Van der Waals quantum materials exhibit fascinating emergent phenomena
governed by topology, electronic correlations, or reduced dimensionality, and
have revolutionized modern solid state physics by virtue of the versatility of two-
dimensional crystals. In this thesis, we build on near-field microscopy in the
terahertz (THz) and mid-infrared (or multi-THz) spectral windows and develop new
tools to probe the unique properties of these systems on the relevant length,
energy, and time scales.

First, the distribution of nanoscale electromagnetic fields in multi-THz nanoscopy
is quantified by numerically solving Maxwell's equations and introducing a novel
Fourier demodulation analysis that accounts for the tip tapping motion. Thereby,
we visualize the light scattering process into the far field and determine the lateral
resolution as well as the probing volume inside the sample, for the first time.

Second, we employ these crucial insights into quantitative nanotomography to
investigate topological insulators, which are expected to host massless Dirac
fermions at their surfaces. A numerical retrieval of the local dielectric function of a
few-nanometer-thick surface layer without any a priori assumptions about the
spectral shape allows us to identify the contributions of two types of surface states:
Band bending leads to an intersubband transition within a massive two-
dimensional electron gas manifesting itself as a sharp resonance. Conversely, an
additional, broadband absorption background may be caused by the topologically
protected surface states. Tracing the dielectric response across a nanostructure
reveals local variations of the energy of the intersubband transition, pointing
towards nanoscale fluctuations of the doping or the Bi-to-Sb ratio. The
subwavelength access to the dielectric function should find a wide range of
applications and significantly improve the microscopic understanding of quantum
materials.

Finally, we use subcycle THz nanoscopy to gain a spatiotemporal access to photo-
carrier dynamics in transition metal dichalcogenide bilayers — a prototypical
platform for studying the ramifications of Coulomb correlations and reduced
dimensionality in van der Waals quantum matter. Our experiments reveal
pronounced inhomogeneities of the optoelectronic properties on the nanoscale
and a drastic renormalization of the carrier lifetime as the excitation density or the
relative orientation of adjacent monolayers is varied. These findings set the stage
for controlling light-matter interaction in van der Waals crystals on the nanometer
length- and femtosecond time scale.
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Cover: A metallic tip confines multi-terahertz electric fields (red) to its apex. This
nanoscale light source probes the surface of a prototypical topological insulator,

which crystallizes in van der Waals-bonded quintuple layers (steps).
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Probing quantum materials

on the nanoscale

“Nature isn’t classical "Feyns?]

— Richard P. Feynman

Some of the most fascinating, unresolved questions in condensed matter physics re-
volve around ‘quantum materials’ — a term, which was coined for a large library

of solids exhibiting exotic quantum mechanical properties influenced by dimension-

[Basol7a; Tokul7; Keim17]

ality or electronic correlations The research area has further

gained enormous momentum since the originally mathematical concept of topology
has been identified as an additional crucial determining factor. First signatures of

topology in physics had been discovered in terms of a quantized conductance in the

K1it80; Klit17)

quantum Hall effect! Ever since, the idea has revolutionized how con-

densed matter physicists perceive the world™2"e7 - As a result, David J. Thouless,
F. Duncan M. Haldane, and J. Michael Kosterlitz were awarded the Nobel Prize

in 2016 “for theoretical discoveries of topological phase transitions and topological

»[Thoul6]

phases of matter In analogy to geometrical objects, which can be classified

according to the number of knots or holes in their surfaces, integer-value topological

invariants in solid state physics describe the nontrivial structure of the electronic

[Moor10

wavefunctions in reciprocal space I. At the interface of two materials with dis-

tinct topologies, these invariants change abruptly. Consequently, exotic electronic

[Toku17]

states emerge, which can allow for dissipationless transport , in principle. Since
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these edge or surface states are protected by the topology of the entire reciprocal
space, there is an inherent robustness against any (non-magnetic) impurities or
disorderM#s210 - Whereas only a few representatives of the family had been known
for several decades, topological matter was recently found to be truly abundant in
nature. More than one in every four crystals is expected to exhibit a topologically
nontrivial electronic structurelVersl% Zbandl T the case of metallic crystals, the sig-
natures of the topological states are rather subtle and manifest as Fermi arcs on
the surface of Weyl or Dirac semimetalsi*™i8l for example. Conversely, the rami-
fications of a nontrivial momentum-space topology with regards to the optical and
electronic properties are more pronounced in materials with a finite bulk bandgap.

[Ortm15] foature metallic states only at their

These so-called topological insulators
surfaces. Due to their unique properties, van der Waals-layered three-dimensional
topological insulators#han09; Chen09; Hasal0; Moorl0; Andol3] gyl a5 ShyTes or Biy Tes have
become an especially fascinating material class. The surface states host massless
Dirac fermions and feature a chiral spin texture. Hence, time-reversal symmetry
suppresses backscattering of carriers, which renders the resulting extremely large
charge carrier mobilities attractive for optoelectronic devices!P?"'" with high-speed

Tokul7] ' The spin-momentum

operation and a simultaneous low energy consumption!
locking at the surface also holds great promise for the field of spintronicgZuti04 Avsa20]
Whereas spin-polarized currents have already been controlled with continuous-wave
light™Mev12l o1 by ultrafast photoexcitation!Braut6; Kurol6; Kastld; Reiml8] '}arnessing the
full potential of the topologically protected surface states could even allow for ef-

'[Tokul? -~ Regarding fun-

ficient spin-current generation or ‘charge-to-spin converters
damental science, topological insulators have furthermore enabled an exploration of
photon-dressed Floquet-Bloch states[Wangls; Mahml6] o relativistic phenomena such

gltee  Finally, image charges could help to realize magnetic

as Klein tunnelin
monopoles in topological insulators/®%!, whereas interfacing with superconductors
may provide a viable route towards robust quantum computing with Majorana
fermions featuring non-Abelian statisticg[F108 Mil3; Tokul; Fatels]

Designing new phases of matter and on-demand engineering of optoelectronic proper-

tieS[Basol7a}

necessitates a truly microscopic understanding of quantum materials,
however. Hence, a thorough investigation at the relevant energy, time, and length

scales is indispensable. Concerning topological insulators, angle-resolved photo-



emission spectroscopy experiments have revealed that the terahertz and mid-infrared
(or: multi-terahertz) frequency ranges (0.1 — 100 THz) represent the natural energy
scales for optical transitions(F1013: Kuol6l inyolving the topologically protected surface
states. Employing such long-wavelength electromagnetic fields additionally provides
unique insights into the low-energy elementary excitations that govern solid-state
systems. In the past, plasma responses!HPe0l Ubrll] = oy citonglKain03; Poells; Han20]
magnons!Kamp1l Sehlld] attice dynamicsKP07: Jepsil; Poreld] "gyperconducting conden-
sates[Pash10; Dems20] 1 1yolaritonsFris1% Halb20] haye heen accessed with these means.
In topological insulators, terahertz radiation has additionally driven ballistic Dirac

[Reim18 [Di P13]

currents I and collective electronic excitations — so-called Dirac plasmons .

Unfortunately, conventional far-field optics inevitably averages over micrometer or
even millimeter scales at these long wavelengths owing to the diffraction limit!APPe73],
This obscures any individual nanostructures, grains, or local strain™°” In ad-
dition, prototypical topological insulators exhibit nanoscale inhomogeneities in their
surface morphology®°'2 or their local electronic properties™?a15l and carrier densi-
tieslKnis17; Haveld] inally far-field experiments usually generate background signals
originating from the bulk material owing to either finite absorption lengths or trans-
mission geometry. For all of these reasons, a nanoscale, surface-selective probe of

the low-energy optical properties of quantum materials is highly desirable.

Since optical nanoscopy has paved the way for a nanoscale implementation of key
concepts established in far-field spectroscopy, we build on scattering-type scanning
near-field optical microscopy!“***'”l (s-SNOM) and develop new tools for probing the
light-matter interaction in prototypical van der Waals-layered quantum systems in
the multi-terahertz spectral range. By confining light to the sharp apex of an atomic
force microscopy tiplHill0% Rasc03; Qazi07] “the propagating far fields are converted into
evanescent near fields. This results in a localization on deeply subwavelength scales
that is accompanied by a strong field enhancement. Subsequently, the local optical
properties of the sample can be retrieved by collecting the radiation scattered out of
the tip-sample junction. This technique is also ideally suited for resolving the out-of-
plane composition of quantum matter with so-called nanotomography!fiset4 Govyld]
because of the evanescent nature of the near fields. To this end, the probing vol-

ume is tuned via experimental parameters such as the tapping amplitude of the tip,
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which facilitates a selective access to the surface properties, for example. Yet, truly
quantitative three-dimensional nanotomography and the quest for ultimately high
spatial resolution down to the single-nanometer regime depend vitally on a precise

knowledge of the spatial distribution of the near fields emerging from the probe.

In the first part of this thesis, the quantitative understanding of near-field microscopy
is therefore significantly advanced by numerically solving Maxwell’s equations for
a tip with realistic geometry oscillating in proximity of a dielectric. We introduce
a novel Fourier demodulation analysis™°20! of the electric field at each point in
space, which allows us to reliably quantify the distribution of the near fields above
and within the sample. Besides inferring their lateral extension, which can be smaller
than the tip radius of curvature, we thereby also determine the probing volume. For
the first time, we visualize the scattering process into the far field at a given har-
monic of the tapping frequency and shed light onto the nanoscale distribution of the
near fields, and its evolution as the tip-sample distance is varied.

Equipped with these crucial insights into the spatial distribution of the evanes-
cent probing fields in multi-terahertz nanoscopy, we subsequently investigate the
local surface properties of the prototypical topological insulator (BipsSbgs)sTes.
We probe custom-tailored structures with nanometer precision in all three spa-
tial dimensions™°°!8] employing nanotomography and nanospectroscopy. By com-
bining a numerical inversion algorithm with a model describing the light scat-
tering from layered samples, we manage to isolate the dielectric properties of a
few-nanometer-thick layer of high surface conductivity on the topological insula-
tor. This new technique works without model assumptions regarding the spectral
dielectric response. As a result, we can directly differentiate two types of sur-
face states based on their dielectric fingerprints: First, we identify an intersub-
band transition within a massive two-dimensional electron gas, which gives rise to
a sharp, surface-bound Lorentz oscillator. Aging and degradation under ambient

Bianl0] ¢a11 induce uninten-

conditions!®16! structural defects!V#202 and impurities!
tional doping at the topological insulator surface. Hence, conduction band electrons
experience a quantum confinementP#r10; Babr12] 5 the surface, where these massive
states consequently coexist with the massless Dirac fermions. Second, we find an

additional broadband absorption in the imaginary part of the dielectric function,



which most likely originates from mid-infrared transitions involving the topologi-
cally protected surface states. So far, the coexistence of massive and Dirac surface
states had only been revealed in far-field, angle-resolved photoemission spectroscopy
experiments(Biant0; Benill; Bahrl2] “ iy approach represents a promising way for distin-
guishing these two types of surface states on the nanoscale thereby significantly im-
proving the understanding of the surface properties of topological insulators. Thus,
the design of topological insulator-based devices, which are robust against ambi-
ent conditions, could come within reach. Tracing the intersubband resonance with
nanometer spatial precision, we observe changes of its frequency, likely originating
from local variations of doping and/or the mixing ratio between Bi and Sb. Our
results highlight the importance of studying the surfaces of quantum materials on
the nanoscale and demonstrate a direct access to the local optical and electronic

properties via the dielectric function.

Apart from three-dimensional topological insulators, also graphene and several tran-
sition metal dichalcogenides crystallize in individual layers bound by weak van der
Waals forces. Some of these materials also feature emergent phenomena linked di-

rectly to topology. Examples include the type-II Weyl semimetalsergl7 Yanl7; Shil9]

MoTe, and WTe, or topological states in bilayers(Torg!6; Lil6; Jianl7: Wul7; Wald] o pano-
structuresl®™8] Even the exceptional properties of magic-angle twisted bilayer
graphenel©®18! are most likely related to the topology of the flat bandsP1% Songld]

Besides these manifestations of topology in two-dimensional materials, certain atom-
ically thin layers of transition metal dichalcogenides such as WSes also host hydrogen-
like electron-hole pairs, strongly bound by the Coulomb interaction. These so-called
excitons represent a prime example for the significance of Coulomb correlations in

(Geim13] 411w for ex-

low-dimensional systems. Hence, van der Waals heterostructures
ploring further ubiquitous mechanisms — dimensionality and correlations — dictating
the optoelectronic properties of van der Waals quantum materials.

In the final part of this thesis, we establish a spatiotemporal access to the ultra-
fast photo-carrier dynamics in transition metal dichalcogenide bilayers following two
complementary strategies, which will allow us to study the effect of nanoscale struc-
tural, electronic or dielectric inhomogeneities!®219 on Coulomb correlations. First,

we build on our quantitative simulations of near-field microscopy and investigate the
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ultrafast interlayer charge transfer in heterobilayers, which underlies the formation of

g[Rivels; Merkl9] - Detajled predictions of the electromagnetic

spatially indirect exciton
radiation that is emitted by interlayer tunneling currents and coupled out by the
near-field tip set the stage for nanoscale terahertz emission experiments!®r17 Yaol9]
Second, we employ subcycle nanoscopy to probe the out-of-plane polarizability 2120
of electron-hole pairs with external terahertz near fields allowing us to trace hybrid
excitons in WSe, homobilayers™e™ 20 in space and time. The decay dynamics of the
photo-carriers depend sensitively on the relative orientation of adjacent monolayers.
A variation of the excitation density further renormalizes the ultrafast response of
the bilayer culminating in potential signatures of an exciton Mott transition. Fi-
nally, ultrafast snapshots of the electron-hole pair population reveal pronounced
inhomogeneities of the optoelectronic properties on deeply subwavelength scales.
With these new tools at hand, resolving the trapping of moiré excitons and tran-

sient phase transitions could come within reach in the future.

This thesis is structured as follows: Chapter 2 introduces the concept of topology
in solid state physics in more detail and lays the foundations for understanding the
unique properties of three-dimensional topological insulators. The necessary tools
for investigating the optical properties of quantum matter on the nanoscale are then
developed in Chapter 3. Building on the phenomenology of near-field microscopy,
we implement a new method of quantifying the distributions of nanoscale electro-
magnetic fields accounting for the entire tapping motion of the tip. These unprece-
dented insights into the principles of multi-terahertz nanoscopy are subsequently
transferred to probing prototypical topological insulator surfaces in Chapter 4. In
Chapter 5, we develop a numerical inversion algorithm allowing us to successfully
isolate the dielectric response and thickness of the highly conductive surface layer
on the topological insulator. Thereby, two different types of surface states are found
to coexist. By tracking their dielectric fingerprints, inhomogeneities in the surface
optical response are revealed in Chapter 6. These findings are complemented by
a discussion of the future directions for probing ultrafast nanodynamics of Dirac
fermions on next-generation topological insulator samples. Chapter 7 features a
study on electron-hole pairs in transition metal dichalcogenide bilayers. Finally, a

conclusion of the thesis and an outlook are given in Chapter 8.
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Topologically nontrivial systems

“Topology is the property of something
that doesn’t change when you bend or
stretch it as long as you don’t break

anything »[Ivan06]

— Edward Witten

Symmetries play an essential role in physics because they dictate the properties of
matter. Consequently, it is very essential to classify, for example, solids based on
the symmetry of the arrangement of individual atoms in the crystal lattice. From
such a classification, the diffraction pattern, lattice vibrations, or even the electronic
properties of a solid can be deduced. Solids with identical crystal lattices can be
further distinguished by order parameters, governing phases such as ferromagnetism
in iron below the Curie temperaturelV2rd18],

However, for two systems of identical symmetry, there exist further ways of differen-

Songl8]. go-called topological invariants. Those integer

tiating the properties of solids!
numbers classify all types of matter and allow for a distinction between topologically
trivial and nontrivial systems, which neither a symmetry nor an order parameter
can. Consequently, the revolutionary concept of topology represents a paradigm
shift for solid state physics by explaining and predicting exceptional properties of
novel materials.

Yet, topologically nontrivial quantum matter is not even scarce but was found to be

Vergl9] Tt holds great promise for potential dissipationless transport

[Toku17]

truly ubiquitous!

or applications in quantum computing . Even today, certain materials of this
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class can host exotic states at their surface with exceptionally high mobilities(fe18].

Such systems with topologically protected surface states have been called ‘topo-

[Hasal0; Andol3] - whoge unique properties encompass a relativistic,

logical insulators
Dirac-like dispersion or spin-momentum locking, for example, which implies spin-
polarized electrical currents that are highly relevant for spintronics. Further ex-
citing physical phenomena related to topological insulators include Floquet-Bloch

States[Wanng; Mahm16] [Di P13] [Gior16]

, Dirac plasmons , or strong optical nonlinearities
In the following, the concept of topology will be introduced in the context of the
quantum Hall effect, where it has first emerged several decades ago. The closely
related quantum spin Hall effect then serves to explain the key characteristics of
topological insulators. Finally, the exciting properties of the novel class of three-
dimensional topological insulators are introduced to provide the necessary back-

ground for interpreting the experimental results later on.

2.1 Topology and the quantum Hall effect

Classical Hall effect. Before talking about the quantum analogue, it is very in-
structive to briefly discuss the key concepts of the classical Hall effect. Discovered
by Edwin Hall in 1879217 the classical Hall effect emerges when sending a current
through a conductor placed in a magnetic field perpendicular to its surface. Since
the Lorentz force deflects the carriers within the conductor, a surplus and deficiency
of charge accumulate on opposite sides of the material. This gives rise to an electric
field counteracting the deflection of charge carriers, which is associated with a Hall
voltage. When the force exerted by the electric field onto the carriers exactly cancels
the Lorentz force, an equilibrium situation is reached. Since the Lorentz force scales
linearly with the applied magnetic field B, so does the Hall voltage and the Hall

resistance pg,.

Quantum Hall effect. In 1980, Klaus von Klitzing made the surprising discovery
that the Hall resistance p,, becomes quantized at low temperatures and for high
magnetic fields®1*8% At this point, he most likely did not suspect that the underly-
ing concept of topology would revolutionize solid state physics several decades later.

In a two-dimensional electron gas, plateaus in the resistance p,, = 6%% emerge, where



2.1 Topology and the quantum Hall effect

a Figure 2.1 | Quantum Hall effect.
Quantum Hall state v a, Sketch of the real-space skipping orbits

(red), which emerge for charge carriers at
® B O the interface of a quantum Hall system

logically trivial insulator (v = 0). Owing
WWW to the Lorentz force exerted by the ap-

with Chern number » = 1 and a topo-
plied magnetic field B, electrons can only

1l
—

Y | Insulator v=0| move in a single direction giving rise to a

so-called edge channel. In the bulk of the

b X material, closed electronic orbits (blue) in-
duce localized states.

CB b, Schematic of the corresponding recipro-

— Edge state cal space. The bandstructure includes the
insulating bulk of the quantum Hall sys-

VB tem consisting of the valence band (VB)

E and conduction band (CB). The metallic

L edge states (black line) are occupied up to
k 0 g the Fermi energy Fp.

Adapted from reference [Hasal0)].

h is Planck’s constant, e the elementary charge, and v an integer number. The uni-
versal quantum of resistance is called the von Klitzing constant Rx = e% ~ 25.8 k()
and has even redefined the ‘International System of Units’ in 2019, because its
value can be determined to an incredibly high degree of precision corresponding to
a relative uncertainty of “less than 1 part in 10'07Kit17 Kitl9] " The yeason why the
quantum Hall effect allows for such an exact determination of physical constants is
the overarching concept of topology, which renders the effect robust against defects,
impurities or the exact device geometry. Before diving into the field of topology, an

intuitive view of the microscopic physical phenomena is given.

A very popular picture of the quantum Hall effect is based on the emergence of
edge states as depicted in Figure 2.1. For sufficiently large magnetic fields, charge
carriers within the bulk of the material are forced on closed circular paths. Conse-
quently, these localized charges hardly contribute to the transport. However, at the

edges of the sample — or an interface to an adjacent material — such circular mo-
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ePaviod]  which allow

tion is not possible. Instead, so-called ‘skipping orbits’ emerg;
for a transport of charge carriers along the interface (see Figure 2.1a). Classically,
the external magnetic field determines the direction of motion of the electrons or
holes (along a given edge) and suppresses backscattering, which leads to a transport
with minimal resistance. Furthermore, smaller orbits at larger magnetic fields cor-
respond to higher drift velocities of the carriers. In reciprocal space, these skipping
orbits can thus be imagined as edge states within the bulk bandgap!s21 of the
two-dimensional electron gas as depicted in Figure 2.1b. Since electrons and holes
move along opposite directions, the edge states exhibit a crossover from negative to
positive momenta in the middle of the energy gap, where a transition from p-type
to n-type transport takes place.

In a solid subjected to an external magnetic field, the electronic states are, however,
also rearranged into Landau cylinders. Consequently, each of these levels can be
associated with a certain skipping orbit such that the Hall resistance p,, exhibits
quantized jumps to the next plateau whenever the Fermi energy intersects a Lan-
dau level. Within this framework, the integer v can be identified as the number of

occupied Landau levelsP#vi09]

This explains why the quantum Hall effect is only ob-
served for strong magnetic fields: the Landau levels then become highly degenerate
and all electrons occupy only a few levels. Similarly, low temperatures are required
for sufficiently large mean free paths of the electrons. The description of realistic
sample geometries is beyond the scope of this work and further details can be found

in the literaturePavios; Yulo]

Topology. From a topological point of view, an invariant of the system changes
abruptly in unison with the jumps of the quantum Hall resistance. This fact bridges
the gap to the mathematical field of topology. A widespread picture illustrating the

[Hasal0] - Any two-dimensional surface of

concept of topology is of geometrical nature
a three-dimensional object can be classified based on its genus g, that is the number
of ‘holes’ (see Figure 2.2). This means that a sphere (¢ = 0) cannot ‘smoothly’ be
transformed into a torus (¢ = 1). In other words, some closed paths on a torus
cannot continuously be reduced to an infinitesimally small circle around a single
pointM2417 in contrast to a sphere. Mathematically, the genus of any object can

be determined by a surface integral over the Gaussian curvature. Irrespective of

10



2.1 Topology and the quantum Hall effect

Figure 2.2 | Geometrical origin of
the field of topology.

Every geometric object can be classified
according to its genus g, which counts
the number of ‘holes’ as obtained by in-
tegrating the Gaussian curvature of its
surface. The image depicts a sphere, a
regular torus, and a two-hole torus with
genera g = 0,1, and 2, respectively.

the exact shape of the object, this integral will always yield an integer value for the

genus ¢ according to the theorem of Gauss and Bonnet4vr°03!,
Similarly, the Hall resistance p,, = e%% cannot change continuously, but only in

integer steps of v. Thus, an ordinary insulator can be distinguished in terms of its
topology from a quantum Hall state by the so-called Chern number v. In analogy
to geometry, two insulators have the same topological invariants — such as identi-
cal Chern numbers — if their Hamiltonians can be transformed continuously into
each other without closing the bandgap along the way. The latter would correspond
to poking a hole into the geometric object in order to transform a sphere into a
torus(V2d18l - Within this framework, the quantum Hall state can be considered as
an insulator due to Landau quantization"®21% ag long as the Fermi energy lies be-
tween two of the Landau levels. Consequently, the Chern number v also has to
be an integer (similar to the geometrical genus) and cannot change continuously.
Hence, small variations of the Hamiltonian of a system do not lead to small changes
in conductance. Instead, the system becomes invariant to small changes under these
circumstances. When the Fermi energy crosses a Landau level in the quantum Hall
regime, however, the Chern number is no longer well defined as it transitions to the
adjacent integer valuel®™%! This underlines that a closing of the bandgap, that is
the Fermi energy intersecting a Landau level, is necessary to change the topology of

the quantum Hall state.
Yet, this raises the question how the topological invariant of a system can generally

be determined from its Hamiltonian or the underlying electronic wavefunctions.

Further geometrical objects often associated with the field of topology are knots,

11
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for which invariants labeling the number of crossings can be defined (see picture at
the beginning of this chapter). In this picture, topologically nontrivial solid-state

»[Moor10]

systems feature “knots in the electronic wavefunctions in momentum space.

In the following, we will derive a formula allowing us to classify these knots.

Berry curvature. In reciprocal space, electrons can experience a curvature which
is analogous to the Gaussian curvature of a geometrical object. It is called the Berry

[Berr84] " Tts origin is best ex-

curvature J,, named after its discoverer Michael Berry
plained by considering a vector-like quantity, which is moved on a curved geometry
such as a sphere. Figure 2.3a shows that in this scenario, after having moved along
a closed path, the vector no longer points in the initial direction. In contrast, on a
plane without any curvature, this situation cannot arise. A very intuitive example
for this scenario is the Foucault pendulum. After a day has passed, the pendulum
is back in its original starting position on the earth. Yet, for a given latitude the

Avro03] Tp other

direction along which the pendulum oscillates has generally changed!
words, it has acquired a geometric phase after traveling on a closed path. This
means that on curved surfaces the initial and final states of closed paths can differ

and the discrepancy even depends on the area enclosed by the path.

When considering an electron’s spin in a magnetic field, the manifestation of the
so-far geometrical concept in quantum mechanics can nicely be visualized. Here, the
direction of the magnetic field is represented by the Bloch sphere (see Figure 2.3b).
Now, the direction of the magnetic field is varied so slowly that the electron’s spin
can follow the change of the magnetic field adiabatically and always points along its
direction. If the direction of the magnetic field then traces a closed path on the Bloch
sphere, the electronic wavefunction will gain an additional geometric phase ®, the
so-called Berry phase. In the case of the spin in an external magnetic field, the ac-
quired Berry phase along a closed path is then directly proportional to the enclosed
solid angle Q) such that a full rotation changes the sign of the wavefunction!Vard18 —

a well known result for spin-% particles.

Generally, this description holds for a broad variety of external parameters and is not

restricted to the examples above. Similarly, the electron can also move along a closed

12



2.1 Topology and the quantum Hall effect

Figure 2.3 | Curved space and geometric phases. a, Parallel transport of a vec-
tor (red) along a closed path (brown) on the surface of a sphere (‘1’—‘2"—3"—1").
On the north pole of the sphere, the initial and final orientation of the vector differ
because the curved surface induces a rotation of the vector along its path. b, Bloch
sphere indicating the orientation of a magnetic field B. If the direction of the mag-
netic field (purple arrow) is varied adiabatically on a closed path on the surface of
the Bloch sphere, the spin of an electron subjected to this field will follow this path
as well. Consequently, the electronic wavefunction will acquire a geometric phase,
which is proportional to the solid angle €2 enclosed by the path (red region).

path in reciprocal space and acquire a Berry phase ® under certain conditions. In
this case, it is intuitive that the underlying Bloch wavefunctions |u,,(k)) will dictate

the Berry phase ® = § A - dk via the Berry potential (or connection) A given by:
A = (un (k) [iVi|um(k)) . (2.1)

In close analogy to the vector potential and the magnetic field in electrodynamics,

the Berry curvature (basically Berry phase per unit area) is often introduced as/f417]
Foy=V xA. (2.2)
Hence, the Berry curvature can be viewed as a reciprocal-space analogue to a

magnetic field, which gives rise to an Aharonov-Bohm effect!™¥"'") resulting in a

13



2 'Topologically nontrivial systems

Berry phase. Thus, the equation of motion of an electronic wavepacket is gener-
ally renormalizedV**18] by an anomalous velocity v, = —k x J,, in the presence
of a reciprocal-space magnetic field, which has drastic consequences. In the novel
material class of transition metal dichalcogenides such as MoS,, two inequivalent
band extrema at the corners of the Brillouin zone exist. Due to broken inversion
symmetry and strong spin-orbit coupling, these so-called K and K’ points exhibit
finite Berry curvatures of opposite sign. Consequently, if a current is driven through
a monolayer of MoSs, electrons moving along the same direction but residing in
different valleys will be deflected along opposite directions perpendicular to the ex-
ternal electric field™#¥18] " This so-called valley Hall effect works in complete analogy
to the classical Hall effect, where the Berry curvature takes the role of an external

magnetic field.

Chern number and Berry phase. By applying Stokes’ theorem, the Berry phase

® can be rewritten in terms of the Berry curvature:Vard18]

@z%Adkjéﬂyﬁ. (2.3)

Regarding the quantum Hall effect, Thouless, Kohomoto, Nightingale, and den Nijs
realized™°"82] that the Chern number v could be expressed in terms of a Berry

phase on a path enclosing the entire Brillouin zone (BZ). Employing Equation 2.3

and the Gauss-Bonnet theorem, this yields/Hasa10; Hald17]

1 1
v=— Adsz— d°k F,, (k) =C € Z. (2.4)

21 JBZ T JBZ
2nC

Since the Chern number v can be any integer, labeling materials by this topological
invariant is typically called Z categorization. Without an external magnetic field
breaking time reversal symmetry, the Berry curvature is, however, point-symmetric
around zero momentum in most nonmagnetic insulators (F,,(k) = —F,,(—k)).
Consequently, integrals over the entire Brillouin zone vanish!V2"4'8l such that the
Chern number v = 0. Even though there was an intense quest for other topological
invariants that could also be studied in time-reversal invariant systems, such a dis-

covery remained elusive for many decadesM1417].
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2.1 Topology and the quantum Hall effect

a Figure 2.4 | Quantum spin Hall
Quantum spin Hall state|v|,,=1 effect.

a, Sketch of the skipping orbits in a quan-
O O tum spin Hall system in analogy to Fig-
ure 2.1, but without any external mag-
netic field. Instead, the spin orienta-
tion of the charge carriers determines
their respective Chern number 4, such
¥ | Insulator v=0| that ‘spin-up’ (blue) and ‘spin-down’ (red)
electrons are counterpropagating. Again,
b X localized states emerge, which are indi-

cated by the closed circular orbits.
CB b, Schematic of the corresponding recipro-
cal space. The bandstructure includes the
[+ é insulating bulk of the quantum spin Hall
VB system consisting of the valence (VB) and
E conduction band (CB). The metallic, spin-
L polarized edge states (see pictograms) are
k 0 g occupied up to the Fermi energy FEgerm;-

Adapted from reference [Hasal0)].

L+ N

1

In 1988, Duncan Haldane (Nobel Laureate of 2016) came up with a toy model
exhibiting a “quantum Hall effect without Landau levels” by employing a Hamilto-
nian that breaks time-reversal symmetry without an external magnetic field #2417,
Yet, only in 2013 the underlying quantum anomalous Hall effect could be observed
experimentally[©P2213] at extremely low temperatures by breaking time-reversal sym-

metry via intrinsic ferromagnetism mediated by chromium atoms.

Quantum spin Hall effect. A different approach, which proved to be easier to im-
plement experimentally, relies on the fundamental mechanism governing the physics
of topological insulators: the so-called quantum spin Hall effect (see Figure 2.4).
Kane and Mele®22¢0% introduced two separate Haldane models for spin-up and
spin-down electrons. Even though time-reversal symmetry is not broken for the
entire system, spin-orbit interaction breaks this symmetry for the two Hamiltonians

Vand18] Conse-

describing spin-up (H;) and spin-down (H,) electrons individuallyl
quently, two separate Chern numbers (v4,v) for the two spin orientations exist,

corresponding to a Zo, = 7 x 7 classification. In case the total Chern number
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2 'Topologically nontrivial systems

Vit = V4 + vp = 0, the quantum spin Hall effect can arise when (v4,v))=(1,-1),
for example. Without any net charge current (v, = 0), spin-up and spin-down
electrons move along opposite directions corresponding to a spin current.

The quantum spin Hall effect can thus be regarded as a superposition of two quan-
tum Hall effects, where charge carriers with different spin orientations experience
magnetic fields of opposite directions (see Figure 2.4a). Since no external magnetic
field is required, time-reversal symmetry is not broken. Instead, strong spin-orbit
interaction takes the role of a momentum-dependent magnetic field, whose direction
is depending on the orientation of the electron’s spin. Since time-reversal symmetry
converts a spin-up electron at k into a spin-down electron at —k, the two emerging
edge states must be degenerate at k = 0 (see Figure 2.4b). Consequently, the spin is
coupled to the momentum of the electron, which strongly suppresses any backscat-

tering of charge carriers within the edge states.

Furthermore, the representative bandstructure in Figure 2.4b also illustrates the
meaning of a nontrivial Zs index: In such a system, the bands within the bandgap
cross the Fermi energy an odd number of times in half of the Brillouin zonelV*d18!,
In complete analogy to the quantum Hall effect, gradual changes to the Hamiltonian
cannot open a gap as long as time-reversal symmetry holds.

Further properties of the quantum spin Hall effect, which was first observed in

HgTe/CdTe quantum wellst®"7 " are discussed in the next section.

2.2 Topologically protected surface states

Since a topological invariant can only change upon closing of the bandgap of a
material, a nontrivial Z, index is often linked to an inversion of the band order in

elBern06] - The first predictions and experimental demonstrations of

reciprocal spac
quantum spin Hall states were therefore related to mercury telluride quantum wells,
for which the roles of valence and conduction band was known to be reversed. Later
on, the concept could be transferred to three-dimensional systems, giving rise to

topologically protected surface states instead of one-dimensional edge states.
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2.2 Topologically protected surface states

Band inversion. First, we discuss the emergence of a quantum spin Hall phase
because of band inversion considering the example of CdTe/HgTe/CdTe quantum
wells. Whereas cadmium telluride features a normal band order — an s-type con-
duction band and a p-type valence band — similar to conventional semiconductors
such as gallium arsenide, mercury telluride typically does not. If the thickness of
the mercury telluride layer exceeds a critical value d.~6.4 nm, the band ordering is
reversed as compared to the cadmium telluride®*™%) At the same time, this band
inversion renders the mercury telluride topologically nontrivial 07 Thus, at the
interface to the adjacent, topologically trivial cadmium telluride layers, edge states
emerge within the bulk bandgap of mercury telluride, which can be described by
the quantum spin Hall effect. In experiments, this topological phase manifests itself
as a quantized conductance o,, = 2%, where e is the elementary charge and h is
Planck’s constant. Here, both of the spin orientations contribute an equal amount

elKoni07l - Hence, this phenomenon can be understood

of % to the total conductanc
within the framework of two separate Chern numbers for spin-up and spin-down

electrons introduced earlier.

Alternatively, the emergence of edge states is often described in an intuitive picture:
On the one hand, the bandstructure of mercury telluride is topologically nontrivial
and features inverted bands. On the other hand, the surrounding cadmium telluride
is an insulator with normal band ordering. Consequently, the band order has to
change along with the Z, invariant at the interface between the two materials,
which gives rise to metallic edge states that bridge the bandgap. In this context,
the term bulk-boundary correspondence is often usedArdel3; Vandis] ¢4 degseribe the

emergence of surface states owing to the topologically nontrivial nature of the bulk.

Adding a third dimension. Several theoretical groups had predicted a three-
dimensional analogue to the quantum spin Hall effect around the time, when it
was first realized in the two-dimensional quantum wells discussed above. The term
‘topological insulator’™°7 was coined for such a material, which would feature a
bulk bandgap while simultaneously hosting metallic surface states.

In three dimensions, six Zs indices exist — one for every two-dimensional surface of a

cubelVard18] - However, not all of these invariants are independent. Instead, the num-
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2 'Topologically nontrivial systems

ber can be reduced to a total of four indices (vy; 14, V2, v3), where the first index, vy,
takes a special status. If all invariants are zero, the system is clearly topologically
trivial. In case 14 is an even number, the system is a weak topological insulator
that is not very robust against external perturbations. Such a weak topological in-
sulator can be imagined as a three-dimensional stack of two-dimensional quantum
spin Hall systems. Consequently, the edge states will not be present on all exposed
surfaces!V2*418l  In this picture, the remaining topological invariants indicate the
Miller indices of the ‘stacking’ direction.

In contrast, so-called strong topological insulators — for which 14 is an odd number —
exhibit topologically protected states on every surface. Additionally, these systems

are extremely robust against external perturbations such as disorder(f2sa10],

The first three-dimensional topological insulator to be discovered was the Bi;_,Sby
alloy[51€08] whose strong topological nature was confirmed by angle-resolved photo-
emission experiments. Transport measurements similar to the experiments on mer-
cury telluride quantum wells®®%7 proved to be more challenging because the sig-
nature in conductivity indicating the presence of surface states is less pronounced
in three-dimensional systems25219  Tater on, the spin polarization of the surface
states, which gives rise to a protection from backscattering of charge carriers!®ous09
was verified experimentally!Hsi09

Yet, the Bi;_,Shy alloy exhibits a complex bandstructure with a small bandgap,
which is incompatible with room-temperature experiments. In 2009, the second

Moor09] of three-dimensional topological insulators such as BiyTegChen09)

generation
and BiySe;Xia09 Zhan09] wag discovered, whose bandgap can be as large as ~0.3 V.
These novel topological insulators will be discussed in the next section in more detail,
because the (Big5Sbg5)2Tes compound investigated later on is part of this family of

materials.

2.3 Three-dimensional topological insulators

In the following, the crystal structure of prototypical three-dimensional topological
insulators and the resulting bandstructure including the metallic surface states will

be discussed.
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Figure 2.5 | Ball and stick model of the crystal structure of (Bi; _,Sby)2Tes.
a, Side view of two quintuple layers separated by a van der Waals gap, each of
which consists of alternating layers of tellurium and bismuth/antimony that are
covalently bound together. b, Top view of panel a, where the dashed polygons
connect the atoms residing in the same crystal plane (compare panel ¢). The in-plane
separation of nearest neighbors is given by the representative lattice constant[¥#o!ll
api,Te; = 4.384 A. ¢, Side view of a quintuple layer revealing the ‘ABCAB’ stacking
of the crystal planes highlighted by the dashed lines. Compare reference [Zhan09).

Crystal structure. A representative crystal lattice of the (Bi;_.Shy)oTes alloy is
depicted in Figure 2.5. Bulk crystals of novel, three-dimensional topological insula-
tors feature a van der Waals-layered structure. The in-plane bonding is of covalent
nature forming Te-Bi-Te-Bi-Te quintuple layers in the case of BiyTes, for example,
whereas adjacent quintuple layers are only weakly bonded and separated by a van
der Waals gap (see Figure 2.5a). Each monolayer with a height of ~1 nm has an ap-
parent hexagonal symmetry¥»°") as can be seen in the top view (see Figure 2.5b).
Due to the ‘ABCAB’ stacking of the individual crystal planes within a quintuple

layer, a rhombohedral D3, (R3m) symmetry?P»%) arises (see Figure 2.5c¢).

19



2 'Topologically nontrivial systems

Figure 2.6 | Inverted band order in
novel three-dimensional topologi-
cal insulators.
. P1.,. Schematic of the energetic shifts of
- P1; _ the bismuth and selenium p,, . or-
" bitals in BisSe; due to chemical bond-
ing, crystal-field splitting, and spin-
P1., P11 orbit coupling. The order of the bands
' formed by the P2_,, and P17, states
close to the Fermi energy EF (red line)
is inverted. For the closely related
(Bi;_xSby)2Tes alloy, a similar band in-
Crystal- Spin- version occurs.
field orbit Adapted from reference [Zhan09].
splitting coupling

@

m

Chemical
bonding

Bandstructure. As discussed in the beginning of this chapter, a topologically non-
trivial nature is often linked to a band inversion. This also holds for the three-
dimensional topological insulators. Here, chemical bonding, crystal-field splitting,
and most importantly the strong spin-orbit interaction originating from the heavy
elements such as bismuth or antimony reverse the band order close to the Fermi en-
ergy as sketched in Figure 2.6. Owing to the topologically nontrivial nature of the
wavefunctions in reciprocal space, BisSes, BisTes, ShoTes, and their alloys belong to
the class of strong topological insulators!"1% with the topological indices (1;000).
Consequently, topologically protected states emerge at every surface of the material

Tokul7]

due to the so-called bulk-edge correspondencel Since the strong topological

index takes an odd value, these surface states furthermore only form a single Dirac

elVandis]  Dye to the topological nature of these

cone within the entire Brillouin zon
surface states and by virtue of time-reversal symmetry, no gap can be opened within

the surface states by impurities unless they are magneticH2sa10],

Employing a model Hamiltonian constructed from symmetry considerations (see Ap-
pendix A), a bandstructure for the bulk and the surface states of three-dimensional

[2han09; Liul0] - Ty this end, the wavefunctions

topological insulators can be derived
with inverted order [P17. s and [P27, ) close to the Fermi energy (see Figure 2.6)

are used as a basis set. The surface states are described by the wavefunctions |t +)
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Figure 2.7 | Dispersion and chiral spin texture of the surface states on
three-dimensional topological insulators. a, Energies E of the electronic states
as a function of the in-plane momenta k, and k, (for k, = OA_I) for the bulk va-
lence band (BVB, red), the bulk conduction band (BCB, purple) as well as the
topologically protected surface states (TSS, gray) calculated using the Hamiltoni-
ans discussed in Appendix A. The red arrows indicate the chiral spin texture of
the topologically protected surface states corresponding to a quasi-antiparallel spin
alignment for fermions with identical energy, but with momenta pointing along op-
posite directions. For clarity, the spins lie strictly within the z-y-plane. b, Sketch of
the Brillouin zone of a prototypical three-dimensional topological insulator such as
BiySes with space group D3, (R3m). In addition to the high symmetry points of the
three-dimensional bulk (connected by the red lines), the two-dimensional Brillouin
zone at the surface is shown. The projection from bulk to surface is indicated by the
dashed lines. ¢, Out-of-plane spin component S, of the Dirac fermions hosted by the
topologically protected surface states. Due to hexagonal warping, alternating spin-
up (red) and spin-down (blue) regions emerge along the contours of constant energy
(black lines) of the upper half of the Dirac cone. Scale bar: 1 x 10°m~!. Adapted
and derived from references [Zhan(09; Liul0]. For further details see Appendix A.
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and |, ) accounting for the non-degenerate spin orientations (1 / ). The numer-
ical solution of the Hamiltonian for the material parameters of BisSes yields the
bandstructure depicted in Figure 2.7a. Here, the dispersion close to the I'-point
at the center of the two-dimensional Brillouin zone at the surface was calculated
(compare Figure 2.7b). A striking feature about the bulk states is the negative ef-
fective mass in the valence band (red surface in Figure 2.7a), which clearly attests
to the underlying band inversion. Inside the bandgap, metallic surface states with

elVand18] - Tn other words, the spins for states at k and

a chiral spin texture emerg
—Fk point in opposite in-plane directions™21% corresponding to a Berry phase of
7. This chiral nature of the surface states suppresses backscattering of carriers and
leads to dissipationless transport, in principle!Toku17,

For large momenta, a finite hexagonal warping is imposed by the crystal lattice (see
contour lines in Figure 2.7c), which breaks the rotational symmetry of the surface
states. Consequently, the Dirac cone is increasingly deformed for large wavevectors
k and the spins no longer perfectly lie in the x-y-plane. Generally, the spin orienta-
tion in reciprocal space can be inferred from matrix elements of the Pauli matrices
o and the eigenstates [¢y,_) in the upper (‘4+') and lower (‘—') part of the Dirac
cone, which are obtained by solving the model Hamiltonian discussed previously
(for further details see Appendix A). Specifically, the out-of-plane component of the
spin S, is then given by S, = (¢;,_|o|¢»4,—). The results obtained for the upper
part of the Dirac cone is depicted in Figure 2.7c. For finite momenta, alternating
regions of opposite values for the out-of-plane spin component S, are found around
the Dirac point. Since this tilting of the spins points along the same out-of-plane
direction for the lower and upper parts of the Dirac cone, a finite transition dipole
moment exists between these states, which has enabled optical transitions within

the surface bands in the mid-infrared spectral range[luo13; Kurol6]

Alloying. Exploiting the unique surface properties of the three-dimensional topo-
logical insulators has so far been hampered by the fact that the Fermi energy typi-
cally does not lie in the vicinity of the Dirac point. For the prototypical materials
such as Bi,Ses, the n-type doping induced by selenium vacanciest2219 can even
push the Fermi energy into the conduction band. In contrast, the bulk of ShyTes
is typically p-doped (see Figure 2.8). A residual bulk conductivity consequently
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Figure 2.8 | Bandstructure of the (Bi;_»Sby),Te;s alloy. a,b, Schematic band-
structure of BiyTes and ShoTez (adapted from reference [Zhanll]). Whereas the
Fermi energy Er intersects the bulk conduction band (BCB) of BiyTez (a), it lies
inside the bulk valence band (BVB) for SbyTe; (b). Additionally, the positions of
the Dirac points (DP) differ for the two compounds. By alloying, Er can be tuned
to an energy inside the bandgap”!!. b, Angle-resolved photo-emission spectra
revealing the occupied surface and valence band states of (Bigs1Sbg.49)2Tes for an

in-plane momentum &, = 0 A7" The binding energy indicates the energetic separa-
tion of the states with respect to the Fermi energy. Reproduced and adapted from

reference [ Weyl”16] . © IOP Publishing. Reproduced with permission. All rights reserved.

obscures signatures of the thin, metallic surface layer in both cases. This limitation
can, however, be overcome by forming ternary alloys such as (Bi;_,Sby)2Tes with
variable composition out of the parent compounds BisTez and SbyTes. Since the al-
loy retains its topologically nontrivial nature over the whole parameter rangel%ra»10
the chemical composition x € [0,1] allows for controlling the energetic position of
the Dirac point and the Fermi energy®e"%) In a straightforward picture, the n-type

doping of Bi;Tes and the p-type doping of SbyTes partially cancel each other out.

By means of alloying, a minimal conductance of the bulk has been reported close
to a composition of equal contributions of both constituent compoundsVey'16l Fig-

ure 2.8c depicts a representative bandstructure as recorded by our collaborators at
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the Forschungszentrum Jiilich using angle-resolved photo-emission spectroscopy on
(Big.51Sbg.49)2Tes (see also Appendix A). In these samples, the Dirac point lies close
to the bulk valence band and the surface states are mostly occupied. At the same
time, no significant population of the bulk conduction band is discernible. There-
fore, these ternary alloys are ideal candidates to investigate the nanoscale properties

of their surface states.
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Nanoscale electromagnetic fields

in mid-infrared nanoscopy
L

The surface sensitivity and nanoscale resolution of mid-infrared near-field microscopy
are ideally suited for studying the surface states on three-dimensional topological
insulators. In order to exploit these assets, a precise understanding of the underlying
nanoscale electromagnetic fields is, however, required.

In this chapter, the most important concepts of mid-infrared nanoscopy are intro-
duced. Furthermore, elaborate models are developed to describe the light scattering
from the metal tip. The presented simulations not only serve to illustrate the key
working principles of the experimental method, but allow for a quantification of the
distributions of demodulated near fields above and within the sample. These new in-
sights are vital for an improved understanding of near-field microscopy and aid in the
ongoing quest for ultimately high spatial resolution down to the single-nanometer

regime as well as towards fully quantitative three-dimensional nanotomography.

3.1 Phenomenology of near-field microscopy

As already discussed in detail in Chapter 1, the mid-infrared spectral window is par-
ticularly attractive because it corresponds to the natural energy scale for low-energy
excitations in condensed matter and also hosts vibrational bands of molecules. Yet,

due to the laws of diffraction, one can only achieve a spatial resolution on the order

The results presented in this chapter were published as reference [Moos20] in ACS Photonics.
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Figure 3.1 | Overcoming the diffraction limit. a, With conventional optics,
propagating electromagnetic fields (top panel) can only be focused down to a beam
waist, whose diameter is of the order of the wavelength A. The main panel depicts
the distribution of the electric field as calculated for a Gaussian beam. The vertical
dashed line indicates, where the line profile depicted in the left panel was extracted.
b, The diffraction limit can be overcome by shining light at a metallic scanning probe
tip. Thereby, a local hot spot set by the radius of curvature of the sharp tip apex
(~10nm) is generated, which is orders of magnitude smaller than the wavelength
(A~10 pm) of mid-infrared (MIR) light. In near-field microscopy, the light scattered
back into the far field (see red arrows) is analyzed. Inset: Enlarged region close
to the tip apex. Besides recording the topography of the sample (black), the tip
also acts as a nanoscale light source, which allows for interrogating the dielectric
response ¢ as a function of position r and optical frequency w.

of the wavelength with conventional optics. The wave-like nature of light, which
gives rise to this diffraction limit first described by AbbelAPPe™] (see Figure 3.1a),
therefore prevents a nanoscale resolution with micrometer-scale wavelengths of light.
Since this limitation only holds for propagating electromagnetic waves, Synge and
O’Keefe already developed first theoretical ideas[Syne28: Syng32 OKeeS6] fo1 oxploiting
evanescent modes in the first half of the twentieth century. These near fields can,
for example, emerge when squeezing light through a small aperture with subwave-
length diameter or by confining light to a sharp tip apex.

The progress in scanning probe microscopy in the 1970s and '80s has drastically

advanced near-field microscopyHech00: Betz15] - The first setups by PohllPohis4; Diris6]
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3.1 Phenomenology of near-field microscopy

BetziglBet#86; Bet292] - Agh & Nichols!**"2 and others relied on aperture-style probes.
This technique suffers, however, from a waveguide cutofft?h%! which restricts the
lateral resolution to roughly ™9 one tenth of the wavelength. Transitioning to
scattering-type systems has facilitated a shattering of this resolution barrier in the
late 1990520961 - During this period, pioneering breakthroughs were made by Knoll
& Keilmann!Kno99; Knolo0] - Hillenbrand™1%! and others. This scattering-type scan-
ning near-field optical microscopy (s-SNOM) or infrared nanoscopy relies on confin-
ing light to sharp metal tips brought into close proximity of the sample surface (see
Figure 3.1b). Thereby, propagating waves are coupled into evanescent near fields in
the vicinity of the tip apex, which causes a strong localization and enhancement of
electromagnetic fields on subwavelength scales. Similar concepts have also been de-
veloped for other optical nanoscopy techniques such as lightwave scanning tunneling

[Cock13; Cock16; JelilT; PellQO}’ plasmonic nanofocusing[BerWIQ; Esma19]’ nanoscale

Pizz20]

microscopy

four-wave mixing!Krav16; Jianl9] " or terahertz emission microscopy 17

Mid-infrared nanoscopy. In scattering-type near-field microscopy, the tip apex
acts as a nanoscale light source, which can scatter the evanescent fields out of the
tip-sample junction again while encoding information about the optical response of
the sample. To infer the local sample properties governed by the dielectric function
e(r, w) for a given position r of the tip and optical frequency w of the mid-infrared
light (see inset in Figure 3.1b), the scattered radiation is collected with a parabolic
mirror. In typical near-field experiments, the electric field Fi..; or intensity is sub-

sequently measured at a detector in the far field.

In order to isolate the scattering response from any far-field background, such as
direct reflections off the sample surface, an oscillatory motion of the tip is used to
periodically modulate the near-field interaction. Since the confinement of evanescent
fields between the tip apex and the sample surface depends nonlinearly on their sepa-
ration, the scattered radiation is consequently not only modulated at the tip tapping
frequency fiip, but also at its harmonics of order n. Thereby, the near-field inter-
action of the tip-sample system can be extracted via the scattered amplitudes s,.
Those far-field observables can be employed to reconstruct the nanoscale dielectric

response of the sample. Phenomenologically, the scattered amplitudes are expected
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3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

to yield the average optical response in the vicinity of the tip apex in volumes as
small as (10nm)?, determined by the radius of curvature of the tip apex!®*  For
a representative wavelength of 10 um, this corresponds to a volume that is smaller
than the diffraction limit by nine orders of magnitude.

With these remarkable tools at hand, experiments can nowadays be performed,
which had seemed impossible only a few decades ago, spanning a plethora of interdis-

Chen19] - Specifically, infrared nanoscopy is the method of choice

Hube08a; Zhan18| Stiel0; Jacol2; Jungl9]
)

ciplinary applications!
for probing local carrier densities! , nanostructures!
surface polaritonslCald15 Basol6; Lowl7] g per]anges!Teub06; Fehrld] 1o chemical composi-
tion[Amenl?; Sterl8; KarsQO}j or phase transitions[QaziO?; Hubel6; McLel7; Post18] ) Recently, the

experimental approach was even extended to allow for investigating liquids™*!%.

In experiments, only a single value of the scattered amplitude s, is recorded for a
given lateral position of the tip above the sample surface. In other words, only a
spatially averaged response of the probing volume permeated by the near fields is
detected. However, a quantitative understanding of mid-infrared nanoscopy requires
a determination of the underlying nanoscale fields and their evolution throughout
the oscillation cycle of the tip. A microscopic electrodynamic treatment of both
propagating and confined fields of the complete tip-sample system including the far-
and near-field regimes is therefore imperative. In principle, numerical approaches
such as the finite element methodNotio5; Breh0s; Mast17; Babil7; Mais19)]
method 84217 Chenl o1 related techniques®te07 514220l can meet these demands — at

least for a static position of the tip. Hence, the tapping motion of the tip and the

, finite difference

subsequent demodulation procedure have so far been neglected in studies of the

nanoscale field distributions.

3.2 Quantitative near-field simulations

In the following, we introduce a Fourier demodulation analysis, which we apply
to the electric field distribution close to a tip of realistic geometry as obtained by
numerically solving Maxwell’s equations. Thereby, we can account for the tapping
motion of the tip enabling us to precisely determine the spatial distribution of the

demodulated fields — a challenge that has so far remained elusive. We study the
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Figure 3.2 | Simulating mid-infrared near-field microscopy. a, Sketch of the
simulation geometry where a metallic tip oscillates above a silicon sample with di-
electric function €1 = 11.7 (and vanishing absorption, €5 = 0). The tip is illuminated
with continuous-wave mid-infrared light (wavelength A = 10 um). Subsequently, the
tip-sample system scatters the radiation (with scattered electric field Eg,;) nearly
isotropically back into the far field (concentric spheres), where it can be detected.
Inset: The tip apex with radius r is in tapping motion in close proximity to the
sample and the evanescent near fields interact with the sample within the probing
volume. b, Mesh utilized for the finite element simulations of tips with a radius of
curvature r = 25nm at the apex. Inset: Close-up of the apex region with refined
mesh with elements down to a size of ~1 nm. c, Real part of the out-of-plane electric
field component E, determined by the calculations outlined in a,b. The black lines
highlight the sample surface and the tip.

dependence of these nanoscale demodulated fields on the tapping amplitude, the
demodulation order, the tip geometry, and the dielectric function of the sample.
Finally, we directly correlate the near fields with the scattered radiation bridging
various length scales from the vicinity of the tip apex to the far field. These insights
do not only paint an intuitive picture of near-field microscopy, but may also represent
a first step towards pushing the limits of the spatial resolution to single-nanometer

precision as well as towards the ultimate goal of quantitative nanotomography.
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3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

Accessing nanoscale field distributions. First of all, we determine the distribu-
tion of the electromagnetic fields around an illuminated near-field probe for a static
tip position before including the tapping motion in the next step. Here, we try
to mimic a realistic experiment as closely as possible. To this end, we adapt the
geometry of state-of-the-art near-field microscopes and typical commercial scanning
probes (see Appendix B) as summarized in Figure 3.2a.

We choose a representative wavelength of A = 10 pm corresponding to a mid-infrared
carrier frequency of v = 30 THz. This monochromatic electromagnetic wave is p-
polarized to ensure an efficient coupling to the tip and its angle of incidence is set to
30° with respect to the sample surface. As a test sample, we employ silicon, which
features no resonances in our spectral range and therefore has a real-valued dielectric
function ¢ = ;. A silicon wafer will also be used as a reference for the experimental
studies discussed later on in this thesis. The metallic tip with a conical geometry
has a characteristic length [ = 20 pm and features a spherical tip apex with a ra-
dius of curvature 7y, = 25nm (see inset in Figure 3.2a). The optical responses of
tip and sample are described by the respective dielectric functions taken from the
literatureRaki%®; Zhanl2] (for further details see Appendix C).

We then solve Maxwell’s equations for this geometry using the finite element method,
which allows us to analyze the scattered electric fields Fi..; and the evanescent fields
within the probing volume (see inset in Figure 3.2a). In essence, the simulation vol-
ume is divided into a mesh, whose elements of varying size are set by the tip-sample
geometry (see Figure 3.2b). Generally, fine structures such as the tip apex require
a mesh size even below one nanometer for an accurate simulation of the near fields
(see inset in Figure 3.2b). In contrast, the remaining volume can be modeled more
coarsely in order to keep the computation time feasible!. Such a discretization into
individual mesh elements then allows for calculating an approximate solution to
Maxwell’s equations for each individual element. By accounting for the continuity
of the electromagnetic fields at the points of intersection of the mesh elements —
so-called nodes — a global solution can be calculated. Further details regarding the

numerical simulations are given in Appendix C.

1Since the calculations need to be repeated for three hundred tip-sample distances in order to allow
for a modeling of retraction curves later on, computation times nevertheless amount to several
hours on a high-performance computer.
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Figure 3.3 |Field distribution at the apex for various tip heights. The
modulus of the out-of-plane electric field component |E,| is plotted (normalized and
on a logarithmic scale) for representative tip heights h above the sample revealing the
strong field enhancement within the tip-sample junction. The white circle indicates
where the electric field shown in Figure 3.4b has been extracted.

A representative distribution of the out-of-plane electric field component E, as ob-
tained by the finite element method is depicted in Figure 3.2¢ for a static position
of the tip. By virtue of the tip geometry and the p-polarization of the illuminating
light, the electric fields are dominated by the out-of-plane component E,. Conse-
quently, we do not consider the in-plane electric field components in the following
discussions. In order to take the tapping motion of the tip (see inset in Figure 3.2a)
into account, we need to repeat the simulation procedure for various tip heights h

above the sample.

Tapping motion and Fourier demodulation. The resulting distributions of the
modulus of the out-of-plane electric field |E,| in the vicinity of the tip apex are
summarized in Figure 3.3 for five representative tip heights h. The most prominent
feature of these nanoscale maps is the strong field enhancement, which peaks directly
beneath the tip apex. In close proximity to the sample surface, the electric fields

become more strongly localized to the apex and are therefore further enhanced.

31



3 Nanoscale electromagnetic fields in mid-infrared nanoscopy
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Figure 3.4 | Fourier demodulation analysis. a, The tip height A is varied in
a sinusoidal fashion as a function of time (compare Equation 3.1), which is given
in units of the tip oscillation period T" (corresponding to a frequency fu, = 1/T).
b, Temporal evolution of the modulus of the out-of-plane electric field component
|E.| extracted at the surface of the sample (see white circle in 3.3) for all tip heights h
in a. The black circles in a,b correspond to the representative tip heights depicted
in Figure 3.3. c, Fourier analysis of the data in b giving access to the spectral
amplitudes of the electric field |E,| at the harmonic orders n of the tip oscillation
frequency fiip.

Remarkably, the field distribution within the sample also strongly depends on the
tip height h. In order to model a full oscillation cycle (see Figure 3.4a), we describe

h as a sinusoidal function of time t:
h(t) = A-(1+ cos(2m fupt)) + d , (3.1)

where A, fiip, and d represent the tapping amplitude, the tapping frequency, and the
minimal tip-sample separation, respectively. In our simulations, h(t) is discretized in
time, where we resolve changes in height with a precision of 1 nm. For each of these
steps during the full oscillation cycle, the distribution of the electric field is obtained
as discussed previously in the context of Figure 3.3. A representative temporal evo-
lution of the electric field at the sample surface directly beneath the tip apex (see
white circle in Figure 3.3) is depicted in Figure 3.4b. Strikingly, we obtain strong
‘bursts’ of the out-of-plane electric field E, for small tip heights h. Therefore, the
tip oscillation modulates the electric field not only at the tapping frequency fiip, but
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3.2 Quantitative near-field simulations

also at its harmonics of order n (see Figure 3.4c). Hence, new spectral components
besides the tip oscillation frequency fi;, emerge in the electric field at a given point
in space, which we label as demodulated electric fields E,. These complex-valued
demodulated electric fields £, = |E,|e¥" are described by their amplitude |E,| and
phase ¢,.

Note that this Fourier analysis not only yields a single, spatially averaged scattered
amplitude s, for a given lateral position of the tip, but rather a complete map of
the demodulated fields E, on the nanoscale. For the first time, we thereby reveal
the demodulated fields in all spatial dimensions, which ultimately give rise to the
average scattering response s, accessible in experiments. In the following sections,
we will furthermore visualize the light scattering off the tip apex, which enables us to

directly correlate the near fields with the scattered far fields recorded at a detector.

3.2.1 Revealing the near fields at the tip apex

In the first step, we focus on the demodulated fields in the vicinity of the tip apex.
Therefore, we repeat the analysis of the Fourier components outlined in Figure 3.4
for every point in space throughout the entire oscillation cycle of the tip. Hence,
we obtain maps of the demodulated fields E, as depicted for the four lowest de-
modulation orders in Figure 3.5. The distributions of the field amplitudes |E,| are
dominated by the upper and lower points of inflection of the tip oscillation, which
are indicated by the white outlines. For all demodulation orders, the demodulated
fields are strongly localized within and close to the volume that the tip apex covers
during its oscillation. Here, the highest amplitudes are concentrated at the lower
point of inflection. For increasing demodulation order n, the field patterns become
more complex containing n nodes and n+1 ‘lobes’ along the out-of-plane direction.
Simultaneously, the fields at the foremost lobe interacting with the sample become
more strongly confined.

This striking localization of the evanescent fields can be quantified by extracting the
fields along the dashed, horizontal white line in the panel |E;| of Figure 3.5. The
obtained profiles of the demodulated field amplitudes |E,| with full width at half

maximum 2I" are depicted in Figure 3.6a for the demodulation orders n =1 —4. As
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Figure 3.5 | Demodulated near fields at the tip apex. Normalized field ampli-
tudes |En| plotted in a region close to the tip apex. The data at the demodulation
orders n = 1 — 4 was calculated via a Fourier analysis of the electric fields analogous
to Figure 3.4 at each point in space. The white outlines of the tip highlight its lower
and upper point of inflection with a minimal tip-sample distance d = 20nm. The
white arrow indicates the tapping motion of the tip with an amplitude A = 50 nm
and the solid white line outlines the sample surface. The white dashed line indicates
where the line profiles shown in Figure 3.6 were extracted and the highlighted region
beneath the sample surface marks the area, which is investigated in Figure 3.7.

the maps of the demodulated fields already suggested, the width of the field profiles
monotonically decreases as the demodulation order is increased. Since the width I is
a direct measure for the lateral resolution attainable with a given set of experimental
parameters, we plot its exact values as a function of the tapping amplitude A and the

demodulation order n in Figure 3.6b. This demonstrates that the field confinement
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Figure 3.6 | Lateral extension of the demodulated near fields. a, Line pro-
files of the field amplitudes |E,| extracted along the white dashed line in Figure 3.5
for various demodulation orders n. The profiles are taken 1nm below the lowest
point of the tip during the oscillation cycle and their width is characterized by the
full width at half maximum 2I". The tapping amplitude was set to A = 50nm
and the minimal tip-sample distance d = 20nm. b, Widths I' of the field profiles,
which quantify the lateral extension of the demodulated field amplitudes |E,|. In
addition to the data of panel a, the analysis was repeated for a total number of
four tapping amplitudes. Employing a combination of a small tapping amplitude
and high demodulation order, the lateral extension of the demodulated fields can
become smaller than the tip radius 7 = 25 nm (indicated by the blue-shaded region).

can be varied over a wide range of several tens of nanometers. Most importantly, the
extension of the field can be reduced to length scales, which are even smaller than
the tip radius of curvature indicated by the shaded region®. By employing a small
tapping amplitude and a high demodulation order in conjunction with extremely
sharp, custom-tailored tipst™2*8l a spatial resolution on the single-nanometer level

may thus come within reach in the future.

2In scanning probe microscopy, the achievable spatial resolution Az depends on the geometry

of the tip and the sample. Convolution effects[S"18]  for example, prevent a straightforward
dependence of Az on the tip radius of curvature that would be applicable in every scenario.
Phenomenologically, we find that the resolution in near-field maps can be as good as the radius
of curvaturelEise4l of the tip apex rjp and not its diameter 2r;,. Consequently, we use the width
I" instead of 2I' as a measure for the extension of the demodulated fields beneath the tip. For
vanishing tip-sample offsets d (in contrast to d = 20nm used in Figures 3.5 and 3.6), however,
even 2I" drops below r;,. Hence, independent of the exact definition of the lateral resolution, our
discussion holds true.
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3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

Besides a characterization of the fields above the surface, our analysis also allows
us to quantify their penetration into the sample (see highlighted area in the top left
panel of Figure 3.5). Such an analysis is of special interest because a precise knowl-
edge about the field distribution beneath the sample surface represents a crucial

prerequisite for quantitative nanotomography.

3.2.2 Tomographic sensitivity

A phenomenological variation of the probing volume with experimental parame-
ters such as the tapping amplitude and demodulation order has been exploited
to implement tomographic sensitivity in near-field microscopy!Govi4 Fiseld] = Eyen
though this has allowed for studying buried objects or layered structures to a certain
extent!Taub05a; Krut12; Lucals; Jungl6] 5 hrecise understanding of the field distributions
within the sample has so far been missing. Especially a determination of effective
probing depths for different tip geometries or sample dielectric functions has pre-
viously not been possible. In the following, we investigate the region highlighted
in Figure 3.5a in greater detail to quantify the extension of the demodulated fields
E,, within the sample, for the first time. Maps of the demodulated field amplitudes
|E,| for the first four demodulation orders are summarized in Figure 3.7. Each of
the field distributions is reminiscent of a hemisphere centered around the lateral
position of the tip apex. Note that this only holds for vanishing minimal tip-sample
distances d = Onm. Deformations of the field distribution induced by finite separa-
tions between tip and sample are, however, discussed later on.

We find that the demodulated evanescent fields are strongly confined to the sample
surface — the interface between air and the dielectric. Generally, the localization of
the fields to the surface becomes stronger for increasing demodulation order n as
highlighted by the black 1/e decay contour lines. Qualitatively, this trend has been
known empiricallylGow4 Eiseld] from the scattered amplitudes s,. Our quantitative
analysis, however, allows us to pinpoint the evanescent nature of the nanoscale fields
by extracting decay profiles along the out-of-plane direction indicated by the white
dashed line in panel |E,| of Figure 3.7.

In Figure 3.8a, the results are plotted both on a logarithmic and on a linear scale

(see main panel and inset, respectively). Strikingly, the decay of the field amplitudes
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Figure 3.7 | Near-field probing volume within the sample. Normalized field
amplitudes |E,| within the sample for a region close to the surface (indicated in
Figure 3.5). The data was obtained by a Fourier analysis for four different demod-
ulation orders n with a tapping amplitude A = 50nm and a vanishing minimal
tip-sample distance d = Onm. The upper boundaries of the panels correspond to
the interface between air and the dielectric sample. The solid black lines indicate
the 1/e decay contours of the normalized field amplitudes. In the panel of \E1|, the
white dashed line marks where the line cuts for Figure 3.8 were extracted.

| E,| within the sample is not strictly exponential. Instead, it can be described by an
initial fast decay followed by a second, slower decay exhibiting a power-law scaling.
Whereas the fast decay occurs within the first few nanometers of the sample, the
slower decay takes place on a scale of tens of nanometers.

In order to describe the nontrivial decay profile for a given set of probing parame-
ters, we use two characteristic decay lengths. To this end, we extract the depths at
which the normalized fields have decayed to values of 1/e or 0.1, respectively (see

inset in Figure 3.8a). Thereby, we can compare the decay profiles for various tapping
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Figure 3.8 | Characteristic decay of the demodulated fields within the
sample. a, Normalized line profiles of the decay of the demodulated fields |En|
within the sample along the out-of-plane direction. The data, which is plotted for
the demodulation orders n = 1 — 4 on a logarithmic scale, was extracted along the
white dashed line in Figure 3.7. Inset: Identical data as in the main panel, but on a
linear scale. The length scales at which the normalized data has reached a value of
1/e or 0.1, respectively, are indicated and serve to characterize the decay profile in
b. b, Decay lengths at values of 1/e (data points below the break in the y-axis indi-
cated by the purple arrow) and 0.1 (see blue arrow) of the normalized demodulated
field amplitudes |E,| within the sample (compare Figure 3.7). In addition to the
data in a, the analysis was repeated for a total number of four tapping amplitudes
revealing the large tunability of the probing volume within sample by experimental
parameters.

amplitudes or demodulation orders as depicted in Figure 3.8b. This summary of the
characteristic length scales demonstrates that the fast decay is only weakly affected
by the experimentally accessible tuning knobs. Conversely, the probing depth can be
tuned over several nanometers by varying the second decay length. This tunability
of the probing volume inside the sample represents the basic working principle of
nanotomography!Govwi4 Fiseld] “which is crucial for disentangling the dielectric prop-
erties of layered samples!™5! or for resolving buried objects!Taub05a; Krutl2; Jungl6]
In Chapter 5 of this thesis, evaluating the scattering responses obtained for dif-
ferent probing depths will enable an isolation of the surface properties of a three-

dimensional topological insulator.
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3.2 Quantitative near-field simulations

Next, we study how the distribution of demodulated fields F, within the sample is
affected upon retraction of the tip away from the surface, by changes in the dielectric

response of the sample, or a variation of the tip geometry.

Varying the tip-sample separation. We repeat the analysis discussed above for
finite, minimal tip-sample separations d (compare Equation 3.1). First, we examine
the distribution of the demodulated field amplitudes |E’n| within the sample for a tip-
sample offset d = 10 nm in analogy to the case of d = O nm presented in Figure 3.7.
The results of the underlying Fourier analysis are depicted in Figure 3.9a for the
representative demodulated amplitudes |F;| and |Es|. Remarkably, the probing
volume no longer exhibits a hemispherical shape, but is rather strongly extended
along the lateral direction.

This strong deformation of the probing volume upon retraction of the tip can be
explained intuitively, when considering the evanescent fields that emerge almost
isotropically from the spherical tip apex. For finite tip-sample distances d > 0nm,
only a spherical segment of the field distribution — instead of a complete hemisphere
— extends into the material as illustrated in the inset of Figure 3.9b.

In the larger view of the demodulated field amplitude |Es| in Figure 3.9b, another
remarkable feature is discernible. Intriguingly, a region of nearly spherical symmetry
can be identified inside the sample further away from the tip apex (highlighted
by the white dashed circle). An apparent point-like source emerges at z = —d
below the interface. This feature is reminiscent of the simplified field distributions,
which are employed to derive analytical models!X"019% Cvit07) that describe the light
scattering from a scanning probe tip. These models rely on approximating the
evanescent fields in the vicinity of the tip apex by a series of mono- or dipoles.
The tip-sample interaction is then mediated via image charges below the surface as
discussed in more detail in Section 3.3. The emergence of an apparent image charge
in our simulations therefore corroborates the validity of some simplifications, which
established scattering models are based on. In other words, the field distributions
in Figure 3.9b obtained with the finite element method for a realistic tip geometry
capture essential aspects of established scattering models. A detailed discussion
about the capabilities, but also the shortcomings of image-charge approaches such

as the finite-dipole model, is given in Section 3.3.
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Figure 3.9 | Near-field probing volume within the sample for finite tip-
sample distances. a, Normalized field amplitudes |E,| within the sample for the
region close to the surface shown in Figure 3.7 (also indicated in Figure 3.5). The
data was obtained by a Fourier analysis for the demodulation orders n = 1,3 with
a tapping amplitude A = 25nm and a minimal tip-sample distance d = 10nm.
The upper boundaries of the panels correspond to the interface between air and the
dielectric sample. The solid black lines indicate the 1/e decay contours of the field
amplitudes. In the panel of |E,|, the white dashed line marks where the line cuts
depicted in panel ¢ were extracted. b, Extended view of the field amplitude \E’g[
of panel a. In analytical scattering models, an image charge would be located at
a position close to z = —d below the surface. The white dashed circle around this
position therefore highlights the similarities of the field distribution further away
from the tip apex to the one expected from such models. The inset illustrates how
the finite tip-sample distance d gives rise to field distributions within the sample
reminiscent of spherical segments. ¢, Normalized line profiles of the decay of the
demodulated fields |E,| within the sample along the out-of-plane direction. The

data plotted for n = 1 — 4 on a logarithmic scale was extracted along the white
dashed line in panel a.
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As in the case of vanishing minimal tip-sample separations d (compare Figure 3.8),
the decay profile of the demodulated field amplitudes |E,| inside the sample features
two characteristic length scales. However, for finite tip-sample offsets d > Onm the
fast decay is now less dominant (see Figure 3.9¢). Furthermore, the two decay
lengths associated with the decay profile are now significantly longer as compared
to d = O0nm. These findings can again be reconciled with the intuitive picture of the
field distribution resembling a spherical segment (compare inset in Figure 3.9b): The
initial fast decay of the fields takes place within a distance of a few nanometers of the
tip apex. If the separation d of the tip from the surface exceeds this length scale, the
rapid field decays occur in free space rather than inside the material. Consequently,
the slower component now dominates the decay profile and the overall magnitude

of the fields below the surface is drastically reduced.

Influence of the tip geometry and the dielectric response. Apart from the
tip-sample distance d, the probing volume should also be governed by the optical
response of the sample — its dielectric function € — as well as the tip geometry, es-
pecially the radius of curvature ry;, of the apex.

In Figure 3.10, we study the impact of both of these physical quantities on the char-
acteristic decay lengths of the demodulated field amplitudes |E,| within the sample.
Again, the profiles are characterized by the lengths at which the normalized fields
have decayed to values of 1/e and 0.1, respectively. We start the discussion for a
tip radius i, = 25nm and a diamond sample, whose real-valued dielectric function
takes a value of e8® = 5.66 in the mid infrared®"s*8 (for details see Appendix C).
As in Figure 3.8, we obtain fast field decay components, which are hardly affected by
the tapping amplitude or the demodulation order, whereas the slower decay lengths
are very susceptible to such parameters. Comparing these findings to the decay
profiles obtained for the same tip geometry on a silicon sample, we find that in the
latter case the demodulated fields are much more strongly confined to the surface.
This is expected because the respective dielectric function of silicon €}' = 11.7 is
significantly larger than the one of diamond (' > ). Similarly, employing a
sharper probe on the same material gives rise to a reduction of the decay lengths
because smaller radii of curvature r;;, confine the evanescent fields more strongly to

the vicinity of the apex. In our simulations, the extracted decay lengths appear to be
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Figure 3.10 | Probing depth for different tip radii and materials. a,b, Decay
lengths at values of 1/e (squares) and 0.1 (spheres) of the normalized demodulated
field amplitudes |E,| (compare Figure 3.8) within diamond (a) and silicon (b) for
four tapping amplitudes and demodulation orders n = 2 —4. In each panel, the data
points for the two distinct decay lengths are separated by a horizontal dashed line,
which serves as a guide to the eye. The upper panels were obtained with a tip radius
rip = 20nm and the lower panels with ry, = 10nm using a tapping amplitude
A = 50nm and a vanishing minimal tip-sample distance d = Onm. The curved
arrows indicate that both a sharper tip apex and a larger value of the dielectric
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function lead to more strongly confined demodulated fields.
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directly proportional to the tip radius ry;, of the conical probe. Yet, we expect that
the confinement of electromagnetic fields to the tip apex depends nontrivially on the
exact geometry. Furthermore, the observed scaling might not hold for arbitrarily
small dimensions of the tip. In the extreme case of atomically sharp tips, a tunneling
current across the tip-sample junction should ultimately limit the achievable field
enhancement and confinement®*™5 - Such a situation would therefore require a full
quantum mechanical treatment of light-matter interaction on the nanoscalel?®t9,

So far, our discussion of the demodulated fields E, extracted with the Fourier de-
modulation analysis has solely been focused on the vicinity of the tip apex. In the
next section, we investigate the scattering process of the nanoscale near fields from
the tip apex to the macroscopic far field, where the experimental observables are

detected.

3.2.3 Scattering to the far field

Finally, we want to relate the insights gained about the nanoscale evanescent fields
in the previous sections to the experimentally accessible scattered amplitudes s,. To
this end, we consider the distribution of the demodulated field components E, within
the complete simulation volume (compare Figure 3.2) as depicted in Figure 3.11 for
the demodulation orders n = 1, 2. These maps reveal that the nano-junction formed
by the tip apex and the sample acts as an emitter of electromagnetic radiation at
the wavelength A = 10 um of the incident light.

Generally, the field patterns are reminiscent of the one emerging from an oscillating
electric dipole within the tip-sample junction. Yet, the pattern of the field com-
ponent F; features a slight asymmetry and a few additional sources of emission at
the side and top parts of the metal tip. Therefore, detecting the scattered fields at
the first demodulation order n = 1 will not yield a ‘pure’ near-field signal for the
representative tip geometry and probe frequency. The detected scattered amplitude
s1 is hence expected to be polluted by an additional far-field background. As has
been known empirically from the scattered amplitudes s,, increasing the demodu-
lation order to n = 2 (see right panel of Figure 3.11) can resolve this limitation. In
this case, the pattern of the demodulated field Ey has an almost perfect spherical

symmetry around the nano-junction, which acts as a point-like source of emission.
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Figure 3.11 | Scattering to the far field. Real parts of the electric field com-

ponent Re(F,) for the demodulation orders n = 1 (left panel) and n = 2 (right
panel) obtained by a Fourier analysis of the electric fields at every point in space
throughout the tapping motion of the tip with A = 25 nm and a vanishing tip-sample
distance d = Onm. The values very close to the tip apex exceed the color scales
by more than a factor of 100 in order to visualize the scattering process in spite of
the decreasing field strengths for points with an increasing distance away from the
tip-sample junction.

Note that the increased levels of noise originate from the numerical accuracy of the
simulation because decreasingly smaller differences in field amplitudes need to be
extracted during the tip oscillation cycle as the demodulation order is increased.
Intuitively, the findings above can be understood as follows: As revealed in Fig-
ure 3.3, the tip tapping motion modulates the electric fields in time. Whereas a
modulation at the tapping frequency fi, can originate, for example, from changes
in the way that light is reflected off the tip or even the cantilever, a modulation

at higher orders n > 2 requires a response function that is nonlinear as a function

44



3.2 Quantitative near-field simulations

of tip-sample distance. The latter requirement is only fulfilled in the vicinity of
the tip apex, where the strong field confinement induces a field distribution that
depends sensitively on the tip-sample distance. Therefore, evaluating the scattered
amplitudes s, at higher harmonics n of the tip tapping frequency fi, effectively
allows one to extract the light-matter interaction in the near field of the tip apex.
For details regarding the experimental implementation of this concept and a further
discussion on how sources of far-field pollution associated with the detection of the

scattered radiation can be suppressed, see Appendix B.

Linking near and far fields. Having visualized the scattering of demodulated elec-
tric fields E, from the tip apex, we can now relate them to a physical quantity that
can be recorded in the far field — the intensity on a detector, for example — which can
be used to obtain the scattered amplitudes s, (see Figure 3.12a and Appendix B.2 for
further details). In typical experiments, the connection between near and far fields
has often been studied by performing so-called retraction/approach curves, where
the minimal tip-sample distance d during the tip oscillation is increased/decreased.
The accompanying rapid decay /increase in scattered amplitude s, can then be an-

alyzed to deduce the nature of the evanescent fields permeating the sample.

In order to link the demodulated fields F, unambiguously with the scattered far-
field amplitudes s,, we simulate such a scenario in Figure 3.12b. In the following,
we discuss two complementary ways of extracting far-field amplitudes s,, which the
nanoscale demodulated fields E, can ultimately be compared to. In the literature,
the most common way of determining the scattered amplitudes from a given field dis-
tribution is calculating the dipole moment p induced into the tip upon illumination.
Since an oscillating dipole emits electromagnetic radiation according to Maxwell’s
equations, the dipole moment p serves as a direct measure for the scattered field

[Mais19]

strength Fi..; observed at the detector . From the numerical simulations, this

dipole moment can be extracted by integrating the surface charge density ¢ of the

tip weighted by the out-of-plane position z of the charges, such that:[Mis19]

Eoat X p = \//Saz ds| . (3.2)
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3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

In this analysis, we restrict ourselves to the region of the tip exhibiting a clear dipo-
lar carrier distribution. This corresponds to the surface of a cone with a height of
5pm measured starting from the tip apex. These restrictions arise because in the
mid infrared, the dimensions of the tip are comparable to the free-space wavelength
A. Conversely, the dipole-moment analysis is applicable in a rather straightforward
fashion in the terahertz regime™2s™ hecause there the dimensions of the tip are
often significantly smaller than the wavelength.

To corroborate the validity of the analysis based on the surface charge density, we
also pursue a complementary approach. As alternative measures for the far-field re-
sponse, we extract physical quantities from our simulations at a distance of several
microns from the tip apex. For example, we mimic the detection of the scattered
power by monitoring the flux passing through a dome surrounding the tip apex in
air (see ‘Far field’ in Figure 3.12a). We verified that a variation of the dome geome-
try yields universal results by considering domes with radii of up to 7 pm and polar
angles of up to 60° with respect to the sample surface. Basically identical retraction
curves are obtained with the evaluation of the surface charge density discussed above
and the current analysis of the flux passing through a dome. Therefore, we calculate
average far-field retraction curves from all of these datasets, which are plotted as
solid red lines in Figure 3.12b for three demodulation orders n. Here, one standard
deviation of the data (including an evaluation of the surface charge density and

various dome geometries) is employed to determine the error margins.

A common, sensible assumption about the scattered far fields is that they are gov-
erned by the near fields in the vicinity of the tip apex. Therefore, we extract the
demodulated, spatially averaged field amplitudes within the probing volume V' (see
‘Probing volume’ in Figure 3.12a) from datasets similar to the ones presented in
Figures 3.7 and 3.9. The perfect agreement between the scattered amplitudes sy
(solid lines) and the spatially averaged demodulated amplitudes (|E,|)y (circles)
corroborates that the spatially resolved near-field amplitudes \En| obtained by our

novel analysis technique indeed govern the measured far-field response.
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Figure 3.12 | Linking the demodulated near fields to the experimentally
accessible, scattered far fields. a, Schematic depiction of the tip-sample system,
the probing volume (governed by the demodulated fields £,), and the scattering of
the light to the far field, where the scattered amplitudes s, can be measured. In
order to directly trace the far fields back to the near fields that they originate from,
the power of the scattered field passing through the surface of a dome is moni-
tored, enabling an extraction of s, using a demodulation procedure. In panel b,
these quantities are compared to the spatial average of the demodulated field ampli-
tudes (|E,|)y within the probing volume V. b, Spatially averaged field amplitudes
(|E,|)y within the sample (circles) and scattered far-field amplitudes s, for a range
of tip-sample distances d calculated with A = 25nm. The latter were determined
by analyzing the electric fields on the surfaces of domes (as illustrated in a) with
different radii of up to 7 pm around the tip in air and an alternative evaluation of the
surface charge density of the tip (see text for additional details). The mean value of
these data are plotted as red lines and the standard deviations that determine the
error margins are depicted by the red-shaded regions.

47



3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

3.2.4 Understanding retraction curves

In the previous section, retraction curves have been used to correlate the scattered
far-field amplitudes s, with the nanoscale near fields (|E,|)y in the vicinity of the
tip apex. Experimental retraction curves have also been studied as a measure of the
lateral resolution™<e”) or the decay of the fields within the samplel®ise14],

Unfortunately, the interpretation of retraction curves might not be as straightfor-
ward as previous reports in literature had assumed. A comparison of the decays
obtained in retraction curves (compare Figure 3.12b) with the decay profiles of the
demodulated fields within the sample (compare Figure 3.8) reveals clear discrep-
ancies between the two quantities. In the following, we will demonstrate that the

shape of a retraction curve is governed by an interplay of several effects.

Static tip positions. We first take a step back and investigate the electric field
E. at a fixed tip height h as depicted in Figure 3.13a. Note that without tip os-
cillation, this height h is identical to the minimal tip-sample distance d (compare
Equation 3.1). Thereby, we can analyze the field distribution directly underneath
the tip (green) and at the surface of the sample (blue) by extracting line cuts. The
resulting data in the lower panel of Figure 3.13a, enables us to characterize the line
profiles by their magnitude and width 2I" for a given tip height h.

Tracing the evolution of both quantities as the tip-sample distance is varied, allows
us to identify two different regimes: For tip-sample separations larger than the tip
radius (d > r), the field below the apex EAP** is hardly affected by the sample
anymore and the width of the distribution remains constant (green curve in Fig-
ure 3.13b). Conversely, the field profile at the surface ES"! (blue) grows linearly
with tip-sample separation d in this regime. These features manifest themselves
as follows in the magnitude of the field depicted in Figure 3.13¢ (dashed curves):
Whereas the field strength beneath the apex EAP* (green) levels off towards a nearly
constant value for increasing tip-sample separations, the field at the surface ES™f
(blue) decays exponentially.

The situation is remarkably different for tip-sample distances smaller than the tip
radius (d < r). Here, the width 2I" increases like the square-root of the distance

[Saval2; Beck16]

d, which is in line with previous reports The strong localization of
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Figure 3.13 | Quantifying the demodulated fields at the surface. a, Upper
panel: Map of the amplitude of the out-of-plane electric field component |E,| for a
tip height h = 10nm. The white scale bar is 25 nm wide and the blue and green line
indicate where the line profiles depicted in the lower panel were extracted (at the
sample surface or below the tip, respectively). Lower panel: Line profiles of |E,| with
a full width at half maximum 2I" extracted along the lines indicated in the upper
panel. The gray vertical line highlights the center position of the profiles, which
was used to quantify the field strengths in c. b, Widths 2" of |E,| as a function
of the tip-sample distance d extracted along the lines in panel a at the sample
surface (|ES™|, blue line) or below the tip apex (|E2P®*|, green line), respectively.
For the demodulated field amplitudes |E,|, only the widths 2I" calculated at the
sample surface are shown. c, Normalized decay profiles of the demodulated field
amplitudes |E,| at the sample surface evaluated at the lateral position of the tip
apex (see vertical gray line in panel a) as a function of tip-sample distance d. The
out-of-plane electric field components |E,| at the apex and the surface are depicted
by the green and blue dashed lines, respectively.

the fields for vanishing tip-sample distances (d — Onm) gives rise to the significant

increase of their magnitude (compare Figure 3.13c).

Demodulated fields. Next, we take the tip tapping motion into account such that
d corresponds to the minimal tip-sample distance during the oscillation cycle. Re-
tracting the tip away from the sample, the evolution of the demodulated fields E,, at

the surface (see Figures 3.13b,c) is very similar to the electric fields ES™T discussed
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previously for a non-vibrating tip. With increasing demodulation order n, the field
amplitudes |En] become more strongly localized and exhibit faster decays. For a
given offset d, the width 2I' of the distribution of ES™ represents a lower bound-
ary for the extension of the demodulated fields E,. In a straightforward picture,
the additional tip tapping motion averages the field distribution over a range of tip
heights (h > d) greater than or equal to the offset d.

Finally, the width I' of the demodulated field at the surface can reach values well
below 10nm for vanishing tip-sample distances (d — Onm). In conjunction with
sharper tips and a geometry to tailor the distribution of the fields around the apex,
this measure of the achievable lateral resolution could hopefully be reduced down
to 1 nm, in the future.

With these insights about the evolution of the nanoscale fields, a retraction curve
can be understood as an interplay of probing a continuously increasing volume and
the rapidly decreasing field strength therein. Furthermore, the exact decay length
of experimental retraction curves is strongly affected by the geometry of the tip,
especially its radius 7y, as Figure 3.10 already suggested. This renders a direct
interpretation of such experiments challenging under most circumstances and high-
lights the necessity for theoretical models and a precise knowledge about all relevant
probing parameters. In the following, we demonstrate theoretically and verify ex-
perimentally that a comparison of retraction curves recorded with identical probing
conditions on different materials can yield information about the optical properties

of the samples.

Impact of the dielectric function on retraction curves. For a given tip geometry
and set of probing parameters, only the optical response of the sample is expected
to govern the decay length measured in a retraction curve. Therefore, we compare
the results obtained over two dielectrics — silicon and diamond. Note that for the
following analysis we require a positive real part (¢; > 0) and vanishing imaginary
part of the dielectric function (¢5 = 0) because the presence of strong polariton
modes™"4  for example, can affect retraction curves in a nontrivial way.

In our case, the real-valued dielectric function £; should then determine the decay
of the scattered fields s, as the tip-sample distance d is increased. Representative

retraction curves for both materials are depicted in Figure 3.14a for the third and
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Figure 3.14 | Theoretical and experimental retraction curves on different
materials. a, Normalized scattered amplitudes s, inferred from the spatially aver-
aged demodulated field amplitudes (|E,|)y (compare Figure 3.12) for demodulation
orders n = 3,4 obtained with a tapping amplitude A = 75nm on diamond (blue)
and silicon (red) at variable tip-sample distances d. b, Retraction/approach curves
obtained analogously to a but for tapping amplitudes A = 25, 50, 75, and 100 nm.
c,d, Experimental retraction curves with identical probing parameters as in a,b
recorded with a quantum cascade laser tuned to a wavelength of 10 pm and using
the pseudo-heterodyne detection scheme (see Appendix B). Note that the tip radius
in the experiments is not known and most likely does not coincide with the value
used for the simulations, which explains the discrepancy between the datasets.

fourth demodulation order. Generally, the retraction curves on silicon decay on a
shorter length scale than the ones on diamond. This is consistent with the different
decay profiles inside the two materials caused by the discrepancy in their dielectric
functions (! > ¥ compare Figure 3.10). A variation of the tapping amplitude
further allows us to tune the characteristic decay length for a given material over a

wide range (see Figure 3.14b).
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Figure 3.15 | Correlating retraction curves on different materials. a, Com-
parison of the characteristic 1/e decay lengths of approach/retraction curves over
silicon and diamond (compare Figure 3.14a,b) obtained for tapping amplitudes of
25, 50, 75, and 100 nm, and demodulation orders n = 2 — 4. The values obtained
for identical probing parameters on the two materials exhibit a linear dependence
as verified by the fit with a slope of 1.44. Inset: Schematic of the retraction curves
used for the extraction of the characteristic decay lengths. b, Comparison of the
characteristic 1/e decay lengths of experimental retraction curves over silicon and di-
amond (upper panel, compare Figure 3.14¢,d) with identical parameters as in panel
a. Note that the demodulation order n = 2 was not considered because it could
potentially still contain a far-field background. The linear fit has a slope of 1.1.
Lower panel: Decay lengths as in the upper panel but recorded on germanium and
gallium arsenide. The resulting slope of the linear fit is 1.03.
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In order to test these key features experimentally, we record retraction curves using a
commercial near-field microscope and a quantum cascade laser operating at a wave-
length of A = 10 pm as used for the simulations. The scattered amplitudes s, were
extracted without far-field background by employing the well-established pseudo-
heterodyne detection schemelO%! (see Appendix B for details). Figure 3.14c,d
shows representative experimental retraction curves, which also clearly feature dis-
tinct decay lengths for the two materials as well as a wide tunability with tapping
amplitude. Note that the decay lengths obtained from the simulations and the ex-
periments cannot directly be compared because the tip radius in the experiments is
not known but most likely larger than the one used for the simulations.

In the following, we adapt a different type of analysis better suited for revealing
experimental and theoretical correlations between the retraction curves obtained on
silicon and diamond. For each material, we determine the characteristic 1/e decay
lengths for a given set of probing parameters while employing the same scanning
probe (see inset of Figure 3.15a). Thereby, any changes to the scattering response
induced by different tip geometries are inherently suppressed. By plotting pairs of
decay lengths associated with the two materials for a whole series of tapping am-
plitudes and demodulation orders, we obtain a clear linear dependence as depicted
in the main panel of Figure 3.15a. This represents an unambiguous proof that only
the optical properties of the sample dictate the decays measured in retraction curves
when comparing different ones obtained with identical probing conditions.

Next, we corroborate the direct proportionality of the decay lengths among different
materials by recording experimental approach curves on four different samples. The
upper panel of Figure 3.15b compares the results on silicon and diamond, whereas
the lower one shows decay lengths over germanium and gallium arsenide. In both
cases, we recover the theoretically predicted linear relationship between the respec-
tive decay lengths. Comparing silicon and diamond, however, we find a discrepancy
in the slopes of the linear fits obtained by the simulations and the experiments. The
most likely explanation is that the dielectric properties of the employed samples
deviate from the literature values, which were used as an input for the calculations.
Especially the multi-crystalline diamond sample, which was produced by chemical
vapor deposition, is not entirely homogeneous on the nanoscale. Yet, any variations

of the dielectric properties would affect the recorded decay lengths.
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3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

In principle, the scaling factor — that is the slope of the linear fits — between the
decay lengths on different materials should be governed by the respective dielectric
functions. A determination of the exact functional dependence will, however, only
be pursued in future studies because additional numerical and experimental data
are required. The correlation between the decays of retraction curves recorded on
different materials with the same tip could then ultimately be employed to directly

extract unknown dielectric constants without the need for a scattering model.

3.3 Complementary scattering models

The simulations based on the finite element method presented in this chapter can
describe the light scattering from a realistic tip to an arbitrary degree of precision.
Thus, not only can the nanoscale distributions of the underlying near fields be in-
ferred, but they can even be linked directly to the radiation, which is detected in
the far field. This approach is, however, computationally demanding because the

electric fields at every point in space need to be calculated numerically.

Yet, for a lot of applications, this detailed information about the evanescent fields
is not required. Most of the time, the scattering response of the tip-sample system
(expressed in terms of a scattered amplitude s, and a phase ¢,) needs to be predicted
based on the dielectric response of the sample. To this end, the electric fields
surrounding the illuminated tip and permeating the sample are often approximated
to be of dipolar nature®*¥9  Based on this assumption, scattering models have
been developed, which can even achieve quantitative agreement with experimental

[Cvit0T; Hauel2; Govyl3] = At the same time, these

near-field spectra and approach curves
dipole models only require short computation times because they rely on analytical
expressions. Furthermore, such simplified models facilitate the description of light
scattering with broadband probe pulses. In Chapter 5, we will demonstrate that
analytical models can even be inverted to retrieve unknown dielectric responses
with nanoscale precision. In the following, we will introduce the key concepts of the
scattering models employed later on in this thesis before directly comparing their

capabilities to the finite element method discussed so far.
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3.3 Complementary scattering models

3.3.1 Analytical approaches

The reason why the problem of light scattering from a conical tip can often be
reduced to a set of coupled dipoles can be understood intuitively. The incident radi-
ation with oscillating electric field E drives charges within the metallic tip up and
down. Consequently, the unbound electrons are displaced with respect to the atomic
cores giving rise to regions of accumulated negative charge as well as regions with a
deficiency of electrons — a net positive charge. This effect is most pronounced at the
tip apex, where these charges form a dipole with a characteristic dipole moment py.
When the tip is in close proximity to the sample, this tip dipole will rearrange the
charges within the sample. This can be described by an image dipole below the sur-
face, which acts back on the tip and induces an additional dipole moment p; therein.
Consequently, the resulting charge distribution at the tip apex is rather described
by an effective dipole moment!©7 ¢ = po + p; .

Together, the effective tip dipole and the image dipole, which oscillate at the driving
frequency of the incident radiation, then scatter light back into the far field accord-
ing to Maxwell’s equations. Consequently, the effective dipole moment peg, whose
magnitude is determined by the external electric field E, as well as the effective
polarizability aeg of the tip-sample system, is a direct measure for the scattered
field strength: Fgcat X per = Qof Fo-

Finally, the fields should not be expressed in terms of an unknown field Ej, but
should rather be related to the actual incident field Ej, in the experiments. As
Figure 3.16 depicts, the field at the tip apex Ey is given by the incident electric
field Ei, and by the reflected part of the radiation off the sample surface with a
respective field strength r,E;, corrected by the Fresnel reflection coefficient for p-
polarized light. For the scattered fields aeg Fy, a similar analysis holds because they
can either propagate directly towards the detector or after a reflection off the sample
surface. This yields the final expression linking the incident electric field E;, with

the scattered field F,.. by the effective polarizability ag: (€7

Escat X (1 + Tp)204effEin . (33)

Hence, calculating the effective polarizability aeg of the tip-sample system is suffi-

cient in order to predict the scattered electric field at the detector within the frame-
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y

Figure 3.16 | Fundamental concept of the finite-dipole model. a, The inci-
dent mid-infrared electric field Fj, can either directly impinge on the tip or indirectly
after a reflection off the surface, which modifies the electric field by the Fresnel re-
flection coefficient for p-polarized light r,. These electric fields induce a polarization
within the tip apex that is described by a dipole with finite extension (colored el-
lipse). The proximity to the sample gives rise to a corresponding image dipole below
the surface. The scattering of light is then determined by the effective polarizability
aegr of the tip-sample system governed by the dielectric function of the sample egample-
In the far field, the scattered radiation (1 + rp)2ozeffEin is detected, where reflections
off the surface have again been taken into account. b, Charge distribution close to
the tip apex according to the finite-dipole model (adapted from reference [Cvit07]),
which consists of two monopoles carrying a charge |go|. The near-field interaction
with the sample repolarizes the apex, which is described by an induced point charge
¢ and a homogeneous background charge carrier density along the spheroid corre-
sponding to —¢;. The geometry is characterized by the tip radius 7, the length of
the dipole 2/ as well as its height h above the surface. Below the surface, the image
dipoles with renormalized charges ¢/ and ¢f, are depicted.

work of analytical dipole models. The crucial parameters governing the polarizability
are the geometry of the tip — taken into account by the radius of curvature at the apex
— and the dielectric function of the sample under investigation, which in turn also
determines the Fresnel reflection coefficient r,. The optical properties of the metallic

tip only have a negligible influence on the scattering response because the plasma
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frequencies of typical metals lie far above the mid-infrared photon energies®2ki%8],

[Cvit07] " Depending

Hence, the tips are perfectly conducting to a good approximation
on the exact simplifications of the tip geometry, which are necessary to derive an
analytical expression for the effective polarizability aeg, different models have been
established in the literature. In the following, the fundamental principles of the
straightforward point-dipole model™9 and the more sophisticated finite-dipole
modell®V*7 are derived, which will later on be employed to retrieve dielectric func-

tions.

Point-dipole model. The tip apex is approximated by a small sphere in a uni-

form external field with a point dipole located at its center. The polarizability
?ip
electrodynamics”?*%!  Employing the factor f = ==L where g is the dielec-

es+1?
tric function of the sample, the following effective polarizability afP™ within the

of a perfectly conducting sphere o oc i, with radius 7, is known from classical

point-dipole model (PDM) can be derived for a given height h of the tip above the

sample:Knol99]

(6]
afPM — . = . (3.4)
T 167 (reipth)3

Even though the point-dipole model is intuitive and straightforward, it can quali-
tatively explain the scattering responses of different materials/®#°%3] as well as the

Breh06] Yot a quantitative agreement with experimen-

spectral position of resonances!
tal spectra and retraction curves (whose decay lengths are typically underestimated

by the point-dipole model) requires a more sophisticated approach.

Finite-dipole model. Instead of a sphere, the tip apex is approximated by a per-
fectly conducting spheroid — a much more realistic scenario (see Figure 3.16a). When
the length 21 of the spheroid is restricted to a quarter of the incident wavelength, the
field distribution in a uniform external field Ej can be calculated with purely electro-

Cvit07]  This field distribution can then readily be approximated

static considerations!
by two point charges gy and —qy positioned at the centers of the circles with radius
Ttip, Which can be inscribed into the ends of the spheroid (see Figure 3.16b). The
dipole moment pg induced by the external field consequently reads py = 2qol.

In analogy to the point-dipole model, the interaction with the sample is then de-
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scribed in terms of image charges. Here, only the lower charge ¢y interacts with the
sample owing to the rapidly decaying nature of the fields of the monopoles. Hence,
only the mirror charge ¢, = —fqo is considered. Again, the charge redistribution
within the sample acts back onto the tip inducing an additional polarization close
to the apex. This is approximated by the induced charges ¢; and —g;, whose magni-
tude and position need to be determined and are strongly affected by, for example,
the tip-sample distance or the geometry of the spheroid. Since the induced charge
further away from the sample, —¢;, is expected to only weakly interact with the
sample, it is distributed uniformly across the spheroid to ensure charge neutrality.
Conversely, the induced charge ¢; close to the apex creates an additional image
charge ¢/ within the sample.

The involved charges as determined by Cvitkovic et al. (reference [Cvit07]) are sum-
marized in Figure 3.16b. Their positions and magnitudes were all chosen such that
the simplified charge distribution can reproduce the exact fields of a spheroid above
a sample best. Then, the dipole moments induced by the interaction with the sample
in the near field can be considered in addition to the dipole moment pq created by the
external field discussed previously. Hence, an effective dipole moment peg = pg + p;
is again obtained by evaluating the induced dipole moment p;, = ¢;l. From this ef-
fective dipole moment and by quantifying the magnitude of all involved charges, the
effective polarizability afPM of the spheroid-sample system within the finite-dipole
model (FDM) can be determined:[©vit07]

_ Teipth 4l
OéeFf]f)M o (2 n : ( B (g i >1n (4h+3mp> )) ‘ (3.5)

Al _ 3riiptdh 21
- Ttip) ﬁ (‘g 4l ) ln (2h+Ttip

Most of the input parameters are known directly from the experiment, such as the

tip-sample distance h, the tip radius 7, and the factor 8 = :ﬁ dictated by the
dielectric function eg of the sample. The factor g is introduced to describe the
fraction of the induced charge, which is actually located close to the tip apex and
therefore interacts with the sample. Phenomenologically, a small imaginary part is
added to account for the finite conductivity of the tip resulting in a slight phase
shift between the incident field and the response of the tip. From comparisons with

experimental near-field spectra and retraction curves with the predictions by the
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finite-dipole model, the parameters could be determined in the literature. For an
effective tip length 21 = 600 nm and g = 0.7¢%%% a quantitative agreement has been

demonstrated in various experiments!Cvit07; Hauel2; Govyl3]

Demodulation. Since the tip is typically oscillating above the sample, this tapping
motion also needs to be taken into account to calculate the demodulated field ampli-
tudes s,, which are accessible in experiments. As discussed previously, the tip height
h(t) is therefore modulated in a sinusoidal fashion (compare Equation 3.1) in time,
which in turn impacts aeg. Performing a Fourier analysis (compare Figure 3.4) of
the effective polarizability and inserting the resulting demodulated quantities aeg n
into Equation 3.3 yields the field E,, demodulated at the harmonic n of the tip os-
cillation frequency. Typically, these demodulated fields are rewritten in terms of a

scattered amplitude s, and a phase ¢,:(€V1t07)

By = 5,6 oc (14 7p) 2 Qotin Fin - (3.6)

3.3.2 Comparison to our new method

Having introduced a powerful analytical model, which can predict the far-field
scattering response based on a dielectric function, we can compare the underly-
ing nanoscale distribution of the demodulated fields with one obtained by the finite
element simulations. To this end, we combine the framework of the finite-dipole
model with our novel Fourier demodulation analysis. Specifically, we use the charge
distribution given by the series of monopoles at each tip height h(t) to study the
evolution of the electric fields at each point in space during the tapping motion of
the tip. Subsequently, we can quantify the nanoscale distributions of the demodu-
lated fields E, by a Fourier analysis as introduced in Figure 3.4.

The amplitudes |E,| for the first four demodulation orders are summarized in Fig-
ure 3.17 analogously to the results obtained for a realistic tip geometry as calculated
by the finite element method (compare Figure 3.5). Generally, the demodulated field
patterns E, are remarkably similar for both kinds of simulations. Specifically, the
number of nodes and lobes along the out-of-plane direction are reproduced by the

finite-dipole model. However, there are also a few differences: First, the field distri-
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Figure 3.17 | Demodulated near fields at the tip apex calculated with the
finite-dipole model. a, Normalized field amplitudes |En| in a region close to the tip
apex. The data were obtained by a Fourier analysis of the electric fields created by
the monopoles within the finite-dipole model. In order to obtain results comparable
to the data calculated using the finite element method (see Figure 3.7), a tapping
amplitude A = 50nm and a minimal tip-sample distance d = 20nm have been
chosen. The spheroidal, extended dipole has a characteristic length [ = 300 nm and
a radius of curvature 7y, = 25 nm (black dashed circle). The upper and lower points
of inflection of the dipole during the tapping motion as well as the sample surface are
indicated by the white solid lines. The logarithmic color scale has been saturated for
clarity to suppress the divergence of the fields emerging from the electric monopoles.

bution below the sample surface is dominated by the image charges in the case of the
finite-dipole model, whereas a near hemispherical shape was obtained for a realistic

tip geometry (see also Figure 3.7). Second, the length scales of the field confinement
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Figure 3.18 | Magnitude and extension of the demodulated fields. a, Nor-
malized decay profiles of the demodulated field amplitudes |E3| at the sample surface
evaluated at the lateral position of the tip apex as a function of the tip-sample dis-
tance d for tapping amplitudes of A = 25, 50, 75, 100 nm. The solid lines correspond
to the data obtained by the finite element method (FEM, compare Figure 3.13c),
whereas the dashed lines were obtained with the finite-dipole model (FDM, see Fig-
ure 3.17). b, Full width at half maximum 2I" of the demodulated field amplitudes
| B3| determined at the surface (compare Figure 3.13b). Note that only the tapping
amplitudes A = 50 nm (red) and A = 100 nm are shown for clarity. The insets high-
light the comparison between a realistic tip geometry and the finite-dipole model.

are not reproduced quantitatively as discussed in more detail in Figure 3.18, which
summarizes the distributions of demodulated fields |Es| at the surface in terms of
their magnitude and full widths at half maximum for various tapping amplitudes A.
In analogy to Figure 3.13, the solid lines in Figure 3.18a obtained with the finite ele-
ment method exhibit two distinct decay lengths. For decreasing tapping amplitudes,
both of the decay lengths become shorter, in line with previous discussions. The
dashed lines represent the results obtained with the finite-dipole model. Whereas
the tunability of the decay profiles with experimental tuning knobs such as the tap-
ping amplitude is reproduced, this model does not capture the initial fast decay of
the fields as a function of the tip-sample distance d. Instead, the field profile can
rather be characterized by a single decay length. Even though a faster decay can be
achieved with unrealistically small tip radii, the complete decay profile cannot be
reproduced by the finite-dipole model. This discrepancy suggests that the analytical

model cannot properly describe the field confinement and enhancement below the
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3 Nanoscale electromagnetic fields in mid-infrared nanoscopy

apex for tip-sample distances d < 7, smaller than the tip radius ry,. The widths
2I" of the electric field profiles at the surface, which are plotted in Figure 3.18b, cor-
roborate this assumption. For large tip-sample distances d the slopes of the curves
obtained with the two models are very similar. However, the finite-dipole model
does not capture the strong localization of the demodulated fields beneath the apex

for small tip-sample distances d as obtained by the finite element method.

In conclusion, numerical simulations of a realistic tip geometry are indispensable for
a precise understanding of the nanoscale electromagnetic fields governing the light
scattering in near-field microscopy. This approach has allowed for unprecedented
insights into the achievable lateral resolution, the probing volume, and even the
scattering to the far field. Even though complementary analytical models cannot
describe the lateral distribution of the fields quantitatively, they have been known
to excellently predict spatially integrated far-field amplitudes s,. Thus, spectral
responses for different dielectric functions can be compared rapidly, while at the
same time an almost perfect agreement with experiments can be obtained. Hence,
both finite element simulations and state-of-the-art modelslCVit07: MeLeld; Jianl6] 15564
on simplified tip geometries such as the finite-dipole model are viable options for
a theoretical modeling of mid-infrared nanoscopy. In each case, the choice of one
approach over another then boils down to the specific requirements of the current
task at hand.
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Probing the surface of a

topological insulator nanostructure
B

Having established an intuitive and quantitative understanding of near-field mi-
croscopy in the previous chapter, we can now put this knowledge into practice by
probing novel material systems with nanoscale precision in all three spatial dimen-
sions. As discussed in Chapter 2, three-dimensional topological insulators such as
(Bi;_<Sby)oTes represent an intriguing material class because of their topologically
protected surface states, which host high-mobility, massless Dirac fermions. How-
ever, the information about the nanoscale properties of such topological insulators
is rather scarce. Yet, it is essential for harnessing the unique surface properties for
potential applications. Specifically, the impact of factors such as the topography,
chemical composition, defects, or background doping on the local properties of the
surface states has largely remained elusive. Considering realistic topological insu-
lator samples, even more unknowns emerge. Open questions include, but are not
limited to, the effect of exposure to ambient conditions, the characteristic optical
signatures of the topologically protected surface states, the variations of the surface
properties among different interfaces and samples as well as any deviations from the
idealized theoretical descriptions. In this chapter, we address the first set of ques-
tions by revealing the lateral inhomogeneity and spectral response of the optical

properties of topological insulator surfaces employing mid-infrared nanoscopy.

The key results presented in Chapters 4-6 were published as reference [Moos18] in Nano Letters.
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4 Probing the surface of a topological insulator nanostructure

4.1 Experimental setup and sample structure

We study wedge-shaped topological insulator nanostructures®™P16 which were se-
lectively grown by means of molecular beam epitaxy on a prestructured Si/SiO,
substrate (see Figure 4.1a; for details on the sample growth, see Appendix A). We
employ a wedge-shaped nanostructure for the following reasons: First of all, a mesa
structure facilitates the determination of the actual thickness of the topological in-
sulator layer by means of atomic force microscopy. Second, nanostructuring allows
for a direct comparison of the responses of the sample and the substrate. Finally,
the wedge shape enables an easy navigation on the sample and could ultimately act
as a plasmon resonator with variable extension along the long axis of the structure.
For the topological insulator layer, the (Bigs5Sbgs)2Tes alloy has been chosen be-

d [Weyr16

cause a minimal conductivity of the bulk has been reporte | for an antimony

concentration close to 50%, which facilitates the isolation of the surface response.

Experimental observables. We perform near-field microscopy on a representative
topological insulator structure. To this end, we illuminate the sharp metallic tip
with broadband mid-infrared pulses and detect the scattered radiation in the far field
using a mercury cadmium telluride detector. A detailed discussion about the setup
(see Figure B.1) and the experimental methods can be found in Appendix B. In short,
probing with a broadband source can be understood analogously to the discussions in
the previous chapters. Instead of a monochromatic wave, however, a superposition
of frequencies is used to analyze the sample. For each frequency component v,
a characteristic scattered amplitude s,(v) can be resolved (see Figure 4.1b and
compare Figure B.2) or alternatively a single, spectrally integrated intensity I,, can
be detected (see inset in Figure 4.1a). To avoid far-field background, we study
the scattered amplitudes s, and the intensity [,,, which are demodulated at the

harmonics of order n of the tapping frequency of the tip.

Mid-infrared probe pulses. In a first step, we characterize the broadband mid-
infrared probe pulses. Figure 4.1b shows the scattered amplitude 53 = 33|Ein| of
a silicon reference sample as determined from the scattered intensity by Fourier

transform infrared spectroscopy (see Appendix B). This spectral amplitude 33 in-
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Figure 4.1 | Mid-infrared nanoscopy of a (Bigs5Sbgs)2Tes nanostructure.
a, Schematic of the experiment showing a mid-infrared pulse (red waveform),
which illuminates the oscillating metallic tip placed above the topological insula-
tor nanostructure grown on a Si/SiOy substrate. The scattered radiation (longer,
red waveform) is detected in the far field revealing the nanoscale inhomogeneity of
the (Big5Sbgs)2Tes nanostructure. In the inset, the topography is shown as height
profile, whereas the scattered intensity I3 is indicated by the colors. b, Scattered
amplitude spectrum §3 = 33|Ein\ recorded on a silicon reference sample. Owing to
the spectrally flat scattering response s3 of silicon in the mid infrared, the data are
dominated by the spectrum of the broadband probe pulses E, (center frequency:
38 THz; full width at half maximum: 6 THz).

dicates the frequency range, which is accessible in our experiments and consists of
two contributions: On the one hand, the incoupled mid-infrared spectrum Ej,. On
the other hand, the spectral scattering efficiency of the tip-sample system s3. Since
the response of the silicon reference sample is spectrally flat in the mid-infrared
rangel“"12] the normalized spectral response of §3 is mostly governed by the probe
spectrum Fi,. Hence, we determine a center frequency of 38 THz and a full width

at half maximum of 6 THz for the mid-infrared probe pulses.
Two-dimensional maps. Without spectrally resolving the scattered fields, two-

dimensional maps of the near-field intensity I, can be obtained by raster-scanning

the atomic force microscopy tip across the sample. These maps correspond to a
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4 Probing the surface of a topological insulator nanostructure

spectrally integrated scattering response of the sample at each position of the tip
and can be acquired simultaneously to the topography of the surface. The inset in
Figure 4.1a demonstrates the result of this experimental technique: a representative
region of the topological insulator is depicted, where the topography is indicated
by the curved surface and the scattered intensity I3 is color-coded onto it. This
underlines that near-field microscopy allows us to correlate the surface morphology
and the scattering response encoding the dielectric properties of the topological

insulator at a resolution exceeding the diffraction limit by many orders of magnitude.

4.2 Lateral inhomogeneity of the scattering response

The topography of a complete topological insulator wedge is depicted in Figure 4.2a
and is rather uniform apart from a few impurities. In the following, we study the
representative region indicated by the white frame more closely. Figures 4.2b,c show
the topography and the simultaneously acquired scattered intensity I3 for this area.
The topography map reveals inhomogeneities across the surface dominated by pyra-
midal protrusions, whose size is on the order of ~200nm. Similar inhomogeneities
are also discernible in the mid-infrared response (see Figure 4.2c), which features
almost identical signatures. The scattered intensity is furthermore enhanced in topo-
graphic troughs, which can either be induced by a local enhancement of the electric
field strength or an actual modification of the optical response of the surface states.
In the future, studying ultraflat samples (see Section 6.4) will facilitate the distinc-
tion between these two possibilities. In the following, we restrict our discussions to
inhomogeneities in the scattering response, which are not directly correlated with

the topography.

An additional, larger-scale gradient is discernible in the scattered intensity (see
Figure 4.2¢). Since the scattering response is governed by the local dielectric function
of the sample, inhomogeneities in the latter can directly be deduced from the two-
dimensional map. The actual variations in the dielectric function across the wedge
as well as their microscopic origin will be discussed in Chapters 5 and 6.

Generally, the near-field intensity on the topological insulator structure is strongly

enhanced compared to the substrate. Since the near fields mostly probe a volume
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Figure 4.2 | Nanoscale surface inhomogeneity. a, Topography of a representa-
tive wedge-shaped (Big 5Sbg 5)2 Tes nanostructure grown according to the protocol in
Appendix A. b,c, Simultaneously recorded nanoscopy maps of the topography (b)
and scattered intensity I3 (c) of the topological insulator surface. The investigated
region is indicated by the white rectangle in a.

close to the sample surface, this global enhancement of the scattering response might
already suggest a large surface conductivity of the topological insulator. A direct

way of pursuing this assumption lies in nanotomography.

4.3 Variation of the probing volume

A selective probing of the topological insulator surface is achieved by varying the
probing volume. In Figure 4.3, the spectrally integrated scattered intensity obtained
on a representative region featuring both the topological insulator sample and the
substrate is depicted for different probing depths. The effective probing volume de-
creases from the near-field image on the upper left to the one on the lower right as
the tapping amplitude is decreased or the demodulation order is increased, respec-
tively. This tunability of the probing volume with the experimental parameters has
extensively been discussed in Chapter 3, for example in Figures 3.7 and 3.8.

In order to correct for the effect that smaller probing volumes generally yield lower

overall intensities independently of the sample properties, the scattering responses of
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Figure 4.3 | Surface sensitivity of near-field tomography. Relative scattered
near-field intensity 7,,(Sample) / I,(Si) as a function of the tip tapping amplitude A
(horizontal direction) and the demodulation order n (vertical direction) of a region
close to the edge of a topological insulator structure on the Si/SiOs substrate. The
scattering response is normalized to the one of a silicon reference sample (7,(Si)) to
obtain relative intensities for different effective probing depths. Different combina-
tions of tapping amplitude A and demodulation order n lead to different effective
probing depths as visualized by the small pictographs: an increase in n or a decrease
in A both lead to a more surface-sensitive probing. For smaller probing volumes the
relative scattered intensity increases, which can indicate that the surface dominates
the scattering response.

Demodulation order n
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4.3 Variation of the probing volume

the topological insulator need to be normalized to the ones measured on a reference
sample using the same tapping amplitude and demodulation order. In the literature,
silicon and gold have been established as reliable reference samples/Feills Zhan12; Govyld]
Throughout this work, the scattered amplitudes and phases recorded on the topo-
logical insulator are normalized to the corresponding responses of an undoped silicon
wafer, which has a thickness of 500 pm, a resistivity of >10002m, as well as a flat
and uniform surface. Thus, we essentially retrieve a scattered intensity per unit
volume Iy, which can be compared for the different probing parameters. Most
strikingly, this scattered intensity Iy increases drastically when probing a region
closer to the surface — another strong indication for a higher conductivity at the

surface of the sample compared to the bulk.

To extract the drastic increase in scattered intensity for shallow probing volumes
quantitatively from the data presented in Figure 4.3, we assign a mean scattered
intensity to the substrate and to the topological insulator structure. For each set of
probing parameters we obtain this mean value by spatial averaging of the respective
area in the near-field images. Figure 4.4a shows a representative scan, where the
regions used for the averaging process are indicated. The area in between the white
lines has been neglected for the averaging process, as it features topographic irreg-
ularities at the edge of the topological insulator structure. Figure 4.4b summarizes
the resulting mean scattered intensities for the topological insulator and the sub-
strate normalized to the scattering response of a silicon reference wafer in analogy
to the near-field images. As discussed in the context of Figure 4.3, a strong increase
of this relative scattered intensity I,(Sample)/I,(Si) is observed on the topologi-
cal insulator for decreasing tapping amplitudes or increasing demodulation orders,
respectively. In contrast, the SiO, substrate exhibits no such trend. Its relative scat-
tered intensity with respect to the silicon reference remains constantly low for almost
all experimental parameters except for a slight increase in the scattering response
when using a tapping amplitude of 20nm and the fourth demodulation order. We
attribute this singular feature to the strong surface phonon polaritonFeitt: Hubel7] of
SiO, that only seems to become prominent for the shallowest probing depth. Apart
from this outlier, the substrate shows a negligible response to the variation of the

probing volume, which corroborates the validity of our tomographic analysis.

69



4 Probing the surface of a topological insulator nanostructure

b
10 - Topological| |Substrate -10 %
- T insulator i =z
Q U_) 8 - ——n=2 - 8 =
g = 6—_ >—n=3 [ 6 B)
2 = —o—n=4 [ @
2 £ 47 4 g
—_ >
2 i -2 0
O T T T T T T — 0 -

012 O 40 80 120 0 40 80 120
I;(Sample) / 15(Si) Tapping amplitude (nm)

Figure 4.4 | Mean scattered intensity of the topological insulator and the
substrate for different probing volumes. a, Representative near-field image
taken from Figure 4.3, showing the scattered intensity I3(Sample)/I3(Si) recorded
on the topological insulator sample normalized to the one recorded on a silicon
reference employing a tapping amplitude of 80 nm. The arrows and white vertical
lines indicate the boundaries of the regions used for the extraction of the mean values
determined by spatial averaging, which are summarized in panel b. b, Evolution
of the relative scattered intensity I,(Sample)/I,,(Si) with varying probing volume
for the topological insulator (‘TT’, left panel) and the substrate (right panel). For
more surface-sensitive probing, the topological insulator shows a strong increase of
the relative scattered intensity, whereas the substrate hardly does. The error bars
account for the uncertainties in both of the intensities I, (Sample) and I,,(Si) and are
determined by the standard deviations obtained by the spatial averaging process and
by monitoring the scattered intensity on the silicon reference in time, respectively.

The drastic increase in the scattered intensity per unit volume Iy of the topological
insulator for shallow probing conditions could be a first indication for the presence
of surface states on the topological insulator sample. Unfortunately, these results do
not represent an unambiguous proof in this regard. The scattering contrast between
two bulk materials can also exhibit a dependence on the tapping amplitude and the

Taub05b] _ even in the absence of any surface states. Therefore,

demodulation orderl
the scattered fields for different probing volumes require further investigation. In the
next section, we examine the spectral response of the topological insulator. Thereby;,
the characteristic signatures of the surface states can be revealed tomographically,

which will ultimately allow us to isolate their dielectric function.
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4.4 Spectral signature of the topological insulator

In the following, nanospectroscopy will be applied to the topological insulator struc-
tures. To record the spectral amplitude of the near fields s, at the harmonic of order
n, the scattered radiation is overlapped with a reference mid-infrared pulse on the
mercury cadmium telluride detector. By employing a Michelson-type interferometer
and varying the temporal delay between the two pulses, Fourier transform infrared
spectroscopy can be performed, which gives access to the spectral amplitude s, and
the phase ¢, (for details see Appendix B).

In Figure 4.5, we reveal the characteristic and ubiquitous spectral signature of the
topological insulator by recording scattered amplitude spectra for several tip po-
sitions. The dashed lines in the maps of the topography and the simultaneously
acquired scattered intensity I3 in Figures 4.5a,b indicate the tip positions where
the spectra were acquired. The resulting, so-called hyperspectral mapNi16; Hubel] iy
Figure 4.5c summarizes the spectral amplitude as a function of the probe frequency
and the position x along the line, which the tip was scanned over.

Here, the spectral response of the topological insulator sample is normalized to a
spectrally flat silicon reference allowing us to eliminate the detector response and the
shape of the probe spectrum and to isolate the characteristic response of the sample
(compare Equation B.12). On the substrate (to the right-hand side of the vertical
white line in Figure 4.5¢c), the relative scattered amplitude s3(Sample)/s3(Si) ex-
hibits a pronounced, low-frequency feature at ~33.8 THz, which can be identified as
the strong phonon response of silicon dioxidelFeills Zhan12; Hubel?] "1y Chapter 5, this
characteristic spectral signature is utilized to establish an algorithm for the extrac-
tion of the dielectric function from the scattered fields (compare Figure 5.4).

In contrast, the scattering response recorded on the topological insulator exhibits
distinctly different signatures. The spectrum is governed by a step-like increase in
amplitude at a frequency of ~38 THz. This feature is even more apparent in the
spatially averaged scattered amplitude of the topological insulator s3(TT)/s3(Si),
which is depicted in the right panel of Figure 4.5c.

Along the position x on the topological insulator, the overall magnitude of the am-
plitude changes slightly. These modulations are perfectly in line with the variation of

the scattered intensity in Figure 4.5b. This corroborates once more that the optical
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Figure 4.5 | Spectral response of the topological insulator. a,b, Topography
(a) and scattered intensity I3 (b) recorded on a topological insulator nanostructure.
The white dashed line in b represents the positions along which the data in ¢ was
recorded. ¢, Hyperspectral map (left panel) taken along the white dashed line in b
featuring the spectral response of the topological insulator (‘TT") and the substrate.
The relative spectral amplitude s3(Sample)/s3(Si), which was normalized by the
response of a reference silicon wafer, is shown as a function of the tip position x and
the probe frequency. The mean spectral response of the topological insulator (right
panel) was obtained by averaging the leftmost 1.2 um of the hyperspectral scan.

response of the topological insulator structure is inhomogeneous on the nanoscale.
This underlines the necessity of a local probing with near-field microscopy, which is
capable of revealing such crucial information.

Since the step-like spectral signature in Figure 4.5b cannot be interpreted in a
straightforward fashion, a physical quantity such as the underlying dielectric func-
tion needs to be inferred from the experimental data in order to unveil the micro-
scopic mechanisms that give rise to the remarkable scattered amplitude and phase
of the topological insulator. Unfortunately, the spectral response is linked with
the dielectric function in a nontrivial way owing to the light scattering from the
tip-sample system. Indeed, retrieving the nanoscale dielectric response without as-
sumptions about its spectral shape directly from the scattered fields is an ongoing
quest in the near-field community. This endeavor becomes even more complicated
when dealing with layered samples and surface states. In the next chapter, the

approach we have chosen to achieve this long-standing goal is discussed.
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Extracting the nanoscale

dielectric function at the surface

Besides the point- and finite-dipole modelsm19% Cvit07] pregsented in this thesis, fur-
ther approaches such as the lightning-rod model™et4 or the generalized spectral
method”?16 have been proposed to describe the light scattering in near-field mi-
croscopy theoretically. Yet, without additional efforts, these models only allow for a
calculation of the scattering response starting with literature values of the complex-
valued dielectric function as input parameters. Alternatively, the DrudelP™d0 or
Lorentz models/ ™7 are commonly employed in order to reproduce the experimen-
tal scattering response with only a few variablesFeills Wagnlda; Biseld] " However, in this
case a priori assumptions about the spectral shape of the dielectric response are
required. Whereas this might be a valid approach in a lot of scenarios, it is not ideal
for novel material systems, such as topological insulators, where exact predictions of
the dielectric properties are scarce and might sensitively depend on the exact alloy
or on the growth parameters.

Therefore, the retrieval of dielectric functions without any previous assumptions
about their spectral shape has been a longstanding goal in near-field microscopy.
The well-established concept of quantitatively extracting optical properties could
thereby be transferred from spatially averaging far-field studiesHube0t; Merk19; Merl20]
down to the nanoscale. This would pave the way for unprecedented insights into
material inhomogeneities introduced by chemical composition, defects, local carrier

densities and scattering rates, or strain.
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5 Extracting the nanoscale dielectric function at the surface

In this chapter, we will demonstrate a novel concept for the retrieval of the nanoscale
dielectric function of a topological insulator surface, which is essential for interpret-
ing its scattering response microscopically. To this end, the light scattering prob-
lem discussed in Chapter 3 must be reversed. Unfortunately, the scattered fields
E, = sp,e!®n are detected at harmonics n of the tip tapping frequency, which requires
a Fourier analysis of the electric fields over a full oscillation cycle of the tip. This
complicates the extraction of the dielectric function from a given scattering response
and also prevents an analytical inversion of the expression based on the tip-sample
polarizability (compare Equation 3.6).

In the literature, a few methods of how this limitation can nevertheless be over-
come have been outlined. We choose a numerical option™°t!4 instead of a series

[Govyl] "hecause the former is more general and

expansion of the scattering response
can easily be adapted to arbitrary scattering models. Note that mere lookup ta-
bles will not efficiently serve the purpose of extracting dielectric responses from
scattered fields because of the dependence of the scattering contrast on the demod-
ulation order, tapping amplitude, optical frequency, layer thicknesses, the dielectric
function of the substrate, or the tip radius of curvature, for example. Covering this
high-dimensional parameter space beforehand for arbitrary real and imaginary parts
of the dielectric function is just not feasible. Instead, we will combine the short
computation times of the analytical scattering models introduced in Section 3.3
with efficient numerical inversion algorithms, which will help us to quickly navigate
through only the relevant regions of the parameter space for each specific experi-
ment. Thereby, the inputs and outputs of the scattering models can effectively be
interchanged enabling a direct extraction of the complex-valued dielectric response
from the amplitude and phase spectra of the scattered electric fields.

The capabilities of this scheme are first demonstrated on a pre-characterized bulk
material, before extending the retrieval to layered samples, which is essential for
isolating and quantifying the dielectric response of the surface states on the topo-
logical insulator. To this end, we combine the numerical inversion algorithm with a
multilayer finite-dipole model, for the first time, which also allows us to determine
the thickness of the highly conductive surface layer. Finally, the validity of the
extracted surface dielectric function is verified by comparing the predictions of the

scattering model with additional near-field experiments such as retraction curves.
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5.1 Inversion algorithm for scattering models

In the following, we discuss the key concepts of the retrieval procedure and introduce

the working principles of the numerical inversion algorithm.

Linking the scattering response to the dielectric function. As a first step, it is
instructive to visualize the scattered amplitude s,(¢) and phase ¢, (g) for a given set
of experimental parameters as a function of the complex-valued dielectric response ¢
of the sample (see Figure 5.1a,b). These maps obtained with the finite-dipole model
for bulk samples demonstrate once more that the scattering of light from the tip-
sample system links the scattered amplitude s, and phase ¢, in a non-intuitive way
with the underlying dielectric function, which necessitates sophisticated inversion
procedures in the first place.

A numerical inversion of scattering models is nevertheless possible because the pre-
cise knowledge about the amplitude and phase of the scattered electric fields recorded
in experiments sets strict constraints on the dielectric properties € of the sample.
To exemplify this fact, we consider a near-field scattering response 83(€)ei¢3(€) nor-
malized to the one obtained on a silicon reference sample s3(Si)el?*5) at the third
demodulation order. Let us assume that in the experiment, we obtain the following

value for the scattering contrast 1 (compare Appendix B.2 and Equation B.12):

n:;?’((sej))ei<¢3<€) — ¢5(S1) éei. (5.1)
This scattering contrast then unambiguously determines the dielectric function for
a given tapping amplitude and tip radius used in the experiments: On the one hand,
the required relative scattered amplitude s3(g)/s3(Si) = 1 narrows down the possible
values for the dielectric functions to the ones on the blue contour in Figure 5.1a.
On the other hand, the relative phase ¢3(e) — ¢3(Si) = 0.5 sets further restrictions
(red contour in Figure 5.1b). Hence, the complex-valued contrast 7 obtained in the
experiment can only be reproduced by the model if both requirements are fulfilled
at the same time (see Equation 5.1). Therefore, the intersection of the contours in
Figure 5.1c represents the only possible combination of the real (1) and imaginary

(e2) parts of the dielectric function yielding the experimental contrast n. In some
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Figure 5.1 | Relating the scattering contrast to the dielectric function.
a,b, Relative scattered amplitude s3(e)/s3(Si) (a) and phase ¢3(e) — ¢3(Si) (b) as
a function of the real (¢;) and imaginary (e2) parts of the dielectric response &
with respect to a silicon reference. The data are obtained with the finite-dipole
model assuming a frequency of 30 THz, a tip radius of 30nm, and a tapping am-
plitude of 100nm. The dielectric function of silicon is taken from literature (ref-
erence [Zhanl2]). The blue and red lines represent contours for s3(g)/s3(Si) = 1
(blue) and ¢3(g) — ¢3(Si) = 0.5 (red) as described by Equation 5.1. ¢, Superposition
of the contour lines from a and b. The combination of a given scattered amplitude
and phase only leaves one possible solution (orange circle) for the complex-valued
dielectric function, which allows for an unambiguous determination of € (arrows).

cases, additional solutions with negative €5 can occur. Such unphysical dielectric
functions are, however, discarded.

Finding the point of intersection between the contour lines for a given scattering
contrast n without calculating the complete two-dimensional maps in Figures 5.1a,b
lies at the heart of the inversion problem that needs to be solved in order to retrieve

the dielectric functions from experimental amplitude and phase spectra.

Identifying the optimization problem. The second key to solving the inversion
problem is rephrasing it in terms of an optimization procedure. For a given experi-
mental contrast 7, the deviation A of the calculated amplitude s, and phase ¢cac

from their experimental counterparts sexp, and ¢exp, needs to be minimized:

i i Optimization
A — |Sexpe1¢cxp _ Scalcel¢calc| s

0. (5.2)
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5.1 Inversion algorithm for scattering models

Energy function Figure 5.2 | Schematic of the opti-
Low High mization algorithm.

| In an optimization problem, the global
m minimum (red sphere) in an energy
% landscape (such as the deviation A
‘é in Equation 5.2) or in a height pro-
2 file needs to be found by varying the
% x and y coordinates. The ‘Powell’
z algorithm!Fov*%4 employed in this work
e can achieve this for various starting
%;;, points (colored spheres) by foll