, the conceptual idea of how
to manipulate the single-molecule switch is presented in the following. This is a
purely schematic model, which will be corroborated by our results presented in this
section and section 4.3. The switching motion of the single-molecule switch itself is
an azimuthal rotation. We exploit this in the following manner: exciting a coherent
azimuthal oscillation of the molecular switch (Fig. 4.2a) with an ultrafast force pulse
might alter the switching probability of the molecule. A rotation of the uncharged
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4.2 Sub-cycle dynamics of a molecular switch

Figure 4.2 | Coherent oscillation modulates switching probability. When
the uncharged MgPc molecule oscillates azimuthally around one of the two stable
adsorption geometries (a), its position in the double-well potential U changes (b).
Injecting an electron into the LUMO of the rotating molecule (c, vertical transitions
in d) prompts an in-plane rotation of the molecule towards φ = 0, strongly influenced
by the previous rotational dynamics. Depending on injection position, lifetime
τcharge and hence the specific position in U∗ when the molecule is discharged (f), the
switching probability into the other adsorption geometry (e) is altered.

molecule changes the adsorption angle within one of the minima of the double-well
potential (Fig. 4.2b). While the molecule is oscillating azimuthally, the overlap of tip
and molecule wave functions changes in time, which also modulates the probability
to charge the molecule. Hence, the probability to switch the molecule upon inducing
a coherent oscillation is expected to change in time. Depending on the instance
when the molecule is charged (Fig. 4.2c), it will end up at a different location in
the parabolic potential of the charged molecule (Fig. 4.2d). After the lifetime τcharge,
the molecule is located at a specific position in the potential U∗ (Fig. 4.2f) and
neutralizes by tunneling an electron out of the LUMO such that it ends up in one
of the uncharged adsorption geometries (Fig. 4.2e). This tunnel neutralization can
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4 Controlling single-molecule motion

occur stochastically at different instances in time for every single switching process
(Fig. 4.2f, multiple arrows). Hence, the probability to switch into the other geometry
might be altered from shot to shot. For many individual shots, however, the average
position in U* after lifetime τcharge and also the time-dependent switching probability
are expected to be governed by the molecular motion induced by the ultrafast force
pulse even before charging the molecule (Fig. 4.2a,b). As a consequence, by applying
a force pulse to the molecular switch, which induces an azimuthal oscillation of the
molecule without charging it, we should be able to coherently modify the switching
probability in time.

Temporal modulation of the switching probability by force pulses. The
idea of the experimental implementation is sketched in Figure 4.3a. To apply an
ultrafast force pulse, we couple a terahertz pulse into the STM junction, whose
electric field strength is attenuated such that the lightwave-induced peak voltage
V pump

LW is not large enough to charge the molecule. However, the oscillating electric
field can excite a coherent librational motion (bottom) – this will be further confirmed
in section 4.3. After a delay time τ , a terahertz pulse with larger field strength
is able to inject an electron into the LUMO and thereby induce a switching event
into the other adsorption geometry. For the setting of one specific delay time τ ,
the adsorption geometry after every pulse pair can be extracted (Fig. 4.3b) via
ultrafast action spectroscopy (section 3.2). Thereby, the switching statistics of the
single-molecule switch are accessible for a specific delay time τ . If the force pulse
induces an azimuthal rotation of the molecular switch on the substrate, this will be
visible in the switching statistics for different delay times between pump pulse and
electronic trigger. Hence, depending on the time of charge injection, we expect a
modified switching probability of the molecule. For each delay time τ , we extract
the switching probability p(τ) of the single-molecule switch using our single-shot
detection (Fig. 4.4). Clearly, the switching probability is modulated as a function of
delay time and oscillates with a frequency of about 0.3 THz. This frequency matches
the frustrated in-plane rotation frequency calculated by DFT [Pel20]. Flipping the
pump transient coherently inverts the phase of the oscillatory signal. Whereas the
mean value of the switching probability stays almost constant, the peak-to-peak
amplitude of the oscillation is inverted. This observation indicates field-induced
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4.2 Sub-cycle dynamics of a molecular switch

Figure 4.3 | Pump-probe action spectroscopy. a, In a pump-probe scheme, pairs
of terahertz pulses separated by an adjustable delay time τ trigger switching events.
The pump pulses are adjusted below the threshold of electron tunneling (V pump

LW <
VLUMO) acting as an ultrafast force pulse F(t) to induce molecular dynamics. In
contrast, the probe pulses serve to inject single electrons into the LUMO and prompt
time-delayed switching events, whose probability is influenced by the molecular
motion. b, The impact of molecular motion on the switching probability can be
interrogated by ultrafast action spectroscopy (section 3.2) for pulse pairs with
variable delay time τ . The action of the pump pulse is expected to vary the switching
probability of the single-molecule switch as a function of τ .
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4 Controlling single-molecule motion

Figure 4.4 | Pump-probe switching probability trace. Upon action of a pump
electric field, the switching probability p(τ) as a function of delay time oscillates with
a frequency of 0.3 THz (pink data points, V pump

LW = 0.7 V). Inverting the polarity of
the pump pulse coherently reverses the phase of the oscillatory signal (green data
points).

dynamics rather than oscillations due to charging (suggested mechanism in [Coc16])
and drives us to analyze the impact of the pump field strength on the transient
switching probability.

Field-driven dynamics. To disentangle the impact of the pump electric field
and tunnel events driven by the pump pulse, we vary the pump field strength and
hence the transient voltage applied across the tunnelling junction, V pump

LW , from below
to above the threshold for electron injection into the LUMO, while keeping the
amplitude of the probe pulse constant. For each setting, we record one oscillation
period of the switching probability as a function of the delay time (Fig. 4.5a). From
sine fits to these curves, we can extract the mean switching probability p̄ and the
peak-to-peak amplitude of the oscillation ppp, as labeled in Fig. 4.4. For low peak
voltages, the mean switching probability is constant (Fig. 4.5b). Clearly, only above
a certain peak voltage of the pump field, the mean value of the switching probability
changes. The reason for this is that below V pump

LW = 0.7 V, solely the probe pulse
induces switching events of the molecular switch. At peak voltages V pump

LW > 0.7 V,
also the pump pulse itself can induce tunneling events increasing the mean switching
probability.
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4.2 Sub-cycle dynamics of a molecular switch

Figure 4.5 | Field stimulus acting on single-molecule switch. a, One oscillation
period of the time-resolved switching probability traces, p(τ), is recorded for several
peak voltages V pump

LW induced by the pump pulse. The probe field strength is kept
constant. Each data set is fitted by a sine function (solid lines), from which the
time-averaged mean, p̄, and the modulation amplitude, ppp, are extracted. b, The
mean switching probability as a function of pump field strength is constant up to
V pump

LW = 0.7 V (shaded area) and increases rapidly at higher peak voltages. Voltages
induced by the pump pulse V pump

LW < 0.7 V are too low to inject electrons into the
LUMO such that only the probe pulse induces switching events resulting in a constant
mean value p̄. Above this threshold, the pump pulse triggers additional electron
tunneling and contributes to the overall switching probability. c, In contrast, the
modulation amplitude, ppp, scales linearly with the pump field strength throughout
the measured range, indicating that it is the electric field of the pump pulse, which
coherently modulates the switching probability.
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4 Controlling single-molecule motion

In stark contrast, we observe a field-strength-dependent amplitude of the oscillation
throughout the whole measured range (Fig. 4.5c). In particular, the peak-to-peak
amplitude of the oscillation rises linearly with the peak voltage of the pump pulse,
modulating the switching probability severely even in the regime where the pump
pulse cannot induce tunnel events. This behavior confirms that the dynamics are
field-driven and makes us conclude that the pump electric field itself acts on the
single-molecule switch.
The presented results evidence that pump pulses below the tunneling threshold
can steer a coherent motion owing to an ultrafast electric-field stimulus. Since an
electric field can directly interact with polarizable matter like polar atoms or bonds,
we expect a local interaction of the field stimulus with the examined sample – in
particular, with polarizable bonds parallel to the electric field. These considerations
together with the need to understand the motion pattern modulating the switching
probability call for a full spatio-temporal analysis, which is presented in the next
section.

4.3 Local action of ultrafast force pulses

In the previous section, we found out that the electric field of a terahertz pulse in
the STM junction can be used as a force pulse to induce dynamics of an individual
molecule even without charging it. To investigate the microscopic mechanism behind
this observation, we analyze the induced dynamics at different positions across the
molecule in this section. We find that the force pulse acts locally giving direct access
to atomic motion.

Local action of ultrafast force. At different tip positions, we record pump-probe
traces of the switching probability using ultrafast pump-probe action spectroscopy
(Fig. 4.6). In all these experiments, V pump

LW is kept just below the tunneling threshold.
Obviously, both p̄ and ppp vary for different tip positions across the molecule. At
some positions, where the mean switching probability is rather high, we find that
the pump pulse has a minor impact on the switching probability (Fig. 4.6a, positions
marked in Fig. 4.6c). At positions only a few ångströms apart, the average switching
probability is comparably low. Surprisingly, here, we observe a strong pump-induced
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4.3 Local action of ultrafast force pulses

Figure 4.6 | Field-induced azimuthal rotation. a,b, Time-resolved traces of the
switching probability at different tip positions (marked as crosses labeled A to F in
c) reveal strong lateral variations in the amplitude of the field-driven modulation.
In areas of high mean switching probability (a), no pump-induced modulation is
observed. Conversely, at a position displaced by only a few ångströms, where the
mean switching probability is smaller (b), the field-induced modulation is maximized.
c, Computed by DFT calculations, the color map visualizes the action of a local
out-of-plane electric field located at different positions (pixel coordinates) as an
atomic-scale force. With strong local variations, the electric field induces an in-plane
rotation of the MgPc molecule. It is maximized (pink dashed line) at positions of
enhanced switching probability modulation (b). A top view of the calculated initial
adsorption geometry, the molecule without applied field, is overlaid with specific
hydrogen atoms highlighted in pink.
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4 Controlling single-molecule motion

modulation of the switching probability (Fig. 4.6b). This severe lateral variation of
pump-induced modulation manifests a local action of the electric pump field on the
single-molecule switch, confined to the ångström scale. Moreover, the contrasting
patterns of p̄ and ppp manifest that the local force stimulus is independent of the
local charging probability.

Impact of local vertical fields on molecular rotation. At first glance, the
behavior of the molecular switch is surprising. The electric field of the near-field
waveform is expected to be oriented predominantly perpendicular to the sample.
This raises the question why such an electric field would modulate the switching
probability, which is an in-plane rotation. The microscopic mechanism of this can
be understood by employing density functional theory (DFT) (Fig. 4.6c). All DFT
calculations discussed in this chapter have been performed by Nikolaj Moll. Exactly
as in the experiment, the molecule is centered on top of a Cl− site. To simulate
the effect of the pump pulses, atomically strong electric fields are applied locally.
This is implemented by a pair of vertically separated point charges (1.6 elementary
charges) that enclose the molecule and salt layers. For different lateral positions of
the point charges, the effect of the electric field on the molecule rotation is evaluated
by relaxing the geometry of the combined system of molecule and NaCl layer. In
particular, we observe whether the external local fields cause the molecule to rotate
azimuthally. Even though this is a static simulation, the DFT calculations illustrate
intuitively the microscopic mechanism of the local action of an applied electric field.
The color map (orange) in Figure 4.6c depicts the angle of field-induced azimuthal
rotation of the molecular frame for every position of the point charges. Clearly,
the molecule rotates upon applying an electric field in specific areas, whereas fields
applied elsewhere do not induce an appreciable rotation. The calculated rotations are
too small to directly induce switching into the other adsorption geometry, consistent
with the experimental observation that without electron injection no switching is
observed. However, they are large enough to trigger an in-plane frustrated rotational
motion that will modulate the switching probability of a later probe pulse and
thereby allow for coherent control. Indeed, the simulated rotation pattern seems
to be correlated with the experimentally observed modification of the switching
probability by the pump pulse. The region, in which the pump pulses efficiently
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4.3 Local action of ultrafast force pulses

Figure 4.7 | Local molecule-substrate interaction. a, Top view of the calculated
geometry of MgPC adsorbed on a Cl− site in the underlying NaCl layer. No electric
field is applied. b, Schematic side view of the adsorption geometry, where the z
excursion of the calculated atomic positions in MgPc is exaggerated by a factor
of 6. The calculated geometry indicates that the interaction of specific hydrogen
atoms (pink) with the underlying chlorine atoms (intense green) and sodium atoms
(intense blue) dominates the adsorption energetics of the molecular switch. Local
fields applying forces close to these atoms induce the strongest molecular rotation
and coherent dynamics (Fig. 4.6). The areas of strong (pink dashed line) and weak
(a, black dashed line) modulation are marked corresponding to Fig. 4.6.

modulate the switching probability (Fig. 4.6c, D-F), also the field-induced rotation
is locally enhanced (pink dashed line). In contrast, at positions of absent pump-
induced modulations (Fig. 4.6c, A-C), the simulated molecular rotation vanishes
(black dashed line). The experimental results together with the DFT calculations let
us conclude that the switching probability is modulated locally by the electric field
of the pump pulses, which induces a rotation of the molecular frame when locally
applied to specific positions across the molecule.

Microscopic mechanism. The DFT calculations also suggest that the molecule’s
peculiar switching behavior comes from the specific arrangement of the NaCl sub-
strate and key atoms within the molecule [Pel20]. The interaction of these specific
atoms (highlighted in Fig. 4.7) is expected to dominate the energetics concerning
the azimuthal orientation. In particular, specific hydrogen (pink) and chlorine atoms
(green) in molecule and salt layer seem to be responsible for the double-well potential
with minima at φ = ±10° with respect to the underlying salt lattice due to a polar
interaction of these atoms. The isoindole units of the molecule even tilt towards
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4 Controlling single-molecule motion

the substrate leading to an inner distortion of the MgPc molecule (Fig. 4.7b). An
electric field applied to the molecule is expected to impact the adsorption energetics
of the molecule most strongly at these very hotspots of local polar interaction. This
is consistent with the observation in theory and experiment that local fields applying
forces close to these atoms induce the strongest molecular rotation and coherent
dynamics.

Our approach of using the electric field of near-field waveforms as force pulses
establishes a technique to locally manipulate select key atoms of polar binding
partners on ultrafast time scales. The ultrafast coherent atomic manipulation demon-
strated paves the way for path-selective real-space reaction microscopy with sub-cycle
and atomic precision. Ultrafast structural transitions of a variety of quantum systems
ranging from single molecules to solids can now be controlled on their natural time
and length scales.
We found that the atomically confined electric field of terahertz transients act as
ultrafast force pulses. The following question naturally arises: what do the atomically
confined near-field waveforms look like? In the following chapter, I will elucidate
quantitative sampling atom-scale near-field waveforms.
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Chapter 5
Sampling atomically confined lightwaves

The results presented in this chapter have been measured and interpreted in close
collaboration with Dominik Peller, Lukas Z. Kastner, Thomas Buchner, Alexander
Neef, Johannes Hayes, Franco Bonafé, Dominik Sidler, Michael Ruggenthaler, Ángel
Rubio, Rupert Huber and Jascha Repp, and were published in Nature Photonics
[Pel21], where the authors’ contribution is specified. The presentation of the results
closely follows the publication with figures adapted from [Pel21] with permission.

In section 3.2, we introduced ultrafast action spectroscopy to explore the switching
statistics of a single-molecule switch. Based on this development together with using
the electric field of a terahertz pulse as an ultrafast force pulse (chapter 4), we
are able to steer select key atoms in the molecular switch and thereby change its
switching statistics on ultrafast time scales. In this chapter, we exploit the knowledge
about the molecular switching statistics to quantitatively sample atomically confined
near-field waveforms.
Confining light with tailored nanostructures has been a driving force of progress
in enhanced catalytic activity [Chr12, Geo18], (bio)chemical sensing [Ank08], more
efficient light harvesting [Bar03, Sch10b, Atw10] and the development of ultrafast
microscopy techniques [Lei23]. When light interacts with nanostructures, a complex
interplay of plasmonic propagation, near-field screening, geometrical phase retarda-
tion and antenna enhancement is responsible for the exact strength and temporal
evolution of the oscillating electric near field. On top, non-classical ultrafast dynam-
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ics such as tunneling has been predicted to alter the local fields [Jes19]. All these
effects make an a priori prediction of atomically confined waveforms, like in LW-STM
(section 3.1), challenging. Whereas far-field transients coupled to the STM junction
can be sampled via electro-optic detection [Kei90, Gal99, Hub00], quantitatively
measuring ultrafast atomically confined near-field transients remained a key challenge
for a long time. Since light–matter interaction in nanostructures depends on both
strength and shape of the near-field waveform, a method to directly sample and
calibrate the temporal evolution of atomically confined electric fields in a quantitative
manner has been highly desirable. Employing photo-assisted tunneling of electrons
via irradiation by optical pulses and modulation of the tunneling barrier by tera-
hertz irradiation, the tip-confined waveforms could be mapped out on a microscopic
scale [Yos19, Mü20]. However, quantitatively measuring the near-field waveform on
atomic scales in a parameter-free fashion, has not been able with photo-assisted
measurements. In the following, I will demonstrate, how we use ultrafast action
spectroscopy to quantitatively measure the atomically confined near-field waveform
in the atomic STM junction with a parameter-free method.
The electric field of a terahertz near-field transient coupled to the tunneling junction
of an STM induces a transient bias voltage in the junction. In section 5.1, I explain
our novel sampling scheme, which allows us to quantitatively measure the atomically
confined near-field waveform of the terahertz transient calibrated in units of volts.
With its access to amplitude and phase of the waveform, we can extract a transfer
function from the far to near field allowing for future predictive design of nanooptics
(section 5.2).

5.1 Quantitative sampling of atom-scale near-field
waveforms

To quantitatively sample atomically confined waveforms, we employ LW-STM. The
terahertz far-field transient is focused onto the tunnel junction (Fig. 5.1a), while
the metallic tip is located only a few ångströms above the conductive sample. This
arrangement acts as a terahertz antenna leading to strong field enhancement in the
tunnel junction (Fig. 5.1b). The enhanced near-field waveform then acts as a bias
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Figure 5.1 | Unknown near-field transient. a, A terahertz waveform is focused
into the tunnel junction of an STM. Coupling to the strongly sub-wavelength volume
in this geometry changes magnitude and shape of the terahertz transient drastically,
making quantitative predictions at the atomic scale challenging (b).

voltage in the tunnel junction. While the exact atomic shape of the tip is unknown,
it can alter the tip-confined fields [Bar15, Ben16] and also quantum effects could
shape the near field on top of classical effects.

Sampling scheme. To measure a terahertz waveform on atomic scales, we establish
an interference scheme directly on atomic scales. The test waveform to be sampled
(Fig. 5.2a) is overlapped with a gate waveform (Fig. 5.2b), in this case another
terahertz transient delayed by τ . Both transients individually induce an instantaneous
voltage, VNF(t) and Vgate(t−τ), respectively. Importantly, the electric field amplitude
of the gate pulse is much larger than the one of the sampled test waveform. Indeed,
the peak electric field of the gate pulse is tuned such that it reaches a threshold
of a strong tunneling onset, in this case through a molecular orbital (grey area).
This ensures that the field crest of the gate pulse dominates tunneling in the STM
junction. Varying the relative delay time τ , the instantaneous amplitude of the test
transient offsets the field crest of the gate V peak

gate (Fig. 5.2c), such that the peak field
of the superposition waveform V τ

sum(t) traces out the test waveform. Hence, if we can
determine the local peak voltage of V τ

sum(t), we should be able to stroboscopically
measure the time evolution of VNF(t), which is the atomically confined near-field
waveform in units of volts. For that, we employ a local voltage gauge.

Local voltage gauge. As discussed in section 4.1, the electric peak field in
the junction can be calibrated to a local peak voltage by employing the single-
molecule switch MgPc on NaCl introduced in section 3.2 as a local voltage gauge.
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5 Sampling atomically confined lightwaves

Figure 5.2 | Interference measure-
ment scheme. a, A test waveform
coupled to the STM junction induces
an instantaneous voltage VNF(t). It is
overlapped with a delayed probe tran-
sient (labeled 1, 2, and 3 for different
delay times τ), whose peak electric field
is tuned to a molecular resonance (b),
such that its field crest dominates the
action of Vgate(t− τ). c, When the two
waveforms interfere, temporally sepa-
rated by the delay time τ , VNF(t) offsets
the crest of Vgate(t − τ) (red: superpo-
sition waveform Vsum(V ) for three dif-
ferent delay times labeled 1, 2 and 3).
The peak field of the superposition wave-
form traces out the near-field waveform
(envelope).
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5.1 Quantitative sampling of atom-scale near-field waveforms

Figure 5.3 | Molecular switch as local voltage gauge. a, The switching
probability of the molecular switch MgPc on NaCl changes as a function of the
tip-confined peak voltage (black data points). The derivative (gray area) of an
error function fit (black line) to the data points peaks at the voltage of the LUMO
resonance seen in a steady-state spectrum (blue area). Around the LUMO resonance,
the switching probability rises steeply allowing for a one-to-one translation between
switching probability and tip-confined peak voltage. b, The voltage crest (red) of the
interference waveform Vsum(t) is shown for three delay times between gate and test
waveform (Fig. 5.2). The gate pulse and test waveform are attenuated such, that the
peak voltage of the interference waveform (purple) traces out the test waveform and
lies in the voltage region, where a switching probability can unambiguously assigned
to a specific tip-confined voltage.

We know that the switching probability is directly proportional to the charging
probability of the molecular switch and depends on the exact peak field in the
junction. Indeed, it changes rapidly with increasing voltage around the LUMO
resonance. For different tip-confined peak voltages, we can measure the switching
probability p of the molecular switch via ultrafast action spectroscopy (Fig. 5.3a).
Around the LUMO resonance, this calibration curve assigns one specific switching
probability to a specific tip-confined peak voltage. The peak of the derivative of the
calibration curve (gray area) can be assigned to the LUMO peak in conventional
STS (blue area) as done in section 4.1, but even more, a range of field strengths
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5 Sampling atomically confined lightwaves

Figure 5.4 | Quantitatively measured near-field and far-field waveform.
a, The near-field waveform (purple data points) is measured quantitatively in units
of volts. Salient sub-cycle features are resolved and allow for a comparison with the
far-field transient coupled into the tunnel junction detected using an electro-optic
sampling scheme (b). The latter exhibits a cosine-like shape at higher frequency
differing remarkably from the near-field waveform. Using the far-field waveform, the
near-field transient can be simulated classically (a, black line) agreeing well with the
measured waveform.

around the LUMO can be determined quantitatively in units of volts. By tuning
the field crest of the gate waveform to the LUMO and strongly attenuating the test
waveform, the peak voltage of the interference waveform (Fig. 5.3b) lies in the region
of the calibration curve, where a tip-confined voltage can unequivocally be connected
to a specific switching probability and the other way around.

Atomically confined near-field transients. Employing the explained inter-
ference measurement scheme (Fig. 5.2) with the single-molecule switch as a local
voltage gauge, we can quantitatively determine the atomically confined near-field
waveform directly in the tunnel junction in units of volts. Sweeping the delay time
τ between test and gate waveform, we measure the switching probability for each
delay time. The change in the switching probability as a function of τ is due to
the change in the peak voltage of the interference waveform (Fig. 5.3), which traces
out the test waveform (Fig. 5.2c). Hence, by measuring the delay-time dependent
switching probability p(τ), we directly determine the tip-confined voltage transient
of the test waveform in units of volts (Fig. 5.4a).
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5.2 Transfer from the far field to the near field

Salient features in the near-field waveform are resolved. Indeed, the measured
waveform differs considerably from the electro-optically sampled far-field waveform
(Fig. 5.4b). The tip-confined transient is longer, seems to possess a different carrier-
envelope phase and a lower center frequency. The latter qualities, however, are
generally more accessible in a spectral analysis, in the frequency domain.
To better understand the transfer from the far field to the near field, we compare
the spectra of the two waveforms.

5.2 Transfer from the far field to the near field

In the last section, we have seen how it is possible to quantitatively measure atomically
confined waveforms directly in the junction of an STM. Based on this achievement, we
want to determine, whether we can predict the near-field waveform after measuring a
far-field transient. For this purpose, we compare the near-field and far-field waveforms
in the frequency domain instead of their temporal evolution by calculating their
Fourier transform.

Spectral analysis of far-field and near-field waveforms. We obtain the
spectrum, E(f), via a Fourier transform E(f) = F{E(t)}(f), where F{f(x)}(y) ∝∫
f(x)e−2πixydx. The amplitude of this quantity and the angle between real and

imaginary part correspond to the spectral amplitude and phase, respectively. The
far-field transient yields a spectral amplitude centered at 0.9 THz (Fig. 5.5a) and a
flat phase of ∼0 rad (Fig. 5.5b). In contrast, the near-field spectrum peaks at lower
frequencies around 0.5 THz and is slightly structured with subtle oscillations in the
spectral amplitude (Fig. 5.5c). Also the spectral phase (Fig. 5.5d) exhibits such an
oscillatory structure. Otherwise, the spectral phase is flat at ∼−π/3. From these
curves, the spectral amplitude and phase, which are measured in far and near field,
we can extract a transfer function, which translates the spectrum of the waveform
coupled to the STM junction to the spectrum of the atomically confined near-field
transient.

Transfer function. We identify a transfer function from far to near field for both
spectral amplitude and phase. The near-field waveform is measured in units of volts
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5 Sampling atomically confined lightwaves

Figure 5.5 | Spectral amplitude and phase of far-field and near-field tran-
sient. The spectral amplitudes (a,c) and phases (b,d) are extracted from the
measurements (Fig. 5.4) in the far field (a,b) and near field (c,d). The far-field
spectrum is centered around 0.9 THz and possesses a flat phase of ∼0 rad. In
the near field, the spectral amplitude is shifted towards lower frequencies, peaking
at around 0.5 THz. A subtle oscillation modulates spectral amplitude and phase.
The baseline of the oscillation in the spectral phase lies at around −π/3 rad. The
near-field spectral entities (c,d) are overlayed with a classical simulation (black lines),
which estimates the near-field spectral response from the far-field data (a,b).

rather than volts per meter. Classical antenna theory predicts a field enhancement
inversely proportional to the tip-sample distance d (ENF ∝ 1/d) [Kan09]. In this
regime, the voltage dropping across the STM junction is proportional to the electric
near field (VNF = ENF · d) such that the measured voltage does not depend on the
absolute tip height. For a direct comparison of near-field and far-field measurements,
however, we estimate a tip-sample distance d of about ∼10 Å [Pel20], such that the
electric field ENF(t) = VNF(t)/d and its spectrum can be calculated. To extract a
transfer function from the far to the near field from experimental data, we divide
near-field and far-field spectral amplitude and subtract the respective phases for
each sampled frequency (Fig. 5.6a). The extracted transfer function yields a field
enhancement (purple data points) following a 1/f -behavior. At 1 THz, the electric
field amplitude is enhanced by a considerable factor of about 2 × 105 due to the
extremely sub-wavelength confinement. The oscillatory behavior seen in the near-field
spectral amplitude and phase is reproduced by the transfer function. To understand,
which parts of the transfer function can be explained by classical electrodynamics,
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5.2 Transfer from the far field to the near field

Figure 5.6 | Transfer function from far field to near field. a, From the spectral
amplitude and phase measured in the far field and near field (Fig. 5.5), a complex
valued transfer function can be extracted. Assuming a locally homogeneous electric
field across a tip-sample distance of 10 Å yields a field enhancement (purple data
points) from far to near field following a 1/f -like behavior. The carrier envelope phase
(purple line) shifts by ∼−π/3 rad. The transfer function determined experimentally
is overlayed with the transfer function calculated in a classical electrodynamic
simulation for the tip-sample geometry in place. In the classical simulation, the
macroscopic tip geometry is imitated from electron microscope images (b). The tip
consists of a cylindrical tungsten wire, which is etched on one side, yielding a tapered
region with a height of about 200 µm (upper end marked by arrow). A zoom to the
tip apex (top right) reveals a 300 nm radius of curvature.

we simulate the field propagation from far field to near field by solving Maxwell’s
equations utilizing the finite-element method.

Classical simulation of transfer from far to near field. With the frequency-
domain finite element solver COMSOL, a transfer function based on classical elec-
trodynamics was calculated [Nee18, Pel21]. Plasmonic coupling to the tip shaft,
screening and localization in the tunnel junction are included in the simulation by
introducing the respective material properties (gold sample and tungsten tip) and
junction geometry used in the experiment. The classical simulation is based on
the measured tip geometry (Fig. 5.6b) and the sample is located 10 Å below the
tip. For a range of frequencies, the propagation into the near field is calculated
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5 Sampling atomically confined lightwaves

for the described tip-sample geometry as well as for bare vacuum. Comparing the
complex electric field of both simulations allows for extracting the complex-valued
transfer function shown in Fig. 5.6a (black and gray lines). Applying this transfer
function to the measured far-field spectral amplitude and phase yields the simulated
spectral amplitude and phase shown in Fig. 5.5c,d (black lines). With the help of an
inverse Fourier transform, the classically expected near-field waveform can be ob-
tained (Fig. 5.4a, black line). Indeed, the calculated transfer function reproduces the
experimental data quite accurately. Even the oscillatory structure in the spectrum
is matched and can be identified as standing waves caused by an edge on the tip,
which stems from the etching process used to fabricate the tip (Fig. 5.6b, arrow).
Our measurements together with the classical simulation open the door to predict
and even design nano-optics in the near-field regime.

In the previous two sections, we have developed a way to quantitatively measure
atomically confined waveforms. An extracted transfer function from the far field
to the near field prepares the ground for predictive design of nano-optics. With
our technique to measure atomically confined near-field waveforms, we do not only
calibrate the peak voltage induced within the junction, but we establish a method to
quantitatively measure the whole voltage transient induced in the ångström-scale
tunnel junction. In particular, we detect a range of voltages paving the way for
measurements of the ultrafast LDOS on atomic length scales. Indeed, it has been a
long-standing desire to capture the instantaneous LDOS on ultrafast timescales to
follow the evolution of electronic energy levels upon excitation. The developments of
LW-STM presented in the former chapters lay the ground for this next big milestone
by providing access to both structural motion and select electronic energy levels. Yet,
energy resolution is needed additionally to temporal and spatial precision. In the next
chapter, I will present ultrafast scanning tunneling spectroscopy on atomic scales
allowing for simultaneous sub-picosecond, atomic and millielectronvolt resolution.
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Chapter 6
Measuring and manipulating the ultrafast
local density of states of an atomic defect

When opportunity presents itself grab it.
Hold on tight and don’t let go.

— Rie y Llora, Celia Cruz

The results presented in this chapter have been measured and interpreted in close
collaboration with Lukas Z. Kastner, Maximilian Graml, Andreas Biereder, Jan
Wilhelm, Jascha Repp, Rupert Huber and Yaroslav A. Gerasimenko. The main part
of the topics covered in this chapter was published in Nature Photonics [Roe24], where
the authors’ contribution is specified. The presentation of the results is adapted from
the publication with permission. Section 6.1 covers steps of sample development not
included in [Roe24]. The sample development was inspired by input from Tobias
Preis and Marlene Liebich. TP provided valuable input on Au(111)/mica samples
as well as suitable STM sample-holder designs. CR, ML and YAG promoted the
progress of TMDC monolayer stamping on Au(111) and on hBN/Au(111). CR and
YAG worked on STM-suitable hBN/Au(111) coverage for WSe2 stamping.

Defects in atomically thin semiconductors and their moiré heterostructures have
emerged as a unique testbed for quantum science. Strong light–matter coupling, large
spin–orbit interaction and enhanced Coulomb correlations facilitate a spin–photon
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interface for future qubit operations and efficient single-photon quantum emitters.
Yet, directly observing the interplay of the electronic structure of a single defect with
other microscopic elementary excitations on their intrinsic length, time and energy
scales remained a long-held dream.
In this chapter, I explain how we investigate the evolution of the electronic structure
of an isolated atomic defect in a monolayer transition metal dichalcogenide (TMDC)
under controlled excitation of a phonon. To achieve this goal, atomic spatial, ultrafast
temporal and ∼meV energy resolution need to be combined simultaneously, which
has remained an ambitious vision until now. LW-STM allows for ultrafast temporal
and spatial resolution together with control over structural motion (chapters 3-5). By
establishing ultrafast lightwave-driven scanning tunneling spectroscopy (LW-STS),
we can additionally access a part of the transient LDOS (sections 6.2-6.4) and observe
its temporal evolution upon excitation of structural motion (sections 6.5-6.6). This
breakthrough enables us to directly resolve how a select energy level of an atomic
vacancy in tungsten diselenide (WSe2) transiently shifts under controlled excitation of
structural motion. We observe a transient shift of up to 40 meV calling for a thorough
investigation of interacting electronic energy levels with structural motion in the
defected monolayer (section 6.7). In the following section, I will introduce TMDCs
and a fabrication method of atomically flat and clean WSe2 monolayers suitable for
STM investigation of isolated vacancies with atomic resolution (section 6.1).

6.1 Transition metal dichalcogenide monolayers
with atomic defects

Layered semiconducting TMDCs have revolutionized solid state physics due to their
unusual excitonic properties [Wan18, Nai22], strong spin-orbit coupling [Man15] and
the possibility to tailor band structures. A bulk TMDC crystal consists of many atom-
ically thin layers weakly bound to each other by van der Waals interaction (Fig. 6.1a),
whereas whithin the monolayers, the atoms are covalently bound (Fig. 6.1a,b). In
each monolayer, a layer of transition metal atoms is sandwiched between two close-
packed layers of hexagonally arranged chalcogen atoms. The transition metal atoms
are covalently bound to the closest chalcogen atoms above and below (Fig. 6.1a).
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6.1 Transition metal dichalcogenide monolayers with atomic defects

Figure 6.1 | Atomic structure of TMDCs. a, TMDC crystals consist of mono-
layers weakly bound to each other by van der Waals interaction (side view of two
layers in the orthorombic polymorph (2H) structure). Within a monolayer, transition
metal and chalcogen atoms are covalently bound to each other. b, Top view onto an
individual monolayer: the atoms in the monolayer crystal form a hexagonal structure
(unit cell: dashed line).

TMDC monolayers and their heterostructures. Due to the relatively weak
van der Waals interaction between the different layers, individual monolayers can be
peeled off a bulk crystal, e.g. by cleaving the crystal with scotch tape. When a bulk
semiconductor TMDC crystal is thinned down to the monolayer limit, the band struc-
ture typically transitions from an indirect to a direct band gap semiconductor. This
property together with large spin-orbit coupling and strong light-matter interaction
renders these materials interesting candidates for optoelectronics and valleytronics
[Xu14]. The term “valley” is used to describe the extrema in the band structure in
momentum space. Due to the presence of large spin-orbit coupling [Man15], both
valence and conduction band are spin-split. In particular, the order of spin-split
bands is inverted at the edges of the Brillouin zone K and K’, where the direct band
gap is located in momentum space. This allows for valley-specific manipulation and
readout, which has been proposed for information storage [Xu14]. When an electron
is promoted from the valence band maximum to the conduction band minimum at
K/K’ with a photon, only transitions between bands with the same spin are allowed
yielding valley-specific optical selection rules.
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The elementary excitation playing a key role in the optoelectronic phenomena
in TMDC monolayers is the generation of excitons. Strong attractive Coulomb
interaction in TMDC monolayers gives rise to excitons, hydrogen-like bound electron-
hole pairs, with typical binding energies of several hundred millielectronvolts [Poe15,
Wan18].
Concluding, the unusual excitonic properties, valley selectivity and strong spin-orbit
coupling render TMDC monolayers highly interesting. Meanwhile, the toolbox to
tailor properties gets even larger when combining different monolayers and stacking
them at will.
Exploiting the attractive interaction between individual layers of van der Waals
materials, monolayers can be stacked on top of each other [Gei13]. Thereby, mono-
layer crystals with incommensurate lattices can be coupled with arbitrary mutual
rotation. Additional tuning knobs are gating and straining of the heterostructures.
As a result, band structures can be custom-tailored allowing for the observation of a
variety of novel states of matter [And21] like correlated and topologically non-trivial
states [Mak22] and heterostructures hosting moiré excitons [Kar22, Sch22]. Corre-
lated insulating states could be observed at fractional fillings of WSe2/WS2 moiré
superlattices [Xu20]. When the charge carrier density in TMDC heterostructures
is tuned accordingly, electrons can localize in a periodic lattice forming a Wigner
crystal [Zho21, Li24]. Moreover, moiré heterostructures have been proposed as
condensed-matter quantum simulator [Ken21]. For all these emergent phenomena
and perspectives, specific states or the band structure are tuned. In TMDC het-
erostructures, excitons and other optical excitations play a crucial role for their
opto-electronic properties building corner stones of opto-electronic devices. Mean-
while, their lifetimes are limited to ultrashort timescales [Mer19]. To understand
the mechanisms underlying the astonishing phenomena arising in van der Waals
heterostructures, it is beneficial to investigate the band structure of these materials,
ideally directly in time to follow their evolution.

Accessing the band structure of TMDCs. Angle-resolved photoemission spec-
troscopy (ARPES) and momentum microscopy allow for direct mapping of the
band structure of surfaces, i.e. also surface states and 2D materials, in momentum
space. In particular, their development towards capturing the band structure in
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a time-resolved fashion has helped to understand fundamental principles such as
intraband currents [Rei18], the build-up of Floquet bands [Ito23] and materials like
TMDCs [Wal21b, Kar22, Sch22]. Similar to Bloch electrons in crystals featuring a
periodic band structure in momentum space, a periodic potential in time, i.e. light
as an oscillating wave with frequency Ω, generates replica of the band structure
shifted in energy by ~Ω, called Floquet-Bloch bands. The build up and dephasing
of Floquet-Bloch bands on sub-cycle timescales has been observed for topological
surface states in Bi2Te3 [Ito23]. From a material perspective, the understanding of
TMDC heterostructures [Kar22, Sch22] and monolayers [Wal21b, Par24] has been en-
hanced immensely with the help of time-resolved ARPES and momentum microscopy.
Localized features such as moiré excitons with electron and hole located in different
layers [Kar22, Sch22] and even molecular orbitals [Wal21a] have been observed in
momentum space with ultrafast temporal resolution via time-resolved µ-ARPES
[Kar22] and photoemission momentum microscopy [Wal21a, Sch22]. However, even
in momentum microscopy, which allows for the investigation of atom-scale features,
the real-space charge localization and distribution can only be reconstructed as a
spatial average from momentum-resolved maps of periodic samples. Meanwhile,
atomic defects in TMDCs offer exciting perspectives.

Atomic defects. Atomic defects in TMDC monolayers [Hon15] and heterostruc-
tures [Guo21] are not only ubiquitous, but have also sparked enormous interest
due to the opportunities they offer. In particular, chalcogen vacancies (Fig. 6.2) in
TMDC monolayers are known as exciton traps [RA18] and single-photon emitters
[He15, Sri15, Ton15, Cha15, Kle19] – building blocks for future quantum information
devices [O’B09] – and as catalysts for hydrogen extraction [Li15]. They feature local-
ized in-gap defect states [Sch19, Bob24b], which can strongly influence the optical
and electronic properties of the monolayer. Combining defected TMDC monolayers
with a substrate hosting spin qubits, where a chalcogen vacancy is placed on top of
the qubit, could build a spin-photon interface allowing for optical read-out of the
nuclear-spin qubit in the underlying solid [Ata18, Wol21]. The coherence of such
quantum emitters and quantum bit complexes is limited by the interaction with
their environment [Bec15, Sto16]. For instance, atomic vibrations can shift energy
levels of these quantum systems. Understanding the key microscopic mechanisms
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Figure 6.2 | Chalcogen vacancy. Among other
defects in TMDC monolayers, chalcogen vacancies
can occur, e.g. in the upper layer of chalcogen
atoms (red dot).

of these interactions and decoherence requires a fundamentally new technique with
exceptional spatial, temporal and energy resolution to follow the evolution of specific
energy levels directly in time. In sections 6.2-6.7, I will present ultrafast LW-STS,
which complements techniques like time-resolved momentum microscopy with actual
atomic precision in real space allowing for the investigation of select atomic defects,
isolated chalcogen vacancies, in a TMDC monolayer. Our technique is based on
LW-STM and poses specific challenges on the sample quality.

Sample requirements. For LW-STM and LW-STS, we need atomically flat sam-
ples, which are compatible with ultrahigh-vacuum measurements. In particular, the
TMDC monolayers should be clean on the atomic scale and chalcogen vacancies
should be present. Working with semiconductors in low-temperature STM presents
a significant challenge, since we detect the tunnel current between tip and sample
electrode and hence, a conductive sample is necessary for LW-STM experiments.
Few-layer samples on top of a metallic substrate fulfill this requirement. Furthermore,
a limited view into the STM chamber renders finding ∼(10 µm)2-sized few-layer
TMDC samples with the tip demanding. Capacitive techniques have been suggested
to address this issue [Li11], but they require a special substrate design, which is often
challenging for sensitive materials like TMDC monolayers. This is why TMDC sam-
ples, which are uniform over a large area are desired, ideally on the order of ∼mm2.
Moreover, a purely metallic area to shape the tip is beneficial. Usually, to form a sharp
tip apex, the tip is dipped into a crystalline metal surface with a tip approach on the
order of nanometers while applying a voltage pulse. Concluding, we aim at extremely
large, uniform, atomically clean and flat monolayer or few-layer TMDC samples on a
conductive substrate with additional sufficiently thick crystalline metal areas for tip
shaping. Due to all these specific demands, an adapted fabrication method is required.
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Gold-assisted exfoliation. Conventionally, relatively large-area TMDC few-layer
samples are acquired via visco-elastic PDMS exfoliation [CG14]. With scotch tape,
TMDC is stamped onto the polymer film and then thinned down to the thickness
of choice. Afterwards, this sample is stamped onto a substrate for measurement.
We found that such samples are not suitable for STM, since insulating residues
of PDMS hinder measuring tunnel currents even after annealing procedures. In
contrast, without any polymer treatment, large-area monolayers can be obtained
via gold-assisted exfoliation. From [Vel18], it is known that TMDC monolayers can
peel off a TMDC crystal when stamped directly onto gold due to the strong van
der Waals interaction between TMDC monolayer and gold. This procedure works
only for atomically flat, uncontaminated gold surfaces. In the work by Velicky et
al. [Vel18], this precondition is met by depositing a very thin layer of gold onto a
SiO2/Si wafer and stamping TMDC onto the surface directly after gold deposition.
We adapt this method to our specific demands in STM.
To provide an atomically flat gold area usable for regular tip preparation, we deposit
a thicker gold layer of about 300 nm onto a clean and flat mica crystal. Whereas
gold tends to form a crystalline (111)-oriented film on mica [DeR91], deposition
onto unheated mica leads to grained surfaces rather than atomically flat areas. This
is why we sputter and anneal the gold surface in ultrahigh vacuum like usually
done for single-crystal metal samples yielding an atomically flat Au(111) surface
with a herringbone reconstruction. With this procedure we ensure a conductive
atomically flat substrate with the opportunity to shape the tip. Directly after several
sputter and anneal cycles, we stamp freshly cleaved WSe2 onto the Au(111) surface
in nitrogen atmosphere to prevent contamination in air, especially by water and
oxygen [Qiu12]. With this polymer-free procedure, we obtain very clean large-area
monolayer TMDC as evidenced by optical-microscope images (Fig. 6.3a).
In the future, we would like to decouple the monolayer electronically from the gold
substrate to enhance the lifetime of charge carriers. This might facilitate the obser-
vation of excitons and their decay. To preserve the advantages of gold exfoliation, we
try to implement decoupling layers between the gold surface and the WSe2 monolayer.
When employing gold-assisted monolayer exfoliation, we found that small protrusions
or impurities on the gold surface do not break the uniform WSe2 layer. In contrast,
higher or spatially extended protrusions lead to a hole in the monolayer. This is
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Figure 6.3 | Gold-assisted exfolia-
tion of WSe2 monolayer. Optical-
microscope images evidence success-
ful stamping of WSe2 monolayers with
∼mm2 expansion. a, WSe2 is exfo-
liated directly onto Au(111) [Vel18].
b, When hBN flakes are spread on
Au(111) [Col11] and a monolayer WSe2
is stamped on top, the monolayer partly
covers the hBN flakes on Au(111) and
is decoupled electronically (circles).

why we pursue the idea to insert thin and small decoupling layers of hexagonal
boron nitride (hBN) between gold and WSe2 with a coverage small enough such
that stamping TMDC is still successful. At the same time, as discussed above, the
limited view into the STM chamber hinders finding individual <10 µm flakes. Hence,
the coverage of hBN on gold should be large enough such that the probability to
position the STM tip on TMDC monolayer on top of hBN is appreciable.
To this end, we make use of liquid exfoliation [Col11]. BN powder (Sigma-Aldrich,
1 µm particle size, 98% purity) was dissolved in isopropanol and sonicated. To
separate individual flakes by mass, the dispersion was centrifuged. More specifically,
the powder (10 ml cylindrical vial with a starting concentration of 1 mg/ml) was
sonicated for one hour. At 500 rotations per minute, the dispersion was centrifuged
for 90 minutes (see supplementary material in [Col11]). In contrast to Coleman et al.
[Col11], we collect lower parts of the supernatant with a pipette to obtain a higher
concentration of hBN flakes. This suspension is distributed on the sputtered and
annealed gold surface with a spin coater.
Subsequently, TMDC is exfoliated on the Au(111)/hBN substrate. However, TMDC
monolayers do not stick to the gold surface, with or without hBN deposition, after
extended exposure to air [Vel18]. To facilitate TMDC exfoliation, we flame anneal
the sample. Alternatively, the sample can also be annealed in ultrahigh vacuum.
Afterwards, WSe2 is stamped directly onto the substrate. Indeed, this procedure
yields monolayer WSe2 decoupled from the gold substrate by hBN flakes (Fig. 6.3b).
Clearly, hBN flakes of different thickness (color) and sizes are present on the sample.
At some locations, high protrusions of hBN flakes hinder efficient WSe2 stamping,
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Figure 6.4 | Exfoliated WSe2 monolayer in STM. Constant-current topography
images of a home-stamped monolayer WSe2 on Au(111) at V = 1.2 V (a, I = 5.2 pA)
and V =0.5 V (b, I = 2.6 pA) reveal a moiré pattern with defects in the pristine
monolayer (scale bar: 5 nm). Different moiré orientation and periods occur in the left
and right parts of the images (a,b) separated by an atomic step of gold. Zooming to
one specific defect, it appears as a void when the voltage is tuned to the conduction
band (c, V = 1 V, I = 10 pA) and exhibits a three-fold symmetric orbital density at
lower voltages (d, V = 0.5 V, I = 1 pA, scale bar: 5 Å).

however in most areas, thin layers electronically decouple WSe2 from the substrate
(circles).
After stamping TMDC onto Au or hBN/Au, we anneal the sample at ∼350 °C for
several hours in ultrahigh vacuum in the preparation chamber of the microscope to
get rid of remaining contamination on the sample and for defect generation [Ton13].
This procedure is continued until the pressure in the chamber stays on the order of
10−9 mbar. An alternative technique to generate defects, in a controlled fashion, is
helium-ion bombardment [Kle19]. After the final sample fabrication step of defect
generation, the sample is transferred into the cryogenic STM chamber.
We found that the WSe2 on hBN/Au samples are in principle compatible with
STM and electronically decoupled TMDC monolayers can be found on the sample.
However, due to the varying thickness and area of individual hBN flakes, the local
sample structure at the position of the tip is unknown. This constraint is not ideal
for the interpretation of time-resolved data since the properties of tunnel barrier
thickness and also lateral charge transport within the monolayer can shape the
dynamical response of the sample while being unidentified. This is why we choose
single-layer WSe2 directly stamped on Au(111) as our sample for lightwave-driven
STM and STS measurements.
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Figure 6.5 | Moiré pattern of home-fabricated monolayer WSe2 on Au(111).
a, A constant current image (V = 1.12 V, I = 47.5 pA) and its Fourier transform (b)
yield a moiré period of ∼6 Å. c, The induced modulation of the apparent height
(profile along line marked in a) amounts to only a few picometers.

Atom-scale access to exfoliated monolayers. The home-stamped samples are
flat and clean enough for STM measurements on the ångström scale. Examining
the WSe2/Au(111) sample structure in STM (Fig. 6.4), we find a moiré pattern
arising from rotation and lattice mismatch between TMDC monolayer and Au(111)
surface. On a large scale, irregularities in the gold structure on top of mica can
lead to different twisting angles between the two crystal structures. These yield
moiré patterns of different periodicity (Fig. 6.4a,b). More prominently, however,
the appearance of the monolayer changes drastically with the applied bias voltage.
Whereas at voltages reaching the conduction band of the monolayer, the moiré pat-
tern is most obvious in the STM image (Fig. 6.4a), defects dominate the appearance
of the surface at lower bias (Fig. 6.4b). Zooming to one defect, it emerges as a void
at 1 V bias (Fig. 6.4c). Meanwhile, at 0.5 V, the STM image exhibits a three-fold
symmetric structure (Fig. 6.4d). This kind of defect can be identified as an atomic
chalcogen vacancy, in this case in the bottom layer of selenium (Se) atoms, with
spin-orbit-split energy levels within the band gap featuring a characteristic three-fold
symmetry of the orbital density [Sch19]. The in-gap states of the Se vacancy are
dominated by the d states of the surrounding transition metal atoms. Due to the
large spin-orbit coupling, also the defect states are split into a J = 3/2 and a J = 5/2
state, where J labels the total angular momentum of the electronic wavefunctions
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6.1 Transition metal dichalcogenide monolayers with atomic defects

Figure 6.6 | Atomic resolution of defect state. In
an atomically resolving constant-height image of a chalco-
gen vacancy in a monolayer WSe2 stamped onto Au(111)
(V =600 mV, height setpoint: I = 49 pA, V = 0.36 V), the
orbital density of the lower-energy state of the missing Se
atom is visible only in a locally confined area around the
vacancy.

dominantly contributing to the orbitals of the missing atom [Sch19]. For simplicity,
the orbital density in STM scans will be referred to as orbital of the chalcogen
vacancy in the following.
In LW-STS, we want to resolve the transient electronic structure of these chalcogen
vacancies in the WSe2 monolayer and their evolution upon excitation of structural
motion. The sample used for that yields a moiré periodicity of about 6 Å (Fig. 6.5a,b)
with a height modulation apparent in STM images of only a few picometers (Fig. 6.5c).
On this very sample, we can atomically resolve the lower-energy in-gap orbital of the
Se vacancy demonstrating the localization of the defect orbitals on the atoms around
the vacancy (Fig. 6.6). Since the resolution of LW-STM is expected to be at least as
good as in time-averaged STM [Coc16, Amm21], the measurement shown in Fig. 6.6
sets the stage for time-resolved experiments of chalcogen vacancies on atomic scales.

Concluding, we found a way to fabricate large-area monolayer TMDC on Au(111)
suitable for low-temperature STM measurements in ultrahigh vacuum. The home-
fabricated samples host chalcogen vacancies within a moiré pattern and allow for
atomic-scale resolution of locally confined orbitals in STM. With that, we have set the
stage for LW-STM investigation. In the following sections, we develop a method to
detect the transient LDOS in time, which complements techniques like time-resolved
momentum microscopy with direct real-space instead of momentum-space access.
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6.2 Lightwave-driven scanning tunneling
spectroscopy

Defects in few-layer TMDC have been shown to shape optical and electronic prop-
erties (section 6.1). In particular, they were suggested as exciton traps [RA18] or
spin-photon interfaces for qubits [Ata18]. The large susceptibility to external stimuli
results in a strong variability in the defects’ properties within a monolayer, thus local
probes are required to study them individually.
Hitherto, steady-state experiments have resolved distinct energy [Hon15], spin [Coc21]
and orbital [Sch19] structures of individual defects. However, an in-situ understand-
ing of their dynamical interaction with the environment has been out of reach. The
direct measurement of how atomic motion with a given amplitude changes the energy
levels in a single defect would not only allow disentangling the complex interactions
but also open possibilities for ultrafast dynamical control of quantum properties
by driving specific phonons. Inducing, observing and understanding such dynamics
requires a counterpart of time-resolved ARPES such that electronic energy levels
can be probed on ultrafast timescales, yet with direct atomic spatial instead of
momentum resolution. On the nanoscale, ultrafast near-field microscopy [Pla21]
and nanoscale coherent phonon spectroscopy [Liu22] have enabled tracking ultrafast
charge and lattice dynamics. Mapping molecular levels and vibrational states with
ångström precision has been achieved by combining STM with photoluminescence
[Yan20] or Raman scattering [Lee19], where light is strongly confined to atomically
sharp metallic tips, in time-integrated studies. LW-STM (chapter 3.1) has combined
both femtosecond temporal resolution and atomic spatial precision. However, meeting
simultaneously the requirements of spatial, temporal and energy resolution in a single
technique has proven extremely challenging [Lei23].
In this section, I will introduce LW-STS. With its atomic spatial resolution (sec-
tion 6.1), energy resolution (section 6.3) and ultrafast temporal precision (section 6.4),
we are able to excite structural motion (section 6.5) and to simultaneously follow
the dynamical evolution of the LDOS of a chalcogen vacancy in a semiconducting
monolayer WSe2 (section 6.6). To establish LW-STS on a Se vacancy, we first
investigate the vacancy in steady-state STS.
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Steady-state STS of a chalcogen vacancy. Within the 6 Å-periodic moiré
pattern formed by monolayer WSe2 on Au(111), a Se vacancy in the top chalcogen
layer can be found (Fig. 6.7a). On an orbital lobe (green cross) and pristine monolayer
(gray cross), conventional tunneling spectra (green and gray curves in Fig. 6.7b)
confirm the semiconducting nature of the monolayer and reveal the spin-orbit-split
defect levels within the band gap (dashed lines). Conduction and valence band
edges are positioned at around 1.1 V and −1.5 V. The absolute conduction band
minimum is commonly associated with a tail around 800 mV [Zha15, Fee20], whereas
the finite density of states in the gap relates to coupling between the semiconducting
monolayer and the gold surface [Sø14]. The two defect levels, D1 and D2, within the
band gap appear at 270 mV and 500 mV, well separated from the band edges (inset:
schematic band diagram), and exhibit the characteristic three-fold (C3-symmetric)
orbital structure [Sch19] (Fig. 6.7a).

State-selective LW-STS. We would like to measure an ultrafast analogue of
conventional tunneling spectra to retrieve ultrafast time-resolved snapshots of the
LDOS. To this end, we couple terahertz pulses into the junction (Fig. 6.7c). Their
near-field waveform acts as an ultrafast bias voltage (Fig. 6.7b, purple traces) and
replaces the static voltage used in conventional STS. In LW-STM, the peak amplitude,
Epeak

LW , is typically kept constant, while the tip position is scanning the surface and
thereby orbital densities can be mapped in real space. In contrast, for ultrafast
LW-STS, we systematically sweep Epeak

LW through the band structure (purple traces).
The idea is to measure the lightwave-induced current, ILW, for each peak field
reaching a different part of the band structure. A similar approach of sweeping
the terahertz field and recording the rectified current has been shown to enable
numerical reconstruction of the LDOS in graphene nanoribbons [Amm21]. Indeed,
measuring a mixture of states in the rectified current requires models to extract
ultrafast tunneling spectra and to interpret the data [Amm22]. In our experiments,
we build on a solely data-driven extraction of ultrafast tunneling spectra instead
by operating in the state-selective regime of LW-STM (section 3.1). In general, the
near-field waveform acts as an ultrafast voltage pulse VLW(t) as a whole (waveforms
in Fig. 6.7b) such that the instantaneous tunneling current JLW(t) is generated by
a broad range of voltages up to V peak

LW , the voltage generated by the peak electric
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Figure 6.7 | Concept of lightwave-driven scanning tunneling spectroscopy.
a, A constant-current STM image (V = 380 mV, I = 49 pA) of a Se vacancy
in a monolayer WSe2 on Au(111) exhibits the three-fold symmetric orbital of the
vacancy on top of a 6 Å moiré pattern of monolayer WSe2 on Au(111) (Fig. 6.5).
b, Steady-state scanning tunneling spectrum on the two positions marked in a (green
and gray cross), Se vacancy (green line) and moiré peak (gray curve), reveal two
spin-orbit-split defect states (D1 and D2, dashed lines) at 270 mV and 500 mV within
the band gap (inset: schematic of the unfolded Brillouin zone). For LW-STS, a
terahertz pulse is coupled to the junction acting as an ultrafast bias voltage (c). As
the peak electric field of the terahertz waveform is swept through the band structure
(b, purple curves), select tunneling channels are opened sequentially. The shape
of the waveform was measured in the tip-sample junction using the photo-assisted
tunneling scheme [Yos19, Mü20].
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field Epeak
LW . The time-integrated net current ILW = 〈JLW(t)〉 can, hence, contain

contributions from electrons tunneling through multiple states. In contrast, the
picture changes for state-specific tunneling [Coc16, Pel20, Pel21] (section 3.1). At
the tunneling onset into a specific state, the instantaneous current can be strongly
confined in time to the field crest of the terahertz transient [Coc16] and ILW is
dominated by the contributions of JLW(t) at the crest V peak

LW of the voltage transient,
such that it approximates the instantaneous tunneling current. Hence, at the rising
edge of an effective single-level system, the lightwave-driven spectrum, dILW/dEpeak

LW ,
is expected to approximate the LDOS measured by dI/dV in conventional tunneling
spectroscopy. In our case, this is achieved by accessing select states of the chalcogen
vacancy.

Extraction of lightwave-driven tunneling spectra. The conjecture of state-
selective tunneling in LW-STS can be tested by taking ILW-Epeak

LW curves at a vacancy
lobe and a position, where the defect states are absent. Due to the shape of
the waveform and the position-dependent LDOS measured by steady-state dI/dV
(Fig. 6.7b), the negative half-cycles of the lightwave should not contribute to the net
current substantially. In contrast, the positive half-cycle is expected to dominate ILW

and to rise steeply once its peak probes the lower defect level or the conduction band
on pristine WSe2. Before each measurement, the tip is stabilized on a defect-free spot
on the monolayer without terahertz irradiation in constant-current mode (setpoint:
V = 30 mV, I = 50 pA). After disabling the feedback, the tip is approached by
another ∆z = −1.7 Å. At this height, we measure ILW for different peak fields
Epeak

LW (Fig. 6.8a). On pristine monolayer, at a peak of the moiré pattern, barely any
lightwave-driven current is measurable (Fig. 6.8a). Conversely, ILW clearly rises as a
function of Epeak

LW at an orbital lobe of the Se vacancy, even for small peak fields. This
behavior indicates selective tunneling through the vacancy states. The amplitude of
the near-field transient scales linearly with the peak field of the far-field transient
coupled to the STM, where E0 describes the unattenuated field. Differentiating the
smoothed ILW-Epeak

LW curves (Fig. 6.8a) with respect to Epeak
LW yields lightwave-driven

scanning tunneling spectra dILW/dEpeak
LW of Se vacancy and moiré peak (Fig. 6.8b).

Such a measurement is conducted N times with the exactly same settings and then
ILW-Epeak

LW is differentiated for each measurement. We estimate the error bars for

75



6 Measuring and manipulating the ultrafast local density of states of an atomic
defect

Figure 6.8 | Lightwave-driven scanning tunneling spectra. a, The lightwave-
driven current ILW as a function of the peak electric near field rises steeply on the Se
vacancy, whereas on pristine monolayer (moiré peak) barely any signal is measured.
The ILW − Epeak

LW curve is smoothed with a nine-point Savitzky-Golay filter before
numerical differentiation to avoid artifacts caused by noise between neighboring data
points. b, The resulting lightwave-driven scanning tunneling spectra dILW/dEpeak

LW
disclose position-dependent features with two areas of increasing tunneling probability
on the Se vacancy marked by dashed lines in both panels.

dILW/dEpeak
LW using the bootstrap method [Efr82]. For every parameter set, the

N measurement cycles are randomly resampled with replacement M × N times
(M = 10000) and averaged individually yielding 10000 mean values. Their standard
deviation is shown as error bar in the spectra throughout this thesis.
The two spectra on the vacancy orbital and pristine monolayer (Fig. 6.8b) qualitatively
resemble conventional tunneling spectra in the voltage range from 0 V to ∼600 mV at
the respective positions (Fig. 6.7b). On the vacancy orbital (Fig. 6.8b), two peaks arise
in dILW/dEpeak

LW (dashed lines), which can be attributed to the two spin-orbit-split
defect levels (more details in sections 6.3 and 6.4). Using the tunneling onset into
the first defect, we calibrate the peak field Epeak

LW in units of volts in the following
section.

6.3 Field calibration in lightwave-driven spectra

In this section, we ensure the correct assignment of prominent features in lightwave-
driven spectra to actual defect states. To this end, we connect spatial and spectral
fingerprints in LW-STM and LW-STS.
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State assignment. To link spectral features (Figs. 6.7b and 6.8b) with snapshots
of atomic-scale wave functions, we compare spectral and spatial fingerprints in
steady-state STM (Fig. 6.9a-c) and LW-STM (Fig. 6.9d-f). Below the onset of
a lightwave-driven tunneling current (Fig. 6.8), at Epeak

LW = 0.07 E0 (Fig. 6.9d), a
nearly circular contrast is apparent and matches very well the steady-state STM
image at V = 210 mV below the first defect level (Fig. 6.9a). For Epeak

LW > 0.1 E0

(Fig. 6.9e), the lightwave-driven image nicely reproduces the C3 symmetry of the
vacancy orbitals and even slight asymmetries (Fig. 6.9b). Above the conduction
band edge (Epeak

LW = 0.4 E0, Fig. 6.9f), the defect appears as a void of drastically
reduced current just as in the DC-STM image (Fig. 6.9c). The excellent agreement of
steady-state and lightwave-driven STM images allows us to unambiguously identify
the first rising edge in dILW/dEpeak

LW with the tunneling onset of the D1 level of the Se
vacancy. Knowing this, we can calibrate the electric field coupled into the junction
in units of volts between tip and sample using the ratio between V and Epeak

LW .

Field calibration. In principle, one could try to match steady-state and lightwave-
driven spectra in a one-to-one fashion to calibrate the lightwave-driven data. Using
the D1 and D2 peak position as two independent markers, we receive the calibration
of the unattenuated peak far-field amplitude as E0 = (3.0±0.1) V. While lightwave-
driven and conventional spectra seem to agree well, they are not expected to unveil
the same shapes for several reasons. First, the time window for tunnel events at
a specific accessible energy keeps growing with increasing peak electric field. For
a select energy level, the best temporal resolution is expected at its tunneling
onset (section 3.1). Second, the transient could induce dynamics that are probed
within the same waveform. In particular, several electrons tunneling per pulse could
alter the shape of lightwave-driven spectra due to a Coulomb blockade. Remarkably,
at Epeak

LW ≤ 0.1 E0, on average, less than one electron tunnels per pulse. At these
field strengths, a Coulomb blockade dominating lightwave-driven spectra due to a
previously tunneled electron can be excluded. These considerations together with
a straightforward interpretation of lightwave-driven spectra in the regime of state-
selective tunneling motivate us to calibrate the spectra using D1 only. Indeed, we
expect the lightwave-driven spectra to reproduce the steady-state ones only at the
tunneling onset into D1. However, few data points around D1 do not suffice to
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Figure 6.9 | Vacancy-state assignment in LW-STM. Steady-state (a-c) and
lightwave-driven (d-f) STM images in constant-height mode reveal the bias and peak-
field dependent features of the defect states below (a,d) and above the vacancy states
(b,e) as well as within the conduction band (c,f). Their perfect correspondence allows
for assigning defect states to the peaks seen in lightwave-driven spectra (Fig. 6.8b).
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Figure 6.10 | Field calibration in units of volts. The maximum peak field in the
STM junction is calibrated by comparing the appearance of D1 in the lightwave-driven
spectrum on the Se vacancy (data, black) with that in the steady-state spectrum
(blue) (a) to 2.7 V. Comparing the data both to the simulated spectrum based on the
instantaneous tunneling model JLW(t) = I(VLW(t)) (b) and the simulated spectrum
based on a rate equation model assuming a 5 fs lifetime of D1 (c) yields a maximum
peak voltage of 3.2 V induced in the junction. On average, we can calibrate E0 as
V peak

LW = (3.0�±�0.3) V.

determine a meaningful calibration factor. Instead, we compare the appearance of D1

in lightwave-driven spectra with three different curves (Fig. 6.10). A direct comparison
of D1 in the steady-state spectrum and lightwave-driven spectrum suggests that the
unattenuated peak field of the far-field probing transient E0 induces a voltage of
2.7 V (Fig. 6.10a). Alternatively, one can compare the lightwave-driven spectrum
to simulations. Based on the relation V peak

LW ∝ Epeak
LW [Pel21], we insert the measured

near-field waveform VLW(t) = V peak
LW · fnorm

LW (t) (Fig. 6.7b) with different peak voltages
V peak

LW into JLW(t) = I(VLW(t)) to compute the instantaneous tunneling current
(instantaneous tunneling model, see also section 3.1). Here, fnorm

LW (t) = ELW(t)/Epeak
LW

is a unit-less function describing the shape of the electric field ELW(t) in the tunnel
junction. For each peak voltage V peak

LW , the temporal integral over the whole waveform
yields ∫

JLW(t)dt = ILW

such that ILW(V peak
LW ) can be calculated. The derivative of the latter (Fig. 6.10b) indi-

cates a peak voltage of 3.2 V induced by E0. The same calibration factor is retrieved
when the spectrum is simulated including a rate equation model, which mimics the
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impact of a 5 fs lifetime of electrons tunneling through D1 on the lightwave-driven
spectrum (Fig. 6.10c, see section 6.4 for simulation details). All calibration methods
together allow us to calibrate the maximum peak terahertz voltage corresponding to
the unattenuated incident field E0 as V peak

LW = (3.0 ± 0.3) V.

In summary, we can measure lightwave-driven spectra and retrieve their deriva-
tive in a model-free manner – but even more, by calibrating the peak voltage in
the junction and comparing spatial and spectral fingerprints, we can unambiguously
assign the first defect level to the first peak in a lightwave-driven tunneling spectrum.
In the next section, we will address the temporal resolution of our technique.

6.4 Ultrafast temporal precision in
lightwave-driven spectra

In sections 6.2 and 6.3, I have shown that we can measure lightwave-driven tunneling
spectra that reproduce the spectral features of an atomic chalcogen vacancy seen in
steady-state STS. At the tunneling onset into the lower bound state of the chalcogen
vacancy, the lightwave-driven spectrum can even be seen as an ultrafast analogue of
conventional tunneling spectroscopy, which is linked to the LDOS. Naturally, the
question arises, which temporal precision we achieve for specific peak voltages of our
terahertz transient.

Temporal resolution in LW-STS. On a basic level, the temporal resolution
in LW-STM can be understood as the time window spanned by the part of the
near-field transient which dominates the lightwave-induced tunneling current. It is
limited by the LDOS, the pulse shape of the terahertz transient and its peak electric
field (section 3.1). Conventionally, the temporal resolution in LW-STM is defined
as the full width at half maximum (FWHM) of the instantaneous tunneling current
JLW(t) induced by a terahertz transient at a given peak field [Coc13, Coc16]. We
can apply this definition of temporal resolution to LW-STS, since also here, tunneling
currents are driven by terahertz waveforms attenuated to specific peak voltages. In
principle, one would like to directly measure the instantaneous tunneling current in
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the STM junction. Such experiments are extremely demanding and have become
accessible only very recently [Sid24]. In our setup, however, the latter measurement
cannot be implemented. To determine the temporal precision of lightwave-driven
spectra around D1, we perform an autocorrelation experiment and compare it to a
simulation. Based on their agreement, we can simulate the instantaneous tunneling
current and extract a peak-voltage dependent temporal resolution of LW-STS on a
chalcogen vacancy like done similarly for the pioneering experiments in LW-STM
[Coc13, Coc16].

Autocorrelation measurement. In an autocorrelation measurement (Fig. 6.11),
two almost identical terahertz pulses are overlapped in the STM junction with
variable delay time τ (Fig. 6.11a), such that their interference waveform acts as an
ultrafast voltage pulse. Shape and magnitude of the latter are defined by the two
terahertz waveforms and their mutual delay. The shape of the individual waveforms
was measured using the photo-assisted tunneling scheme [Yos19, Mü20]. In the
experiment shown in Fig. 6.11b, the waveforms are attenuated such that the peaks
of the individual voltage pulses induce a transient voltage of 150 mV. Hence, the
individual pulses do not drive substantial tunneling through D1. However, their
interference waveform can reach D1 and the lightwave-driven current is expected to
be maximal when the waveforms overlap (τ = 0). Indeed, the measured delay-time-
dependent change in lightwave-driven tunneling current ∆ILW (Fig. 6.11b, black line)
peaks at τ = 0 with a autocorrelation peak width (FWHM) of 650 fs. The shape is
asymmetric with respect to τ , which is caused by slightly differing waveforms of the
two terahertz pulses and well reproduced by a simulation (blue line). Noteworthily, an
experimental temporal autocorrelation measurement does not describe the temporal
resolution in LW-STS. The latter is defined as the time window of tunneling, i.e.,
the FWHM of the instantaneous tunneling current, driven by one pulse only and
needs to be simulated.

Autocorrelation simulation. The simulation mimicking the autocorrelation
measurement uses the two detected near-field waveform traces shown in Fig. 6.11a.
For each delay time, the electric field of the transients is added up to an interference
waveform, which induces an ultrafast voltage pulse in the junction. Based on the
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Figure 6.11 | Autocorrelation measurement and simulation. Two almost
identical terahertz pulses (measured via photo-assisted tunneling [Yos19, Mü20])
are attenuated such, that the peaks of the individual voltage pulses V1

LW(t) and
V2

LW(t− τ) are tuned to 150 mV. When the terahertz waveforms are superimposed
with a variable delay time τ in an STM junction (a), the interference waveform acts
as an ultrafast bias voltage and induces an instantaneous tunneling current. Its
integral ILW is measured. The peak of their interference waveform reaches D1, when
the maxima of the waveforms overlap (τ = 0). b, The delay-time dependent change
of ILW, ∆ILW, exhibits an autocorrelation peak width shorter than a picosecond. The
measured autocorrelation trace (black) is well reproduced by a simulation (blue).

steady-state I-V -curve, the instantaneous tunneling current driven by the interference
waveform is simulated. From the instantaneous tunneling current, we calculate the
measured current ILW for a specific delay time. By doing this for every delay time
between the two pulses, the measured autocorrelation trace can be simulated.
For average tunneling rates below one electron per pulse, we expect a simple model
of instantaneous tunneling to reproduce measured data. For higher average rates, the
probability of multiple tunneling events within a single pulse through the defect level
increases such that a Coulomb blockade might alter the instantaneous current flow
as well as the autocorrelation trace. To account for this, we utilize a rate equation
model to treat the transient occupation of D1. To simulate the instantaneous
tunneling current, two contributions are summed up: tunneling through D1 and the
“background” current due to direct tunneling into pristine monolayer and substrate.
Tunneling through D1 is modeled using the rate equation

dN
dt

= − N

τLT
+ α(t, τ) × (1 −N) .
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Here, N describes the occupation of D1, t is time, τ is the autocorrelation delay time
as before, τLT denotes the lifetime of the first defect level and α is the instantaneous
tunneling rate from the tip into the first defect level. Interpreting the broadening
of D1 in steady-state tunneling spectra (Fig. 6.7b) as lifetime broadening only,
one can estimate the lifetime of an electron in D1 as τLT = ~

δV ·e ≈ 5 fs, where
δV ≈ 125 mV is the FWHM of D1 in the steady-state tunneling spectrum. To extract
this quantity, the two defect levels are matched by Lorentzian functions L1 and L2

with the background of direct tunneling into the gold substrate being fitted using a
polynomial P. In principle, there could be other contributions to broadening such
that the actual lifetime is longer. Compared to the relevant timescales of terahertz
probing in the autocorrelation measurements, which lies in the range of hundreds
of femtoseconds (discussed later in this section), τLT = 5 fs is short and hence, the
exact value of τLT does not determine the outcome of the simulation. The remaining
unknown in the rate equation is α(t, τ), the instantaneous tunneling rate from the
tip to the first defect level, which depends on the instantaneous voltage VLW(t, τ) in
the junction. For each τ and t, L1 is integrated up to VLW(t, τ ) to extract the scaling
of α. The maximum α at τ = 0 is estimated from currents in the autocorrelation
experiment, which were kept slightly below one electron per pulse pair. From a
simple model of instantaneous tunneling without the rate equation model, the time
window of tunneling can be approximated to about 300 fs around D1. In the rate
equation model, we set the number of electrons tunneling through D1 to maximally
one electron per 300 fs. The maximum tunneling rate can be approximated as
αmax =

∫+∞
−∞ dV L1(V ) = 1/300 fs since L1 has low weight at negative voltages. For

a specific instantaneous voltage VLW(t, τ), this yields

α(t, τ) =
∫ VLW(t,τ)

0 dV L1(V )∫+∞
−∞ dV L1(V )

αmax .

Solving the rate equation model for every τ and t, the instantaneous tunneling
current through D1 can be extracted as

J D1
LW(t, τ) = N(t, τ) · e .
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Figure 6.12 | Peak-field dependent temporal resolution. a, For a voltage pulse
VLW(t) tuned to 280 mV (dashed line), the instantaneous tunneling current JLW(t) is
calculated using the rate equation model (b). Its FWHM, the temporal resolution of
LW-STS on the Se vacancy at a peak voltage of 280 mV, amounts to 296 fs. c, The
temporal resolution simulated for different peak voltages yields tunneling windows
below 350 fs in the ±100 mV vicinity around D1.

The other contribution, tunneling directly into the gold substrate, is simulated
using the simple instantaneous tunneling model without a rate equation assuming a
vanishing lifetime. Here, the instantaneous current is calculated by integrating the
background polynomial fit P from 0 V to VLW(t, τ) as

J bg
LW(t, τ) =

∫ VLW(t,τ)
0 dV P(V )∫+∞

−∞ dV L1(V )
· e

300fs .

For each delay time τ between the two terahertz pulses, the sum of J bg
LW(t, τ) and

J D1
LW(t, τ) is integrated to extract the total autocorrelation tunneling current ILW(τ).

The simulated delay-time dependent change in tunnel current ∆ILW(τ) reproduces
the experimentally measured autocorrelation trace. Based on the excellent agreement
of simulation and experiment, we can now simulate the instantaneous tunneling
current of one pulse to extract the temporal resolution of LW-STS around D1.

Peak-field dependent temporal resolution. For different peak fields around
D1, we simulate the instantaneous tunneling current induced by one terahertz pulse
only, which will later be used as probe pulse (sections 6.5-6.7). When the peak of the
waveform is tuned to V peak

LW = 280 mV (Fig. 6.12a, gray dashed line), the FWHM of
the instantaneous tunneling current simulated using the rate equation model yields
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Figure 6.13 | Tunneling into higher-lying states. a, For VLW(t) tuned to 500 mV
(dashed pink line), the instantaneous tunneling current JLW(t) is calculated using the
rate equation model for D1 (b). A sharp tunneling onset around t = 0 (arrows) on top
of a broader shoulder signifies tunneling through D2. The additional tunnel channel
through D2 causes the second peak in the simulated lightwave-driven tunneling
spectrum (c). However, contributions from D1 and D2 to the lightwave-driven
spectra cannot be disentangled at these voltages without further assumptions.

a temporal resolution in LW-STS of 296 fs (Fig. 6.12b). Calculating the FWHM of
JLW(t) for a range of peak voltages reveals ultrashort tunneling windows of less than
350 fs in the ±100 mV vicinity of the first defect level (Fig. 6.12c). This tells us that
we should be able to resolve ultrafast dynamics of D1, for instance transient level
shifts, in lightwave-driven spectra.

Higher-lying states in lightwave-driven spectra. When V peak
LW is tuned to

voltages above D1, tunneling contributions from the two defect levels mix. This
can be understood visually by examining simulated instantaneous currents at such
voltages (Fig. 6.13a,b). Tunneling into D1 starts as soon as VLW(t) exceeds the
corresponding threshold and does not stop until VLW(t) falls below the threshold.
The same holds true for D2, but with a higher threshold voltage. This is why the
simulated instantaneous current JLW(t) for V peak

LW ∼D2 (Fig. 6.13b) exhibits a shorter
peak related to D2 (arrows) on top of a broader shoulder due to tunneling through
D1. Hence, the sharp rise of JLW(t) is indeed caused by tunneling through D2, but
the experimentally measured time-integrated current mixes contributions induced
by the whole transient, in this case from D1 and D2. Meanwhile, the second peak
in lightwave-driven spectra (Fig. 6.8b) can be assigned to D2 due to the additional
tunneling channel that opens at higher voltages. Indeed, using the instantaneous
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tunneling model, the lightwave-driven spectrum can be simulated yielding a second
peak at higher voltages caused by tunneling through D2 (Fig. 6.13c), but the in-
dividual contributions of D1 and D2 cannot be disentangled from lightwave-driven
tunneling spectra without further assumptions [Amm22]. As a consequence, the
interpretation of data at higher peak voltages becomes more challenging. This is
one reason, why I will focus on the interpretation of tunneling spectra at lower peak
voltages around D1 in the following sections. Additionally, for currents of more than
one electron per pulse, Coulomb blocking could alter the shape of tunneling spectra.
To prevent misinterpretation, we evaluate tunneling spectra at peak fields, where
we drive tunneling currents below one electron per pulse, which is fulfilled at the
tunneling onset into D1 (Fig. 6.8). At these peak voltages, we ensure both state
selectivity and single-electron tunneling such that we can expect the unconvoluted
lightwave-driven spectrum to reflect the ultrafast LDOS.

So far, we have established lightwave-driven tunneling spectroscopy with calibrated
peak voltages and we know that terahertz transients tuned to the tunneling onset
into D1 yield ultrashort tunneling windows of about 300 fs around D1. Within these
time windows, we can drive state-selective tunneling of single electrons enabling an
interpretation of lightwave-driven spectra as the ultrafast LDOS. In the following,
we want to induce structural motion and sample its impact on the transient ultrafast
LDOS.

6.5 Local excitation of WSe2 monolayer

Having understood our calibrated lightwave-driven spectra and their interpretation,
we are prepared to finally excite structural motion in the sample and watch its impact
on the instantaneous LDOS.

Excitation of structural motion. To excite and probe ultrafast motion we
perform a terahertz-pump–terahertz-probe experiment. To this end, we delay two
almost identical terahertz pulses (see Fig. 6.11), couple them into the STM junction
and measure the impact of the pump pulse on the probe-driven current for different
delay times. On an orbital lobe of a Se vacancy, the pump pulse induces a delay-time-
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Figure 6.14 | Ultrafast dynamics on WSe2. a, On WSe2 (black curve), a
terahertz pump pulse evokes ultrafast dynamics (schematic experiment: inset). After
the delay time τ , a probe pulse samples the monolayer by inducing a lightwave-driven
current, Ipr

LW. Its oscillatory modulation reflects the ultrafast dynamics induced. In
the same delay-time window, Au(111) exhibits an almost constant lightwave-driven
current (gray curve), measured on the same sample with the same tip. This suggests
dynamics unequivocally linked to WSe2. Moreover, the signal measured on Au(111)
indicates that there are no trailing fields of the pump pulse in this time window. This
conjecture is confirmed by detecting the electric field of the pump pulse via photo-
assisted tunneling [Yos19, Mü20] (b). At the delay time of maximum (τ = 8.8. ps,
red circle in a) and minimum (τ = 10.2 ps, yellow circle in a) lightwave-driven
current on WSe2, the measured pump pulse waveform does not exhibit any trailing
fields (red and yellow dashed line).

dependent oscillation of the probe-driven current Ipr
LW (Fig. 6.14a). A maximum and a

minimum are located at the pump-probe delay times τ = 8.8 ps and τ = 10.2 ps
(red and yellow circles), respectively. The oscillation is unequivocally linked to the
WSe2 monolayer, since it is not visible on bare Au(111) with the same STM tip. The
contrasting signal on WSe2 and Au(111) indicates that potential trailing fields of
the pump pulse do not induce the oscillatory signal on WSe2 due to interference
with the probe pulse. To certainly exclude such artifacts, we conduct a photo-
assisted measurement of the terahertz pump transient, which confirms the absence
of interfering trailing fields (Fig. 6.14b). In particular, delay times of extremal
lightwave-driven tunneling current (Fig. 6.14a, circles) do not exhibit any features in
the pump waveform (Fig. 6.14b, dashed lines). The probe-driven current on WSe2
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Figure 6.15 | Position-dependent amplitude of structural motion. At several
tip positions marked in a relative to a Se vacancy (cross), the lightwave-driven probe
current Ipr

LW is measured as a function of delay time τ between pump and probe
pulse (b). On all positions, ultrafast dynamics are captured with the same phase
and frequency. From the Ipr

LW traces, the relative oscillation amplitude A/〈Ipr
LW〉τ can

be extracted (c), which peaks around the Se vacancy and decreases by about 25%
on the surrounding pristine monolayer.

oscillates at slightly below 1 THz. Elementary dynamics we can induce and observe in
LW-STM at such frequencies are phonons, in particular vertical oscillations. The high
sensitivity of LW-STM to vertical motion is caused by the exponential dependence
of the tunneling current to tip-sample distances (chapter 2). To better understand
the nature of the observed dynamics, we examine their local occurrence.

Position-dependent oscillation amplitude. To find out whether the oscillations
are localized, we conduct the same pump-probe experiment at different tip positions
relative to a Se vacancy (Fig. 6.15a). Interestingly, at all positions Ipr

LW exhibits the
oscillatory behavior with similar phase (Fig. 6.15b). From the individual curves, we
can extract the oscillation amplitude A by fitting sinusoidal functions. Here, the
spatial dependence of Ipr

LW itself could have an impact on the apparent oscillation am-
plitudes. To account for this, we normalize A by the respective delay-time-averaged
current 〈Ipr

LW〉τ . The relative oscillation amplitude A/〈Ipr
LW〉τ (Fig. 6.15c) is maximized

around the Se vacancy and drops by 25% on pristine monolayer. Remarkably, the
motion pattern is present on all investigated positions on WSe2.
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From delay-time dependent tunnel current traces, it is not clear to which extent
structural motion or modulations in the energy landscape influence the lightwave-
driven current. Mechanical motion changes the tip-sample distance leading to a
change of the tunnel barrier and hence the measured current. Conversely, structural
motion could also influence the LDOS by shifting select energy levels. In contrast
to lightwave-driven current traces, ultrafast tunneling spectroscopy can disentangle
contributions from structural motion and shifts of select energy levels.

6.6 Non-equilibrium local density of states of a
chalcogen vacancy

In the previous sections, we have established LW-STS yielding spectra which are
calibrated in units of volts and have a temporal precision of about 300 fs around D1.
Moreover, we have seen in pump-probe experiments that we can induce ultrafast
dynamics on WSe2 which is reflected in an oscillatory behaviour of the lightwave-
driven tunneling current driven by the probe pulse. However, contributions from
structural motion and energy shifts cannot be disentangled from these current traces.
To watch select energy levels evolving in time, we need to take snapshots of the
transient LDOS after excitation of ultrafast dynamics. To this end, we combine a
pump-probe experiment with ultrafast tunneling spectroscopy.

Transient local density of states. To resolve dynamics of individual energy
levels, we excite ultrafast dynamics with a terahertz pump pulse on an orbital lobe
of a Se vacancy and record a whole lightwave-driven tunneling spectrum with a
probe pulse for specific delay times (Fig. 6.16a). Clearly, ultrafast tunneling spectra
recorded at delay times of maximum (τ = 8.8 ps) and minimum (τ = 10.2 ps)
lightwave-driven current (Fig. 6.14a, red and yellow circles) exhibit stark differ-
ences. Specifically, we see two effects: the entire spectra are scaled vertically as
a whole and additionally, the transient LDOS yields variations of its lineshape with τ .

89



6 Measuring and manipulating the ultrafast local density of states of an atomic
defect

Figure 6.16 | Ultrafast snapshots of the LDOS. a, Ultrafast spectra recorded
at delay times of extrema of ultrafast dynamics induced by a terahertz pump pulse
(Fig. 6.14a) reveal an overall vertical rescaling as well as a horizontal shift around
150 mV. This shift becomes even more obvious, when the transient spectra are
rescaled (b). The horizontal shift can be related to a transient shift of the tunneling
onset into D1 towards higher energies at τ = 10.2 ps as compared to τ = 8.8 ps.

Transient shift of first defect level in energy. An overall vertical scaling of
tunneling spectra (Fig. 6.16a) can result from a change in the tunnel overlap of tip and
sample wavefunctions. We assign the observed delay-time-dependent scaling of the
spectra to a vertical structural motion of the whole monolayer, since the oscillations
seen in delay-time-dependent lightwave-driven current traces are not confined to the
vacancy position (Fig. 6.15). In contrast to an overall vertical scaling, horizontal
shifts in tunneling spectra correspond to shifts of energy levels. In particular, the
rising edge of D1, around 150 mV shifts towards higher energies for τ = 10.2 ps.
The dynamics of the rising edge of D1 could also be affected by changes in width of
the D1 energy level. However, the comparable shape of the transient spectra after
excitation around D1 indicates that a transient shift of the defect level in energy
dominates the horizontal shift seen in transient tunneling spectra. Since the width of
the defect level seems to be comparable only for the transient spectra, we compare
time-resolved ultrafast tunneling spectra only. To account for the vertical scaling
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Figure 6.17 | Pump-field dependent shift of D1. a, Ultrafast tunneling spectra
at τ = 10.2 ps reveal a monotonic shift of the rising edge of D1 with increasing pump
field strength. Meanwhile, at τ = 8.8 ps (b), the tunneling onset into D1 seems to
shift in a non-monotonic fashion.

of the tunneling spectra related to a change in the tunnel barrier, we can scale the
spectra such that they overlap for a large range of peak voltages (Fig. 6.16b). When
doing so, a clear horizontal shift of the spectra remains at the tunneling onset into
D1. Also around D2 distinguishable features seem to arise, however for the reasons
explained in section 6.4 we concentrate on the interpretation of data around D1.
For peak fields below 0.05 E0, a negative differential conductance can be seen in the
lightwave-driven spectra, which stems from a reflection artifact in the setup. The
attenuating wire-grid polarizer rescaling Epeak

LW of the probe field caused a reflection
that induced a measurable current at low peak fields, rapidly vanishing for higher field
amplitudes. This creates a negative differential conductance in the lightwave-driven
spectra for peak fields below 0.05 E0. Most importantly, the reflected field does not
depend on the pump–probe delay time and hence does not affect the comparison of
transient tunneling spectra. All time-resolved tunneling spectra were taken under
exactly the same experimental conditions in one measurement cycle, ensuring their
comparability.

Pump-field dependent energy shifts. To examine the origin of the D1 en-
ergy shift, we investigate the shift behavior at τ = 10.2 ps (Fig. 6.17a) and
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τ = 8.8 ps (Fig. 6.17b) for different field strengths of the pump pulse. For this,
the pump amplitude is tuned to three field strengths below the first defect level
(0.05 E0 corresponding to 150 mV), above the defect levels (0.175 E0, 525 mV) and
to the tunneling onset into the conduction band (0.32 E0, 960 mV)). At τ = 10.2 ps,
increasing pump fields promote the rising edge of D1 to higher energies in a mono-
tonic way. In contrast, at τ = 8.8 ps, moderate pump fields shift the tunneling
onset to higher energies, whereas for the largest pump field the rising edge of D1

seems to overlap with the unpumped tunneling onset. This non-monotonic behavior
is indicative of competing mechanisms being responsible for the transient shift of
the tunneling onset into D1. So far, we interpret the data by directly looking at
the spectra. Considering the error bars, the shift is clearly visible in the transient
spectra. In this way, however, only a qualitative picture can be drawn calling for a
quantitative analysis.

Quantifying the transient shift of the D1 rising edge. To quantify transient
shifts of the tunneling onset into D1, we approximate the shape of every single
transient spectrum with an error function (Fig. 6.18a,b). Every spectrum is fitted
individually for positive-valued data up to a probe field of 0.1 E0 including the
error bars. Three free parameters are fitted: width, amplitude and inflection point.
The latter can be used as a measure of the tunneling onset into D1 for τ = 8.8 ps
and τ = 10.2 ps. Since the vertical scaling of the spectra is accounted for by the
amplitude fit, gap-size modulations do not contribute to the extracted inflection
point. Plotting the latter as a function of pump field strength for the two delay
times discloses the time-resolved tunneling onset into D1 (Fig. 6.18c). It behaves as
expected from the former qualitative interpretation of the spectra: the rising edge of
D1 shifts monotonically, roughly linearly with pump field strength for τ = 10.2 ps.
Conversely, for τ = 8.8 ps, the tunneling onset shifts in a non-monotonic fashion. The
difference between the tunneling onsets for the two delay times (Fig. 6.18d) yields
the transient level shift of D1. For the largest pump field (0.32 E0, 960 mV), the
transient level shift amounts to a field equivalent of 0.014 E0, which can be translated
to about 40 mV using our field calibration (section 6.3). The considerable shift of
40 mV exceeds thermal broadening that would occur at room temperature (∼25 mV).
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Figure 6.18 | Extracting the tunneling onset into D1. The shape of transient
tunneling spectra at τ = 8.8 ps (a) and τ = 10.2 ps (b) is approximated by an error
function for each spectrum individually. Inflection point, width and amplitude are
fitted as free parameters. c, The inflection point is used as a measure of the transient
tunneling onset into D1. As a function of pump field strength, it shifts roughly
linearly for τ = 10.2 ps and non-monotonously for τ = 8.8 ps. d, The difference of
the two curves shown in c yields the transient shift of D1 amounting to about 40 mV
for the highest pump field.
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Our data demonstrate that we are not only able to state-selectively take snapshots
in space and energy, but we can directly watch the ultrafast motion of the WSe2

monolayer as well as the evolution of select energy levels in time. We found that D1

shifts by considerable 40 mV upon excitation of structural motion. In the following,
I will connect the fingerprints of structural motion and energy shifts.

6.7 Observing electron-phonon interaction

Utilizing time-resolved ultrafast tunneling spectroscopy (section 6.6), we have mea-
sured a transient shift of D1 by up to 40 mV with simultaneous occurrence of
structural motion (see also section 6.5). In this section, the exact motion pattern of
the monolayer will be investigated based on experiment and DFT calculations. We
find that a specific phonon mode influences the delay-time dependent shift of D1,
which we directly observe in the instantaneous LDOS constituting direct mapping of
electron-phonon coupling on atomic scales.

Mechanical oscillation amplitude. To connect the fingerprints of structural
motion and energy shifts, we estimate the magnitude of the vertical structural motion
directly from oscillating current traces at large probe fields. There, the oscillation
amplitude in the tunneling current can directly be translated to an excursion in real
space as explained in the following. In Fig. 6.14a, a change in tunneling current
of ∼10% occurs upon terahertz excitation with a probe field tuned to 1.8 V. At
such large probe fields, the tunneling current is dominated by tunneling through
the conduction band and the contribution from shifts in the tunneling onset in the
first defect level to Ipr

LW becomes negligible. At a peak voltage of 1.4 V, a simplistic
instantaneous tunneling simulation yields a 1.5% change in Ipr

LW for a 40 mV shift
of D1. Hence, for large probe fields, the oscillating tunneling current is expected
to be dominated by structural motion. This conjecture is further supported by the
occurrence of oscillation dynamics at all investigated positions and the qualitative
similarities of the delay-time dependent oscillations on and off the defect (Fig. 6.15b).
Since the lightwave-driven pump-probe currents are dominated by structural os-
cillations at high probe fields, we can try to extract two things. First, we can
estimate the magnitude of structural motion in picometers. Second, we can try to

94



6.7 Observing electron-phonon interaction

Figure 6.19 | Pump-field dependent structural motion. a, Oscillations in the
probe current Ipr

LW − 〈Ipr
LW〉τ can be seen for three pump fields: below D1 (0.05 E0),

above the defect levels (0.175 E0) and in the conduction band (0.32 E0). The probe
field is tuned to the conduction band onset such that structural changes dominate
current oscillations rather than a shift of D1. b, At τ = 8.8 ps and τ = 10.2 ps,
the lightwave-driven current scales exponentially with change in tip-sample distance
∆d, such that it can be written as Ipr

LW ∝ exp(−2κ∆d). Fitting the logarithm
of Ipr

LW(∆d) linearly yields the decay constants κ = 1.5 Å−1 and κ = 1.6 Å−1.
Here, ∆d = 0 corresponds to the height setpoint of V = 30 mV, I = 49 pA and
1.8 Å approach. Using the mean decay constant κ = 1.55 Å−1, the structural peak-
to-peak displacement can be extracted directly from delay-time-dependent current
traces (a) as a function of the pump field and amounts to 10 pm for the maximum
pump field.

find out which driving mechanism dominates the excitation of the monolayer: for
instance, tunneling [Coc16] or the electric field of the pump terahertz pulse [Pel20]
could drive mechanical motion. The latter two driving mechanisms scale differently
with the pump field. Hence, we investigate experimental oscillating current traces
at three different pump field strengths like done for transient tunneling spectra
(Figs. 6.17 and 6.18). The probe pulse is tuned to the peak field 0.32 E0 corre-
sponding to 960 mV such that V peak

LW reaches the conduction band edge. For all
three pump fields, Ipr

LW is temporally modulated by the structural motion (Fig. 6.19a).
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Figure 6.20 | D1 onset projected onto
structural displacements. From tran-
sient pump-field dependent shifts of the
tunneling onset into D1 (Fig. 6.18c) and
pump-dependent mechanical oscillation am-
plitudes (Fig. 6.19c), the dynamics in space
and energy can be related experimentally
for the two delay times τ = 10.2 ps (left)
and τ = 8.8 ps (right).

To translate the tunneling current to an excursion in real space, we use its ex-
ponential sensitivity to the tip-sample distance (Fig. 6.19b). Generally, the tunneling
current in an STM junction can be described as I(d) = a · e−2κd (chapter 3). We
extract κ as the slope of a linear fit to the logarithm of two Ipr

LW curves for delay
times τ = 8.8 ps and τ =10.2 ps individually yielding the mean decay constant
κ = 1.55 Å−1. Assigning the current oscillations of Ipr

LW as a function of delay time
to mechanical modulations of the tunnel barrier only, we can estimate the apparent
oscillation amplitude seen in every individual Ipr

LW trace (Fig. 6.19a) in picometers
using κ = 1.55 Å−1. We extract the peak-to-peak displacement of the monolayer
from the ratio of maximum and minimum lightwave-driven tunneling current in the
delay-time dependent traces as zpp = dmin − dmax = − log(Ipr

LW,min/I
pr
LW,max)/2κ.

The structural peak-to-peak displacement rises linearly with the pump field (Fig. 6.19c)
pointing towards a field-driven excitation mechanism rather than tunneling. At the
highest pump field, the measured peak-to-peak amplitude in the lightwave-driven
current corresponds to an out-of-plane motion of about 10 pm, which is slightly larger
than the apparent height of moiré-induced modulations in topography scans (Fig. 6.5c).

Structural motion governing select energy levels. Knowing both pump-field-
dependent shifts of the transient tunneling onset into D1 (Fig. 6.18c,d) and the
pump-field-dependent mechanical out-of-plane motion in picometers (Fig. 6.19c), we
can connect the fingerprints of structural motion and energy shifts. For a sinusoidal

96



6.7 Observing electron-phonon interaction

oscillation of the tunneling current from an equilibrium position (Fig. 6.19a), the
extracted pump-field-dependent peak-to-peak displacement zpp (Fig. 6.19c) yields the
symmetric excursion amplitude z0p = ±zpp/2, where a positive (negative) excursion
corresponds to the delay time τ = 8.8 ps (τ = 10.2 ps). Thereby, we retrieve a specific
displacement z0p for each delay time and pump field. Knowing the tunneling onset
into D1 for each delay time and pump field (Fig. 6.18c), we can directly connect the
structural displacement and the shift of the tunneling onset into the electronic energy
level D1 for τ = 8.8 ps and τ = 10.2 ps (Fig. 6.20). The data shown in Fig. 6.20
constitute the direct observation of the temporal evolution of a locally confined state
in energy upon structural motion. Due to the peculiar, partly non-monotonic shift of
D1 with rising pump field (Fig. 6.18c), the shift of D1 as a function of the monolayer
displacement also exhibits a non-monotonic and non-linear behavior (Fig. 6.20)
indicating competing mechanisms driving the level shift.
At this point, we are able to map out the tunneling onset into D1 as a function of
vertical displacement of the WSe2 monolayer. Meanwhile, the exact motion pattern
evoking transient energy shifts is unknown. To find out what is happening on the
atomic level, we combine knowledge from experimental measurements and DFT
calculations.

Long-lived oscillation dynamics. To understand the transient shift of D1, we
need to investigate the atomic displacements of the WSe2 monolayer. From ex-
perimental observations, we know that the oscillations are uniquely linked to the
WSe2 monolayer (Fig. 6.14). Moreover, the whole monolayer rather than just an
orbital lobe of the vacancy is moving vertically, since Ipr

LW oscillates at all measured
positions and the traces captured at different tip positions yield the same qualita-
tive behavior (Fig. 6.15). Measurements performed at large delay times evidence
oscillations observable up to a 100-ps range (Fig. 6.21a). At a maximum around
τ = 88.5 ps and a minimum at approximately τ = 90 ps, also the transient spectra
(Fig. 6.21b) exhibit the same phase dependence as for earlier delay times. Most
importantly, the long-lived vibrations indicate a select standing-wave mode rather
than a traveling wave packet. To identify the approximate oscillation frequency, we
record lightwave-driven currents over a ∼90 ps delay time interval and investigate
their Fourier amplitude. Due to reflections in a silicon beam splitter in the setup, the
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Figure 6.21 | Long-lived defect dynamics. a, On a Se vacancy, the lightwave-
driven current features oscillations up to large delay times around τ = 90 ps suggesting
a standing-wave mode rather than a traveling wave packet. The current trace has a
maximum at τ = 88.5 ps (pink circle) and a minimum at about τ = 90 ps (orange
circle). b, The corresponding transient spectra exhibit a shift of the D1 tunneling
onset towards higher energy for τ = 90 ps (orange curve) as compared to τ = 88.5 ps
(pink curve).

overlap of the probe pulse with trailing replica of the pump pulse result in a tunneling
current enhanced at certain delay time windows. The temporally recurring features
in the lightwave-driven current cause multiple peaks in the Fourier spectrum of the
current trace (Fig. 6.22, green). To get rid of artifacts from pump pulse reflections,
we compare the Fourier spectrum of the lightwave-driven current with the one of
the pump waveform measured over the same delay time interval (Fig. 6.22, gray).
In fact, the Fourier transforms of the measured near-field pump pulse including
reflections and the lightwave-driven probe current overlap at almost all peaks but
one located at 0.34 THz. Here, the Fourier amplitude of the tunneling current is
almost twice as large. We attribute this frequency to the mode responsible for the
shift of the tunneling onset into D1. To clarify, which specific modes can occur in
the WSe2/Au(111) heterostructure and how they can impact the D1 energy level,
Maximilian Graml and Jan Wilhelm performed first-principles DFT calculations.

98



6.7 Observing electron-phonon interaction

Figure 6.22 | Oscillation frequency. For the delay time window 7 ps < τ < 95 ps,
the Fourier transforms of lightwave-driven current (green) and near-field waveform
containing reflections of the pump pulse (gray) follow roughly the same envelope
as the pump pulse itself (dashed line). Trailing replica of the pump pulse result
in a multi-peak spectrum present in both traces. At 0.34 THz, however, the peak
is strongly enhanced in the pump-probe current (blue shaded area), which we can
attribute to the long-lived mode seen in oscillation traces. The Fourier spectra are
normalized to their respective amplitudes at 0.25 THz. The near-field waveform and
pump pulse are measured via photo-assisted tunneling [Yos19, Mü20].

Identify phonon mode and atomic motion pattern. To identify the phonon
mode, which we observe in experiments, a phonon spectrum of the heterostructure
is calculated. For the phonon spectrum, the geometry shown in Fig. 6.23 was
employed. The pristine WSe2 monolayer on Au(111) is included by a (

√
3 ×

√
3)R30°

superstructure [Sar21] and tip and substrate are modeled as two atomic gold layers
in Au(111) configuration. With this geometry, we want to identify the phonon mode
and calculate the atomic motion pattern. In the calculation, the gold atoms are
kept fixed. First-principles DFT calculations of the low-energy part of the phonon
spectrum reveal the longitudinal (LA*) and transverse (TA* and ZA) acoustic modes
of the WSe2 monolayer on top of gold (Fig. 6.24a). Interestingly however, for the
heterostructure, one of the degenerate out-of-plane transverse acoustic modes in the
low-energy spectrum splits off the ZA mode and becomes gapped at the Γ point of
the unfolded Brioullin zone of WSe2 (red curve). Its motion pattern corresponds
to a drum-like vertical oscillation of WSe2 relative to gold. At the Γ point, the
predominant motion is a vertical vibration of the whole monolayer (Fig. 6.24b,
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Figure 6.23 | Geometry for calculation of phonon band structure. a, Top
view: in the calculation, the pristine WSe2 monolayer on Au(111) is included in
the DFT calculation by a 4×4 supercell (red) of a (

√
3 ×

√
3)R30° structure (rose)

[Sar21]. The moiré lattice period in this configuration is 5.9 Å. b, Side view: tip and
substrate are modeled as two atomic gold layers in Au(111) configuration. In total,
544 atoms are used for the calculation (visualization via Vesta [Mom11]).

gray arrows). Additionally, the monolayer itself is distorted internally, because the Se
atoms move with respect to the center-of-mass motion (orange arrows) resulting in an
oscillation amplitude of the W atoms that is ∼150% of the amplitude of Se atoms. It
is expected that the atomically strong, predominantly out-of-plane terahertz electric
near field of the pump pulse can efficiently couple to this drum mode (DM) by
Coulomb interaction with charges in the heterostructure and by its field-induced
polarization [She22]. The linear dependence of the structural oscillation amplitude
on the applied electric field (Fig. 6.19c) points towards the former mechanism as the
dominating contribution. Apart from the DM, less prevalent in- and out-of-plane
components might also occur without being observed because of their dispersing
frequencies causing a quick decoherence. Knowing the mode that is driven by the
terahertz pump pulse, we can try to find out which energy shifts of D1 are expected
theoretically upon excitation of the DM.

Theoretically expected energy shifts. Considering the discussed DM motion,
we estimate expected shifts of D1 for different monolayer displacements. To do so,
we assume that the defected WSe2 monolayer is following the same DM motion
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Figure 6.24 | Phonon spectrum and atomic motion pattern. a, A first-
principles DFT calculation of the phonon spectrum yield longitudinal (LA*) and
transverse (TA* and ZA) phonon branches. One mode (DM, red) splits off the ZA
branch and is gapped at the Γ point with a frequency of 0.5 THz. b, At the Γ point,
DM corresponds to a center-of-mass (dashed line) motion of the WSe2 monolayer
(gray arrows) together with smaller intracell distortions (orange arrows). Gold atoms
are fixed in the the DFT calculations.

pattern as the pristine monolayer (Fig. 6.24b). Starting from the coarse motion, the
overall vibration of the WSe2 monolayer affects the Coulomb interaction of the D1

state with its image charge distribution [Nea06] in the gold substrate and the tip.
Additionally, the distortions within the unit cell can also modify the hybridization of
the atomic orbitals. The contribution of these two effects are calculated individually
and summed up to a total energy shift (Fig. 6.25, left panel).
To calculate the Coulomb-shifted energy levels, we include two image charges
in tip and substrate (Fig. 6.25, right panel, purple dots). At the same time,
we approximate the unoccupied defect state as infinitely localized (red dot). In
this scenario, the image charge renormalization can be calculated analytically.
During an out-of-plane displacement ∆zSe of the upper Se layer, D1 shifts by
∆EIC(∆zSe) = − e2

16πε0

(
(z1 − ∆zSe)−1 − z−1

1 + (z2 + ∆zSe)−1 − z−1
2

)
. Here, z1 and

z2 describe the equilibrium distance of the defect to the image plane of the metal
tip and metal substrate, respectively. For tip and substrate, the image plane is
assumed to be located 1.4 Å outside of the outermost atomic layer as reported in
[Kha16]. Usually, absolute tip-sample distances are unknown in STM experiments.
This is why we estimate the tip-sample distance and hence z1 from a point-contact
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consideration. In point contact, the resistance amounts to R0 = h
2e2 . Knowing

that κ ≈ 1.15 Å−1 for steady-state STM at the usual height setpoint (V = 30 mV,
I = 50 pA, R = V/I = 600 MΩ), we can extract a lower boundary of the absolute
distance at the height setpoint of ∆d = 4.7 Å by extrapolating the junction resistance
R(d) ∝ V · exp(2κd). Since we approach by another ∼1.7 Å for our measurements,
the lower boundary of distance between upper Se layer and tip in our experiments
amounts to approximately 3 Å. Based on this approach, we estimate the distance
between the upper Se layer of WSe2 and the tip in contact mode to be 3.5 Å. With
the image plane at 1.4 Å outside the outermost atomic layer, we get z1 = 2.1 Å. The
value z2 = 5.5 Å results from the equilibrium distance of the monolayer to the gold
substrate. Based on these numbers, the shift of D1 as a response to the displacement
of the monolayer can be calculated for different excursions ∆zSe (Fig. 6.25, purple).
Generally, the image charge effect is sensitive to the atomic geometry of the tip at
such small distances.
The impact of intralayer distortions on the D1 energy level is estimated using DFT
calculations on a 12×12 supercell of monolayer WSe2 with an individual Se vacancy.
The atoms in the monolayer are displaced according to the DM: Se atoms are dis-
placed by ∆zSe, tungsten atoms additionally by ∆zW-Se. After that, the expected
D1 level energy DPBE

1 (∆zSe) is extracted from the DFT calculations relative to the
conduction band minimum EPBE

CBM(∆zSe) (Fig. 6.25, left panel, blue curve).
Both effects, image charge renormalization and intracell distortions scale approx-
imately linearly with the monolayer displacement and compete with each other.
Meanwhile, the image charge effect seems to dominate the D1 shift. While we are
estimating the level shifts based on several assumptions, our simplified approach
provides an estimate in the right order of magnitude (Fig. 6.25, black curve).
To compare the theoretical results with our experiments, we assume that the mea-
sured displacement amplitude (Fig. 6.19, Fig. 6.20) reflects the oscillation amplitude
of the top Se layer such that z0p equals ∆zSe. While the theoretically expected posi-
tion of D1 shifts linearly with the displacement amplitude (Fig. 6.25, black curve),
this is not observed in experiments (Fig. 6.20). For large pump fields and hence large
excursions of the monolayer, we see a monotonic behavior qualitatively similar to the
theoretically predicted total shift of D1. For smaller excursions, however, there appear
to be smaller higher-order corrections on top leading to a non-monotonic asymmetric
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6.7 Observing electron-phonon interaction

Figure 6.25 | Theoretically expected energy shifts. Left panel: the D1 level
shift relative to the conduction band minimum is calculated based on two effects:
the image-charge effect (purple) and intracell distortion (blue). For the calculation,
a defected monolayer is displaced by ∆zSe according to the DM (Fig. 6.24b) with the
respective intracell motion of tungsten atoms relative to the Se atoms ∆zW-Se. For a
peak-to-peak displacement of 10 pm, the total calculated D1 shift (black) amounts
to about 40 meV. Right panel: schematic visualization of the simulation geometry.
A positive ∆zSe corresponds to a monolayer displaced towards the tip; z1 (z2) denote
the equilibrium distance between defect and tip (substrate) image plane. Atomic
displacements are exaggerated by a factor of 100 for illustration purposes (red dot:
defect, purple dots: image charges in tip and substrate).
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6 Measuring and manipulating the ultrafast local density of states of an atomic
defect

shift. This behavior is not fully reproduced by theory, which is relying on model
assumptions. At the moment, a full time-dependent atom-scale DFT calculation
covering the different length scales including the moiré periodicity is computationally
out of reach. The kinetic and chemical stability of the crystal around the vacancy
further challenge DFT calculations. We hope that our study triggers future theory
developments improving the current state-of-the-art approach.

We started with the goal to develop a technique to observe the interplay between
structural motion and select energy levels in real space and in the time domain. To
this end, we have developed defected monolayer TMDC samples suitable for STM
(section 6.1) and we have established ultrafast LW-STS (sections 6.2-6.4) combining
atomic, sub-picosecond and 10 meV-scale resolution. This allowed us to directly
observe the impact of ultrafast structural motion on the transient local density of
states (sections 6.5-6.7). We see how an acoustic DM transiently shifts the first defect
level by up to 40 meV on timescales shorter than one oscillation period. The non-
monotonic behavior of the shift with increasing excitation strength points towards a
complex interplay of lattice distortions. With our simultaneous access to ultrafast
spectroscopy on atomic length scales and to atomic vibrations on their intrinsic
length and timescales, we pave the way for in-depth studies of local electron-phonon
coupling. By adapting wavelength and shape of the pump pulse, our technique opens
new pathways to excite specific atomically localized structural motion. Thereby, one
should be able to transiently shift energy levels by a desired value to locally control
many-body electronic states. Moreover, the direct real-space observation of moiré
exciton trapping [RA18] might come true. Concluding, with time-resolved ultrafast
LW-STS, we have established a technique which complements momentum-resolving
ultrafast spectroscopy techniques with its atom-scale access allowing to investigate
the building blocks of matter directly in space, time and energy at once.
Since the atom-scale world is governed by quantum mechanics, yet another degree
of freedom can impact local ultrafast dynamics, namely the electronic spin. By
tunneling spin-polarized electrons, a range of novel experiments would be feasible
impacting different fields of fundamental science as well as the investigation of
future quantum technologies. The development of a spin-polarized LW-STM will be
discussed in the next chapter.
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Chapter 7
Towards spin-resolved atomic-scale
videography

The development of the spin-resolved LW-STM has been a venture driven by many
people. The conception, its technical implementation and build-up of the STM has
been put forward especially by Christoph Rohrer, Andreas Pöllmann, Andreas Rank,
Victoria Ruckerbauer and Jascha Repp. The terahertz source has been developed
and built by Christian Meineke, Peter Menden and Rupert Huber. I contributed to
the conception of the STM, its build-up and the conception of STM-optics in- and
out-coupling.

With the aid of LW-STM and LW-STS, it has been possible to directly observe
structural motion in space and ultrafast shifts of localized electronic energy levels.
To access the spin degree of freedom, spin-resolved STM can be employed [Wie09],
which is constrained in time resolution as for conventional STM. With sophisticated
measurement schemes in an atomic force microscope [Pat19b], microsecond lifetimes
of triplet states can be measured locally [Pen21, Sel23]. Employing STM, electronics
can be pushed to get nanosecond temporal precision such that spin dynamics could be
investigated [Lot10]. Meanwhile, spin selectivity together with LW-STM would allow
for a whole new class of experiments to unravel dynamical processes of spin-polarized
materials directly in space. Spin resolution in spin-polarized STM (SP-STM) is
facilitated by a magnetic field applied to the STM junction. Besides spin resolution,
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7 Towards spin-resolved atomic-scale videography

employing a magnetic field, for instance, also the Zeeman effect can be exploited to
tune energy levels as a set screw to induce and control electronic wave packets. In
the following, I will present exciting prospects of possible future experiments, which
drive us to build a LW-STM including the option to apply a magnetic field.

Inducing wave packet dynamics. In principle, not only dynamics of electronic
energy levels can be looked at in LW-STM (chapter 6), but also the motion of
electronic wave packets. The latter can be initialized in different manners, depending
on the exact material system and respective energy levels. In the following, I will
discuss several ways to trigger wave packets in individual molecules. One option is
to exploit spin-orbit coupling (SOC), e.g. in a molecule from the family of metalized
phthalocyanine molecules, which represents a prototypical molecular spin system.
Here, the center atom (Mg, Cu, Mn etc.) can be chosen to adjust molecular properties.
Without taking SOC into account, the LUMO orbitals in phthalocyanine molecules
are two-fold degenerate. They can be represented in a basis set, in which each of
the two states is mainly localized on two of the four equivalent isoindole moieties of
the molecule (sketch in Fig. 7.1a). Equivalently, in another basis set (L+ and L−),
the orbitals possess an angular momentum of plus or minus one (Fig. 7.1b). When
taking SOC into account, these two states couple to the spin degree of freedom,
which can lift the degeneracy of the two orbitals. In a copper phthalocyanine (CuPc)
molecule, this leads to an energy splitting in the millielectronvolt range [Sie15]. In
conventional STM and STS, this splitting is obscured due to broadening of the energy
levels. However, by charging the molecule and thereby accessing both energies at the
same time, a wave-packet may be formed (Fig. 7.1c). The latter will show spatial
oscillations of its density in time, with a frequency that is given by the splitting. In
the case of CuPc, the splitting corresponds to oscillation periods on the picosecond
timescale. Since in LW-STM the current can be injected and probed locally (e.g. at
the red crosses in Fig. 7.1b,c), an oscillatory response in a pump-probe experiment is
expected [Fra21], providing direct access to local wave packet dynamics in individual
molecules. Employing a magnetic field, the energy levels could be tuned sensitively
to control the local dynamics.
Even without considering SOC, electronic wave packets can be launched in individual
molecules by applying a magnetic field. For instance, triangulene (C22H12) [Pav17],
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Figure 7.1 | Electronic wave-
packets in a phthalocyanine
molecule. The phthalocyanine
molecule is schematically represented
by a gray cross. a, The degenerate
LUMO orbitals are localized on two
of the four equivalent isoindole units
of the molecule. b, Spin-orbit interac-
tion can lift the degeneracy yielding
orbitals of non-vanishing, opposing
angular momentum. c, Local charge
injection with an STM tip (red cross)
into both energy levels can form an
electronic wave packet with spatial
oscillations of its density in time,
which can be probed by LW-STM.
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7 Towards spin-resolved atomic-scale videography

Figure 7.2 | Unpaired electrons triangulene.
A schematic triangulene molecule (C22H12) ex-
hibits a sublattice imbalance with the number of
atoms in sublattice A (red dots), NA = 10, being
smaller than the one in sublattice B (blue dots),
NB = 12, yielding two unpaired electrons (black
dots). The total spin quantum number is S = 1.
The schematic shown is adapted from [Pav17].

nanographenes [Mis20] and open-shell molecules [Mis22] offer a playground to study
single molecules with unpaired electrons and in particular, their spin-dependent
dynamics. The open-shell molecule triangulene (Fig. 7.2) is unstable in the solution
phase, but can be synthesized and characterized in low-temperature ultrahigh-vacuum
STM/AFM [Pav17]. Triangulene is a cutout from the bipartite graphene honeycomb
lattice with an imbalance between the number of atoms located in the two sublattices
(NA 6= NB, Fig. 7.2). This imbalance is the reason why it is not possible to pair
up all pz electrons of the carbon atoms into bonds leading to the generation of
radicals [Ovc78]. The nanographene has a three-fold degenerate ground state [Ino01].
These energy levels may be split by a magnetic field inducing a detuning of gµBB

with g being the gyromagnetic factor, µB the Bohr magneton and B the magnetic
field applied. Corresponding wave packet dynamics should be resolvable in a LW-
STM employing terahertz radiation if the energy difference of the energy levels
lies in the millielectronvolt regime corresponding to picosecond dynamics. For an
energy detuning of 1 meV one can roughly estimate the required magnetic field. If
we assume the same gyromagnetic factor as for graphene [Lyo17], the detuning of
electronic energy levels amounts to ∼2µBB. A magnetic field of about 7.5 tesla (T) is
necessary to detune electronic energy levels by 2µBB = 1 meV. This energy difference
corresponds to an oscillation period of 4 ps detectable in LW-STM.
As a consequence, with the magnetic field as an essential turning knob, wave packets
can be induced in single molecules and potentially resolved via LW-STM. Employing
spin-sensitive STM, also the local observation of ultrafast switching of magnetic
domains is an exciting perspective.
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Magnetic domain dynamics. In optical measurements, demagnetization dynam-
ics of ferromagnets and their recovery have been investigated in the time domain
[Bea96, Hoh97, Sch97, Gü99]. With visible light, ferromagnetic cobalt and nickel
films on copper surfaces can be transiently demagnetized by changing the electron
temperature [Gü99]. For three monolayers of cobalt on copper, this process has been
shown to evolve on timescales below 50 fs. Subsequently, the formerly ferromag-
netic films recover on picosecond timescales. However, purely optical measurements
average over larger areas in space. To locally probe the magnetization dynamics,
SP-STM together with optical-pump–terahertz-probe measurements would allow one
to reveal dynamics driven by local properties. Indeed, cobalt islands on copper have
been characterized in SP-STM in a time-averaged fashion [Rus05, Pie06]. Combining
SP-STM with lightwaves, local magnetization-recovery dynamics could be watched
directly in space. For instance, cobalt islands of different sizes would allow us to
investigate edge effects. For such experiments, a prerequisite is a spin-resolving STM
as well as optical access for pump and probe pulses.

Skyrmion dynamics. Magnetic skyrmions are topological states, where the spins
in a material form a vortex-like structure. They are candidates as bits for data storage
and logic devices. Magnetic skyrmions have been observed, for instance in iron layers
on Ir(111), via SP-STM [Hei11, Hsu17] and they can even be written and read out
with SP-STM employing electric fields [Rom13, Hsu17]. Meanwhile, their dynamical
behavior is not fully investigated [Nag13]. Employing spin-resolved LW-STM, we
could write skyrmions in iron layers on Ir(111) or delete them with a terahertz
pump pulse tuned to high peak fields of about ±3 V [Hsu17]. Employing another
terahertz waveform as a probe pulse at a much lower peak voltage, their build-up
could possibly be watched directly in space. For magnetic skyrmions [Fer13, Oga15]
and skyrmions based on surface-plasmon polaritons [Dav20], build-up [Oga15] and
motion in space [Fer13, Dav20] have been observed with dynamics ranging from
femtosecond [Dav20] to nanosecond [Fer13, Oga15] timescales. Coupling suitable
pump and probe pulses to an STM for spin-resolved measurements, also internal
dynamics could be investigated in detail, on atomic scales. Dynamically stabilized
skyrmions [Zho15] might further open up exciting perspectives for locally probing
skyrmion dynamics.
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7 Towards spin-resolved atomic-scale videography

Figure 7.3 | Scan head of spin-resolved LW-STM. a, A cut through the STM
scan head visualizes the position of the scan head in an area of homogeneous magnetic
field generated by a superconducting split coil. The sample is mounted to a ramp
ring, which is moved by three piezo actuators. One of these (golden) is visible in
the cut (a) and its zoom version without a ramp ring (b). Another set of piezo
actuators (green) allows for the in-situ alignment of a parabolic mirror (dark red),
which focuses radiation (blue) onto the tip. Also coupling out scattered or emitted
radiation from the tunnel junction is possible (c). CAD drawings by courtesy of
Christoph Rohrer.

LW-STM with B field: requirements and challenges. To be able to con-
duct the introduced experiments, we aim to couple an optical setup generating
intense phase-locked terahertz pulses to a low-temperature ultrahigh-vacuum STM
with built-in magnetic field. The challenges met in the terahertz setup have been
solved in the course of Christian Meineke’s PhD thesis [Mei22, Mei24]. Based on
the home-built STM [Coc16] used for the experiments explained in chapters 4–6,
several parts of the STM – in particular, the scan head (Fig. 7.3) – were redesigned
following the experience gathered in scanning near-field optical microscopy (SNOM)
[Eis14, Hub16, Pla21, Sid24], similarly as described in Thomas Buchner’s PhD thesis
[Buc24]. For instance, the scan head is designed such that tip stays stationary and
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the sample moves when recording STM scans as customary in SNOM. To do so,
the sample is mounted to a ramp ring, which is steered by three piezo elements
(Fig. 7.3a,b). This procedure ensures that the alignment of an optical focus to the tip
does not change during measurements – in particular, also for more tightly focused
higher-frequency radiation. Moreover, a parabolic mirror with maximized numerical
aperture on the STM body (Fig. 7.3a-c, dark red area) focusing ultrashort pulses
onto the tip is movable by another set of piezo actuators (Fig. 7.3b). These changes
have been implemented to facilitate optics-to-tip alignment and to minimize the need
for frequent alignment increasing available measurement time. Moreover, the design
of the parabolic mirror allows for coupling out scattered or emitted radiation from
the tunnel junction (Fig. 7.3c) opening the doors for multi-messenger nanoscopy: By
installing a cantilever or Q-plus sensor in the setup, LW-STM can be combined with
SNOM [Eis14, Hub16, Pla21] or NOTE [Sid24] measurements.
To incorporate a magnetic field in a LW-STM, technical challenges are exceptionally
demanding. We aim for a tunable magnetic field in ultrahigh vacuum, which can
reach at least up to several tesla. Wave packet dynamics upon Zeeman splitting
should take place on picosecond time scales. For a magnetic field of 3 T, the energy
splitting for an electronic energy level amounts to µB · B ≈ 0.2 meV, which corre-
sponds to a periodicity of 20 ps. Such time scales are detectable in a LW-STM.
Apart from the physical requirements posed on the magnetic field, also technical
aspects need to be considered. To reach a magnetic field of several tesla, a supercon-
ducting coil can be employed, which resides in a helium bath or is cooled by a cryostat.
Due to the need for optical access at the same time as constant cooling of the coil
and permanent shielding from thermal radiation, only the latter option is practicable.
Both solenoid and split-coil design are able to deliver homogeneous magnetic fields.
Importantly, LW-STM measurements require optical access for coupling terahertz
pulses into the STM junction. Moreover, a view port and mechanical access to the
scan head for procedures such as sample transfer are mandatory. This is why a
split-coil design is chosen. Still, the gaps for mechanical and optical access should be
small enough to ensure a homogeneous magnetic field in the STM tunnel junction as
well as mechanical stability.
To meet all the discussed physical and technical challenges, a cryostat including
the magnetic coil has been designed by CryoVac fulfilling our demands (Fig. 7.4).
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7 Towards spin-resolved atomic-scale videography

Figure 7.4 | Optical and me-
chanical access. a, From out-
side, one can see the scan head
through a view port (center). A
movable nitrogen shield (green)
enables optical and mechanical
procedures when necessary and
prevents heating during STM
operation. Inside the rotatable
shield, a fixed nitrogen shield
(purple) is installed. The helium-
temperature shield (blue) visible
in a cut (b) covers the supercon-
ducting coil. CAD drawings by
courtesy of Christoph Rohrer.

Shielding the superconducting coil from thermal radiation is achieved by placing
it between a bulk body and a shield, which are both cooled by a helium cryostat.
The same cryostat also cools the STM body (Fig. 7.4b). To further block thermal
radiation from the helium shield, two shields, a rigid one and a rotatable one, cooled
by a liquid-nitrogen cryostat are installed outside the helium shield separated by
ultrahigh vacuum. The rotatable shield allows us to move windows for mechanical
and optical access to enable measurement preparation or LW-STM measurements.

Current state and outlook. At present, the STM is built up and fully operational.
The STM chamber reaches ultrahigh vacuum pressures of below 10−10 mbar. First
samples have been prepared and first images have been taken on atomically flat
Au(110) at cryogenic temperatures featuring a missing row reconstruction (Fig. 7.5).
So far, the maximum field reached with the superconducting split coil has been 2.6 T.
In a next step, spin-resolving measurements will be taken.
For the LW-STM including a magnetic field, a terahertz source designated for the
existing machine has been developed, which can be operated at a repetition rate of
4 MHz [Mei22, Mei24]. The generated sub-half-cycle terahertz pulses (Fig. 7.6a) span
a frequency range from 0.68 THz to 4.3 THz with a center frequency of 2.47 THz
(Fig. 7.6b). They will be coupled to the STM junction via a sapphire window. For
the option to couple higher-frequency radiation into and out of the junction, 1 mm
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Figure 7.5 | STM scans of Au(110). Constant current scans of a Au(110)
surface reveal a missing-row reconstruction of the Au(110) surface (a, V = 0.3 V,
I = 2.6×10−10 A) as well as an atomic step of gold (b, V = 2V, I = 2.6×10−10 A).
Measurement data by courtesy of Victoria Ruckerbauer and Andreas Rank.

Figure 7.6 | Terahertz source developed for the magnetic-field LW-STM.
a, The electric-field waveform detected by electro-optic sampling, corrected for the
detector response, features a strongly asymmetric (red arrows) terahertz waveform.
b, The spectral amplitude of the transient spans from 0.68 THz to 4.3 THz at its
FWHM. This figure was adapted from [Mei24] with permission.
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7 Towards spin-resolved atomic-scale videography

thick diamond windows are available and can be installed in the STM chamber.
In conclusion, both the STM and the terahertz setup are finalized such that in a
next step we will couple the two home-built setups, optically accessible B-field STM
and custom-tailored strongly sub-cycle terahertz pulses, to perform the envisioned
experiments – to unravel dynamics driven by yet another degree of freedom, the
electronic spin.
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Chapter 8
Conclusion

Is life a journey?
Whereto?
Wherefrom?
From the light
– into the light.

— Alissa Rossius Dausgaard [RD21]

In this thesis, I have shown, how lightwave-driven scanning tunneling microscopy
(LW-STM) and spectroscopy (LW-STS) are able to resolve ultrafast structural dy-
namics and their interplay with electronic energy levels, simultaneously in space,
time and energy.

Based on scanning tunneling microscopy and spectroscopy (chapter 2), I intro-
duced LW-STM and ultrafast action spectroscopy (chapter 3) as cornerstones of this
thesis to trigger and observe intrinsic dynamics of the nanocosmos.
On the atomic scale, the motion of a single-molecule switch can be steered coherently
by ultrafast atomic forces mediated by the electric field of a terahertz near-field
waveform (chapter 4). The induced motion pattern efficiently modifies the switching
probability of the molecular switch. We found that the amplitude of the excited
motion critically depends on the exact position, where an electric field is applied. The
electric field acts locally on specific hotspots of local polar interaction – key atoms
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8 Conclusion

which are responsible for the adsorption energetics of the single-molecule switch.
When locally applied to these hotspots, the motion pattern can be triggered and
hence the switching probability can be modulated efficiently. In summary, with the
terahertz electric near field, we are able to directly induce atomic motion and watch
its impact in atomic-scale movies.
In chapter 5, the switching behavior of the molecule was exploited to quantitatively
measure the atomically confined near-field waveform inside the junction of the STM.
Making use of an interference scheme of a test and a gate terahertz pulse, we can
resolve salient features of the test waveform. By comparing the measured near-field
and far-field waveforms and their spectra, a frequency-dependent transfer function
from far to near field was extracted. For 1 THz, we observe an enhancement of the
field amplitude by ∼2 × 105 when coupled to the ångström-sized tip-sample junction.
Our measurements together with a classical simulation open the door for a predictive
design of nano-optics in the near-field regime.
Finally, the development of ultrafast time-resolved LW-STS allowed us to follow
the temporal evolution of a select electronic energy level of a selenium vacancy in a
monolayer WSe2 (chapter 6). To this end, we have established a model-free ultrafast
version of steady-state tunneling spectroscopy with atomic spatial, ∼300 fs temporal
and ∼10 meV energy resolution. Upon excitation of a drum-like phonon mode in
the monolayer, we record the transient local density of states for different phases of
the oscillation. By extracting the energy level position of the defect state from the
ultrafast spectra, we can observe how the vacancy state is transiently shifted by up
to 40 meV. When we do this for different amplitudes of the structural motion, we can
even link picometer-scale atomic displacements in space to a specific shift in energy.
With the results showcasing the observation of evolving localized energy levels on
ultrafast time scales directly on atomic length scales, we establish a new area of
research, which complements spatially averaging techniques able to map out the
band structure of materials. Lightwave-driven STM and STS give us direct access to
the nanoscopic world driven by quantum mechanics.
Thanks to instrument development with an additional magnetic field in a LW-STM
(chapter 7), we even envision ultrafast videography accessing yet another degree of
freedom: the electronic spin. Moreover, by tuning energy levels with the magnetic
field, we also plan to observe electronic wavepacket dynamics.
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With our experimental results, the novel techniques developed as well as future
experiments, we hope to trigger innovative exciting science – to understand, how the
fundamental building blocks govern our world on the atomic level, to bring light into
the dark.
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