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CHAPTER ]. .

Introduction

In the past decades, the scientific field of nanophotonics has emerged, aiming at understanding
and harnessing the extraordinary properties of light and light-matter-interaction on the nanoscale.
Restricted by the diffraction limit [1], conventional optical components like lenses or parabolic
mirrors cannot focus light far below the wavelength. In nanophotonics, this limit is overcome by
coupling light into subwavelength structures, enabling light confinement of more than 400 times
smaller than the wavelength [2-4].

Squeezing light into nanoscale objects bears two intriguing advantages: Firstly, compared to the field
amplitudes of a light wave propagating in free space, the local electric fields in a nanostructure are
immensely enhanced, boosting the light-matter interaction considerably. These enhanced electric
fields enable a variety of applications, such as improved solar cell efficiency [5], all-optical switching
[6], or ultra-efficient sensing [7]. Secondly, subwavelength-confined light allows for miniaturization
of optoelectronic devices, enabling advances such as on-chip, high-speed photodetectors [8] or
ultra-fast miniature lasers [9] for all-optical integrated circuitry and communication.

For many years, the principle workhorse of nanophotonics has been the surface plasmon polariton
(SPP), a surface excitation enabled by collective electron oscillations — a plasmon - supported in
metallic materials at infrared (IR) up to visible wavelengths. Eminent milestones in the history of
plasmonics employing the SPP have been the discovery of surface-enhanced raman scattering (SERS)
[10] and plasmon-enhanced fluorescence [11], and the development of modern plasmonic devices
such as single photon transistors [12] or nanolasers [13].

Only recently, other fundamental excitations than the SPP have started to attract broad attention
in the nanophotonics community. A promising complementary candidate is the surface phonon
polariton (SPhP), where the light is coupled to an optically active phonon mode in a polar crystal
lattice instead of a plasmon in a metal. Owing to significantly longer lifetimes of optical phonons in
single crystals compared to plasmons in metals, SPhPs provide an attractive low-loss alternative for
nanophotonic applications at IR and THz frequencies [14].

Another advantage of SPhPs is the wealth of supporting materials, including most III-V semiconductor
compounds, silicon carbide (SiC), several II-VI semiconductors, and various oxides such as magnesium
oxide, molybdenum trioxide or gallium(IIl) trioxide, covering a broad frequency range in the IR.
Furthermore, most of these materials feature optical anisotropy due to an anisotropic crystal structure,
leading to non-trivial optical responses and novel nanophotonic phenomena. A prominent example
are hyperbolic phonon polaritons [15], which have been demonstrated to enable subdiffraction
imaging and hyperlensing [16].

On the other hand, SPhPs supported by a single material possess several limitations that hinder the
application in nanophotonic technologies: The frequency window where the SPhP is accessible is
small, the mode lacks active tunability, the spatial confinement and field enhancements are moderate,
and only p-polarized light can be used for the excitation.



Chapter 1 Introduction

In this work, these limitations of SPhPs on bulk crystals are approached and overcome by the
employment of layered heterostructures, built from various different materials. By investigating
several exemplary systems, it is shown that the combination of SPhP-supporting crystals [IV, V],
metals [VII], and other dielectric materials [VI] enables unique control over the properties of the
excitable polariton modes. These findings demonstrate that layered heterostructures provide a
versatile tool box for designing nanophotonic devices with user-defined optical responses and novel
functionalities.

Experimentally, the investigation of phonon polaritons in layered heterostructures is realized in a
home built prism coupling setup. The specific design of the setup allows for full control over the
excitation conditions, enabling systematic experimental access to the phonon polariton properties.
As an excitation source, the IR free electron laser (FEL) at the Fritz Haber Insitute (FHI) is employed.
The machine is characterized by high-power, high-resolution radiation output, constituting the ideal
source for non-linear optical methods such as second harmonic generation (SHG) spectroscopy [17].

By combining the prism coupling setup with the FEL, the non-linear optical response of phonon
polaritons at IR frequencies can be probed. Establishing this concept, this work comprises the first
observation of SHG from propagating SPhPs [I]. Subsequent studies demonstrate the SHG from
strongly coupled SPhPs [VIII] and the Berreman mode [V], a phonon polariton excitable in thin
films of deep sub-wavelength thickness. As is shown in these studies, the employment of SHG
spectroscopy provides experimental access to the local electric field enhancement of the excited
phonon polariton modes, being inaccessible by linear optical techniques.

Even though of central importance for scientific progress, experimental data can be elusive without a
proper theoretical model. But in layered anisotropic media, the theoretical description of light-matter
interaction is challenging, because most phonon polariton materials feature optical anisotropy. A
known approach to this challenge is the 4 4 transfer matrix formalism. However, most previ-
ous publications on this subject consider only special cases, are numerically unstable, or lead to
discontinuous solutions.

In this work, a numerically stable, generalized framework for the treatment of light-matter interaction
in arbitrarily anisotropic layered heterostructures is developed [II, VII] that is implemented in an
open-access computer program [18, 19]." As is demonstrated in the various studies of this work, the
formalism allows for thorough simulations and analysis of phonon polaritons and their properties
in layered media, enabling both corroborative calculations for experimental findings as well as
predictive studies of yet unexplored nanophotonic structures.

This work is structured as follows: In chapter 2, the theoretical concepts are delineated, starting with
the dielectric permittivity in section 2.1 as the fundamental quantity for the description of light-matter
interaction. In section 2.2, phonon polaritons are introduced by deriving the dispersion relation of a
bulk SPhP. Then, the concept of layered heterostructures is presented, providing an overview over
the different phonon polariton modes arising in the investigated sample structures. Section 2.3 closes
the theoretial concepts by explaining the process of SHG, and presenting a summary of the results
obtained from the various SHG spectroscopy measurements.

'Tt is noted that the original formalism contains an error in the calculation of electric fields for the case of birefringence, that
is, for anisotropic media with non-zero off-diagonal elements of the dielectric permittivity tensor in the lab frame. This error was
corrected in an erratum [III], see page 59. None of the publications employing the formalism prior to the erratum are affected by the
error, since birefringence does not occur in the systems investigated in these works.



Chapter 3 is dedicated to the experimental concepts. Section 3.1 discusses the most common methods
for the excitation of phonon polaritons, and section 3.2 presents the implementation of the method
employed in this work, the prism coupling in the Otto geometry. The chapter is completed by a
description of the FHI FEL (section 3.3).

This work is a cumulative thesis. In chapter 4, the scientific articles that form this thesis are reprinted.
Each publication is presented in a separate section, providing a short description of the content of the
article, the context in the scope of this thesis, and the author contributions. A list of all publications
originated in the course of this thesis can be found on page 117.

Chapter 5 discusses the perspectives of the techniques implemented in this work by outlining several
possible pathways for future advances in the field of nanophotonics. Finally, chapter 6 concludes the
presented work.






CHAPTER 2 .

Theoretical Concepts

In 1950, the Ukrainian physicist Tolpygo analyzed the interaction of dipole-carrying lattice vibrations
with an electromagnetic field in the limit of long wavelengths [20], obtaining the first description
of what later would be termed a phonon polaritonHis analysis shows the splitting and bending
of the light dispersion at frequencies of the lattice vibration, resulting in two distinct dispersion
branches featuring an anti-crossing. These two bulk phonon polaritons (BPhPs) are the result of
strong light-matter coupling, where the interaction between light and medium is so strong that a
new, fully hybridized quasiparticle — the phonon polariton - is created, carrying the properties of
both light and the lattice excitation.

In later years, different types of polaritons were discovered, depending on the dipole-carrying matter
excitation that couples to the light. These types include exciton polaritons [21] and intersubband
polaritons [22] resulting from electronic band transitions, SPPs [23] and SPhPs [14] arising from
plasmon and phonon modes that propagate along an interface, and various other polariton types
such as magnon polaritons [24] or Cooper pair polaritons [25].

Astonishingly, the optical response of any of the above mentioned polaritons can be fully described
by the classical wave-interpretation of light given by Maxwell’s equations [26], as long as the
light intensity is large enough, that is, high above the single photon limit' [28]. Independent of
the underlying quasiparticle that is coupling to the light, Maxwell’s equations allow for a precise
calculation of the electromagnetic fields emerging from the strong light-matter interaction, even in
sub-wavelength structures of heterogeneous material compositions. Thus, owing to their universal
validity and wide application variety, Maxwell’s equations are up until today the standard framework
for the semi-classical theoretical description of the interaction of light with matter.

Building on the description of light as electromagnetic wave in terms of the Maxwell’s equations,
this chapter starts with the concept of the dielectric permittivity for modeling optical resonances
(section 2.1), discussing the Drude and the Lorentz model for the description of metallic and polar
dielectric materials. In the following section 2.2, phonon polaritons in various heterostructures are
discussed, providing an overview over the polariton modes that are investigated in the publications
(chapter 4). Finally, section 2.3 focuses on the field enhancement associated with phonon polariton
resonances and the resulting enhanced SHG, discussing the systems that were studied by means of
SHG spectroscopy.

'Quantum optics effects [27] are not relevant for this work



Chapter 2 Theoretical Concepts

2.1 The Dielectric Permi ivity

The optical response of a material under the influence of an external electric field E is characterized
by the polarization P generated in the material. When the external electric field reaches high
intensities, P is a nonlinear, complicated function of E, giving rise to nonlinear optical effects (see
section 2.3 for more details). In many cases, however, a linear approximation is sufficient to describe
the optical response, and the material’s polarization P can be written as follows (in the dipole
approximation) [26]:

P= o" 1E; (2.1.1)
where " is the dielectric permittivity tensor, fully describing the optical response of a medium:
0
IIXX IIXy IIXZ
n= @ty A (2.1.2)
n 7x n Zy n 27

Hence, in principle, with the knowledge of the exact shape of ", any light-matter interaction of the
medium can be predicted. In practice, however, the dielectric permittivity of a material cannot be
determined for all optical frequencies in full detail. Instead, either experimental techniques such
as ellipsometry are employed [29] in order to obtain the shape of the dielectric permittivity in a
certain frequency range, or, a model is used that captures the dominant characteristics of the optical
response of the material.

This work investigates the light-matter interaction of heterostructures made of various materials with
very different optical responses, requiring both experimentally determined dielectric permittivity
data (such as for the glass thallium bromo-iodide (KRS-5)), and theoretical models. The two models
that are employed are the Drude model and the Lorentz model, which are presented in this section.

2.1.1 Drude Model

The Drude model is based on Drudes considerations about the movement of electrons in a metal
published in 1900 [30]. In his classical approach, the electrons in a metal can move freely between the
positively charged ions, forming an electron gas, and collisions with ions abruptly alter the velocity
of the electrons. An external electric field accelerates the electrons, leading to an electric current.
However, for increasing electric fields, the collision rate increases as well and thus the electrons
feel an increasing resistance. The Drude model hence provides a physical explanation for Ohm’s
law [31].

Most certainly, the advances since 1900 of the quantum mechanical understanding of electrons in
solid state physics have shown the limits of the Drude model. Specifically, in frequency ranges where
other features are observable, such as electronic band transitions, the Drude model fails to predict
the optical response. Many improvements of the basic Drude model have been proposed, achieving
much more accurate descriptions [32-36]. Nonetheless, the basic model yields reasonable results for
the overall trend of the optical response of a metallic material, which is why it is still broadly used
for many applications.



2.1 The Dielectric Permittivity

In order to obtain the dielectric permittivity of a Drude metal, the equation of motion of a free
electron is considered:

mi+ m u= gE; (2.1.3)

where M is the effective mass of the electron, H the position in space, the damping constant arising
from the collisions with the ions,  the electron charge, and E = E¢€" the incident electromagnetic
field driving the electron motion with frequency ! . The solution of this differential equation is

_ qE .
H= S EETIIRE (2.1.4)

For an ensemble of N electrons, the macroscopic polarization P amounts to

P=Nqu="g E="o" 1)E; (2.1.5)

where in the second step the linear approximation of the polarization was assumed (Eq. 2.1.1), with
being the electric susceptibility, and "¢ the vacuum permittivity. Rearranging Equation 2.1.5 yields
for the dielectric permittivity ":

1 2

"(1)=1 ﬁ (2.1.6)

with the plasma frequency ! ,
S

N g2
| = -

where N is given in units of inverse cubic centimeters, describing the free carrier concentration.
At the plasma frequency, the real part of the dielectric permittivity crosses zero from negative to
positive, representing the upper frequency limit of supported SPP modes, and marking the epsilon-
near-zero (ENZ) frequency of metallic materials (see the publications reprinted in section 4.3 and 4.4
for further details on ENZ polaritons).

In general, the dielectric permittivity starts at a value Re (") > 1 in the limit of zero frequency, and
decreases for increasing frequency with each occurring resonance, such as phonon modes, plasmons
and electronic transitions. At large enough frequencies, where there are no more optical resonances,
Re (") = 1, meaning that any material at large frequencies behaves equal to vacuum.

The Drude model describes the optical response of free electrons in a metallic material, and !  is
the resonance frequency of the plasmon, that is, a collective, coherent oscillation of all electrons.
For higher frequencies than the plasma frequency, however, any metal or semiconductor features
more resonances, such as electronic transitions from core levels. These resonances lead to a quasi-
static contribution to the dielectric permittivity at lower frequencies, i.e. in the range of the plasma
frequency. In order to account for this contribution, the parameter "; is introduced, yielding the
following dielectric permittivity of the Drude model:
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Figure 2.1.1: Drude model of the dielectric permi ivity for gold. a The experimentally obtained dielec-
tric permi ivity of gold ( Au) [37] is plo ed as dashed lines, exhibiting various features in the shown frequency
range. The Drude model fi ed to the experimental data (solid lines) fails to reproduce most features, except for
the IR frequency range (red shaded regiong) The same experimental data is fi ed only in th&R, achieving
good agreement. Thus, for nanophotonic studies in tife as they are performed in this thesis, the Drude
model is a valid approximation for the optical response of Au.

"1)y="1 1 P (2.1.8)

This model is adequate for all metallic materials, where the plasmon resonance dominates the optical
response. This is, for example, the case for certain doped semiconductors [38], two-dimensional (2D)
electron gases in quantum wells [39], or heavy-fermion metals [40]. In particular, in a recent
publication (reprinted in section 4.6), the Drude model was successfully employed to describe the
anisotropic optical response of a doped semiconductor multi-quantum well supporting intersuband
polaritons [VII].

Other materials, such as Au or silver, on the other hand, feature various additional resonances in
close proximity to the plasma frequency, and thus in this spectral range, the Drude model is not very
accurate. In Fig. 2.1.1, the measured dielectric permittivity of Au is plotted as dashed lines, and the
Drude model (Eq. 2.1.8) is fitted to the experimental data (solid lines). Clearly, the Drude model fails
to describe the optical response in the mayor part of the plotted spectral range (Fig. 2.1.1a). However,
the IR spectral range ( = 50 pm 780 nm marked by a red shade in Fig. 2.1.1) is the frequency
region where phonon polaritons, intersubband polaritons and semiconductor plasmon polaritons are
located, and in this region, the Drude model achieves good agreement with the experimental data
(Fig. 2.1.1b). Therefore, in the IR, where most investigations in this thesis are performed, the Drude
model is an applicable and practical approximation even for Au.



2.1 The Dielectric Permittivity

2.1.2 Lorentz Model

After Drude had developed his model of free electrons, the Dutch physicist Lorentz extended the
Drude model in order to describe electrons bound to an atom by adding a restorative force term. The
corresponding equation of motion of the electrons in a harmonic potential driven by an external
electric field is:

mi+ m d+ m! 24= gF; (2.1.9)

where !  is the resonance frequency of the particle in the harmonic potential. Analogous to the
Drude model, the solution of this equation is

gE

e ST (2.1.10)
and the dielectric permittivity can be formulated as
Ng? 1
)=y (2.1.11)

omiZ 12+l

Even though originally conceived for bound electrons, the Lorentz model can be applied to any
charged particle in a harmonic potential, and thus also allows to describe the optical response of
lattice atoms in a crystal. A crystal with N... atoms in the primitive unit cell has 3 acoustic and
3Ny 3optical modes. For the long-wavelength limit, that is, at the Brillouin zone center, in optical
phonons, the atoms describe an out of phase movement with specific periodicity. In the case of polar
crystals, where at least two atoms with different partial charge are present, the optical phonons
create a time-varying dipole, which can couple to light.

Depending on the vibration direction with respect to the propagation direction, a distinction is made
between longitudinal optical (LO) and transverse optical (TO) modes. In polar crystals such as SiC,
aluminium nitride (AIN) or gallium nitride (GaN), a gap between the two resonance frequencies
I 10 and ! 1o can be found at the zone center, which does not exist in non-polar crystals. This lifting
of the degeneracy between the optical branches arises due to the macroscopic polarization of the
LO mode, leading to a higher LO frequency than the TO frequency [41]. The region between both
frequencies is called the reststrahlen (German for residual raysand.

However, due to the orthogonality between propagation direction and polarization of light, only the
TO mode is IR active, while the LO mode (propagation direction and polarization are parallel) cannot
be excited. Thus, in polar crystals, the resonance frequency in Eq. 2.1.9 and 2.1.11 is the frequency of
the TO phonon, ! ¢ = ! 10.

Solving Eq. 2.1.11 at ! 1o, where "(! o) = O [42], yields for the dielectric permittivity of a polar
crystal:

" n ! 2 ! EO i !
(1)="13 2T (2.1.12)

This model is used to describe the optical response of all polar crystals investigated in this thesis. In
Fig. 2.1.2, the principle dielectric permittivities of SiC, AIN, and GaN are plotted, which are the three
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Figure 2.1.2: Lorentz model of the dielectric permi ivity for 6H-SIiC, AIN, and GaN. The material
parameters are given in table 2.1.1. All three materials are uniaxial crystals, featuring di erent ordinary
(?) and extraordinary K) principle dielectric permi ivities. The reststrahlen bands, where the real part of

" is negative, are highlighted with horizontal color bars, delimited by the respecfié@and LO frequencies

' 10 and! LO-

polar crystals that are most predominantly employed. At the TO frequency, the resonance in each
material is apparent as a peak in the imaginary part of " (dashed lines). The real part (solid lines), on
the other hand, is negative in the reststrahlen band (marked by horizontal bars in Fig. 2.1.2), crossing
zero at both the TO and LO frequency.

For anisotropic materials, the principle dielectric permittivities " differ (Eq. 2.1.2) and thus, each "
is defined by Eq. 2.1.12 with a unique set of material parameters. 6H-SiC, AIN, and GaN are uniaxial
crystals, featuring one extraordinary crystal axis (K) along which the dielectric permittivity is different
than along the two ordinary axes (? ). Crystals where the extraordinary axis is orthogonal to the
surface plane are called c-cut. In Fig. 2.1.2, the respective ordinary and extraordinary permittivities ("
and ", ) of all three crystals are shown. A summary of the material parameters is given in table 2.1.1.

Table 2.1.1: Material parameters of uniaxial 6H-SiC, AIN, and GaN. Parameters employed to model the
dielectric permi ivity of 6H-SiC, AIN, and GaN in all publications that were wri en in the course of this thesis
(reprinted in chapter 4).

Parameter 6H-SiC [43] AIN [44] GaN [44]
L 788cm ! 6l1lcm ! 5318cm !
Lz 797cm 1! 6708cm ! 5588cm !
!to 964cm 1! 890cm *  734cm !
N 970cm 1! 912cm ' 741cm !
3:75cm ! 22cm ! 4cm !
"4 6.78 5.35 " =435
"7 6.56 5.35 "? =416

*Note that in contrast to the here reported literature value, fitting
of experimental data has yielded a value of 900cm *, which is
used throughout the thesis and in all publications.

10



2.1 The Dielectric Permittivity

Some materials, such as doped semiconductors, feature both free electrons and IR-active phonons.
In that case, the optical response can be described by a combined Drude-Lorentz model with the
dielectric permittivity taking the form

TR
ne = n " " " .
(. ) 1 1 2 il - + E I%O : p! ; (2.1.13)

where ¢and  are the electron and the phonon damping, respectively.

Analogous to metals supporting SPPs below the plasma frequency, polar crystals support SPhPs
modes in the reststrahlen band, where Re (") is negative. The following section discusses phonon
polaritons in polar crystals, describing the different types of polariton modes that arise in dielectric
heterostructures, as investigated in the scientific articles published in the course of this thesis
(reprinted in chapter 4).
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Chapter 2 Theoretical Concepts

2.2 Phonon Polaritons

Phonon polaritons are excitations that arise under light-matter interaction with phonons in the strong-
coupling limit, yielding hybridized modes with both phononic and electromagnetic characteristics.
The simplest phonon polariton is the bulk phonon polariton (BPhP), which emerges when light
travels through a bulk polar crystal at frequencies in proximity to the ! 1o resonance frequency. As
originally observed by Tolpygo [20], around the reststrahlen band, the light dispersion splits up into
two branches, featuring an avoided crossing (see Fig. 2.2.1, blue lines). The dispersion relation of the
BPhP is obtained by plugging the permittivity of a polar crystal (Eq. 2.1.11) into the light dispersion
of a plane wave [26]:
I I 12 12 il

Kepnp = =" = ="1 ;2 i;o N (2.2.1)
- - TO I-

C C

Besides the solution of plane waves traveling through a bulk material, at interfaces of materials with
different dielectric permittivity, Maxwell’s equations yield the solution of a surface wave, the so
called surface polaritarHere, the matter excitation that couples to the light is a surface electric dipole
wave with resonance frequency ! s, where the associated electric field strength decays exponentially
with increasing distance to the interface [45].

Depending on the charged particles that form the surface electric dipole wave, different types of
surface polaritons arise, such as the surface plasmon polariton (SPP) for free electrons, or the surface
phonon polariton (SPhP) for lattice ions. In the following, without loss of generality for other types of
surface polaritons, the dispersion of a SPhP will be derived. The second part of this section discusses
polaritons in layered systems of more than one interface and material, summarizing the polaritonic
modes investigated in this thesis, such as thin-film modes, the Berreman mode, volume-confined
hyperbolic polaritons, and polariton-like waveguide modes.

2.2.1 Dispersion Relation of a Surface Phonon Polariton

The simplest system supporting a surface phonon polariton is a single interface of an isotropic polar
crystal adjacent to a dielectric material of constant positive dielectric permittivity. The interface
between the polar crystal (material P) and the adjacent dielectric (material D), described by the
dielectric permittivities "p and "p, is defined to be the X-y-plane at z = 0, where the polar crystal
extends into z < 0, and the dielectric material into the opposite half-space (z > 0).

The surface wave satisfying Maxwell’s equations is chosen to propagate along the X-direction, with
its electric fields pointing in the X-z-plane (transverse magnetic), yielding the following explicit
form:

E= EDP d(itt ke Kk272). (2.2.2)

where the superscripts D and P stand for the dielectric (z > 0) and the polar crystal (z < 0), and the
sign is to be read such that the top sign corresponds to the z > 0 half-space, and the bottom sign to

z < 0. The in-plane momentum Ky is conserved at the interface, which is why it is defined material-

independently. Plugging this surface wave into the three-dimensional wave equation E = gé
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2.2 Phonon Polaritons

Figure 2.2.1: Dispersion relations of BPhPs and SPhPs Light traveling in a material of constant epsilon
features a linear dispersion, such as the light line in vacuum (black solid line). The dashed and do ed black
lines represent the limits for large and small frequencies, respectively, of the dispersion of light in a polar
crystal (blue line). At frequencies in proximity to the reststrahlen band, tBBhParises, featuring an avoided
crossing. Inside the reststrahlen band, ti8PhPis supported at the surface of the polar crystal, ranging
from ! 1o up to the cut-o frequency! s (shown in b). The modes are exemplified folSC crystal. Note

that the BPhPhas a momentum that points along the propagation direction through the bulk crystal, and
hence the absolute value is plo ed, while th8PhPis plo ed along its in-plane momentum, because it only
propagates along the crystal surface. The inset in b sketches the exponentially decaying electric field of a
SPhPpropagating along the surface of a polar crystal of dielectric permi ivity’ adjacent to a dielectric
material with permi ivity "P.

leads to an expression for the out-of-plane momentum K;:
r—
D,P ! 2
kt= " K (2.2.3)

In order to get an actual surface wave, however, the E-field should vanish with increasing distance
to z = 0. This is only achieved for complex k¥, because then the z part in the exponent of Eq. 2.2.2
becomes real and leads to an exponential decay in both z directions:

E=EDPlt ke ™7z (2.2.4)
where
DP - jkDF (2.2.5)
is required to be real and positive.

From Maxwell’s equations, the following equation for a p-polarized plane wave can be derived [42]:

@Ex  !°2, @E, _
+ —="Ex @X@EO

@z
When Eq. 2.2.4 is plugged into this equation, the following relation between the field components is
obtained:

(2.2.6)

.k
Eo = i—5pEox (2.2.7)
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Chapter 2 Theoretical Concepts

and applying Maxwell’s boundary conditions for the displacement D ("PE}, = "PE(,) and the
electric field E (E§, = E,) yields:

D P

D - wpe (2.2.8)

D Pand"P are positive by definition. This leads to the condition that in order to support a SPhP,

"P has to be negative. A polar crystal fulfills this requirement in the reststrahlen band between
| 7o and ! ;0. However, it can be shown that the exact condition reads " < "P [42], which leads
to a reduced upper frequency limit ! s <! 1. Substituting ¥ (Eq. 2.2.5) into equation 2.2.8 finally
gives the dispersion relation for a SPhP:

r—
1 npnp

Kx = Kspnp = % "D 4 P

(2.2.9)
Note that the derivation is independent on the supporting material. Therefore, Eq. 2.2.9 is not only
valid for SPhPs, but holds for any type of surface polariton, for example the SPP supported on metals
or doped semiconductors. In Fig. 2.2.1, the SPhP dispersion is plotted together with the dispersion
relation for bulk phonon polaritons.

2.2.2 Phonon Polariton Modes in Layered Heterostructures

Recent advances in the field of nanophotonics have shown that SPhPs offer great potential for
technological applications, such as super-resolution imaging [16, 46, 47], highly efficient sensing
[48], or enhanced nonlinear-optical conversion efficiency [49-51].

A single SPhP supported by the surface of a bulk polar crystal as derived in the previous section,
however, possesses several limitations that hinder the application in nanophotonic technologies:

(i) SPhPs are only supported in the small frequency window of the reststrahlen band of the
supporting polar crystal,

(ii) the dispersion relation is fixed by the material parameters, and thus the SPhP lacks active
tunability,

(iii) the spatial confinement in lateral direction is only moderate, because SPhPs are accessible at
wavelengths in the micrometer range, and the evanescent penetration depth scales with the
wavelength,

(iv) the electric field enhancement of a SPhP only reaches moderate values of up to 10 [I], which is
relatively low compared to the field enhancements achieved in some plasmonic nanostructures
[52-54], and

(v) SPhPs are only excitable by p-polarized light, limiting the versatility of polariton-based nanopho-
tonics.

14



2.2 Phonon Polaritons

In the course of this thesis, all these limitations of SPhPs on bulk crystals have been approached
and treated. The key tool to overcome these restrictions has been the employment of layered
heterostructures, built from various different polar crystals, metals, and dielectric materials. This
section provides an overview over the investigated layered systems (visualized in Fig. 2.2.2), the
arising polariton modes, and their advantageous properties, referencing the published article where
the respective system is discussed in detail.

Additionally to the experimental studies, in this thesis a theoretical framework has been developed
that allows to calculate the optical response of a multilayer structure of arbitrarily anisotropic
materials, including the layer-resolved absorption, transmittance, and electric field distribution. This
framework has been used for all simulations of the investigated samples, and is described in detail in
two published articles [II, VII] (reprinted on pages 45 and 97). For the simulations in this section,
the same framework is employed.

Thin-Film Polaritons  One approach to modify the bulk SPhP (sketched in Fig. 2.2.2a) is to reduce
the film thickness d of the sample. For thicknesses in the range of the penetration depth of the
bulk SPhP (for polar crystals such as SiC and AIN, this is the case ford. 1pm [V]), an interaction
between the two interfaces arises, resulting in two thin- Im polaritons (TFR)(sketched in Fig. 2.2.2b).
In terms of the dispersion, the single bulk SPhP dispersion (gray line in Fig. 2.2.2c for AIN) splits
up into the symmetric and antisymmetric TFP branch (green lines), where the splitting increases
for decreasing film thickness. Thus, the film thickness acts as a tuning parameter for modifying the
polariton dispersion.

The dispersion of polaritons in a three-layer system can be determined by numerical evaluation of
the following equation [55-57]:

kz . n kZ " kZ
1+ "1k 3 = i tan (Kyd) "2k *+ "1k £ ; (2.2.10)
3Rz1 3Rz2 2Rz1

where the indexes 1-3 refer to the three layers, and the out-of-plane momenta k, are given by Eq. 2.2.3.
The dispersions shown in Fig. 2.2.2c,e have been calculated using Eq. 2.2.10.

ENZ Polaritons  In the limit of ultra-thin films (d < = 10Q with being the free-space wavelength)
[57], the symmetric TFP dispersion is pushed completely against the LO phonon frequency, where
the dielectric permittivity crosses zero (Fig. 2.2.2c). Therefore, this TFP is called an epsilon-near-
zero EN2 polariton featuring intriguing properties such as ultra-long wavelengths and immense
field enhancements compared to the bulk SPhP (see the publication reprinted on page 65 [IV] for
further details on ENZ polaritons).

Berreman Modes Most phonon polaritons have in-plane momenta larger than light in vacuum
(black line in Fig. 2.2.2c), resulting in an evanescent mode that is guided at the interface without
radiating into the far-field. An exception is the Berreman modevhich arises in ultra-thin films on
the left side of the light line, and therefore can be probed via free-space excitation. Similar to the
symmetric TFP, the dispersion of the Berreman mode in a polar crystal (red lines in Fig. 2.2.2c) lies
in close proximity to the LO phonon frequency, and thus features ENZ characteristics such as an
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immense out-of-plane field enhancement (see the publication reprinted on page 75 [V] for further
details on Berreman modes).

Strongly Coupled Polaritons  Polaritons are by definition modes arising due to the strong coupling
of light with matter. Interestingly, polaritons can again couple strongly with other polaritons, forming
new hybrid polaritons with shared characteristics of the uncoupled modes.

A system where such a strong coupling can be observed is an ultra-thin AIN film on a SiC substrate,
as sketched in Fig. 2.2.2d, where the modes that couple are the SiC substrate SPhP (blue dispersion
line in Fig. 2.2.2e) and the ENZ TFP of the AIN film (green dispersion line). Together, these modes
form two new hybridized strongly coupled polaritorsith an avoided crossing of the two dispersion
branches (red lines), combining the properties of the uncoupled modes (see the publication reprinted
on page 65 [IV] for further details on strongly coupled polaritons in layered heterostructures).

Notably, as an alternative to layered heterostructures, three-dimensional (3D) nanostructures can
also support strongly coupled polaritons. This has been demonstrated for SiC nanopillars on a SiC
substrate, where the phonon polariton resonances localized in the nanopillars strongly couple to the
SPhPs propagating on the substrate (see publication [VIII] for further details).

Actively Tunable, Refractive Index-Shi ed Polaritons The SPhP dispersion depends on the dielec-
tric permittivity of thﬁ supporting crystal " and of the adjacent medium "P (or, equivalently, the
refractive index n = * ™). Changing "P influences the SPhP, resulting in a frequency shift of the
dispersion that can be exploited for sensing applications [48, 58—-60].

A system that features refractive index-shiftea{shifted polaritonsis depicted in Fig. 2.2.2f, where
a thin Ge3Sb,Teg (GST) film is placed on a SiC substrate. In Fig. 2.2.2g, the dispersion of the bare
SiC SPhP (blue solid line) and the n-shifted SPhPs (purple and red solid lines) are plotted. GST is a
phase-change material (PCM) which can be switched reversibly between its crystalline (c-GST) and
amorphous (a-GST) phase, and due to the refractive index contrast between the two phases, two
different n-shifted SPhPs are supported. By electrically or optically switching the GST phase, the
n-shifted SPhP dispersion can be actively tuned(see the publication reprinted on page 85 [VI] for
further details on actively tunable, n-shifted polaritons).

Polariton-Like Waveguide Modes  In thin films of high refractive index embedded in media of
lower N, standing waves are supported that cannot freely propagate in the adjacent media due to the
refractive index contrast, forming so-called waveguide mode®¥Ms) These modes can be either p- or
s-polarized, and their dispersion is usually very steep compared to SPhPs. A thin GST film supports
WDMs, and when placed on a SiC substrate, the dispersion of the s-polarized WM is pushed upwards
into the SiC reststrahlen band, resulting in a comparable dispersion as the SPhP (dashed lines in
Fig. 2.2.2g). The dispersion of WMs is given by the following equation (specified for the GST/SiC
heterostructure) [61]:

q
|
o "GsT k2 dgst SiC/GST GST/air — M ; (2.2.11)
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Figure 2.2.2: Phonon polariton engineering using polar dielectric heterostructures. a Sketch of aSPhPpropagating on anAIN bulk crystal.
The electric field strength is illustrated in yellow, evanescently decayingidirection into both media.b In a thin AIN film, two thin-film polaritons (TFFs) with
symmetric and antisymmetric electric field distribution are supportecDispersion lines of leaky and evanescent phonon polaritons in bulk and thin-fh.

On the right side of the light line, the bulkAIN SPhP(gray line) and the twoTFFs disperse, whereas on the le side of the light line, the leaky Berreman mode
arises. Both Berreman mode and the symmetric ultra-thin film polariton are epsilon-near-zEiZ) modes, dispersing in close proximity tof{). d Sketch of

an AIN/SiCheterostructure, where the bullsiC SPhBstrongly couples to theENZ TFPof the AIN thin film. e Dispersion of the strongly coupled polariton
modes (red lines) featuring an avoided crossifigsketch of a heterostructure comprising a thin film of the reversibly switchable phase-change material GST on

a SiCsubstrate. The system simultaneously supports p-polari&®hR and s-polarized waveguide mode&/Ms), both being actively tunable by switching of B
the GST phaseg Dispersion lines of thesSPhP(solid lines) and theVM (dashed lines) for amorphous (purple lines) and crystalline (red lines) GSBketch -

of a crystalline hybrid KH) comprising a polar dielectric superla ice of atomically thiAIN and GaNfilms on aSiCsubstrate, supporting volume-confined J
hyperbolic phonon polaritonsh(PhPs) of type | and type Ili Dispersion lines of the phonon polariton modes arising in thé1. At large in-plane momenta, the 3
typical mode progression of volume-confined hPhPs is observed (turquoise and red lines). Note that the dispersion lines in subfigures c and e were caICL%\ted
using Eq. 2.2.10, yielding a momentum axis with absolute values. The dispersion lines in subfigures g and i, on the other hand, were obtained by transfer—r%trix
simulations (for details see the publication reprinted on page #3)[ and here, the momentum axis is plo ed in relative values. The light line in subfigures g and =:

i is a vertical line located ak=ky = 1. S
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where gicjgst and  gstyair are the phase differences upon reflection at the substrate/film (SiC/GST)

and the film/incident medium (GST/air) interfaces, K k=ko = N, sin is the in-plane momentum
(with kg = !'=C), and dggr is the GST film thickness.

Strikingly, in the GST/SiC heterostructure, the distinctive properties of the polar crystal substrate
modify the WM such that its spatial confinement and electric fields are enhanced, resulting in an s-
polarized WM with polariton-like characteristics. Simultaneously supporting p-polarized SPhPs and s-
polarized WMs, the GST/SiC system provides a versatile platform for actively tunable, omnipolarized
nanophotonic applications (see the publication reprinted on page 85 [VI] for further details on
polariton-like WMs).

Volume-Confined Hyperbolic Polaritons A hyperbolic material is a material that features fre-
quency regions where one (type II) or two (type I) principle dielectric permittivities have a negative
real part, while along the other axes, Re(") > 0. In those regions, hyperbolic phonon polari-
tons (hPhPs) can be observed [15]. Some materials are hyperbolic by nature, such as hexagonal
boron nitride (hBN) or quartz (SiO,), but alternatively, a hyperbolic material can be synthesized
by periodically stacking thin layers of different media [62-64]. In Fig. 2.2.2h, such an artificial
hyperbolic material is sketched, where multiple atomically thin layers of AIN and GaN thin films
forma 650 nmthick superlattice, also called crystalline hybrid (XH) [65].

In thin films of hyperbolic materials, such as the sketched XH, standing waves with discrete reso-
nances are supported, giving rise to volume-con nechPhRB[16, 66, 67]. In Fig. 2.2.2i, the dispersion
of all polaritons supported by the XH system is shown, featuring a rich variety of modes in the broad
frequency range of 550 950cm 1. For large in-plane momenta, the volume-confined hPhPs of type
I (turquoise lines) and type II (red lines) can be observed, featuring their characteristic higher-order
mode progression [68] (see publication [IX] for further details on hPhPs).

In summary, in only four different material systems comprising different polar dielectric material
slabs, a large variety of polariton modes arises, covering TFPs [V], Berreman modes [V], ENZ
polaritons [IV], strong coupling [IV], refractive index-shifting [VI], WMs [VI] and volume-confined
hPhPs [IX]. By studying these systems it is demonstrated that tailoring the material system allows
to overcome the limitations of a bulk SPhP for nanophotonic applications: phonon polaritons can
be actively tuned, their frequency window broadened, their spatial confinement and electric fields
dramatically enhanced, and the polarization bottleneck of SPhPs circumvented by employing s-
polarized, polariton-like WMs.

This thesis provides a broad overview over phonon polariton modes arising in layered heterostructures.
In principle, the same physics can be observed in systems of 3D structure, as is exemplified for
subdiffractional nanostructures in publication [VIII]. However, 3D structures entail a significantly
higher level of complexity, rendering the unambiguous assignment and prediction of polariton
modes a formidable task. By focusing on well-defined systems consisting of layered media, this
thesis provides a thorough and robust benchmark of the physics of phonon polaritons in anisotropic
heterostructures.
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2.3 Polariton-Enhanced Nonlinear Optical Response
2.3 Polariton-Enhanced Nonlinear Optical Response

When light is compressed into sub-wavelength length scales, the local electric field can be immensely
enhanced compared to a freely propagating wave. Such a field enhancement naturally occurs for
polaritons, and can reach immense values when the modes experience additional spatial confinement
in nanoscale structures, as it is the case for TFPs or volume-confined hPhPs. These field enhancements
can be experimentally probed by measuring the nonlinear optical response.

In this thesis, second harmonic generation (SHG), a second-order nonlinear optical effect, is employed
for the experimental investigation of the field enhancements of various phonon polaritons in layered
heterostructures. Therefore, in the first part, this section provides a brief introduction to SHG. In the
second part, the calculated field enhancement of the studied phonon polaritons and the resulting
experimental SHG yield is discussed. The theoretical calculations of the optical field enhancements
were performed employing the 4 4 transfer matrix formalism developed in the course of this thesis
(for details see the publication reprinted on page 45 [II]).

2.3.1 Second Harmonic Generation (SHG)

The optical response of a material, that is, the created polarization P under an external electric field
E, is approximately linear, as long as the incident intensity is weak enough (Eq. 2.1.1). For stronger
incident fields, however, every material exhibits a nonlinear response, which is the driving principle
of nonlinear optics. The electric polarization P is then a complicated function of E, and cannot be
written down analytically any more. This is the origin of many nonlinear optical effects like SHG,
sum frequency generation, difference frequency generation, or electro-optical rectification — all of
them second-order effects — and many others of higher order.

In the special case of plane waves and in the electric dipole approximation, the electric polarization
P can be expanded in a power series of E [69]:

P(1)= @) E()
+ @O@g= 1, 1):E()E( ) (2.3.1)
+

where =1 " is the electric susceptibility, describing the optical response of a material under
the influence of an external electric field E. The nth coefficient (™ of is a tensor of rank (n + 1)
and, in principle, allows to describe any nonlinear optical response of the material of any nth order.
In practice, however, exact solutions of are not feasible even for the most simple systems, which
makes nonlinear optics a timely, thriving field of research.

In a very simple picture, the effect of SHG can be understood in terms of an energy diagram as a
three-level process, which is depicted in Fig. 2.3.1a. Two incident photons at energy ~! pg; from the
incident light source, in this work a FEL, are needed in order to excite a system from the ground state
JOI to the state j2i, through the intermediate state j1i, which lies at half the energy difference between
jOi and j2i. The energy from j2i is then emitted as a photon at double frequency ! sy = 2! pgr,
constituting the SHG signal. The measured SHG intensity | sy is, most generally, given by

lac/j @@ =1 + E( )3 (2.3.2)
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Figure 2.3.1: Second harmonic generation and the second-order susceptibility of SiC. a Energy di-
agram with three states, visualizing the process ®HG where two incident photons at same frequency

I ggL are converted into theSHphoton with double frequency spe Within the electric dipole approximation,

this process occurs only in materials with broken inversion symmetry. In gengfalandj2i can be virtual
energy levels. If the material exhibits a resonance at incident frequency, however, these states are real, and
the process is called resona®HG b and ¢ Dispersion of the non-zero @ elements in 3CSiCand 4HSiC,
respectively. Additional to the resonances at ti@® phonon frequencies, 4t5iCfeatures a resonance at the
zone-folded (zf) phonon frequency, arising due to the supperla ice along the extraordinary crystal axis [70,
71]. @ dispersions are adapted from Ref. [70]

where @ is the second-order susceptibility tensor, which has in total 27 coeflicients, and E2isa
symmetric tensor. Therefore, the resulting SHG signal can exhibit enhancements of two types: (i)
originating from a @ resonance, and (ii) from a resonance in the local fields at the sample site.
For the case of polar crystals, the @ dispersion only exhibits features at the IR-active phonon
resonances such as the TO phonon (as an example, Fig. 2.3.1b and ¢ show the relevant @ elements
of 3C-SiC and 4H-SiC, respectively). On the other hand, phonon polaritons feature strong local field
enhancements and therefore contribute significantly to the second harmonic (SH) signal via the
E2 term, enabling polariton-enhanced SHG. In the following section, the field enhancement of the
phonon polariton modes studied in this work is discussed in detail.

Regarding the SHG signal from the bulk, the @ coefficients depend on the crystal symmetry, and for
the case of centrosymmetric materials (in the electric dipole approximation), they vanish completely
(Tables for the non-vanishing coefficients can be found in several text books [69, 72]). At the surface
of a crystal, inversion symmetry is broken. Hence, even though a material does not exhibit SHG from
the bulk, it will produce a surface SHG signal, which can be employed as a very surface-sensitive
probing method [73-75]. In a material with broken inversion symmetry, on the other hand, the
surface signal is usually negligible [74], which is the case for all samples investigated in this work.

When the incident frequency ! gz coincides with a resonance in the probed material, resonant SHG
can be observed [17, 73], accounting for a strong enhancement. While resonant enhancement of SHG
from the bulk in non-centrosymmetric materials [17, 76, 77] as well as surface SHG from inversion
symmetric media [73, 78, 79] has been studied intensively, the process of resonant SHG arising from
phonon polaritons is mostly unexplored and a major component of this thesis. Notably, in that
regard, also sum frequency generation (SFG) spectroscopy and microscopy has recently emerged as
a complementary tool [80].
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2.3 Polariton-Enhanced Nonlinear Optical Response

Here, by investigating the SH response of bulk SPhPs (reprinted on page 4.1 [I]), strongly coupled
phonon polaritons [VIII], and Berreman modes (reprinted on page 4.4 [V]), this thesis provides
thorough experimental evidence of the nonlinear optical response of phonon polaritons in polar
dielectric heterostructures. In the following section, the field enhancements of the phonon polaritons
responsible for the observed SH signals are discussed.

2.3.2 Field Enhancement of Phonon Polaritons Probed with SHG

The strong confinement of light as it occurs for phonon polaritons in nanoscale structures leads
to enhanced light-matter interaction, enabling nanophotonic applications such as highly efficient
sensing [7, 81], all-optical switching [6, 82], and low-loss frequency conversion [83, 84]. Here, SHG
spectroscopy [17] is employed as experimental method to probe the field enhancement of phonon
polaritons, while the transfer matrix formalism (see page 45 [II]) is employed as theoretical tool for
calculating the field enhancement in layered media responsible for the SHG yield. In the following,
the field enhancement and the obtained SH yield of three systems are discussed, comprising a bare
SiC crystal, a thin-film AIN/SiC heterostructure, and SiC nanopillars on a SiC substrate.

SiC SPhP The SHG yield of evanescent SPhPs can be probed in the so-called Otto geometry (for
details see chapter 3). In Fig. 2.3.2a, the experimental SHG spectrum from a SPhP propagating on a
bare SiC crystal obtained in the Otto geometry is shown. The spectrum features a strong, sharp peak
at the SPhP resonance frequency ( 910cm 1) that originates in the field enhancement associated
with the SPhP.

Fig. 2.3.2b plots the calculated electric field distribution of the SiC SPhP as a function of z-position,
that is, along the direction normal to the surface, and the incident frequency ! . Here, the in-plane
component of the electric field Ey is shown, clearly featuring a peak at the SPhP resonance frequency,
localized at the air/SiC interface. These enhanced electric fields give rise to the observed peak in the
SHG spectrum. The out-of-plane component E; (not shown here) features a similar enhancement in
air [I], while inside SiC, E; is slightly suppressed [56] (for more details on the SHG from the SiC
SPhP see the publication reprinted on page 37 [I)).

AIN/SiC Berreman Mode  As has been discussed in section 2.2.2, a AIN/SiC heterostructure supports
a leaky Berreman mode dispersing at in-plane momenta smaller than light in vacuum, and strongly
coupled phonon polaritons arise on the evanescent side of the light line. In Fig. 2.3.2¢, an SHG
spectrum of the AIN/SiC system is shown, which was obtained under free-space excitation in order
to probe the leaky Berreman mode. The SHG spectrum features a pronounced peak at the Berreman
mode resonance frequency ( 900cm 1), arising from the field enhancement associated with the
Berreman mode. As is shown in Fig. 2.3.2d, the out-of-plane electric field features an extreme spatial
confinement localized in the thin AIN film and reaching immense enhancement values of > 40
Interestingly, the in-plane fields Ex (not shown here) are featureless at the Berreman resonance
frequency [V]. Hence, the out-of-plane fields are the sole origin of the enhanced SH signal, observable
as a peak in the SHG spectrum.

Note that the SHG peak of the Berreman mode lies in the wing of the SH signal at the SiC LO phonon
frequency [70]. The two SH signals interfere constructively and destructively depending on the
frequency, resulting in the asymmetric peak shape of the Berreman mode SHG (for more details
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Figure 2.3.2: Field enhancement of phonon polaritons probed with SHG spectroscopy. a SHGspectrum of the reststrahlen band of bare
SiCmeasured in the O 0 geometry (see section 3.2 for details) at an incident angle of 30 , featuring a resonance peak at the frequency of the
SPhH[1]. b In-plane electric field distribution along the-direction of the SiC SPhRat the air/SiC interface. At theSPhPresonance frequency, the
local electric field is enhanced, reaching a maximum value 06 at the interface. This field enhancement is the origin of the measured peak in
the SHGspectrum.c SHGspectrum under free-space excitation of &4N/SiCheterostructure at 60 , featuring a resonance peak at the
frequency of the Berreman modé/]. d Out-of-plane electric field distribution of the Berreman mode in the multilayer system. At the Berreman
resonance frequency in close proximity tqf{)Y, the local electric field features an immense enhancement of up td0, strongly localized in the
AIN thin film. This field enhancement gives rise to the enhanc8#Gsignal shown in ce SHGspectrum of the sameIN/SiCheterostructure as

in c, measured in the O o geometry at 29 . Inthe O 0 geometry, the evanescently bound, strongly coupled phonon polaritons can be excited
[1V], yielding two resonance peaks in proximity tbﬁ'j’\‘ [42]. f In-plane electric field distribution of the strongly coupled phonon polaritons,
featuring two peaks in the field enhancement at the resonance frequencies of the two modes bound talhé&ayer, originating the measured
SHGpeaks.g Reflectance andHG spectrum ofSiC nanopillars on aSiC substrate. The localized surface phonon resonariceRhR of the
nanopillars couples to the propagatinBPhR yielding two resonance dips in the reflectance, and two peaks in 8téGspectrum [VII1]. In both
strongly coupled systems, thBHGyield of the two coupled modes is subject to a phase modulation induced by the background contribution of
the SiC substrate. Figure adapted from publicatio¥I]l].



2.3 Polariton-Enhanced Nonlinear Optical Response

on the field enhancement and SH yield of the Berreman mode see the publication reprinted on
page 75 [V]).

AIN/SIC Strongly Coupled Phonon Polaritons ~ When probing the AIN/SiC heterostructure in the
Otto geometry, the strongly coupled phonon polaritons discussed in section 2.2.2 can be excited. An
SHG spectrum obtained for this configuration is shown in Fig. 2.3.2e, where two resonance peaks
arise at the frequencies of the coupled modes. The origin of the different peak heights is still under
investigation. As for the two previous systems, the origin of this enhanced SHG signal is the field
enhancement associated with the phonon polariton modes.

Fig. 2.3.2f shows the calculated in-plane electric field distribution of the two strongly coupled phonon
polaritons in the AIN/SiC heterostructure, featuring two resonances that are of similar shape as the
field distribution of the bare SiC SPhP (Fig. 2.3.2b). The field distributions (both Ex and E;, [IV])
of the two modes are of similar amplitude and shape, indicating full hybridization of the substrate
SPhP and the ENZ mode at strong coupling conditions. For more details on the field enhancement of
strongly coupled phonon polaritons see the publication reprinted on page 65 [IV].

SiC Nanopillar Localized Phonon Polariton Resonances  Periodic nanostructures of polar crystals
with 3D confinement, such as nanopillars as sketched in Fig. 2.3.2g, support localized surface phonon
resonances (LSPhRs), which are tunable in frequency by the nanopillar diameter D and the periodicity
p [3, 85, 86]. In the case of SiC nanopillars on a SiC substrate, a so-called monopole mode is supported,
where the entire pillar is charged with one polarity, while the substrate carries the counter-charge.
In a nanopillar configuration of large periodicity compared to D, as it is illustrated in Fig. 2.3.2g
(D 1pym,p=5 7um), the substrate supports a propagating SPhP that can couple strongly to
the monopole mode [87].

In Fig. 2.3.2g, one exemplary reflectance spectrum (red line) of the investigated nanopillar system is
shown, exhibiting two pronounced dips in the reststrahlen band at the resonance frequencies of the
LSPhR (the nanopillar monopole mode) and the propagating SPhP, marked by dashed lines. The field
enhancement of both modes lead to a resonant SH yield, resulting in peaks in the SHG spectrum (blue
line). For further details on the nanopillar modes, see Ref. [3, 85, 86]. Publication [VIII] discusses the
SHG from the strongly coupled LSPhR and SPhP modes in detail.

Within this thesis, SHG is demonstrated to be a powerful experimental tool for probing the en-
hanced local electric fields of phonon polaritons, ranging from single-crystal SPhPs over Berreman
modes to strongly coupled polaritons. Notably, the devised method provides the only direct experi-
mental access to the field enhancement of phonon polaritons in the IR. Furthermore, the developed
4 4 transfer matrix formalism (see page 45) is shown to be a key theoretical tool for calculating
the field enhancement of phonon polaritons in layered heterostructures of anisotropic materials.
Thus, the investigations summarized in this section demonstrate the high level of insight into the
local electric fields of phonon polaritons that is gained by the presented experimental and theoretical
methods.
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CHAPTER 3 .

Experimental Approaches

Phonon polaritons are, except for the leaky Berreman mode, evanescent modes that cannot radiate
into the far-field, and vice versa cannot be accessed by incident plane waves in a free-space excitation
scheme. This aspect of being non-radiative renders phonon polaritons excellent excitations for
nanophotonic applications that aim at harvesting, localizing and guiding light in sub-wavelength
nanostructures. On the other hand, the study of non-radiative modes also requires special excitation
schemes, such as grating coupling, prism coupling, or scattering-type scanning near-field optical
microscopy (s-SNOM).

The first section of this chapter describes the most common experimental methods for the excitation
of phonon polaritons. In this work, the Otto geometry for prism coupling has been implemented,
and the details of the setup are provided in section 3.2. Finally, in section 3.3 the FEL at the FHI in
Berlin is characterized, which was employed as a high intensity, mid-infrared (MIR) light source for
all spectroscopy measurements performed in the course of this thesis.

3.1 Excitation of Phonon Polaritons

The reason for the non-radiative nature of phonon polaritons is their momentum-mismatch with
plane waves propagating in vacuum. In order to be excitable, the dispersion must feature a crossing
point with the dispersion of the incident light, but evanescent phonon polaritons disperse only on
the right hand side of the light line, see Fig. 2.2.1. The additional in-plane momentum required for
the excitation of phonon polaritons can be provided by evanescent waves or nanostructures, such as
for the evanescent wave generated under total internal reflection, or the light scattered off a sharp
tip. In the following, four common excitation schemes are discussed and compared.

Grating Coupling  One way to couple to surface polaritons is to cut a periodic line grating into
the sample surface, as has been demonstrated for SPPs propagating on flat metallic surfaces [88, 89]
and on metal tips [90, 91], and for SPhPs on a SiO, crystal [92]. Alternatively, the grating can be
evaporated onto the sample, as has recently been shown for gold gratings on hyperbolic metamaterials
[63, 64]. By this means, the induced polarization in the sample receives a total momentum composed
of the incoming in-plane momentum and an additional grating momentum, and thus can cross the
polariton dispersion. In Fig. 3.1.1a, the excitation of a surface polariton with a grating on a flat sample
is sketched. The periodicity p of the grating defines the provided momentum Gasing, leading to the
following total momentum kJ [93]:
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r 2
k)g(} =Gt 0grating = Esm + nF; (3-1-1)

where 0 is the in-plane momentum of the incident light in air and n 2 Z is the grating order. For
the excitation of a surface polariton, the dispersion given by Eq. 3.1.1 has to cross the polariton
dispersion, fulfilling the equation

ksurface polariton — kX: (312)

In Fig. 3.1.1b, the SPhP dispersion on a bare SiC crystal (green line) is plotted together with the
dispersion given by Eq. 3.1.1 (red lines) for various incident angles and the grating ordersn = 1 and

1. Forn = 1, the total momentum Ky is negative, meaning that a SPhP is excited that propagates
in the reverse in-plane direction of the incoming light.

In a reflectance measurement, the excitation of a SPhP leads to a resonance dip in the reststrahlen
band, where otherwise the reflectance is 1 due to the negative real part of the dielectric permittivity.
By measuring the reflectance spectra and extracting the SPhP resonance frequencies for various
incident angles , the SPhP dispersion can be reconstructed.

Gratings allow for the excitation of surface polaritons in a free-space experiment, where the sample
can be directly illuminated without the need of additional equipment. On the other hand, (i) the
fabrication of gratings requires precise lithographic methods that have to be employed for each
investigated sample, (ii) the 3D structure of a grating provides numerous scattering sites that perturb
the propagation of the surface polariton and modify its dispersion, and (iii) a precise theoretical
description is difficult to achieve for samples with high surface roughness. Therefore, while gratings
provide a straight-forward way to probe surface polaritons on a proof-of-principle basis, they are of
limited use for a detailed, theory-supported investigation of polaritonic systems.

Prism Coupling in the Kretschmann Geometry =~ Another way to couple to surface polaritons is
to provide the lacking in-plane momentum by employing a prism made of a material with high
refractive index. The total in-plane momentum is then given by

— | J—
kP = q(p "P = E sin P "P; (3.1.3)

where "? is the dielectric permittivity of the prism.

In a prism coupling excitation scheme, the surface polariton has to be excited at a sample surface
adjacent to air or another material with a dielectric permittivity smaller than "?. In the so-called
Kretschmann geometry [94], this is achieved by placing a thin film of the polariton-active medium
onto the prism, and the surface polariton is excited at the opposite sample surface adjacent to air
(sketched in Fig. 3.1.1c). Furthermore, the incident angle has to be larger than the critical angle of
total internal reflection of the prism material, in order to generate an evanescent wave that leaks
into the sample and is capable of coupling to the surface polariton.

The Kretschmann geometry is mainly employed for the investigation of SPPs, where thin metal films
are evaporated onto the prism [94-98], whereas SPhPs are typically studied by different methods.
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Figure 3.1.1: Experimental methods for the excitation of surface polaritons. a  Sketch of a grating edged into the sample surface, allowing
to couple to surface polaritons via free-space radiatitnDispersion of aSiC SPhHgreen lines) either launched in the same in-plane direction ‘,f
(k > 0) as the incoming beam or counter-propagating € 0), and the dispersion of the grating light lin&g, see Eq. 3.1.1 (red lines), for various
incident angles and the grating ordersh = 1 and 1. Excitation of theSPhPoccurs at the crossing points & and kspha ¢ Sketch of prism
coupling in the Kretschmann geometry, where the surface polariton is launched at the bo om side of the sample film (yeltbid)spersion

of a Au SPP(green line) and the prism light line&g, see Eq. 3.1.3 (red lines), for various incident angéellustration of the O o geometry,
implementing a coupling prism parallel to the sample leaving a variable air gap of digg SPhR are launched by evanescent waves leaking
across the air gapf Dispersion of aSiC SPhHgreen line) and prism light lines for &RS-5rism. g Sketch of the operation principle a§-SNOM
The incoming light is sca ered o the oscillating tip of an atomic force microscop&KM), thereby launching surface polaritons on the sample
surface.h Exemplary dispersion graph with experimental data (triangles) obtainedsB$NOM(figure adapted from Ref. [4]). Compared to the
other excitation methods, s-SNOM allows to excite surface polaritons at large in-plane momenta.
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In Fig. 3.1.1d, the dispersion of a SPP on Au (green line) is plotted together with the in-plane light
dispersion (Eq. 3.1.3) in a SiO; prism for three different incident angles. Analogous to the grating
coupling, varying allows to reconstruct the polariton dispersion, however only up to a limit
( =90 ) defined by the refractive index of the prism material.

Compared to the grating coupling, the Kretschmann geometry stands out by its structural robustness
and simplicity. Furthermore, the excitation of surface polaritons in the Kretschmann geometry is
well-defined and can be easily treated theoretically by means of a transfer matrix formalism. On the
other hand, each sample and even each thickness of the same sample requires a new prism, which
is probably the reason why SPhPs are typically not studied in the Kretschmann geometry, because
suitable prism materials in the IR are quite expensive (for example KRS-5 or diamond).

Prism Coupling in the O 0 Geometry In 1968, three years before Kretschmann originated his
coupling configuration, Otto proposed a prism coupling method to surface polaritons where a small
gap of size d,,, is opened between prism and sample [23]. The Otto geometry is illustrated in
Fig. 3.1.1e and is implemented in this work (see section 3.2 for details on the setup).

The total in-plane momentum Ky in the Otto geometry is the same as for the Kretschmann geometry,
see Eq. 3.1.1, and the condition for excitation is given by Eq. 3.1.2. The dispersion of a bulk SiC SPhP
and the light dispersion in a KRS-5 prism is plotted in Fig. 3.1.1f. As for grating coupling and the
Kretschmann geometry, the incident angle serves as a tuning parameter for reconstruction of the
SPhP dispersion, and it has to be larger than the critical angle of total internal reflection of the prism
material ( 25 for KRS-5 in the IR).

As for the Kretschmann geometry, a surface polariton in the Otto geometry is a three-layer mode,
sensing the presence of the coupling prism. This leads to a strong dependence of the excitation
efficiency on dg,,. For large distances, the exponentially decaying evanescent wave under total
internal reflection cannot excite the surface polariton effectively. For smaller d,,,, the evanescent
wave and the surface polariton overlap such that optimal coupling conditions are reached. At this
critical distance d., the reflectance reaches its minimum and will be even zero for resonant wave
vector matching, meaning that the incoming light is fully absorbed by the surface polariton. By
further reducing the gap size, the radiative loss of the surface polariton into the prism increases, and
the coupling efficiency decreases (see the publication reprinted on page 37 [I] for further details on
the critical coupling behavior).

Compared to grating coupling and the Kretschmann geometry, the Otto geometry only requires a
single coupling prism, which can be utilized to study any bulk sample or layered heterostructure
of arbitrary thickness. Furthermore, a unique experimental advantage of the Otto configuration is
the adjustability of the gap size dg,,. However, the precise control of the gap size is challenging.
Specifically for SPPs, the gap sizes lie in the nanometer range, whereas SPhPs are accessible for
micrometer gap sizes.

The setup developed in this work (see section 3.2) is one of the first' experimental realizations of
the Otto geometry that allows for reproducible sub-micrometer control over the gap with direct,
non-invasive read-out of the gap size. As is demonstrated in the publications originated during the
course of this thesis, this unique setup” enables the possibility to investigate the critical coupling

'to the best of my knowledge
’In correspondence, PIKE Technologihss recently started the development of a comercialized Otto geometry setup
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3.1 Excitation of Phonon Polaritons

behavior of SPhPs [I], study several modes of different coupling conditions in the same sample [IV,
VI], and reconstruct the SPhP dispersion at critical coupling conditions at all frequencies [I, IV, X],
being inaccessible by other coupling methods.

Compared to grating coupling and the Kretschmann geometry, the Otto geometry proves to be
a versatile, reproducible, and robust tool for the investigation of SPhPs in the IR. However, the
momentum range that can be probed is limited by the refractive index of the prism material, rendering
the Otto geometry only suitable for modes that propagate in proximity to the light line in vacuum.
As is demonstrated in this work, the low-momentum region possesses a rich variety of polariton
modes featuring numerous intriguing phenomena. Nonetheless, some modes disperse at larger
in-plane momenta, and therefore are unreachable with the Otto geometry. These modes, such as
volume-confined hPhPs in hyperbolic thin films, can be studied employing s-SNOM, as is discussed
in the following.

Sca ering-type Near-Field Optical Microscopy A sub-wavelength small object scatters an incom-
ing plane wave into waves covering a continuum of in-plane momenta, allowing to couple to surface
polaritons that disperse at momenta far off the light line in air. scattering-type scanning near-field
optical microscopy (s-SNOM) employs the tip of an AFM as a scattering object (sketched in Fig. 3.1.1g),
and by bringing the tip close to the sample surface, high-momentum surface polaritons are launched
in the sample. The tip oscillates at frequency , and by locking to the higher-harmonics of the
back-reflected light, the scattered contributions off the tip can be extracted [99-101].

In order to obtain information about the launched SPhPs, the tip is scanned across an edge or spot
on the sample, where the SPhPs are reflected. The back-reflected wave interferes with the launched
wave, forming a standing wave with a measurable intensity modulation, which allows to retrieve
the wavelength and propagation length of the excited SPhP. This technique has been demonstrated
for various systems, including bare SiC [102, 103], hPhPs in hBN [16], and SPhPs in SiO, modulated
by a thin-film PCM [4]. The dispersion of the latter system is shown in Fig. 3.1.1h, where the
triangles indicate the experimental data obtained with s-SNOM, yielding in-plane momenta of up to

k=ko = 80.

s-SNOM is a powerful technique to study the local fields of surface polaritons in nanoscale structures.
A complementary approach is the photothermal-induced resonance (PTIR) technique, where the
absorption of short laser pulses by the sample are detected with an AFM [104, 105]. Enabled by the
sharp tip of the AFM, the spatial resolution of s-SNOM and PTIR far exceeds other coupling methods,
and the local properties of polaritons can be mapped out by scanning the sample surface. On the
other hand, due to the need of a back-reflector on the sample surface and the presence of the tip as
scattering object, theoretical modeling of the experimental data is cumbersome.

In conclusion, s-SNOM provides information about the high-momentum modes on the nanoscale,
whereas the Otto geometry is better suited for the investigation of low-momentum surface polari-
tons in macroscopically smooth layered heterostructures. Compared to grating coupling and the
Kretschmann geometry, the Otto geometry is more versatile, and provides deeper insight into the
surface polariton properties by controlling the gap size. This work implements the Otto geometry,
focusing on phonon polaritons in layered polar dielectric heterostructures and their characteristics
in the low-momentum range. The experimental setup is presented in the following section.
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3.2 The O o Geometry Setup

As discussed in the previous section, the Otto geometry enables thorough investigations of SPhPs
in layered heterostructures due to the tunability of in-plane momentum and excitation efficiency
via incidence angle and gap size, respectively. The experimental implementation together with the
spectroscopic setup is illustrated in Fig. 3.2.1. The collimated incident FEL beam is focussed by an
off-axis mirror (f = 646 mm) onto the prism. After passing through the Otto geometry, where the
beam is totally reflected at the prism backside, the light is separated by a dichroic beam splitter
(longwave pass at = 7 pum) for measuring the reflectance and the generated SHG signal separately.
In order to ensure reproducibility and accuracy of the detection for varying incident angles, the
pick-up mirror that directs the beam onto the beam splitter is mounted on a motorized translation
and rotation stage.

The Otto geometry comprises the sample and the prism with a small gap in between. In Fig. 3.2.2,
the constructed Otto geometry system is shown in a real image. The gap size can be adjusted by
means of three Newportmotorized actuators with a minimum incremental motion of 0:1 pum, which
are arranged in a triangular shape. This assembly is attached to a two-axis mirror mount, allowing
the horizontal and vertical matching of the incident and reflected beam. Finally, this is mounted on a
rotation stage for measuring at different incident angles , and on a X-y-Z translation stage for fine
adjustment, i.e. altogether being a 9-axis system.

The triangular prism used in this work is made of KRS-5, with a basis size of 1° 1%and side angles of
30 . Due to the high refractive index of KRS-5 (in the IR, Nkgs.s  2:4), a rotation of the entire Otto
geometry translates into a much smaller change of the incident angle inside the prism. Geometric
beam propagation calculations allow to convert the incident angle inside the prism into the external
incidence angle with respect to the prism side surface and vice versa. The prism geometry was chosen
such that for an incident wavelength of = 11 pum, the incident angle can be tuned in a range from
still below the critical angle of total internal reflection (25 for KRS-5) up to a maximally possible
angle of 50 , allowing to map the polariton dispersion from the light line up to a maximum
momentum.

As sketched in Fig. 3.2.1 in green, a reflective fiber collimator directs the light of a Thorlabstungsten
NIR source onto the ground-off top of the KRS-5 prism, and collects the signal reflected at the prism
back side and the sample surface. The reflected light is guided through a bifurcated fiber bundle
and analyzed in an Ocean OpticSIR spectrometer. Interference between the reflected light from
the prism back side and the sample leads to a modulation in the white-light spectrum, and Fourier
transformation of the spectrum allows to determine the gap size d,,. Note that exclusively the small
gap size between prism and sample is probed, because owing to the incoherence of the white-light,
the setup is not sensible to larger interface distances such as the prism front and backside.

Prior to the SPhP excitation measurements, the modulation contrast of the white-light spectrum
enables to optimize the parallelism between prism and sample. After establishing parallelism, dg,p, is
monitored continuously and simultaneously to the SPhP experiments. The d,,, range that can be
read out by the white-light interferometry setup lies between =~ 100nmand 60pmM. Roughness of
the sample and the prism backside further restricts the lower limit, leading to typical minimum gap
sizes of approximately 1 um. The resulting accessible d,,, range is perfectly suited for the excitation
of SPhPs, since the typical critical gap sizes of optimal coupling conditions of phonon polaritons
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Figure 3.2.1: Setup for reflectance an&HGmeasurements employing the O o geometry. Di erent incident
angles can be measured by rotating the O o assembly and moving and rotating the pick-up mirror to the
position, where the detection beam path is met again. Motorized actuators allow the adjustment of the gap
size between prism and sample. The prism top is ground o in order to couple in a collimated white-light beam.
The reflected white-light signal carrying interferometric information is analyzed in a near-infrar&dR)

spectrometer, allowing to determine the gap size.
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Figure 3.2.2: Home-made and designed 9-axis O o geometry construction with mount€RBS-5rism. Three
motorized actuators allow to control the gap size on the sub-micrometer scale. Note that in the image, no
sample is mounted and the gap is opened maximally for illustration purposes. From the le , the fiber-coupled
white-light beam is directed onto the ground-o prism top.

31



Chapter 3 Experimental Approaches

lie in the range of 1  20pm. For further details on the white-light interferometry setup, see
publication [X].

In summary, the constructed Otto geometry setup enables thorough experimental studies of phonon
polaritons in any flat sample, allowing to determine the linear and nonlinear optical response of
the polariton modes, analyze their critical coupling conditions by controlling the gap size, and map
out the polariton dispersion by scanning the wavelength and incident angle. This renders the here
developed Otto geometry setup a highly versatile and flexible experimental tool for the investigation
of phonon polaritons in layered heterostructures, as is demonstrated in the publications reprinted in
chapter 4.
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3.3 The FHI Free Electron Laser

The FHI FEL is a MIR oscillator FEL which has been installed in 2011 on the campus of the Fritz
Haber Insitute (FHI) and started operating in 2013 [106]. The machine generates spectrally sharp,
frequency-tunable, high-intensity laser output in the MIR, constituting the ideal excitation source
for the investigation of phonon polaritons by means of reflectance and SHG spectroscopy. In the
following, the FHI FEL is briefly described.

The setup is illustrated in Fig. 3.3.1. After generation in a thermionic gridded electron gun, two linear
accelerators (linacs) speed up the electrons to energies in the range of 15 MeV to 50 MeV. While
the first linac operates at a nominal electron energy of 20 MeV, the second can be tuned to boost
or lessen the electron energy in the mentioned range. The electron gun generates pulsed electron
bunches of about 200 pCat a repetition rate of 1 GHz Before entering the linacs, these electron
micro pulses pass through a 1 GHz buncher, which reduces the micro pulse length to 1 psto 5ps
Each bunch can then be effectively accelerated in the linacs, which create a macro pulse structure
of pulse lengths of 1usto 15us with a repetition rate of 10 Hz In table 3.3.1, the most important
properties of the accelerator system are listed.

Table 3.3.1:Specifications of the electron accelerator of the FHI FEL [106].

Parameter Value

Electron energy 15-50 MeV
Bunch charge 200pC
Micro pulse length  1-5ps
Micro pulse repetition rate 1 GHz
Macro pulse length  1-15ps
Macro pulse repetition rate 10 Hz

After guidance through a 90 curve by means of isochronous bends, the electron beam enters the
MIR wedged-pole undulator which has a total length of 2 m and is composed of 50 periods with a
period length of |, = 40 mm. The tunable undulator gap has a nominal minimum size of 16:5 mm
and features the generation of radiation in the range of 3um to 50pum. Up to date, the MIR undulator
is the only operating FEL arm. The construction of the longer, far-IR undulator depicted in Fig. 3.3.1
is currently in preparation and will be initiated in the near future. This second undulator is designed
to cover the wavelength range of 10pum to 150um and will be synchronized with the MIR undulator,
allowing for two-color experiments in the IR.

The undulator is enclosed by two gold-plated copper mirrors, forming the laser cavity of Lo = 5:4m
length. Both mirrors are of concave spherical shape, with radii of curvature of 2:65 mand 3:51 mof
the end mirror and the outcoupling mirror, respectively. Since hole outcoupling is employed, five
mirrors with different hole diameters (0:75 1, 1:5, 2:5, and 3:5 mm) are available in order to optimize
the lasing performance at all wavelengths. The end mirror is mounted on top of a precision translation
stage, which can be used for a wavelength dependent cavity length tuning [106]. This adjusts the
cavity length to a value of L , where = ( isthe wavelength synchronized cavity detuning.
In practice, the factor gis usually set to 0 < g < 5. By this means, the accessible wavelength range
at a specific electron energy, that is, in a single wavelength scan, can be significantly increased.
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Figure 3.3.1: Sketch of the FHI FEL showing the electron acceleration segment and the tWaLsystems
with di erent undulator length. In two linear accelerators Linac 1 and Linac 2, the electrons are speeded up to
energies up tdb0 MeV, and then are conducted into one of theELcavities, where thdR laser pulses are
generated. The picture is taken from Ref. [106].

Figure 3.3.2: Pulse structure of the FEL. Each macro pulse (with 100 mstime spacing) exhibits a bunch
of micro pulses, separated bynswith a duration of1 10 ps

34



3.3 The FHI Free Electron Laser

Furthermore and more importantly, the emission bandwidth decreases with increasing g, which
enables a practical method of enhancing the spectral resolution. In table 3.3.2, the most important
properties of the MIR FEL are listed.

Table 3.3.2:Specifications of the MIR FEL [106].

Parameter Value

Undulator length 2m

period length , 40mm
number of periods 50

Cavity length Ly 5:4m

The pulse structure of the FEL output radiation is dominated by the input electron pulse structure,
exhibiting macro pulses at 10 Hzrepetition rate, each consisting of a bunch of micro pulses at
1 GHz repetition rate. The resulting intensity distribution is sketched in Fig. 3.3.2.

In summary, the FEL provides laser radiation of high coherence, small spectral band width and
tunable IR wavelength, enabling spectroscopic measurements of phonon polaritons with high spectral
resolution and well-defined excitation conditions. Furthermore, the high power of the FHI FEL enables
the possibility of employing SHG spectroscopy, rendering the machine a unique tool for studying
the linear and non-linear optical response of phonon polaritons in the IR.

35






CHAPTER 4 .

Publications

In this chapter, the six scientific articles forming this thesis are reprinted. The erratum of one
publication is also included. A list of these publications can be found on page vii, and a list of all
publications originated during the course of this thesis can be found on page 117.

4.1 Second Harmonic Generation from Critically Coupled
Surface Phonon Polaritons

Nikolai Christian Passler, llya Razdolski, Sandy Gewinner, Wieland Sch llkopf, Martin
Wolf, and Alexander Paarmann

This publication (Passler et al, ACS Photonics 2017, 4, 1048-1053 [I]) reports on the first SHG from
critically coupled SPhPs on SiC excited in the Otto-type prism coupling geometry. The supporting
information is reprinted in appendix A.1.

This is the first paper that emerged from the Otto geometry implementation constructed in the course
of the thesis (section 3.2). Employing the full mechanical control over the prism-sample distance, this
publication explores the dependence of the excitation conditions and the optical field enhancement of
SPhPs on the size of the air gap between prism and sample. The work establishes the Otto geometry
as a tool for the investigation of surface polaritons in layered media at infrared wavelengths, paving
the way for the other publications reporting on experiments that where conducted during this
thesis. Furthermore, the FEL is employed for the first time for performing SHG spectroscopy on
prism-coupled SPhPs.

Author contributions

AP. originated the concept and devised the SHG method and the Otto-configuration experiments.
The manuscript was written by N.C.P. and A.P., with all authors assisting in the proof-reading
and preparation for final submission. N.C.P. constructed the Otto-configuration setup. The SHG
measurements were performed by N.C.P., LR., and A.P., and the results were analyzed by N.C.P. and
AP.S.G. and W.S. operated the FEL. Computations of the linear and non-linear optical response were
completed by A.P. and N.C.P. The experimental design and project management were provided by
MMW. and A.P.

go to list of publications
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4.1 SHG from Critically Coupled SPhPs
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4.2 4 A4 transfer matrix formalism

4.2 Generalized4 4 matrix formalism for light propagation
In anisotropic stratified media: study of surface phonon
polaritons in polar dielectric heterostructures

Nikolai Christian Passler and Alexander Paarmann

This publication (Passler and Paarmann, JOSA B 2017, 34, 2128-2139 [II]) presents a theoretical
framework for the calculation of light-matter interaction in arbitrarily anisotropic multilayer systems.
Compared to previous work [107-111], the here developed formalism is numerically stable, free from
discontinuities, and handles media with any isotropic or anisotropic permittivity tensor. An online
version of the computer code programmed in Matlab [18] and Python [112] has been published as
open source.

Most of the experimental studies conducted during this thesis investigate stratified sample systems
with anisotropic materials. For all of them, the algorithm developed in this publication has been
employed for predicting, analyzing and simulating the optical response of the sample, as well as
fitting the experimental spectra with exceptional accuracy.

The broad applicability and user friendliness of the formalism resulted in frequent use by many
research groups, which eventually led to the discovery of an error in the calculation of the electric
field distributions for birefringence, that is, for media with non-zero off-diagonal elements of the
dielectric permittivity tensor in the lab frame. The correction of the error was published in an erratum
in 2019 [III], which is reprinted on page 59. All publications prior to this erratum investigate isotropic
or anisotropic media with diagonal permittivity tensor, and thus are not affected by the error in the
original formalism.

Author contributions
N.C.P. and AP. originated the concept. The manuscript was written by N.C.P. and A.P. N.C.P.
devised the fundamental framework of the formalism, and N.C.P. and A.P. developed the final

algorithm. Computations of the example systems were completed by A.P. and N.C.P. The project
management was provided by A.P.

go to list of publications
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4.2 4 A4 transfer matrix formalism

4.2.1 Generalized4 4 matrix formalism for light propagation in anisotropic stratified
media: study of surface phonon polaritons in polar dielectric heterostructures:
erratum

Nikolai Christian Passler and Alexander Paarmann

This erratum (Passler and Paarmann, JOSA B 2019, 36, 3246-3248 [III]) presents corrections to the
originally published transfer matrix formalism [II] (reprinted on page 45), allowing for the correct
calculation of the electric field distribution for birefringence, that is, for anisotropic media with
non-zero off-diagonal elements of the dielectric permittivity tensor in the lab frame. All publications
prior to this erratum investigate isotropic or anisotropic media with diagonal permittivity tensor,
and thus are not affected by the error in the original formalism. The corrections are included in the
online version of the open-source computer code programmed in Matlab [18] and Python [112].

Furthermore, revising the original work and correcting the equations triggered the development of an
extended formalism, which is capable of calculating the layer-resolved absorption and transmittance
in a multilayer system. This work has been published most recently [VII] and is reprinted on
page 97.

Author contributions

N.C.P. and A.P. originated the concept. The manuscript was written by N.C.P. and A.P. N.C.P. and
AP. developed the corrections to the algorithm. The project management was provided by A.P.
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4.3 Strong Coupling of ENZ Phonon Polaritons

4.3 Strong Coupling of Epsilon-Near-Zero Phonon Polaritons
in Polar Dielectric Heterostructures

Nikolai Christian Passler, Christopher R. Gubbin, Thomas Graeme Folland, llya Razdolski,
D. Scott Katzer, David F. Storm, Martin Wolf, Simone De Liberato, Joshua D. Caldwell,
and Alexander Paarmann

This publication (Passler et al, Nano Letters 2018, 18, 4285-4292 [IV]) reports on the first observation
of the full hybridization of an ENZ thin-film polariton with a bulk SPhP. The experimental results
were obtained employing the Otto type prism coupling setup (section 3.2), where varying the incident
angle allows for reconstruction of the strongly coupled, anti-crossing polariton dispersions. The
supporting information is reprinted in appendix A.2.

This work has been the first in the scope of this thesis in experimentally investigating polariton
modes in stratified heterostructures, and was the trigger for the subsequent study of ENZ Berreman
modes that are observable via free-space excitation in the same sample system [V] (reprinted on
page 75). The transfer matrix formalism [II] (reprinted on page 45) is used as theoretical tool for the
simulation of the measured optical response.

Author contributions

A.P. conceived the project. D.S.K. and D.E.S. performed the sample growth. N.C.P., A.P. and LR.
conducted the experiment and analyzed the results. N.C.P. and A.P. wrote the manuscript, with
all authors assisting in the proof-reading and preparation for final submission. C.G. and S.D.L.
developed the analytical strong coupling model. Computations of the linear optical response in the
Otto geometry were completed by A.P. and N.C.P. TF. carried out the simulations of the near-field
scattering at a nanoparticle. The project management was provided by J.D.C. and A.P.
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4.4 SHG from Phononic ENZ Berreman Modes

4.4 Second Harmonic Generation from Phononic
Epsilon-Near-Zero Berreman Modes in Ultrathin Polar
Crystal Films

Nikolai Christian Passler, llya Razdolski, D. Scott Katzer, D. F. Storm, Joshua D. Caldwell,
Martin Wolf, and Alexander Paarmann

This publication (Passler et al, ACS Photonics 2019, 6, 1365-1371 [V]) reports on the first experimental
observation of enhanced SHG arising from the Berreman mode in a subwavelength-thin AIN film,
which can be excited at the AIN LO frequency where the dielectric function crosses zero. The origin
of the high SHG yield is the immense field enhancement at ENZ frequencies in ultra-thin films, and
the work provides a thorough analysis of the thickness dependence of the field enhancement. The
supporting information is reprinted in appendix A.3.

The samples studied in this work comprise an ultra-thin AIN film on a SiC substrate, which are the
same samples where the strong coupling of ENZ polaritons was observed [IV]. Complementary to
the evanescent polariton modes that were investigated previously in the Otto geometry setup [IV],
this work focuses on the optical response under free-space excitation, revealing the Berreman mode
as a radiative virtual polaritonic mode. The theoretical calculations of the field enhancement were
performed using the transfer matrix formalism that has been published previously [II] (reprinted on

page 45).

Author contributions

AP. originated the concept. D.S.K. and D.E.S. performed the sample growth. The manuscript was
written by N.C.P. and LR., with all authors assisting in the proof-reading and preparation for final
submission. The SHG measurements were performed by N.C.P., and the results were analyzed by
N.C.P.,IR. and A.P. Calculations of the optical response were completed by N.C.P. The experimental
design and project management were provided by MW, ].D.C. and A.P.
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4.5 Surface Polariton-Like s-Polarized Waveguide Modes

4.5 Surface Polariton-Like s-Polarized Waveguide Modes in
Switchable Dielectric Thin Films on Polar Crystals

Nikolai Christian Passler, Andreas He ler, Matthias Wuttig, Thomas Taubner, and
Alexander Paarmann

This publication (Passler et al, AOM 2020, 8, 1901056 [VI]) presents a model system consisting of a
PCM on a polar crystal substrate that supports simultaneously p-polarized SPhPs and s-polarized,
polariton-like waveguide modes. By switching the crystal phase of the PCM, the work demonstrates
volatile control over both modes with a switching contrast that far exceeds typical values in the field
of modulated nanophotonics [113-116]. The concept is visualized in the cover picture of the special
issue Polaritons in Nanomaterials reprinted on the following page [117]. The supporting information
is reprinted in appendix A.4.

Most importantly, this work delineates a path to resolve two aspects of SPhPs that are disadvantageous
for nanophotonic applications: Firstly, introducing s-polarized waveguide modes with polariton-
like properties provides a way to circumvent the polarization bottleneck of polaritons [118], and
secondly, employing a switchable PCM as waveguide core drastically improves the usually very
limited tunability of surface polaritons [119]. As such, the here presented approach extends the
versatility of surface polaritons, providing a complementary building block for actively tunable,
omnipolarized nanophotonic applications.

The experimental results for this work were obtained using the Otto geometry implementing the
white-light interferometry [X], and the theoretical calculations are based on the transfer matrix
formalism [II] (reprinted on page 45), which are the key experimental and theoretical tools developed
in the course of this thesis.

Author contributions

AP. and T'T. originated the concept. A.H. performed the sample growth. The manuscript was written
by N.C.P., AH. and A.P., with all authors assisting in the proof-reading and preparation for final
submission. The measurements were performed by N.C.P., and the results were analyzed by N.C.P.
and A.P. The theoretical calculations were completed by N.C.P. The experimental design and project
management were provided by T.T. and A.P.
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4.6 Layer-Resolved Absorption in Anisotropic Heterostructures

4.6 Layer-Resolved Absorption of Light in Arbitrarily
Anisotropic Heterostructures

Nikolai Christian Passler, Mathieu Jeannin, and Alexander Paarmann

This publication (Passler et al, PRB 2020, 101, 165425 [VII]) presents a formalism to describe the
layer-resolved transmittance and absorption in layered heterostructures of arbitrarily anisotropic,
birefringent, and absorbing media, capable of treating light of any polarization at oblique incidence
onto any number of layers. An online version of the computer code programmed in Matlab [19] and
Python [120] has been published as open source.

The idea of this work emerged during the development of the erratum to the transfer matrix formalism
[III] (reprinted on page 59). The resulting algorithm describes any linear light-matter interaction in
layered anisotropic media, and thus aims at a broad readership covering numerous research areas
in nanophotonics and optics. The examples that are discussed in this publication are selected from
three different research fields in order to highlight the generality of the formalism.

Author contributions

AP. originated the concept. The manuscript was written by N.C.P. and M.J., with all authors assisting
in the proof-reading and preparation for final submission. N.C.P. devised the fundamental framework
of the formalism, and N.C.P. and A.P. developed the final algorithm. Design and computations of the
nanophotonic device structures were completed by N.C.P., M.J. and A.P. The project management
was provided by A.P.
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CHAPTER 5 .

Perspectives

In recent years, the growing research interest in polaritons in nanostructures has triggered nu-
merous advances in the field of nanophotonics, including single-molecule sensing with SERS [7],
plasmon-driven ultra-short electron point sources [91], highly directional thermal emission [121], or
femtosecond optical polarization switching with an ENZ-based perfect absorber [122]. Within these
developments, phonon polaritons have emerged as a low-loss, versatile platform for nanophotonic
applications in the IR [14], enabling novel devices such as hyper-lenses based on hyperbolic materials
[16, 68], phonon polariton-enhanced electroluminescence for efficient electronic cooling [123], and
electrically pumped phonon-polariton lasers [124].

As has been demonstrated in the previous chapter, the investigations performed in this thesis form part
of these recent prosperous advances in nanophotonics, contributing to the development of modern
devices based on phonon polaritons in heterostructures of arbitrarily anisotropic materials. Based on
the presented advances, this chapter discusses the perspectives of the implemented techniques by
outlining several possible pathways for future developments in polariton-driven nanophotonics.

Hyperbolic materials have recently shifted into the spotlight of scientific interest. These materials
feature a hyperbolic isofrequency surface, enabling a huge photonic density of states with arbitrarily
large in-plane momenta [125]. These unusual properties lead to a variety of unique phenomena,
such as sub-wavelength imaging [16, 46, 47] or slow light [126-128]. However, natural hyperbolic
materials such as SiO, or hBN only feature hyperbolicity in narrow spectral windows that are fixed by
the intrinsic material parameters [129]. Alternatively, hyperbolic metamaterials (HMMs) composed
of alternating ultra-thin layers of different materials offer a platform for engineering materials with
a user-defined hyperbolic optical response [130], such as the XHs discussed in section 2.2.2 and in
publication [IX].

On a different note, doped semiconductors such as cadmium oxide (CdO) featuring plasmon polaritons
have recently been discussed in parallel with polar crystals supporting phonon polaritons. Doped
CdO thin-films support low-loss plasmonic modes in a broad spectral range in the IR, providing a
complementary polaritonic excitation at phonon polariton frequencies. In particular, Runnerstrom
et al. have demonstrated the strong coupling of a SPP to a plasmonic ENZ mode in a doped CdO
thin film [131], complementary to the strong coupling of a bulk SPhP to a thin-film ENZ phonon
polariton as discussed in the publication reprinted on page 65 [V]. By strongly coupling to an ENZ
mode, the resulting CdO plasmon polaritons combine long propagation distances with high spatial
confinement, while featuring broad frequency tunability by controlling the electron concentration
via photo-injection.

Doped semiconductors such as CdO also offer new routes in the field of HMMs. Composed of alter-
nating doped and undoped semiconductors, such semiconductor HMMs are, complementary to XHs,
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promising candiates for hyperbolic nanophotonic applications [62-64]. These metallic/dielectric mul-
tilayer HMMs support so-called volume plasmon polaritons (VPPs), arising as a collective excitation
composed of coupled SPPs supported in each metallic thin-film [132-136]. Very recently, VPPs in
doped semiconductor HMMs have been shown to feature high quality factors across a large frequency
range in the IR [63], providing a potential platform for low-loss, IR optoelectronic devices.

The excitation of VPPs in doped semiconductor HMMs is typically realized via grating coupling
[63, 64]. So far, however, these systems have only been investigated in the linear optical regime.
Experiments investigating the non-linear optical response are currently in the planning stage and
will be performed in the near future, providing new insights for the thorough understanding of VPPs
in HMMs and their potential for nanophotonic applications.

While HMMs offer more structural flexibility than natural hyperbolic materials, the extraordinary
axis in layered HMMs lies by design along the surface normal, while in-plane anisotropy cannot be
achieved. Biaxial single crystals, on the other hand, feature three distinct dielectric permittivities
along the principal crystal axes, and thus can provide in-plane anisotropy with hyperbolic frequency
bands for any crystal cut. An example of such a natural in-plane hyperbolic material is molybdenum
trioxide (MoOg). This material supports azimuth-dependent, hyperbolic phonon polaritons with
novel polaritonic properties, as has been highlighted in the publication reprinted on page 97 [VII].

One step beyond biaxial crystals, another intriguing material class are monoclinic crystals, which are
currently on the verge of attracting broad attention in the nanophotonics community. In search of
new materials for next-generation semiconductor power devices, -gallium oxide ( -GapO3) has been
discovered as a promising candidate, enabling applications as transparent electrodes [137] and high-
performance power devices [138]. Only recently, the complicated dielectric permittivity tensor of
monoclinic -GayOj3 has been described by Schubert et al, containing non-zero off-diagonal elements
that do not vanish under orientation along the crystal axes [139]. In a subsequent study, coupling
between the various LO phonon modes and free charge carriers in doped -Ga,;0O3 was reported,
forming so-called longitudinal phonon plasmon coupled modes with non-trivial directionality [140].

The phonon polariton modes supported by a monoclinic crystal such as -Ga,O3, however, have
not yet been investigated'. The constructed Otto geometry setup enables such a study, and the
experiments on -GayOj are already programmed for the near future. Additionally, in order to access
the dependence of the phonon polariton modes on azimuthal rotation, the Otto geometry setup has
been equipped with the possibility to rotate the sample while being mounted. Considering the rich
optical response from IR spectroscopic ellipsometry [140], the planned pilot investigations on phonon
polaritons in -Ga,;0O3 bear great potential for the development of future nanophotonic devices
based on monoclinic crystals, such as non-trivial azimuth dependency of the polariton dispersion, or
direction-dependent coupling to polaritons in adjacent media.

As has been demonstrated in the research conducted in this thesis, employing the developed transfer
matrix formalism for the theoretical computation of the linear optical response, the electric field
distribution, and the layer-resolved absorption and transmittance enables thorough insight into the
optical properties of the experimentally investigated sample. The above mentioned experimental
perspectives employ layered systems of anisotropic materials, and therefore can be analogously
corroborated by theoretical calculations. By scanning various parameters such as film thicknesses,

'to the best of my knowledge
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incident angle, azimuthal angle, and frequency, the optical response of the system can be systemati-
cally analyzed, allowing to optimize the sample structure for the experiments, as well as predict the
observable polariton modes and the associated nanophotonic phenomena.

In general, the transfer matrix formalism allows to study all dielectric resonances — evanescent or
radiative — ranging from electronic intersubband-transitions and IR-active phonons, over excitons and
plasma resonances, up to interband transitions and core level excitations, covering any multilayer
system of materials with arbitrarily anisotropic permittivity. Therefore, going one step beyond
corroborating experimental data, the transfer matrix formalism resembles the ideal theoretical tool
for predictive studies of yet undiscovered nanophotonic materials and devices, as has been exemplarily
demonstrated in the most recent publication (reprinted on page 97 [VII]).

Another intriguing field of research explores surface magnon polaritons (SMPs) in anisotropic
antiferromagnets, where applying an external magnetic field provides straight-forward, active control
over the supported magnon polaritons [141, 142]. Furthermore, hybrid plasmon-magnon polaritons
in graphene-antiferromagnet heterostructures have been demonstrated, opening new possibilities
for nanophotonic applications by combining the realms of photons, magnons, and plasmons [143].
The optical response of magnetic resonances is dictated by the magnetic permeability , and for
anisotropic antiferromagnets at terahertz frequencies, isa3 3 tensor with non-zero off-diagonal
elements (analogous to the dielectric permittivity tensor, see Eq. 2.1.2). However, the transfer matrix
formalism as it is derived in this work only handles materials with isotropic permeability . Therefore,
incorporating the possibility to include media of fully anisotropic permeability would considerably
amplify the application spectrum of the formalism, allowing to investigate SMPs in antiferromagnets
as well as their interaction with SPPs and SPhPs in yet unexplored anisotropic heterostructures of
magnetic, polar dielectric, and plasmonic material layers.

In the last three years in the course of this thesis, the combination of the Otto geometry and the
transfer matrix formalism has proven fruitful for the investigation of polaritons in anisotropic
layered heterostructures. As the above selection of perspectives demonstrates, this developed
experimental-theoretical tool box bears great potential for future investigations in modern polariton-
based nanophotonics that is far from being exhausted.
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CHAPTER 6 .

Conclusion

This thesis provides an extensive, detailed experimental and theoretical study of phonon polaritons
in layered heterostructures of arbitrarily anisotropic media. The findings of various new fundamental
phenomena of phonon polaritons as well as the developed versatile experimental and theoretical
tools constitute a significant contribution to the scientific field, advancing the development of novel
polariton-based nanophotonic technologies.

As concept, this work promotes multilayer systems of various different materials as a platform
for designable polaritonic materials with user-defined characteristics and functionalities. This
concept is demonstrated on the basis of various heterostructures composed of SiC, AIN, GaN, GST,
MoOg3, molybdenum disulfide (MoS;), Au, and hBN, revealing numerous novel phenomena such as
propagating ENZ modes, strongly coupled phonon polaritons, polariton-like s-polarized waveguide
modes, and azimuth-dependent hyperbolic phonon polaritons.

Experimentally, these systems were investigated by means of reflectance and SHG spectroscopy in
the home-built Otto geometry setup, using the FHI FEL as excitation source. The findings include
the first SHG measurements of propagating SPhPs on a bulk SiC crystal, the first experimental
proof of the immense optical field enhancement of the Berreman mode in ultra-thin AIN films,
and the demonstration of the exceptional tuning capabilities of polaritons in a switchable GST/SiC
heterostructure.

On the theoretical side, this work has developed a4 4 transfer matrix formalism for the description
of light-matter interaction in multilayer systems of arbitrarily anisotropic media, producing a versatile,
robust framework that is implemented in an open-access computer program. The capabilities of
the formalism are demonstrated by the accurate description of the experimental data as well as by
various predictive theoretical studies, promoting yet unexplored nanophotonic device structures with
novel functionalities such as azimuth-dependent hyperbolic polariton tunneling or layer-selective
exciton absorption.

As a summary, this work constitutes a comprehensive study of the physics of phonon polaritons
excited with light in polar dielectric heterostructures. By implementing a new experimental and
theoretical methodology, novel phenomena of phonon polaritons in heterostructures and their unique
interaction nature were discovered, boosting the development of polariton-based technologies. Fur-
thermore, this thesis lays out perspectives on how to use the developed experimental and theoretical
methods for a number of future studies, bearing great potential to further advance the field of infrared
nanophotonics.
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Supporting Information
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Coupled Surface Phonon Polaritons

Nikolai Christian Passler, llya Razdolski, Sandy Gewinner, Wieland Schellkopf,
Martin Wolf, and Alexander Paarmann

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
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S1 Experimental

The experimental setup was schematically
shown in Fig. 1 (a) of the main text. The
Otto-type prism coupling is realized by plac-
ing a triangular prism (KRS5, 25mm high,
25mm wide, angles of 30 30, and 120, Ko-
rth Kristalle GmbH) on a motorized mount in
front of the sample. Details on the implem-
tation are shown in Fig. S1. Three motorized
actuators (Newport TRA12PPD) are used to
push (against springs) the prism away from the
sample, which is mounted on a plate (25mm di-
ameter) equipped with three mN force sensors
(Honeywell FSS1500SSB). Each force sensor
indicates the point of contact, allowing for par-
allel alignment of the sample and the prism
back surface. The motorized actuators allow
for continuous tuning of the air gap widthd.

We note that macroscopic protrusions and
non- atness of the sample can lead to strain
between sample and prism, resulting in a lower
limit of air gap width (typically 1.5 m) and
slight nonlinearities of the actual air gap width
and the actuator readback values, speci cally
at close approach. Therefore, we tted the val-
ues ofd from the re ectivity data, using the
procedure described in Sec. S3, the results of
which are in qualitative (but not quantitative)
agreement with the actuator readback values.
Gap width scans of the signals are typically
performed by starting at closest achievable ap-

proach, followed by de ned steps (identical for
all three actuators) away from the sample.

Given the large refractive index of KRS5 of
Nkrss 2.4, external angles di er respectively
when going away from ¢ = 30 , i.e., the in-
ternal angle inside the prismis = 30 +
arcsin(sin( exx 30 )=nkrss). This arrange-
ment allows for internal angles from below the
total internal re ection cuto at .y 25
to about =52 , covering the majority of the
SPhP dispersion. We note that using more con-
venient semi-cylindrical prisms results in strong
horizontal focusing, increasing angular spread
of the beam and thereby much degraded mo-
mentum resolution. Additionally, this horizon-
tal focusing distorts the beam to an elliptical
shape making it harder to focus onto small de-
tectors.

We use an infrared FEL! as tunable, narrow-
band, and p-polarized excitation source. We
focus the beam mildly ¢ 60 cm, Edmund
Optics) onto the sample surface to minimize
angular spread of the beam. Details on the IR-
FEL are given elsewheré.In short, the electron
gun is operated at a micropulse repetition rate
of 1 GHz with an electron macropulse duration
of 10 s and a macropulse repetition rate of
10 Hz. The electron energy is set to 31 MeV,
allowing to tune the FEL output wavelength
between 7 18 m( 1400 550 cm?) us-
ing the motorized undulator gap, providing ps-
pulses with typical full-width-at-half-maximum



Figure S1: Practical implementation of the
Otto-type prism coupling to surface polari-
tons. Three motorized actuators push (against
springs) the prism mount away from the sam-
ple. When pulled back, the point of contact is
detected using three mN force sensors, allowing
for parallel alignment of the prism and sam-
ple surfaces and continuous scanning of the gap
width d.

(FWHM) of < 5cm 1.

Re ected fundamental and SHG beams are
split using a 7 m long-pass lter (LOT). The
re ectivity is detected with a home-built pyro-
electric sensor (Eltec 420M7). The SHG signal
is detected with a liquid nitrogen cooled mer-
cury cadmium telluride/indium antimony sand-
wich detector (Infrared Associates), after block-
ing the fundamental light using 5 mm of Mgk
and a 7 m short-pass Iter (LOT). Addition-
ally, intrinsic harmonics in the FEL beam are
blocked prior to the setup usinga 7 m and
a 9 m long-pass lter (both LOT). We also
measure reference power on a single shot ba-
sis to minimize the impact of shot-to-shot uc-
tuations of the FEL using the re ection o a
thin KBr plate placed in the beam prior to the
setup. This reference signal is also detected by
a pyro-electric detector, and we normalize all
signals to this reference signal on a single-shot
basis, i.e. for each macropulse. The spectral
response function of the setup is determined

A.1 Sl: SHG from Critically Coupled SPhPs

by measuring the re ectivity for very large gap
width d 40 m, i.e. in total re ection across
the full spectral range, for each incidence an-
gle. All spectra are normalized for these refer-
ence data. Finally, we note that changing the
incidence angle requires detection realignment,
giving rise to an experimental uncertainty for
the signal magnitudes of 10-20% between dif-
ferent incidence angles. This has no in uence
on the re ectivity, since the re ectivity refer-
ence is acquired for each incidence angle. How-
ever, no such reference is available for the SHG,
such that con dent interpretation of the abso-
lute SHG intensities between di erent incidence
angles is not given.

S2 Transfer
proach

Matrix  Ap-

For all calculations of re ectivity, local elds,
and transmittance, a 4 4 - matrix formalism
was developed capable of treating any number
of layers, each described by a dielectric tensar »
In contrast to other approachesi* our formal-
ism is numerically stable and handles isotropic
and anisotropic materials simultaneously, in-
cluding the substrate.

The multilayer surfaces are chosen to extend
perpendicular to z and the incident wave im-
pinges in the xz-plane with wavevectork; =
L(:;0;¢) in layer i. The x-component
pTcsin( ) is conserved throughout the com-
plete multilayer system, and g is the unit-
free, layer-dependentz-component. In any
medium, Maxwell's equations yield four inde-
pendent plane-wave solutions characterized by
g; (J = 1:4), which are determined as shown
by Berreman? In order to avoid instability and
discontinuities, the four solutions have to be or-
dered unambiguously, which is done based on
the work of Li et al..®

In continuation, the treatment of singularities
of Xu et al.5 is employed in order to generalize
the formalism to any isotropic or anisotropic
medium, yielding the electric eld components
Ei =( j1u ij25 i3) of the four eigenmodeg
in layer i. With these components, a matrix
A; is formulated (see equation 24 in ref), rep-
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Figure S2: Experimental (solid lines) and calculated (dot-dashed lines) re ectivity spectra of 6H-
SiC in the Otto con guration, shown for four di erent incidence angles (a,b,c,d), each with a set

of ve selected air gap widthsd (see legends).

resenting Maxwell's boundary conditions at the
interfacei 1, i. The E-elds are then con-
nected by the interface matrixL; as follows:
Ei1=A JAE LE: (S1)

The propagation through layeri is despribed
by a diagonal matrix P; with elementse 'c% 9
wherej = 1::4 is the nth diagonal element. The
transfer matrix |y of the complete multilayer
system reads

N = L1P1L2P2:::LNPNLN+1: (82)
Finally, re ection and transmission coe cients
for p-polarization are calculated in terms of

n components as shown by Yef.

S3 Fitting Procedure

The re ectivity data were tted employing the
matrix formalism, and convolving the results
to account for nite broadening of the inci-

dence angle and FEL frequency, = 0:2
and ! = 4:4 cm !, respectively. For each
incidence angle, the data were normalized by a
reference spectrum taken at large gap widtkd
( 40 m). This accounts for the spectral re-
sponse function of the setup, while additionally
slow FEL power drifts are accounted for in the
tting procedure by a multiplication factor a for
every individual spectrum (Q98< a < 1.04).

The data sets of all four incidence angles
were tted globally, where , , !, and the
6H-SiC parameters such as TO and LO frequen-
cies and damping were global tting param-
eters, while gap widthsd and factors a were
adjusted individually. Thereby, was tted
only for the two smaller angles, and ! for the
other two. This is justied due to the shape
of the SPhP dispersion, being more sensitive to
the incidence angle but less to the frequency at
smaller , and vice versa for larger angles.

By tting all four data sets in several itera-
tions, the global parameters converged common
values. In a nal run, all data sets were tted
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Figure S3: (a) Experimental (symbols) and simulated (lines) SPhP resonance amplitudes in the
re ectivity (circles, solid lines) and SHG (diamonds, dashed lines) as a function of the gap width
normalized to the critical gap widthd;; of the respective incidence angle, and (b) simulated curves

for a larger set of incidence angles.

again using averages of the global parameters,
yielding the curves and parameters shown in g.
S2.

S4 Normalization to Criti-
cal Gap Width

The amplitude of the SPhP resonance (see Fig.
3 (a,b) of the main text) depends on both the
incidence angle and gap widthd. We have nu-
merically determined the critical gap widthd,

as a function of , allowing for renormalization
of the gap width d to d.; at corresponding in-
cidence angle. This is illustrated in Fig. S3 (a)
where we plot the experimental and simulated
amplitudes of the SPhP resonance in the re ec-
tivity and SHG, respectively, against the nor-
malized gap. For better clarity of the trends,
we also show the simulated data for a larger set
of incidence angles in (b). All spectra fall back
onto a unversial curve; the re ectivity SPhP
amplitude peaks at critical coupling conditions,
while the SHG intensity drops to< 20% atdgi
as compared to close gap due to ine cient SHG
out-coupling in the Otto geometry. The trend
in the SHG resonance amplitudes for increasing
incidence angle is a result of multiple compet-
ing e ects: angular and spectral dispersion of
the out-coupling e ciency, see section S5, spec-
tral dispersion of the nonlinear suseptibility! as
well as increasing eld enhancements (see Fig. 4

4

of the main text), as we move along in the SPhP
dispersion with larger incidence angles.

S5 Calculation of the Second-
Harmonic Intensity

The calculations of the second-harmonic in-
tensity are largely based on previous work of
SHG spectroscopy using free space excitatidn.
In order to correctly describe the multilayer

(KRS5/air/SiC) system, we needed to replace
the Fresnel transmission coe cients with ap-

propriate expressions derived from the transfer
matrix approach. Particular care is needed for
the transmission of the outgoing SHG, as will
be discussed below.

We rst calculate the nonlinear polarization
PNL at 2! generated in SiC, before projecting
it onto the appropriate mode at 2 responsible
for the out-coupling of the SHG into the far
eld. Therefore, we rewrite Eq. 2 of the main
text as:

1(21) /] (TeEsic(2!)) PN-(21)= kj* (S3)
with
PNE@E) 7 (@ 20551 )ES (M )% (S4)

We use the dispersion of the nonlinear suscep-
tibility tensor @ ( 21 ;1;1 ) of 6H-SIC as ex-
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tracted in our previous work.”® The local elds
EZ. (! ) on the SiC side of the air{SiC interface
are calculated as follows.

First, we evaluate the transfer matrix  for
a speci ¢ con guration of incidence angle, fre-
guency and air gap width, employing the algo-
rithm presented in Sec. S2. Then, the in-plane
eld component E,sic can be directly calcu-
lated from the transfer matrix as the trans-
mission coe cient for p-polarized light:®

[3; 3]
[L,1] [33] [L3] [31]

Ex;SiC = (85)
where [i;j ] denote the {;] ) components of the
4 4 matrix (Eq. S2). The out-of-plane com-
ponent is determined using Maxwell's equation
5 H = dE .

dt °

G x

z

Ezsic = Exsic; (S6)
with gy and () the in-plane (out-of-plane)
components of the wave vector and diagonal di-
electric tensor of SiC, respectively. With this
information, Eq. S4 can now be evaluated.
The out-coupling of the SHG is accounted for
as follows. First, we calculate the transfer ma-
trix at 2! and, importantly, also Z,. Then,
we invert (2! ) to describe the backward prop-
agation. Finally we project PN- onto the re-
spective mode propagating from SiC back into
the prism, and calculate the SHG intensity:

12') = Esic(2') PN-(2!)

i kj?
jEprism (2! )J 2.
jEsic(2!)j "’

where Exsic (2! )

(S7)

1 and E,sic (2! ) is calcu-

lated using the expression analogous to Eg. S6.

The last factor represents the transmission co-
e cient T, for the second-harmonic eld across
the air gap. E,pism (2! ) is evaluated analogous
to Eq. S5, however, employing [(2! )] * as the
transfer matrix, and E,.pism (2! ) is again cal-
culated using Eq. S6.
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S1. EXPERIMENTAL

The experimental setup is sketched in Fig. 2a of the
main text. The Otto geometry is implemented using
three motorized actuators (Newport TRA12PPD) to con-
trol the position of the triangular coupling prism (KRS5,
25mm high, 25mm wide, angles of 3Q 30, and 120,
with the 120 edge cut-o, Korth Kristalle GmbH) rela-
tive to the sample. The motors push the prism against
springs away from the sample and allow for continuous
tuning of the air gap dgap. The 120 prism edge is cut-0
parallel to the backside in order to perpendicularly cou-
ple in the collimated light from a stabilized broadband
tungsten-halogen light source (Thorlabs SLS201L). The
back-re ected spectrum (registered with Ocean Optics,
NIRQuest512) carries interferometric information about
the air gap, allowing to quantify dgap by means of the
modulation period, and to achieve parallel alignment of
prism and sample by optimizing the contrast of the spec-
tral modulations. The absolute read-out of dyap is lim-
ited to maximally 60 mm due to the resolution of the
spectrometer, while gap sizes below tm could be mea-
sured in principle, but are typically not feasible because
of macroscopic protrusions and non- atness of the sam-
ple.

At external incidence angles o away from 30,

the high refractive index of KRS5 (nkgrs s 2:4)
leads to strong refraction, resulting in an internal
incidence angle inside the prism of = 30 +

arcsin(sin( exx 30 )=nkrs 5). In this con guration,
angles from below the critical angle of total internal re-
ection ( it 25) up to about 52 are accessible, cov-
ering in-plane momenta across and far beyond the anti-
crossing of the strongly coupled modes (52corresponds
to kg=ko = 1:86). Dierent in-plane momenta can be

a) Electronic mail: passler@fhi-berlin.mpg.de
b) Electronic mail: alexander.paarmann@fhi-berlin.mpg.de
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accessed via the incidence angle by rotating the entire
Otto geometry, thus allowing for mapping out the com-
plete dispersion curves experimentally.

As excitation source we employ a mid-infrared free
electron laser (FEL) as tunable, narrowband, and p-
polarized excitation source. Details on the FEL are given
elsewheré. In short, the electron gun is operated at a mi-
cropulse repetition rate of 1 GHz with a macropulse dura-
tion of 10 ns and a repetition rate of 10 Hz. The electron
energy is set to 31 MeV, allowing to tune the FEL output
wavelength between 7 18 nm (1400 550 cm !,
covering the spectral ranges of the SiC and AIN rest-
strahlen bands) using the motorized undulator gap, pro-
viding ps-pulses with typical full-width-at-half-maximum
(FWHM) of < 5 cm . The macropulse and micropulse
energies are 30 mJ and 10 nJ, respectively.

The re ectivity signal is detected with a pyroelectric
sensor (Eltec 420M7). A second sensor is employed to
measure the power re ected o a thin KBr plate placed
prior to the setup in the beam. This signal is used as ref-
erence for normalization of all re ectivity signals, and is
measured on a single shot basis in order to minimize the
impact of shot-to-shot uctuations of the FEL. The spec-
tral response function of the setup is determined by mea-
suring the re ectivity at large gap widths dgap 40 nm,
where the prism features total internal re ection across
the full spectral range. This is done for each incidence
angle individually, and all spectra are normalized to their
respective response function.

S2. CRITICAL COUPLING CONDITIONS OF THE
STRONGLY COUPLED MODES

The Otto geometry grants experimental control over
the excitation e ciency by means of the tunability of
the air gap width dgap. At a certain critical gap deit ,
the excitation e ciency is optimal 2, and we emphasize
that di; is signi cantly di erent for the two modes con-
sidered @EN? < dSEMP). Therefore, in a single spec-
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FIG. S2. Electric eld distribution of the Berreman mode in a 1 pm thick AIN slab. a

(b) Vector plots of the electric eld distribution in an air/AIN/air (air/AIN/SIC) system of the
Berreman mode at an incidence angle of 21(corresponding to an in-plane momentum ofk =
0:2pum tat! =900:6cm ! (I =902:1cm 1), lying on the respective Berreman dispersion). The
elds of the Berreman mode (red arrows) perform a counterclockwise rotation in positive x-direction
characteristic for polaritonic modes. Please note that the real part is plotted in order to capture the
propagation characteristics. The imaginary part features the same behavior with a phase di erence
of =2. The absolute in-plane elds are conserved at the interfaces as required by Maxwells
boundary conditions, while the absolute out-of-plane elds experience a strong enhancement in
the AIN Im. The Im thickness was chosen to be 1 um for illustration purposes. In thinner Ims,
the elds qualitatively exhibit the same distribution, but feature much more pronounced out-of-
plane eld amplitudes. Interestingly, the substrate material (air in a, SiC in b) has no notable

e ect on the eld distribution of the Berreman mode in the AIN Im.
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FIG. S4. Out-of-plane eld enhancement E, at the interfaces of the air/AIN/SIiC sys-

tem. a E; eld enhancement as a function of frequency in isotropic (dashed lines) and anisotropic (solid
lines) SiC for four di erent AIN Im thicknesses dan at an incidence angle of 60. At the LO frequency
of anisotropic SiC! 5I° , the eld enhancement reaches a maximum of 3:5 due to the zero-crossing of the
SiC dielectric function, while the peak at higher frequency arises from a resonance condition in the Fresnel
transmission coe cient (also observed in isotropic SiICP. Both features are mainly independent ofday
because AIN is transparent in this frequency range. TheE, peaks give rise to the SHG signals reported in
Fig. 2a of the main text (compare also witt®). b-d show the E, eld enhancement of the Berreman mode
at resonance frequency, the corresponding resonance frequenC¥ereman , @and the real part of the dielectric
function of AIN at ! gerreman » respectively, as a function of AIN Im thickness dan and at an incidence
angle of 60. Clearly, the E, eld enhancement (b) experiences a strong increase in the limit of ultrathin
Ims (dan < 200nm), which can be attributed to the proximity of the Berreman resonance frequency (c)
to the ALN LO frequency at 900cm !, where the dielectric function (d) crosses zero. For thicker Ims, on
the other hand, the Berreman mode disperses at frequencies where Rgfy ) > 0, yielding a much weaker
eld enhancement. It is thus seen that only for ultrathin Ims the Berreman mode, due to its ENZ nature,
exhibits the reported strong eld enhancement. e-g show the E; eld enhancement at the air/AIN inter-
face in AIN and air, and the re ected wave together with its phase, respectively, as a function of AIN Im
thicknessdayn at xed frequency ! =900cm * and at an incidence angle of 60. Surprisingly, also at xed
ENZ frequency, the eld enhancement in AIN (e) decreases with increasing Im thickness, which, following
Eq. 3 of the main text, happens because of a decreasing, eld in air (f). The latter behavior arises
due to the following reasons. The total eld in air is the di erence of the incident and the re ected eld,
E, = EN®  E’®  whereEM 1 and its phase (EI“)=0. The reected eld E!®: has a minimum
value of 0:4 at day = 30nm due to the Berreman resonance. Its phase, however, approaches 9 the
limit of a vanishing AIN Im, but drops rapidly to values close to O for increasing Im thickness. As a
consequence, for a phase di erence of Qthe re ected eld and the incoming eld interfere destructively at
the air/AIN interface, leading to a small total eld amplitude for increasing Im thickness both in air and in
AIN. In the ultrathin Im limit, on the other hand, the signi cant phase di erence of incoming and re ected
wave leads to a sizable total eld in air, and thus, in combination with the ENZ condition (see Eq. 3 of the
main text), to the strong E, eld enhancement inside the AIN Im.
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A.3 SI: SHG from Phononic ENZ Berreman Modes

FIG. S5. Contributions to the SHG yield at the AIN TO frequency. a E ective SHG
source depth = 1= Kk for bulk SiC and bulk AIN calculated by means of the wavevector mismatch
k? = Rspe Riin  Rain 2.6 At the ordinary TO frequency, features a minimum of 200 nm
whereas in the range of the LO frequencies, reaches maximum values of a couple of micrometer.
Thus, in a bulk sample, a lot more volume contributes to the SHG signal at the LO than at the TO,
whereas in a very thin Im (d < 200nm), the e ective source depth is equal at both frequencies
and given by the Im thickness. Therefore, in an ultrathin AIN Im, the TO SHG signal is stronger
compared to the LO signal than for a bulk crystal. b In-plane Ex and out-of-plane E; elds at
the ordinary AIN TO frequency (670:8cm 1) as a function of AIN Im thickness. As stated in the
main text, in a bulk crystal the eld enhancement is strongly suppressed at the TO frequency,
leading to a suppressed SHG vyield despite the strong® resonance. In an ultrathin Im, however,

this suppression is reduced, as can be seen by the sharp increase of the eld for dan < 100nm.
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FIG. S1. Tuning gure of merit (TFOM) of the SPhP and the waveguide mode in
air/GST/SIC. TFOM = = FWHM as a function of GST Im thickness dagst calculated from
re ectance simulations of the air/GST/SIiC system in Otto geometry (with KRS5 prism as incident
medium) at an incident angle of 30 with the parameters given in the Methods section of the main
text. For daggst 150 170nm, the SPhP features a maximal TFOM, while the waveguide mode
reaches a maximal predicted TFOM of 9 atd,gst 210 230nm. For both modes, the change
in the TFOM as a function of d,gst primarily arises from the frequency shift | (compare Figure

S3 ¢ and f), which varies strongly as the modes shift to lower frequencies towards%ig.
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Abstract

The field of nanophotonics aims at understanding and harnessing light-matter interaction in structures
of dimensions far below the wavelength. By squeezing light into nanostructures, the local electric
fields can be immensely enhanced, boosting the efficiency of applications such as solar cells or
molecular sensing. Furthermore, nanophotonics facilitates the miniaturization of optical devices,
pushing forward the development of modern communication technologies and all-optical integrated
circuitry.

The fundamental excitation driving nanophotonics is the surface polariton, arising in different types
depending on the supporting material. A promising candidate for applications at infrared frequencies
is the surface phonon polariton (SPhP) supported by polar crystals. However, a SPhP on a single polar
crystal possesses several limitations that hinder the application in nanophotonic technologies.

This work implements layered heterostructures built from various different materials as a versatile
platform for phonon polariton nanophotonics, overcoming the limitations of a conventional SPhP. By
studying a variety of different polar crystal heterostructures, novel polariton modes with intriguing
characteristics are discovered, such as ultra-thin film modes with immense field enhancements,
strongly coupled polaritons at epsilon-near-zero frequencies, and waveguide modes with polariton-
like properties.

Furthermore, a new experimental and theoretical methodology is developed, enabling the systematic,
extensive study of phonon polaritons in layered heterostructures of arbitrarily anisotropic media. In
the conducted experiments, the phonon polaritons are excited via prism coupling in a home-built
Otto geometry, featuring full control over the excitation conditions with direct read-out of the
characteristic air gap size between prism and sample. This unique setup allows to characterize a
polariton dispersion at critical coupling conditions, yielding the discovery of new phonon polariton
modes.

As an excitation source, the free electron laser at the Fritz Haber Institute is employed, allowing for
non-linear optical spectroscopy measurements at infrared phonon-polariton frequencies. The results
include the first observation of second harmonic generation from propagating SPhPs and from the
ultra-thin film Berreman polariton, enabling experimental access to the field enhancement of the
excited polariton mode.

The theoretical advances of this work comprise a transfer matrix formalism for the calculation of light-
matter interaction in arbitrarily anisotropic layered heterostructures. The developed versatile and
robust framework enables the simulation, analysis and prediction of polaritons and their properties in
any multilayer system, constituting a significant contribution to the field of polaritonic nanophotonics.
The formalism is implemented in an open-access computer program, facilitating future studies
towards phonon polariton-based technologies.

By discovering various new phenomena and implementing a new experimental and theoretical
methodology with great potential for future investigations, this work constitutes a comprehensive
study of phonon polaritons in polar dielectric heterostructures. Furthermore, this thesis lays out
perspectives on how to use the developed experimental and theoretical methods for a number of
future studies, bearing great potential to further advance the field of infrared nanophotonics.
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Kurzfassung

Das Gebiet der Nanophotonik zielt darauf ab, die Wechselwirkung zwischen Licht und Materie in
Strukturen mit Grofienskalen weit unterhalb der Wellenlédnge zu verstehen und zu nutzen. Durch das
Einbringen von Licht in Nanostrukturen kénnen die lokalen elektrischen Felder immens iiberhoht
werden, was die Effizienz von Anwendungen wie Solarzellen oder molekularer Sensorik verbessert.
Dariiber hinaus ermdglicht die Nanophotonik die Miniaturisierung optischer Bauelemente und
treibt so die Entwicklung moderner Kommunikationstechnologien und rein optischer integrierter
Schaltkreise voran.

Die grundlegende Anregung, die die Nanophotonik vorantreibt, ist das Oberflichenpolariton, das je
nach Tragermaterial in verschiedenen Typen auftritt. Ein vielversprechender Kandidat fiir Anwendun-
gen bei Infrarotfrequenzen ist das auf polaren Kristallen existierende Oberflachenphononenpolariton
(OPhP). Ein OPhP auf einem einzelnen polaren Kristall weist jedoch mehrere Einschrankungen auf,
die die Anwendung in nanophotonischen Technologien behindern.

Diese Arbeit implementiert geschichtete Heterostrukturen aus verschiedenen Materialien als vielseit-
ige Plattform fiir die Phononenpolaritonen-Nanophotonik und iberwindet so die Einschrankungen
eines herkommlichen OPhP. Durch die Untersuchung einer Vielzahl verschiedener polarer Kristall-
heterostrukturen werden neue Polaritonenmoden mit interessanten Eigenschaften entdeckt, wie etwa
Moden in ultradiinnen Filmen mit immensen Feldverstarkungen, stark gekoppelte Polaritonen bei
Epsilon-nahe-Null-Frequenzen und Wellenleitermoden mit polaritonendhnlichen Eigenschaften.

Dariiber hinaus wird eine neue experimentelle und theoretische Methodik entwickelt, die die system-
atische und umfassende Untersuchung von Phononenpolaritonen in geschichteten Heterostrukturen
beliebig anisotroper Medien ermdglicht. In den durchgefiithrten Experimenten werden die Phononen-
polaritonen durch Prismenkopplung in einer selbstgebauten Otto-Geometrie angeregt, wobei die
Anregungsbedingungen vollstindig gesteuert werden konnen und die charakteristische Luftspalt-
grofle zwischen Prisma und Probe direkt ausgelesen wird. Dieser einzigartige Aufbau erméglicht die
Charakterisierung einer Polaritondispersion bei kritischen Kopplungsbedingungen, wodurch neue
Phononenpolaritonenmoden entdeckt werden konnen.

Als Anregungsquelle wird der Freie-Elektronen-Laser am Fritz-Haber-Institut eingesetzt, der nicht-
lineare optische Spektroskopiemessungen bei infraroten Phonon-Polariton-Frequenzen erméglicht.
Die Ergebnisse umfassen die erste Beobachtung der Erzeugung der zweiten Harmonischen von
propagierenden OPhP und von dem Berreman-Polariton in ultradiinnen Filmen, wodurch die experi-
mentelle Einsicht in die Feldverstarkung der angeregten Polaritonenmode ermoglicht wird.

Die theoretischen Fortschritte dieser Arbeit umfassen einen Transfermatrix-Formalismus zur Berech-
nung der Wechselwirkung zwischen Licht und Materie in beliebig anisotropen geschichteten Het-
erostrukturen. Der entwickelte vielseitige und robuste Formalismus ermoglicht die Simulation,
Analyse und Vorhersage von Polaritonen und ihren Eigenschaften in jedem beliebigen Mehrschicht-
system, was einen wesentlichen Beitrag auf dem Gebiet der polaritonischen Nanophotonik darstellt.
Der Formalismus ist in einem Open-Access-Computerprogramm implementiert, was zukiinftige
Studien in Richtung Phonon-Polariton-basierten Technologien erleichtert.

Durch die Entdeckung verschiedener neuer Phanomene und die Implementierung einer neuen
experimentellen und theoretischen Methodik mit groflem Potenzial fiir zukiinftige Studien stellt diese
Arbeit ein griindliches Werk tiber Phononenpolaritonen in polaren dielektrischen Heterostrukturen
dar. Dariiber hinaus skizziert diese Arbeit Perspektiven fiir die Verwendung der entwickelten
experimentellen und theoretischen Methoden fiir eine Reihe zukiinftiger Studien, die ein grof3es
Potenzial fiir die Weiterentwicklung des Bereichs der Infrarot-Nanophotonik bieten.
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