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CHAPTER 1
Introduction
In the past decades, the scienti�c �eld of nanophotonics has emerged, aiming at understanding
and harnessing the extraordinary properties of light and light-matter-interaction on the nanoscale.
Restricted by the di�raction 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 con�nement of more than 400 times
smaller than the wavelength [2–4].

Squeezing light into nanoscale objects bears two intriguing advantages: Firstly, compared to the �eld
amplitudes of a light wave propagating in free space, the local electric �elds in a nanostructure are
immensely enhanced, boosting the light-matter interaction considerably. These enhanced electric
�elds enable a variety of applications, such as improved solar cell e�ciency [5], all-optical switching
[6], or ultra-e�cient sensing [7]. Secondly, subwavelength-con�ned 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 �uorescence [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 signi�cantly 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(III) 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 subdi�raction
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 con�nement and �eld enhancements are moderate,
and only p-polarized light can be used for the excitation.
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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 di�erent 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 �ndings demonstrate that layered heterostructures provide a
versatile tool box for designing nanophotonic devices with user-de�ned optical responses and novel
functionalities.

Experimentally, the investigation of phonon polaritons in layered heterostructures is realized in a
home built prism coupling setup. The speci�c 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 �rst
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
�lms of deep sub-wavelength thickness. As is shown in these studies, the employment of SHG
spectroscopy provides experimental access to the local electric �eld enhancement of the excited
phonon polariton modes, being inaccessible by linear optical techniques.

Even though of central importance for scienti�c 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].1 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 �ndings 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 di�erent 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.

1It is noted that the original formalism contains an error in the calculation of electric �elds for the case of birefringence, that
is, for anisotropic media with non-zero o�-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 a�ected by the
error, since birefringence does not occur in the systems investigated in these works.
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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 scienti�c 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 �eld of nanophotonics. Finally, chapter 6 concludes the
presented work.
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CHAPTER 2
Theoretical Concepts
In 1950, the Ukrainian physicist Tolpygo analyzed the interaction of dipole-carrying lattice vibrations
with an electromagnetic �eld in the limit of long wavelengths [20], obtaining the �rst description
of what later would be termed a phonon polariton. His 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, di�erent 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 limit1 [28]. Independent of
the underlying quasiparticle that is coupling to the light, Maxwell’s equations allow for a precise
calculation of the electromagnetic �elds 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 �eld enhancement associated with phonon polariton
resonances and the resulting enhanced SHG, discussing the systems that were studied by means of
SHG spectroscopy.

1Quantum optics e�ects [27] are not relevant for this work
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Chapter 2 Theoretical Concepts

2.1 The Dielectric Permi�ivity

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

~P = � 0(�" � 1)~E; (2.1.1)

where �" is the dielectric permittivity tensor, fully describing the optical response of a medium:

�" =

0

@
" xx " xy " xz

" yx " yy " yz

" zx " zy " zz

1

A : (2.1.2)

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 di�erent 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 �eld accelerates the electrons, leading to an electric current.
However, for increasing electric �elds, 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. Speci�cally, 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.
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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:

m•~u+ m
 _~u = q~E; (2.1.3)

where m is the e�ective mass of the electron, ~u the position in space, 
 the damping constant arising
from the collisions with the ions, q the electron charge, and ~E = ~E0ei!t the incident electromagnetic
�eld driving the electron motion with frequency ! . The solution of this di�erential equation is

~u =
q~E

m(� ! 2 + i!
 )
: (2.1.4)

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

~P = Nq~u= "0� ~E = "0(" � 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 "0 the vacuum permittivity. Rearranging Equation 2.1.5 yields
for the dielectric permittivity " :

" (! ) = 1 �
! 2

p

! 2 � i!

(2.1.6)

with the plasma frequency ! p

! p =

s
Nq2

"0m
; (2.1.7)

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 ! p 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 "1 is introduced, yielding the
following dielectric permittivity of the Drude model:
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Chapter 2 Theoretical Concepts
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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 regions).b The same experimental data is fi�ed only in theIR, achieving
good agreement. Thus, for nanophotonic studies in theIR, as they are performed in this thesis, the Drude
model is a valid approximation for the optical response of Au.

" (! ) = "1

�
1 �

! 2
p

! 2 � i!


�
: (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 �tted 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 µm � 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.
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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 �eld is:

m•~u+ m
 _~u+ m! 2
0~u = q~E; (2.1.9)

where ! 0 is the resonance frequency of the particle in the harmonic potential. Analogous to the
Drude model, the solution of this equation is

~u =
q~E

m (! 2
0 � ! 2 + i!
 )

; (2.1.10)

and the dielectric permittivity can be formulated as

" (! ) = "1 +
Nq2

� 0m
1

! 2
0 � ! 2 + i!


: (2.1.11)

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 Nu:c: atoms in the primitive unit cell has 3 acoustic and
3Nu:c: � 3 optical 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 speci�c periodicity. In the case of polar
crystals, where at least two atoms with di�erent 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 (AlN) or gallium nitride (GaN), a gap between the two resonance frequencies
! TO and ! LO 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 rays) band.

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, ! 0 = ! TO.

Solving Eq. 2.1.11 at ! LO, where " (! LO) = 0 [42], yields for the dielectric permittivity of a polar
crystal:

" (! ) = "1
! 2 � ! 2

LO � i
!
! 2 � ! 2

TO � i
!
: (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, AlN, 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-SiC, AlN, 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 respectiveTO andLO frequencies
! TO 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 �" ii di�er (Eq. 2.1.2) and thus, each �" ii

is de�ned by Eq. 2.1.12 with a unique set of material parameters. 6H-SiC, AlN, and GaN are uniaxial
crystals, featuring one extraordinary crystal axis (k) along which the dielectric permittivity is di�erent
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 (" k

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, AlN, and GaN. Parameters employed to model the
dielectric permi�ivity of 6H-SiC, AlN, and GaN in all publications that were wri�en in the course of this thesis
(reprinted in chapter 4).

Parameter 6H-SiC [43] AlN [44] GaN [44]

! k
TO 788cm� 1 611cm� 1 531:8 cm� 1

! ?
TO 797cm� 1 670:8 cm� 1 558:8 cm� 1

! k
LO 964cm� 1 890cm� 1* 734cm� 1

! ?
LO 970cm� 1 912cm� 1 741cm� 1


 3:75cm� 1 2:2 cm� 1 4 cm� 1

" k
1 6.78 5.35 " k

1 = 4.35
"?

1 6.56 5.35 "?
1 = 4.16

*Note that in contrast to the here reported literature value, �tting
of experimental data has yielded a value of 900cm� 1 , which is
used throughout the thesis and in all publications.
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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

" (! ) = "1

�
1 �

! 2
p

! 2 � i!
 e
+

! 2 � ! 2
LO � i
 p!

! 2 � ! 2
TO � i
 p!

�
; (2.1.13)

where 
 e and 
 p 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 di�erent types of polariton modes that arise in dielectric
heterostructures, as investigated in the scienti�c articles published in the course of this thesis
(reprinted in chapter 4).
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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 ! TO 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]:

kBPhP =
!
c

" =
!
c

"1
! 2 � ! 2

LO � i
!
! 2 � ! 2

TO � i
!
: (2.2.1)

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

Depending on the charged particles that form the surface electric dipole wave, di�erent 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-�lm modes, the Berreman mode, volume-con�ned
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 "D , is de�ned 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 �elds pointing in the x-z-plane (transverse magnetic), yielding the following explicit
form:

~E = ~E D,P
0 ei(!t � kx x � kD,P

z z); (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 kx is conserved at the interface, which is why it is de�ned material-
independently. Plugging this surface wave into the three-dimensional wave equation � ~E = " D,P

c2
•~E
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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, theBPhParises, featuring an avoided
crossing. Inside the reststrahlen band, theSPhPis supported at the surface of the polar crystal, ranging
from ! TO up to the cut-o� frequency ! S (shown in b). The modes are exemplified for aSiCcrystal. 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 theSPhPis 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"P adjacent to a dielectric
material with permi�ivity "D.

leads to an expression for the out-of-plane momentum kz:

kD,P
z =

r
! 2

c2
"D,P � k2

x : (2.2.3)

In order to get an actual surface wave, however, the ~E -�eld should vanish with increasing distance
to z = 0 . This is only achieved for complex kD,P

z , 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 = ~E D,P
0 ei (!t � kx x) e� � D,Pz; (2.2.4)

where

� D,P � ik D,P
z (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]:

@2Ex

@z2
+

! 2

c2
"E x �

@2Ez

@x@z
= 0: (2.2.6)

When Eq. 2.2.4 is plugged into this equation, the following relation between the �eld components is
obtained:

E D,P
0z = � i

kx

� D,P E D,P
0x ; (2.2.7)
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and applying Maxwell’s boundary conditions for the displacement ~D ("DE D
0z = "PE P

0z) and the
electric �eld ~E (E D

0x = E P
0x ) yields:

� D

"D = �
� P

"P : (2.2.8)

� D, � P and "D are positive by de�nition. This leads to the condition that in order to support a SPhP,
"P has to be negative. A polar crystal ful�lls this requirement in the reststrahlen band between
! TO and ! LO. However, it can be shown that the exact condition reads "P < � "D [42], which leads
to a reduced upper frequency limit ! S < ! LO. Substituting � D,P (Eq. 2.2.5) into equation 2.2.8 �nally
gives the dispersion relation for a SPhP:

kx = kSPhP =
!
c

r
"D"P

"D + "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 �eld of nanophotonics have shown that SPhPs o�er great potential for
technological applications, such as super-resolution imaging [16, 46, 47], highly e�cient sensing
[48], or enhanced nonlinear-optical conversion e�ciency [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 �xed by the material parameters, and thus the SPhP lacks active
tunability,

(iii) the spatial con�nement 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 �eld enhancement of a SPhP only reaches moderate values of up to 10 [I], which is
relatively low compared to the �eld 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.
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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 di�erent 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 �eld 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 �lm 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 AlN, this is the case for d . 1µm [V]), an interaction
between the two interfaces arises, resulting in two thin-�lm polaritons (TFPs)(sketched in Fig. 2.2.2b).
In terms of the dispersion, the single bulk SPhP dispersion (gray line in Fig. 2.2.2c for AlN) splits
up into the symmetric and antisymmetric TFP branch (green lines), where the splitting increases
for decreasing �lm thickness. Thus, the �lm 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]:

1 +
"1kz3

"3kz1
= i tan (kz2d)

�
"2kz3

"3kz2
+

"1kz2

"2kz1

�
; (2.2.10)

where the indexes 1-3 refer to the three layers, and the out-of-plane momenta kz 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 �lms (d < �= 100, 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 (ENZ) polariton, featuring intriguing properties such as ultra-long wavelengths and immense
�eld 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-�eld. An exception is the Berreman mode, which arises in ultra-thin �lms 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 �eld enhancement (see the publication reprinted on page 75 [V] for further
details on Berreman modes).

Strongly Coupled Polaritons Polaritons are by de�nition 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 AlN �lm 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 AlN �lm (green dispersion line). Together, these modes
form two new hybridized strongly coupled polaritonswith 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 the supporting crystal "P and of the adjacent medium "D (or, equivalently, the
refractive index n =

p
" ). Changing "D in�uences 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-shifted (n-shifted) polaritonsis depicted in Fig. 2.2.2f, where
a thin Ge3Sb2Te6 (GST) �lm 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
di�erent 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 �lms 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 modes (WMs). These modes can be either p- or
s-polarized, and their dispersion is usually very steep compared to SPhPs. A thin GST �lm supports
WMs, 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 (speci�ed for the GST/SiC
heterostructure) [61]:

!
c

q
"GST � k̂2 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 anAlN bulk crystal.
The electric field strength is illustrated in yellow, evanescently decaying inz-direction into both media.b In a thin AlN film, two thin-film polaritons (TFPs) with
symmetric and antisymmetric electric field distribution are supported.c Dispersion lines of leaky and evanescent phonon polaritons in bulk and thin-filmAlN.
On the right side of the light line, the bulkAlN SPhP(gray line) and the twoTFPs 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-zero (ENZ) modes, dispersing in close proximity to! AlN

LO . d Sketch of
an AlN/SiCheterostructure, where the bulkSiC SPhPstrongly couples to theENZ TFPof the AlN thin film. e Dispersion of the strongly coupled polariton
modes (red lines) featuring an avoided crossing.f Sketch of a heterostructure comprising a thin film of the reversibly switchable phase-change material GST on
a SiCsubstrate. The system simultaneously supports p-polarizedSPhPs and s-polarized waveguide modes (WMs), both being actively tunable by switching of
the GST phase.g Dispersion lines of theSPhP(solid lines) and theWM (dashed lines) for amorphous (purple lines) and crystalline (red lines) GST.h Sketch
of a crystalline hybrid (XH) comprising a polar dielectric superla�ice of atomically thinAlN andGaNfilms on aSiCsubstrate, supporting volume-confined
hyperbolic phonon polaritons (hPhPs) of type I and type II.i Dispersion lines of the phonon polariton modes arising in theXH. At large in-plane momenta, the
typical mode progression of volume-confined hPhPs is observed (turquoise and red lines). Note that the dispersion lines in subfigures c and e were calculated
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-matrix
simulations (for details see the publication reprinted on page 45 [II ]), and here, the momentum axis is plo�ed in relative values. The light line in subfigures g and
i is a vertical line located atk=k0 = 1 .
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where � SiC/GST and � GST/air are the phase di�erences upon re�ection at the substrate/�lm (SiC/GST)
and the �lm/incident medium (GST/air) interfaces, k̂ � k=k0 = nair sin � is the in-plane momentum
(with k0 = !=c ), and dGST is the GST �lm thickness.

Strikingly, in the GST/SiC heterostructure, the distinctive properties of the polar crystal substrate
modify the WM such that its spatial con�nement and electric �elds 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 (SiO2), but alternatively, a hyperbolic material can be synthesized
by periodically stacking thin layers of di�erent media [62–64]. In Fig. 2.2.2h, such an arti�cial
hyperbolic material is sketched, where multiple atomically thin layers of AlN and GaN thin �lms
form a � 650 nmthick superlattice, also called crystalline hybrid (XH) [65].

In thin �lms of hyperbolic materials, such as the sketched XH, standing waves with discrete reso-
nances are supported, giving rise to volume-con�nedhPhPs[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-con�ned 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 di�erent material systems comprising di�erent 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-con�ned
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 con�nement and electric �elds
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 exempli�ed for
subdi�ractional nanostructures in publication [VIII]. However, 3D structures entail a signi�cantly
higher level of complexity, rendering the unambiguous assignment and prediction of polariton
modes a formidable task. By focusing on well-de�ned 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

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

In this thesis, second harmonic generation (SHG), a second-order nonlinear optical e�ect, is employed
for the experimental investigation of the �eld enhancements of various phonon polaritons in layered
heterostructures. Therefore, in the �rst part, this section provides a brief introduction to SHG. In the
second part, the calculated �eld enhancement of the studied phonon polaritons and the resulting
experimental SHG yield is discussed. The theoretical calculations of the optical �eld 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 �eld
~E , is approximately linear, as long as the incident intensity is weak enough (Eq. 2.1.1). For stronger
incident �elds, 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 e�ects like SHG,
sum frequency generation, di�erence frequency generation, or electro-optical recti�cation – all of
them second-order e�ects – 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(! )

+ � (2) (! 3 = � ! 1 � ! 2) : ~E(! 1) ~E(! 2)
+ ::: ;

(2.3.1)

where � = 1 � " is the electric susceptibility, describing the optical response of a material under
the in�uence of an external electric �eld ~E . The nth coe�cient � (n) 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 �eld of research.

In a very simple picture, the e�ect 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 ~! FEL from the
incident light source, in this work a FEL, are needed in order to excite a system from the ground state
j0i to the state j2i , through the intermediate state j1i , which lies at half the energy di�erence between
j0i and j2i . The energy from j2i is then emitted as a photon at double frequency ! SHG = 2! FEL,
constituting the SHG signal. The measured SHG intensity I SHG is, most generally, given by

I SHG / j � (2) (2! = ! + ! ) ~E(! )2j2; (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 ofSHG, where two incident photons at same frequency
! FELare converted into theSHphoton with double frequency! SHG. Within the electric dipole approximation,
this process occurs only in materials with broken inversion symmetry. In general,j1i and j2i can be virtual
energy levels. If the material exhibits a resonance at incident frequency, however, these states are real, and
the process is called resonantSHG. b andc Dispersion of the non-zero� (2) elements in 3C-SiCand 4H-SiC,
respectively. Additional to the resonances at theTO phonon frequencies, 4H-SiCfeatures a resonance at the
zone-folded (zf) phonon frequency, arising due to the supperla�ice along the extraordinary crystal axis [70,
71]. � (2) dispersions are adapted from Ref. [70]

where � (2) is the second-order susceptibility tensor, which has in total 27coe�cients, and ~E 2 is a
symmetric tensor. Therefore, the resulting SHG signal can exhibit enhancements of two types: (i)
originating from a � (2) resonance, and (ii) from a resonance in the local �elds at the sample site.
For the case of polar crystals, the � (2) dispersion only exhibits features at the IR-active phonon
resonances such as the TO phonon (as an example, Fig. 2.3.1b and c show the relevant � (2) elements
of 3C-SiC and 4H-SiC, respectively). On the other hand, phonon polaritons feature strong local �eld
enhancements and therefore contribute signi�cantly to the second harmonic (SH) signal via the
~E 2 term, enabling polariton-enhanced SHG. In the following section, the �eld enhancement of the
phonon polariton modes studied in this work is discussed in detail.

Regarding the SHG signal from the bulk, the � (2) coe�cients 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 coe�cients 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 ! FEL 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 �eld 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 con�nement of light as it occurs for phonon polaritons in nanoscale structures leads
to enhanced light-matter interaction, enabling nanophotonic applications such as highly e�cient
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 �eld enhancement of phonon
polaritons, while the transfer matrix formalism (see page 45 [II]) is employed as theoretical tool for
calculating the �eld enhancement in layered media responsible for the SHG yield. In the following,
the �eld enhancement and the obtained SH yield of three systems are discussed, comprising a bare
SiC crystal, a thin-�lm AlN/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 �eld enhancement associated
with the SPhP.

Fig. 2.3.2b plots the calculated electric �eld 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 �eld ~Ex is shown, clearly featuring a peak at the SPhP resonance frequency,
localized at the air/SiC interface. These enhanced electric �elds give rise to the observed peak in the
SHG spectrum. The out-of-plane component ~Ez (not shown here) features a similar enhancement in
air [I], while inside SiC, ~Ez is slightly suppressed [56] (for more details on the SHG from the SiC
SPhP see the publication reprinted on page 37 [I]).

AlN/SiC Berreman Mode As has been discussed in section 2.2.2, a AlN/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. 2.3.2c, an SHG
spectrum of the AlN/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 �eld enhancement associated with the
Berreman mode. As is shown in Fig. 2.3.2d, the out-of-plane electric �eld features an extreme spatial
con�nement localized in the thin AlN �lm and reaching immense enhancement values of > 40.
Interestingly, the in-plane �elds ~Ex (not shown here) are featureless at the Berreman resonance
frequency [V]. Hence, the out-of-plane �elds 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

21



C
hapter2

TheoreticalC
oncepts

�)�U�H�T�X�H�Q�F�\���&���������F�P��
������ ������ ������ ������ ��������

�5
�H

�À
�H

�F
�W

�D
�Q

�F
�H

��

��
��

��

��

��

���&
�&�&

�S

�/�6�3�K�5
�6�3�K�3�6�L�&

������ ������ ������ ������

��

�,�
���

���
���

���
D

�U
�E

���
��X

�Q
���

�
�6

�+
�*

����

������ ������ ������ ������
�)�U�H�T�X�H�Q�F�\���&���������F�P��

��

��
�_�(�����_�����_�(���������_�[ �[����

�6�L�&

�D�L�U

���
����

P
���

���
�����

P
�]

�$�O�1�6�L�& �6�L�&

�)�U�H�T�X�H�Q�F�\���&���������F�P��

�6�L�&

�D�L�U

�$�O�1

��
��
��

���
����

P
���

���
�����

P
�] �������Q�P

��

������������������ ������ ������
�)�U�H�T�X�H�Q�F�\���&���������F�P��

�$�O�1

��

����

�6�L�&

�D�L�U

�$�O�1�������Q�P

���
����

P
���

���
�����

P
�]

�D

�E

�F

�G

�H

�I

�J

�_�(�����_�����_�(���������_�[ �[�����_�(�����_�����_�(���������_�] �]����

�,�
���

���
���

���
D

�U
�E

���
��X

�Q
���

�
�6

�+
�*

�,�
���

���
���

���
D

�U
�E

���
��X

�Q
���

�
�6

�+
�*

�,�
���

���
���

���
D

�U
�E

���
��X

�Q
���

�
�6

�+
�*

�6�L�&
�D�L�U

�.�5�6��
�$�O�1
�6�L�&

�$�O�1

�.�5�6��
�D�L�U

�6�L�&

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�o geometry (see section 3.2 for details) at an incident angle of� � 30� , featuring a resonance peak at the frequency of the
SPhP[I]. b In-plane electric field distribution along thez-direction of theSiC SPhPat the air/SiC interface. At theSPhPresonance frequency, the
local electric field is enhanced, reaching a maximum value of� 6 at the interface. This field enhancement is the origin of the measured peak in
the SHGspectrum.c SHGspectrum under free-space excitation of anAlN/SiCheterostructure at� � 60� , featuring a resonance peak at the
frequency of the Berreman mode [V]. d Out-of-plane electric field distribution of the Berreman mode in the multilayer system. At the Berreman
resonance frequency in close proximity to! AlN

LO , the local electric field features an immense enhancement of up to� 40, strongly localized in the
AlN thin film. This field enhancement gives rise to the enhancedSHGsignal shown in c.e SHGspectrum of the sameAlN/SiCheterostructure as
in c, measured in the O�o geometry at� � 29� . In the O�o geometry, the evanescently bound, strongly coupled phonon polaritons can be excited
[ IV], yielding two resonance peaks in proximity to! AlN

LO [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 to theAlN layer, originating the measured
SHGpeaks.g Reflectance andSHGspectrum ofSiCnanopillars on aSiCsubstrate. The localized surface phonon resonance (LSPhR) of the
nanopillars couples to the propagatingSPhP, yielding two resonance dips in the reflectance, and two peaks in theSHGspectrum [VIII ]. In both
strongly coupled systems, theSHGyield of the two coupled modes is subject to a phase modulation induced by the background contribution of
the SiC substrate. Figure adapted from publication [VIII ].

22



2.3 Polariton-Enhanced Nonlinear Optical Response

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

AlN/SiC Strongly Coupled Phonon Polaritons When probing the AlN/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 con�guration is shown in Fig. 2.3.2e, where two resonance peaks
arise at the frequencies of the coupled modes. The origin of the di�erent peak heights is still under
investigation. As for the two previous systems, the origin of this enhanced SHG signal is the �eld
enhancement associated with the phonon polariton modes.

Fig. 2.3.2f shows the calculated in-plane electric �eld distribution of the two strongly coupled phonon
polaritons in the AlN/SiC heterostructure, featuring two resonances that are of similar shape as the
�eld distribution of the bare SiC SPhP (Fig. 2.3.2b). The �eld distributions (both ~Ex and ~Ez [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 �eld 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 con�nement, 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 con�guration of large periodicity compared to D , as it is illustrated in Fig. 2.3.2g
(D � 1µm, p = 5 � 7µm), the substrate supports a propagating SPhP that can couple strongly to
the monopole mode [87].

In Fig. 2.3.2g, one exemplary re�ectance 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 �eld
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 �elds 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 �eld 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 �eld 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 �elds 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-�eld, 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-�eld optical
microscopy (s-SNOM).

The �rst 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 re�ection, or the light scattered o� 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 �at metallic surfaces [88, 89]
and on metal tips [90, 91], and for SPhPs on a SiO2 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 �at sample
is sketched. The periodicity p of the grating de�nes the provided momentum qgrating, leading to the
following total momentum kg

x [93]:
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kg
x = qx + qgrating =

!
c

sin� + n
2�
p

; (3.1.1)

where qx 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, ful�lling the equation

ksurface polariton = kx : (3.1.2)

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 orders n = 1 and
� 1. For n = � 1, the total momentum kx is negative, meaning that a SPhP is excited that propagates
in the reverse in-plane direction of the incoming light.

In a re�ectance measurement, the excitation of a SPhP leads to a resonance dip in the reststrahlen
band, where otherwise the re�ectance is 1 due to the negative real part of the dielectric permittivity.
By measuring the re�ectance 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 di�cult 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

kp
x = qx

p
"P =

!
c

sin�
p

"P; (3.1.3)

where "P 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 "P. In the so-called
Kretschmann geometry [94], this is achieved by placing a thin �lm 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 re�ection 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 �lms
are evaporated onto the prism [94–98], whereas SPhPs are typically studied by di�erent 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 radiation.b Dispersion of aSiC SPhP(green lines) either launched in the same in-plane direction
(k > 0) as the incoming beam or counter-propagating (k < 0), and the dispersion of the grating light linekg

x , see Eq. 3.1.1 (red lines), for various
incident angles� and the grating ordersn = 1 and � 1. Excitation of theSPhPoccurs at the crossing points ofkg

x andkSPhP. c Sketch of prism
coupling in the Kretschmann geometry, where the surface polariton is launched at the bo�om side of the sample film (yellow).d Dispersion
of a Au SPP(green line) and the prism light lineskp

x , see Eq. 3.1.3 (red lines), for various incident angles.e Illustration of the O�o geometry,
implementing a coupling prism parallel to the sample leaving a variable air gap of sizedgap. SPhPs are launched by evanescent waves leaking
across the air gap.f Dispersion of aSiC SPhP(green line) and prism light lines for aKRS-5prism.g Sketch of the operation principle ofs-SNOM.
The incoming light is sca�ered o� the oscillating tip of an atomic force microscope (AFM), thereby launching surface polaritons on the sample
surface.h Exemplary dispersion graph with experimental data (triangles) obtained bys-SNOM(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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Chapter 3 Experimental Approaches

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 SiO2 prism for three di�erent incident angles. Analogous to the grating
coupling, varying � allows to reconstruct the polariton dispersion, however only up to a limit
(� = 90 � ) de�ned 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-de�ned 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�o Geometry In 1968, three years before Kretschmann originated his
coupling con�guration, Otto proposed a prism coupling method to surface polaritons where a small
gap of size dgap 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 kx 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 re�ection 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
e�ciency on dgap. For large distances, the exponentially decaying evanescent wave under total
internal re�ection cannot excite the surface polariton e�ectively. For smaller dgap, the evanescent
wave and the surface polariton overlap such that optimal coupling conditions are reached. At this
critical distance dcrit, the re�ectance 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 e�ciency 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 con�guration is
the adjustability of the gap size dgap. However, the precise control of the gap size is challenging.
Speci�cally 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 �rst1 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 setup2 enables the possibility to investigate the critical coupling

1to the best of my knowledge
2In correspondence, PIKE Technologieshas 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 di�erent 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-con�ned hPhPs in hyperbolic thin �lms, 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 o� the light line in air. scattering-type scanning near-�eld
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-re�ected light, the scattered contributions o� 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 re�ected. The back-re�ected 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 SiO2 modulated
by a thin-�lm 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=k0 = 80.

s-SNOM is a powerful technique to study the local �elds 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-re�ector 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 e�ciency
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
o�-axis mirror (f = 646 mm) onto the prism. After passing through the Otto geometry, where the
beam is totally re�ected at the prism backside, the light is separated by a dichroic beam splitter
(longwave pass at � = 7 µm) for measuring the re�ectance 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 0:1µm, 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 re�ected beam. Finally, this is mounted on a
rotation stage for measuring at di�erent incident angles � , and on a x-y-z translation stage for �ne
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 10� 10and side angles of
30� . Due to the high refractive index of KRS-5 (in the IR, nKRS-5 � 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 µm, the incident angle � can be tuned in a range from
still below the critical angle of total internal re�ection (� 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 re�ective �ber collimator directs the light of a Thorlabstungsten
NIR source onto the ground-o� top of the KRS-5 prism, and collects the signal re�ected at the prism
back side and the sample surface. The re�ected light is guided through a bifurcated �ber bundle
and analyzed in an Ocean OpticsNIR spectrometer. Interference between the re�ected 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 dgap. 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, dgap is
monitored continuously and simultaneously to the SPhP experiments. The dgap range that can be
read out by the white-light interferometry setup lies between � 100 nmand � 60µm. Roughness of
the sample and the prism backside further restricts the lower limit, leading to typical minimum gap
sizes of approximately 1µm. The resulting accessible dgap 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 andSHGmeasurements 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-infrared (NIR)
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 mountedKRS-5prism. 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 � 20µm. 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 �at 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 �exible 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 re�ectance and SHG spectroscopy. In the
following, the FHI FEL is brie�y 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 �rst 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 5 ps.
Each bunch can then be e�ectively accelerated in the linacs, which create a macro pulse structure
of pulse lengths of 1µs to 15µs 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 200 pC

Micro pulse length 1-5 ps
Micro pulse repetition rate 1 GHz

Macro pulse length 1-15µs
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 50periods with a
period length of � u = 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 3µm to 50µm. 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 10µm to 150µm 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 L0 = 5:4 m
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, �ve
mirrors with di�erent 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 L0 � � � , where � � = q� is the wavelength synchronized cavity detuning.
In practice, the factor q is usually set to 0 < q < 5. By this means, the accessible wavelength range
at a speci�c electron energy, that is, in a single wavelength scan, can be signi�cantly increased.
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Figure 3.3.1: Sketch of the FHI FEL showing the electron acceleration segment and the twoFELsystems
with di�erent undulator length. In two linear accelerators Linac 1 and Linac 2, the electrons are speeded up to
energies up to50 MeV, and then are conducted into one of theFELcavities, where theIR 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 by1 nswith a duration of 1 � 10 ps.
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Furthermore and more importantly, the emission bandwidth decreases with increasing q, 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 2 m
period length � u 40 mm

number of periods 50
Cavity length L0 5:4 m

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-de�ned 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.
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CHAPTER 4
Publications
In this chapter, the six scienti�c 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, Ilya Razdolski, Sandy Gewinner, Wieland Schöllkopf, Martin
Wolf, and Alexander Paarmann

This publication (Passler et al., ACS Photonics 2017, 4, 1048-1053 [I]) reports on the �rst 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 �rst 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 �eld 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 �rst time for performing SHG spectroscopy on
prism-coupled SPhPs.

Author contributions

A.P. originated the concept and devised the SHG method and the Otto-con�guration experiments.
The manuscript was written by N.C.P. and A.P., with all authors assisting in the proof-reading
and preparation for �nal submission. N.C.P. constructed the Otto-con�guration setup. The SHG
measurements were performed by N.C.P., I.R., and A.P., and the results were analyzed by N.C.P. and
A.P. 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
M.W. and A.P.

go to list of publications
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Ŵ�=���"��
M
����������:
f
X�����������$��������"!� � �<��
�� ���<���� �� ��������U����$��������
>?.)>?A@.+C&A @h)/01[�22�
SF5T

�G9�	�=�����
�J���!����I
�H���U�M
�M������I
�H����� �
�

#�������
V� ��<���� �� �L#�������<$f�#����X���"���� ��� ��
#=�<���������������������#������M��!� �€
z)%&'()Z&+ {)Z/010�
22u�EG8SFEGS5

�G5�I�f�����
�#���d
�f��$���X
M
���" ��
�
V���=���� ���<

������$��L����������$��������$�����<��=�<���$������ �$��������

_P.)-+..)/01•�\l���EG

�G��
�����
�d=����V
�V��������
�V�"���V
�#������

�

d������
H��������� ��<���� �$��������$"�<���������� �����<���
��� �!������$������ ��!���̂��5999�� 5899�� F5 
%b@C)>?.h)
YC?s)OCB)‚)O)Y)1nnQ�lw�58�7F5869


�G6�d������
�M����g
��=�f
�e=�f
�#=��
�����=� ����= $�� 
�=�<���$���������������������̂����=$��������=������ ����� �
��<���� ������
_P.)-+..)/01[�u2�5T8�


ƒ„…†‡̂‰̂Š‹Œ• Ž••••‘

’“”• –—̃–—™–š›œ•žŸ • ¡¢œ•̃£¤——––¥
¦§̈©ª«¬«­®̄°™—–£±²±–—²¥F–—³́

µ¶·̧

Chapter 4 Publications

44



4.2 4� 4 transfer matrix formalism

4.2 Generalized 4 � 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 strati�ed 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
�tting 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
�eld distributions for birefringence, that is, for media with non-zero o�-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 a�ected by the error in the
original formalism.

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.
devised the fundamental framework of the formalism, and N.C.P. and A.P. developed the �nal
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��I�W�I#��8 a����!P8"!>�� `4��X�������8� YSP��X������
���8�#!<�<�P�������8���Q���;����I��b à ���8��!����!"$
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�8��4�8���;��<�P���� bà ��•‚K && ���!P8"!>��!��!�!">ƒ�I=>
[&1 \

„ +_à .'
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ŽàŠ

ŽàY
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eJGLI\RGNLTRKGUY¦K§YFGZÔOLRHKOKPINVLGMNMPR[VGLKLGM NPURsIRNV̂KN\ t YeMOGLGMN_uTROGHIJKLGMNURdRKJOLTROeKLGKJJMVKJGvKY
LGMNMPRKVTHM\R¬̀GaLTR¦K§FSTSHM\RKL l W­g VH o n GOJMVKJGvR\KLLTRKGUY¦K§GNLRUPKVRj̀GGaLTRGN\R[YOTGPL R\FGZYFSTSYJG®R
HM\RKL l ­¤g VH o n R[LRN\OGNLMLTRFGZOIkOLUKLRjKN\̀GGGaLTRiKdRQIG\RYJG® RHM\RKL l nggg VH o n eRK®OKLkMLTGNLRUPKVROjPRKY
LIUGNQKeTKORcGeGNOG\RLTR¦K§JK̂RU_̀VaFGHIJKLR\\GOeRU OGMNOGNLTRPMIUYJK̂RU]LLMVMNrQIUKLGMNLMQRLTRUiGLTLTR LTRMURLGVKJ
LiMYJK̂RUFSTS\GOeRUOGMNOMPFGZ`\KOTR\Y\MLLR\kJIRJGNR aKN\¦K§`\KOTR\kJIRJGNRa_uTR¦K§FSTS\GOeRUOGMNGOGNR[V RJJRNL
KQURRHRNLiGLTLTROGHIJKLGMNOjGN\GVKLGNQNMOGQNGrVKNLH M\GrVKLGMNk̂LTRFGZOIkOLUKLR_uTRFGZFSTS\GOeRUOGMNjMN LTRMLTRU
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4.2 4� 4 transfer matrix formalism
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tUOOUTmJRJtJMJOgh‚QgUMMPqNQcfTUUQqUdJfdMJfdOOdUTUfJ PQRqdUTU ®[yLNTO|JRdgnUTtPMJVPSOgnU‚NQc‚‚rTURnUVOJmUMgrNMMPqJ Qf
SPTcJTUVOJcUQOJsVNOJPQPSOdUKPcURPtRUTmUcJQiN[Vjh
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4.2 4� 4 transfer matrix formalism

4.2.1 Generalized 4 � 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 �eld distribution for birefringence, that is, for anisotropic media with
non-zero o�-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 a�ected 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
A.P. developed the corrections to the algorithm. The project management was provided by A.P.

go to list of publications
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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, Ilya 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 �rst observation
of the full hybridization of an ENZ thin-�lm 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 �rst in the scope of this thesis in experimentally investigating polariton
modes in strati�ed 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.F.S. performed the sample growth. N.C.P., A.P. and I.R.
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 �nal 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. T.F. carried out the simulations of the near-�eld
scattering at a nanoparticle. The project management was provided by J.D.C. and A.P.
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( FGHIJKLMNOGKPQRIHISITOGUMVKWXMQYZK[OROXXRY\M]IF̂MGM TM_̀OabKĉdbdefgOGXHQ̂[OGhMQ_
/ iY\jjXj]W\_RHYRMQTkRIGjQjh_̂lQHmOGRHI_j]ijSI\MhnIjQ îjSI\MhnIjQiodpdgq̂lQHIOTrHQaTjh
4sMQTOGNHXIPQRIHISIOj]tMQjRYMXOiYHOQYOMQTuQaHQOOGHQa v̂wxdsMQTOGNHXIWXMYÔWUgwfxdxĉtMR\mHXXÔyOQQORROOw pvwfKxdxĉ
lQHIOTiIMIOR
<lziztMmMX{OROMGY\|MNjGMIjG_̂bfffomOGXjjZkmOQSOi}̂}M R\HQaIjQ̂~•vxwpf̂lQHIOTiIMIOR
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Ž••‘’Ž“‘” }OGOnjGII\O•GRIjNROGmMIHjQj]OnRHXjQKQOMGK
JOGj–ut—̃n\jQjQnjXMGHIjQRHQMQSXIGMI\HQkXt •Xh ]SXX_
\_NGHTHJOT̀HI\RSG]MYOn\jQjQnjXMGHIjQR–iW\W̃RSnnjGIO TN_
I\OMT™MYOQIiH•RSNRIGMIOzuhnXj_HQaMRIGjQaYjSnXHQahjT OX
]jGI\OMQMX_RHRj]I\OTHRnOGRHjQMQTOXOYIGHY•OXTTHRIGHN SIHjQHQ
I\ORO\_NGHTHJOThjTOR̀̂OR\j̀I\MII\O_R\MGOI\OhjRI
nGjhHQOQI]OMISGORj]I\OIj̀nGOYSGRjGhjTORzy\OQjmOXut— K
iW\WYjSnXOTnjXMGHIjQR̀HI\M\Ha\X_nGjnMaMIHmOY\MGMYIO GMQT
TOOnX_RSǸMmOXOQaI\XHa\IYjQ•QOhOQIYMQNOSIHXHJOTMR
NSHXTHQaNXjYZR]jG]SISGOHQ]GMGOTMQTIOGM\OGIJQMQjn\jI jQHYHQIOaGMIHjQMQTYjhhSQHYMIHjQTOmHYORz
š›œ•ž’Ÿ•”  ¡¢£¤¥¦§̈©ª©ª§©«¤¢¬­©ª®¦§̄¬«©ª°ª¦¤¢°±¦¢©®¬ª£¢¤¢¦²®ª ¤ª©§̈©­©ª¬¥̄®§©«¤¢¥¢³̄­¤«®̄­¢©ª́¥©¡§«¬ª́®̈³µ¢¬²¬±¤­ ¬©ª

PQIOaGMIOTIOGM\OGIJ–yLJ̃n\jIjQHYRGOXHORjQI\OTOmOXjnK
hOQIj]MGIH•YHMXX_TORHaQOTQMQjRYMXOhOIMhMIOGHMXR̀̂\O GO

RSǸMmOXOQaI\RIGSYISGORHQnOGHjTHYnMIIOGQROQMNXOnGOY HRO
ISQHQaj]I\OhMIOGHMX¶RjnIHYMXGORnjQROz d· w yGSX_OVIGMjGTHK
QMG_XHa\InGjnMaMIHjQ Y\MGMYIOGHRIHYRYMQ NOMY\HOmOTHQ
hOIMhMIOGHMXKNMROTOnRHXjQKQOMGKJOGj–ut—̃hOTHM̂ b f̂ I\MIHR̂
\̀OGOI\OTHOXOYIGHYnOGhHIIHmHI_HRmMQHR\HQaX_RhMXXzPQ
nMGIHYSXMĜGOhMGZMNXOnGjnOGIHORj]I\Out—n\jIjQHYhjTO R
HQYXSTOISQQOXHQaI\GjSa\ QMGGj̀ THRIjGIOT Y\MQQOXR̂ c p̂

OQ\MQYOTQjQXHQOMGKjnIHYMXYjQmOGRHjQO̧YHOQY_mHMOQ]jG YOT
n\MROKhMIY\HQâ ¹ · dx \Ha\ OhHRRHjQ THGOYIHjQMXHI_̂ dd · dw MQT
OQMNXOnjXMGHIjQHYM̀mOaSHTHQahjTORH̀I\ NGjZOQ IHhO
HQmOGRHjQR_hhOIG_MQTGOTSYOTRYMIIOGHQaGMIOz db d̂f

kQHhnjGIMQIY\MXXOQaOj]]SISGOQMQjn\jIjQHYRYjQRHRIRHQ
OQMNXHQaOºOYIHmOQMQjRYMXOYjhhSQHYMIHjQMQTXjQaKGMQaO
HQ]jGhMIHjQIGMQR]OGzgjI\I\jROjN™OYIHmORYMQNOaGOMIX_
]MYHXHIMIOTN_OVnXjHIHQaI\OSQH»SOnGjnOGIHORj]ut—n\_R HYRz
PQI\HRGOaMGT̂HIHRj]ZO_HhnjGIMQYOIj•QTMQMnnGjnGHMIO
YXMRRj]R_RIOhR\̀OGO\Ha\K¼ ut— njXMGHIjQRYMQ NO
O̧YHOQIX_OVYHIOTMQTYjSnXOTIjjI\OGn\jIjQHYOVYHIMIHjQ R̂
\̀HXOhMHQIMHQHQa\Ha\X_nGjnMaMIHmOY\MGMYIOG̀HI\GOMRj QMNXO
aGjSn mOXjYHIHORz•jhhjQX_̂NSXZut— n\jIjQHYhjTOR
OVYHIOTHQYMGO]SXX_TORHaQOThOIMhMIOGHMXRNMROTjQnXMRh jQHY
QMQjRIGSYISGORMGOYjQRHTOGOT̂̀\HY\MGÔ\j̀OmOĜY\MGMY K
IOGHJOTN_\Ha\XjRRORz dc d̂p kYjhnXOhOQIMG_MnnGjMY\MHhRMI
SIHXHJHQaI\OQMISGMXX_jYYSGGHQaJOGjKYGjRRHQaj]I\OTHO XOYIGHY
]SQYIHjQHQI\ORnOYIGMXmHYHQHI_j]HQIGHQRHYhMIOGHMXmHN GMIHjQR̂

RSY\MRI\OIGMQRmOGROjnIHYMX–yõMQTXjQaHISTHQMXjnIHYM X
–|õn\jQjQRHQnjXMGTHOXOYIGHYYG_RIMXRz d¹ · vx ½OIÔhnXj_HQa
]GOORIMQTHQa•XhRj]njXMGTHOXOYIGHYR̂ de \j̀OmOĜNOMGRXHIIXO
nGMYIHYMXHhnjGIMQYÔMQTI\OXj̀THRnOGRHjQGORSXIRHQM
QjQnGjnMaMIHmOY\MGMYIOGj]I\Out—njXMGHIjQHYhjTORz d¹

PQ I\HRj̀GẐ̀ORSaaORIMQjmOXYjQYOnI]jGut—
OVYHIMIHjQR̀̂\HY\SIHXHJORRIGjQaYjSnXHQaNOIÒOQI\Out —
MQTRSG]MYOn\jQjQnjXMGHIjQR–iW\WR̃HQI\OGORIRIGM\XOQ
NMQT j]njXMGTHOXOYIGHYR–TOhMGYMIOT N_I\On\jQjQ
]GO»SOQYHOR¾ yo MQT¾ |o

vd v̂v z̃}OTOhjQRIGMIOI\O\_NGHTK
HJMIHjQj]MQut—njXMGHIjQMQTMnGjnMaMIHQaXj̀KXjRRiW\W
MIMQMT™MYOQIHQIOG]MYOHQI\ORIGjQaYjSnXHQaGOaHhÔI\SR
MTTHQaMQÒnMHGj]YjSnXOTQMQjn\jIjQHYOVYHIMIHjQRIjMQ
OmOGaGj̀HQaRSHIOz vw · vp }OMQMX_JOI\OYjSnXHQaj]I\Out—
MQTiW\WhjTORHQMQkXt¿iH• NHXM_OG̀̂\OGOI\Out—
njXMGHIjQHQkXt jYYSGR̀HI\HQI\OGORIRIGM\XOQNMQTj]iH•z
y\OQjmOXYjSnXOTut—KiW\WhjTORHQ\OGHII\OHGnGjnOGIHOR
]GjhNjI\ut—MQTiW\WYjhnjQOQIR̂I\SROQMNXHQa\Ha\X_
O̧YHOQIn\MROKhMIY\OTOVYHIMIHjQzoºOGHQaNGjMT]SQYIHjQ K
MXHI_̂I\OROut—KiW\W YjSnXOT hjTOR]OMISGOMSQH»SO
YjhNHQMIHjQ j]TOOnX_RSǸMmOXOQaI\ YjQ•QOhOQIX̂MGaO
OQ\MQYOhOQIRj]I\OXjYMXOXOYIGjhMaQOIHY•OXTR̂MR̀OXXMR

’ÀÁÀÂÃÀÄ” UMGY\vêvxd¹
’ÀÃÂÅÀÄ” UM_wx̂vxd¹
ÆÇÈÉÂÅÊÀÄ” qSQOdv̂vxd¹
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4.3 Strong Coupling of ENZ Phonon Polaritons
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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, Ilya 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 �rst experimental
observation of enhanced SHG arising from the Berreman mode in a subwavelength-thin AlN �lm,
which can be excited at the AlN LO frequency where the dielectric function crosses zero. The origin
of the high SHG yield is the immense �eld enhancement at ENZ frequencies in ultra-thin �lms, and
the work provides a thorough analysis of the thickness dependence of the �eld enhancement. The
supporting information is reprinted in appendix A.3.

The samples studied in this work comprise an ultra-thin AlN �lm 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 �eld enhancement were
performed using the transfer matrix formalism that has been published previously [II] (reprinted on
page 45).

Author contributions

A.P. originated the concept. D.S.K. and D.F.S. performed the sample growth. The manuscript was
written by N.C.P. and I.R., with all authors assisting in the proof-reading and preparation for �nal
submission. The SHG measurements were performed by N.C.P., and the results were analyzed by
N.C.P., I.R. and A.P. Calculations of the optical response were completed by N.C.P. The experimental
design and project management were provided by M.W., J.D.C. and A.P.
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=wJNQLDKEUFfNEjLDOEF\[MNOFEFPFLmZiJNmOVJULhVELNVLJNQ xN̂ENLLDEN̂[sstapLOFxNQojLNPL[TRductat̀[iJOYjEUUL[y LNNLOOLL
uvsucHtat̀[fNEFLQhFJFLO

z� {|}}~•€•‚ƒ„‚…~•†‡€•~‚

‰̂Š‹Œ̂•‹Ž MeeLNOLm•FEVJU•LUQLNYJNVLeLNF]JO•DLH
QEVFLQFmmVVPDZmDFYLdLDDLeJNemQLENPUFDJFYEN•UeOJF
ZDL‘PLNVELOENFYLjEVENEF\mZL•OEUmNHNLJDHGLDm’xi“”gIL DL[]L
DL•mDFFYL•DOFLS•LDEeLNFJU•DmmZmZFYEO•DLQEVFEmNENFYL eEQH
ENZDJDLQK\•DmKEN̂FYLDLOmNJNFU\LNYJNVLQOLVmNQYJDemNE V
L̂NLDJFEmN’hIX”JFFYLUmN̂EFPQENJUm•FEV•YmNmNZDL‘PLNV \
ZDmeJQLL•U\OPK]JjLULN̂FYHFYENJUPeENPeNEFDEQL’oUi”•U eg
xe•Um\EN̂JFDJNOZLDeJFDESZmDeJUEOe[]LOYm]FYJFFYL•LUQ
LNYJNVLeLNFEOVme•ULFLU\UmVJUEGLQENOEQLFYLoUi UJ\LD[
DLjLJUEN̂FYJFFYLmKOLDjLQhIXOÊNJUmZFYLdLDDLeJNemQLE O
OmULU\̂LNLDJFLQENFYLoUi•UegnPDDLOPUFOQLemNOFDJFLFYJ Fxi“dLDDLeJNemQLOENENFDENOEVJUU\Um]HUmOO•mUJDQELULV FDEV
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MNNJNm•YmFmNEVO[NmNUENLJDm•FEVJU•YLNmeLNJJDLQDEjLN
K\FYLLNYJNVLeLNFmZUmVJUm•FEVJU•LUQO[]YEVYJDEOLOQPL

Fm•mUJDEFmNEVDLOmNJNVLOgyYLOLJDLFDJQEFEmNJUU\mKOLDj LQJO
•UJOemN•mUJDEFmNOENeLFJUUEVNJNmOFDPVFPDLOmDDmP̂YeLF JU
OPDZJVLOghPVYOFDmN̂U\LNYJNVLQ•LUQOLNJKULJjJDELF\mZ
NJNmOVJULJ••UEVJFEmNO[ a OPVYJOJUUHm•FEVJUO]EFVYEN̂[ s[u Um]H
UmOOZDL‘PLNV\VmNjLDOEmN[ _[c JNQYÊYU\L°VELNFOLNOEN̂g ` [v MN
FYLENZDJDLQ’Mk”[JNJUFLDNJFEjLFm•UJOemNEVDLOmNJNVLOE N
eLFJUOJDL•YmNmN•mUJDEFmNOOP••mDFLQEN•mUJDVD\OFJUO[ ± JO
YJOKLLNQLemNOFDJFLQENjJDEmPOOLeENJUOFPQELOg b² as yYLOL
•YmNmN •mUJDEFmNOZLJFPDLUmN̂LDUEZLFEeLOFYJN •UJOemN
•mUJDEFmNO[ULJQEN̂FmePVYUJD̂LD‘PJUEF\ZJVFmDOJNQOFDm N̂LD
•LUQ LNYJNVLeLNFO[ au ² ac JNQ FYPO[•mFLNFEJUU\LNYJNVLQ
L°VELNV\mZNmNUENLJDm•FEVJUL³LVFOg

nNLJDLJENNJNm•YmFmNEVOmZQEOFENVFDLVLNFENFLDLOFJDL
ENjLOFÊJFEmNOmZ•mUJDEFmNEVemQLOEN•UJOemNEVmD•mUJD
QELULVFDEVOPK]JjLULN̂FYHFYEN•UeOFYJFLeLD̂LNLJDGLDm
•LDeEFFEjEF\gnjLDFYL•JOFQLVJQLO[FYLLSEOFLNVLmZOPVYF YENH
•Ue •mUJDEFmNEVemQLOYJOJFFDJVFLQKDmJQJFFLNFEmNg à ² s̀

MNEFEJUU\[DJQEJFEmNENJNJDDm]O•LVFDJU]ENQm]JFFYL•UJO eJ
ZDL‘PLNV\mZFYEN eLFJU•UeO]JO•DLQEVFLQ à JNQ UJFLD
mKOLDjLQg a± ² st MFOmDÊEN]JOJOOmVEJFLQ]EFYJVmUULVFEjL
OPDZJVL•UJOeJemQL]EFY•mUJDEGJFEmNNmDeJUFmFYLOPDZJVL
•UJNLmZFYL•Ueg a± oFFYLOJeLFEeL[JOEeEUJDL³LVF]JO
DL•mDFLQK\dLDDLeJNENJFYEN•mUJDQELULVFDEV•Ue[ av ]YLDL
JKOmD•FEmNmVVPDOJFFYLUmN̂EFPQENJUm•FEV’ln”•YmNmN
ZDL‘PLNV\g

yYLOLJKOmD•FEmNZLJFPDLOENFYEN•UeO]LDLJD̂PLQFm
mDÊENJFLENDJQEJFEjLjEDFPJU•mUJDEFmNEVemQLO[ sa [ss [s_ NJFPDJUU\
mVVPDDEN̂JFZDL‘PLNVELO]YLDLFYLDLJU•JDFmZFYLQELULVFD EV
ZPNVFEmNVDmOOLOGLDmgyYEOVmNQEFEmNEOeLFJFFYL•UJOeJ
ZDL‘PLNV\ENJeLFJU[JNQJFFYLlnZDL‘PLNV\mZJ•mUJDVD\OFJ U
•UegpYEULFYLOLUmOO\•mUJDEFmNemQLOQEO•LDOLmNFYLUm]
emeLNFPe OEQLmZFYLUÊYFUENL[EF]JOQEOVmjLDLQFYJFJ
Vme•ULeLNFJD\LjJNLOVLNF•mUJDEFmNemQLVUmOLFmFYLln
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eJFLDEJUOg sv [s±

pYEULemOFxi“OFPQELOQL•LNQmNVJDLZPUU\JNQENFDEVJFLU\
QLOÊNLQeLFJeJFLDEJUO[ sb ² us FYENeLFJUmD•mUJDQELULVFDEV
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?U6@������A(&[\HNOGƒJ_L\̀_HǸPL”JKLHLMNO†_pPHGƒPC�� !��"�!

��!��*��,�������������*C��!��"�!3;�!��"Žd�!���•W��� ��<�!"A955oC
;��&{‹C�9o8&
?U9@E!"�!���)��*A2&C'•E")����A�&CE�) –AE&�����*�����3

��!+����"���!��������������������������*�+������" � ���
��)<��—3���!3h�!��!�**3*���+���+���!���&JKpPIq̀kIŒ‚ †LMjM̀PI
lGHH̀_lGH̀_IJKpPIQRS‡A{bA9Uo756&
?UU@;�**���A�&CE!���+<�)��AE&CB�!‰)��!A#&Ce�!��A#&C ����*�!A

Z&C2�/����AE&Ce���)�!�A1&%&C�!�����A1&1&$�*����3.�� !3D�!�B���
��!E���/�,��������!����'�/���*&JKpPIq̀kIr̀HHIQRSQAa ‹bA9U:756&
?U7@;�**���A�&CB����/��'����Af&CB�!‰)��!A#&Ce�!��A# &C

����*�!AZ&C2�/����AE&Ce���)�!�A1&%&C�!�����A1&1&$�� ��!����
+��)���������+�**�/���&i\\ƒIJKpPIr̀HHIQRS~Aa‹mA.�&5 8669o&
?Uo@;�*)��/AE&e&C(��"A1&3W&Ce�!�A1&C%�)AX&Cd!��"�!* +�AB&%&

$����!�3�������+��)���������*������ �/�")��� ������ �*����3
���!3h�!�+���!���&[\HI]̂\_̀PPQRS~AmaA9wU8:&
?Uw@%)�Ag&�&C2�+�����A�&C(�+Af&C#��"A�&C1)�AY&2&C%� )A�&C

�!�"��A1&d&Cd!���!Af&C2��!�**�Ae&d&C#��A�&C����&'�! ��������
��!�����<*�!�����)*��"����*)< �/����"���� 3��!+���� /������+*&
JKpPIq̀kIŒ‚†LMjM̀PIlGHH̀_lGH̀_IJKpPIQRS‡Ab‹A.�&58o7 66&
?U:@#��"A�&CW����!+��A(&2���!�����!�����<*�!������� ��*����3

���!3h�!�+���+���!���*&JKpPIq̀kIŒ‚†LMjM̀PIlGHH̀_lGH _̀IJKpPI
QRSQA{TA6wo65U&
?U8@d�!���Ae&e��*+��3����!���� �/�*")����<�������** �+����

���+*�������� ����Žd�)��+���*���*�++��!��*�!)��)!�* &JKpPI
q̀kIŒ‚†LMjM̀PIlGHH̀_lGH̀_IJKpPIQRRSATnA69o76:&
?Uc@d�!���Ae&%��"3!��"�*)!�������*+������!����*&ijk I[\HI

JKLHLMNOPQRRyAaA787&
?75@;�������AB&E&C��2�"���A'&C2�������AE&C�����!�AB &

���")��!���3�!�/��*�����3������!�3��!+����"���!���� ���—3���!3

��
̃™š›šœ•žŸ  ¡¢¢¡£

¤¥¦§ ©̈ª©̈«̈¬­®̄°±²¢²³́®̄ªµ¶©©«µ©
·̧¹º»¼½¼¾¿ÀÁ«©̈µÂÃÂ̈ÄÃÅV̈ÄÆ̈

ÇÈÉÊ

Chapter 4 Publications

82



������������	���
���
�����������������������
������ � !" 
#��$%&'(%�
)*+,-.	��

� /�01.�� 2�03��4�
. #�05.6#���� 7�-�8	. �.
�9�

:
;<= �>:����<?.�8����@����.
��� >��8 3	��6��A#�.�B���
C�<�;8D��EF�<�.�<D�
.��;8#�
��<�#.��6.=���3F��
�<�� 
4�
#�.�C�>�.��<:	��
�.6G.�����HI�
���JKL����M N +O'*P+ OQ+�
)*(,7;R D�:�0<�-��6�. 5�07�; :�0S��6�� @�/�0T�.�.�R ;8.� G�

T�0U�����
� V�/�0:�.6��. V�0:���6.�� V�W�0-.8	���� :�
3�4.���< 
4��< 4.�8���������.
��� >��8 
4��	��6����.�A� ���
8�<���>;6
�.
4��>�68��������
���X�������M YZ[ +O++$ &�
)*&,-.	��

� /�01.�� 2�03��4�
. #�05.6#���� 7�3�4.� ��<


4��<A4.�8���������.
�����:�A��8	.
�\6��	��6��A��.� A������<�;8

���F�<��.��6.=��������X�������M "Z +O$$�
)**,G.�
4�� ?�I]̂_̀L���`�a�J��JIa���
̀Jb��]c
I]̂_̀L ��̀Jb

�Jd̀̂�KJc�0:	������D�.�
���V�<���T4=����0:	������W� �6��
?��<�6\���eW��6�� ?��<�6\��� +Q''0U�6�YYY�
)*O,/��4.8\.;6
 /�0D�	���R D�U�0V.�f;��� g�0@��>>�
  h�h�

:;�>.��	6.�8��g�;�����	
�����
�������i�H�Jb�J���̀�� �̂�̀��̂�
�
������j kl +QO*+*�
)*%,/6�F.�<�� G�1�0S�9���� @�:�0W�66 G�h�5��	������ -;�9��

>��:;�>.��36��
��8.���
��1.9��m�
45.8	�����
������� X����
�jno pN +O*P+Oq�
)*q,S6��m�� S�7�0g;�4� G�E	
��.6V�<���>U�\�.
�����. �C����

-�=�
.6:6.\C��6;<���G�
.�<.
����CC�G.<�.
�9�G������ �
�������
�jrr YsZ Oq&PO''�
)*',T..�8.�� /�0G.�<�6�R� C�0V�6��R�9 /�0@�m����� : �0

:�4� t66R�	> 1�01�6> V�:����<4.�8���������.
����	��
����� 	=
��
4�G��
�
�.46\.�<�>:�- ;����.���>�.��<>���A�6��
�� �6.����
������
���X�������M YZk #��$'++$+�
)*Q,:�4� t66R�	> 1�0@�m����� :�0h;�R�� ?�0T..�8.�� /�09��

?�6<�� @�0W6;�8 ?�0D�<< /�V�V�D4���mCG.�<D?�g37
>.��6�
=.

4�g��
�?.\��C��
�
;
���W��6����̂�L��_I�u v0:TC3 
($+O0	QO+(+7� 5ECe+$�+++qw+(�(+'(('*
)O$,T..�8.�� /�0G.�<�6�R� C�0@�m����� :�0:�4� t66R�	> 1�01�6> 

V�3>>��
��>��=�
.6.����
��	=���	
��.6	4���������.�� ����
8�<��>�.��<�����<4.�8�������	�����>:�-��
�������i�H �Jb�J��
�̀���̂�̀��̂��
������r l" +&*&+(�
)O+,T.��6�� #�-�0G.�<�6�R� C�0@�m����� :�0:�4� t66R�	> 1�01�6> 

V�0T..�8.�� /�:����<A?.�8����@����.
��� >��8 -��
��.6 6=
-�;	6�<:;�>.��T4����T�6.��
�����HI�
���JKL����n " + $*'P
+$O&�
)O(,:4�� 2�E	
��.6:����<?.�8����@����.
���/
C�
��>. ����

�JJ]������
���H
�a��jxj "Z &(qP&O$�
)O&,T.��6�� #�-�0T..�8.�� /�@����.6���<*y *8.
��F

>��8.6��8>��6��4
	��	.�.
�����.����
��	���
�.
�>��< 8�<�.e�
;<=
�>�;�>.��	4����	�6.��
�����	�6.�<��6��
���4�
����
� ;�
;����z�
����I�L��a�i���n p" (+('�
)O*,D.���9 2�0D�9�
R�9 U�T������������
��66���
4��� �m
4�>

	�6=
=	����=�
.6���̂�c�Ĥ����d̂�{�
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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 Heÿler, 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 �eld
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

A.P. and T.T. originated the concept. A.H. performed the sample growth. The manuscript was written
by N.C.P., A.H. and A.P., with all authors assisting in the proof-reading and preparation for �nal
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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ABCDEFBGHIBJBGHIBGKLLGMKLILNGOPFQBJFPRSGPFGARESOBOG ATGHIBG
UVBOGQWDFXDGYJBZEBSCTGMRQHPCDWGQIRSRSGYJBZEBSCPBFN[ G\RJGKLLF]G
HIPFGOPFDÔDSHD_BGCDSGABGR̂BJCRXBGPSGORQBOGFBXPCRSO EC̀
HRJF abcd GRJG_JDQIBSB] aef]ebd GgIBJBGHIBGQIRHRGRJĜRWHD_B̀PSOECBOG
YJBBGCIDJ_BGCDJJPBJGCRSCBSHJDHPRSGBSDAWBFGHESPS_GRY GHIBGQWDFXDG
YJBZEBSCT[GhGFPXPWDJGDQQJRDCIGIDFGABBSGQJRQRFBOGYRJ GKLILF] aeed G
AEHGIBJB]GHIBGHESDAPWPHTGRYGHIBGKLILFG_DPSBOGATGDSG DOOPHPRSDWG
QIRHRPSOECBOGQWDFXDGCRSHJPAEHPRSGPFGWPXPHBO[

hGFP_SPUCDSHWTGWDJ_BJGDSOGSRŜBJFDHPWBGFgPHCIPS_GCR SHJDFHGCDSG
ABGDCIPB̂BOGATGEHPWPiPS_GQIDFB̀CIDS_BGXDHBJPDWFGMLj kFN aelmend G
FECIGDFGHIBGoB l KA epB qGCRXQRESOGMoKpN]GgIPCIGCDSGABGJB̂BJF̀
PAWTGFgPHCIBOGABHgBBSGPHFGDXRJQIREFGMD̀NGDSOGCJTFHD WWPSBGMC̀NG
QIDFBFGATGEWHJDYDFHGBWBCHJPCDWGRJGRQHPCDWGQEWFBF[ aeqmlbd GpIBGIP_IG
QBJXPHHP̂PHTGCRSHJDFHGABHgBBSGHIBGHgRGQIDFBFGM r D̀oKp GsGbl[tGuGfvG
DSOG r C̀oKp GsGlb[wGuGcvxĜDWEBFGDJBGRAHDPSBOGYJRXGDG_WRADWGUH̀
HPS_GQJRCBOEJB]GFBBGHIBGyVQBJPXBSHDWGKBCHPRSGYRJGOB HDPWFNGPSG
HIBGz{GPFGFBSFBOGATGKLILFGHIDHGB̂DSBFCBSHWTGQBSBHJD HBGHIBG
oKp]GWBDOPS_GHRGDGFP_SPUCDSHGFIPYHGRYGHIBGKLILGXROB GYJBZEBSCTG
EQRSGFgPHCIPS_GRYGHIBGoKpGQIDFB[ aled G|RgB̂BJ]GgIPWBGFTFHBXFG
EHPWPiPS_GLjkFGID̂BGBSDAWBOGDCHP̂BGCRSHJRWGR̂BJGFEJ YDCBGQRWDJP̀
HRSF]GHIBGWDJ_BGQRHBSHPDWGRYGF̀QRWDJPiBOGgD̂B_EPOBG XROBFGPSG
HIBFBGFTFHBXFGJBXDPSF]GFRGYDJ]GESBVQWRPHBO[

�}�~�•€•‚ƒ

zSGHIPFGgRJ„]GgBGFE__BFHGDG_BSBJPC]GDCHP̂BWTGHESDAW BGXDHBJPDWG
FTFHBXGYRJGHIBGPSYJDJBOGFQBCHJDWGJDS_BGHIDHGFPXEWHD SBREFWTGFEQ̀
QRJHFGQ̀QRWDJPiBOGKLILFGDSOGF̀QRWDJPiBOGgD̂B_EPOBGX ROBF[G
zSHJP_EPS_WT]GHIBGgD̂B_EPOBGXROBFGJBQWPCDHBGHIBGQJR QBJHPBFGRYG
HIBGKLILGHIDHGOBUSBGPHFGFEPHDAPWPHTGYRJGSDSRGQIRHRS PCGDQQWPCD̀
HPRSF]GFECIGDFGHIBGBSIDSCBXBSHGRYGWRCDWGBWBCHJPCGUB WOFGDSOGFEÀ
gD̂BWBS_HIGCRSUSBXBSH[G…BGBVQBJPXBSHDWWTGOBXRSFHJDH BGDCHP̂BG
HESPS_GRYGARHIGBVCPHDHPRSFGgPHIGBVCBQHPRSDWWTGIP_IG HESPS_GU_EJBFG
RYGXBJPH all]lwd GATGXBDSFGRYGDGQIDFB̀CIDS_BGXDHBJPDW]GgIPCI]GDHGHIB G
FDXBGHPXB]GCRSFHPHEHBFGHIBGgD̂B_EPOBGCRJB[GhFGDGXRO BWGFTFHBX]G
gBGDSDWTiBGHIBGHESPS_GRYGKLILGDSOGgD̂B_EPOBGXROBFGP SGDGoKp†
KPjGFHJECHEJB]GgIBJBGHIBGoKpGUWXGCDSGABGFgPHCIBOGAB HgBBSGPHFG
DXRJQIREFGDSOGCJTFHDWWPSBGFHDHB[G‡YYBJPS_GAJRDOGYES CHPRSDWPHT]G
FECIGDFGQRWDJPiDHPRSGOBQBSOBSHGQRWDJPHRSGRQHPCF] aln]lqd GHIBGQJR̀
QRFBOGXDHBJPDWGFTFHBXGYBDHEJBFGDGESPZEBGCRXAPSDHPRS GRYGDCHP̂BG
HESDAPWPHTGRYGPHFG_EPOBOGXROBFGDSOGHIBGWPYHPS_GRYGH IBGQRWDJPiDHPRSG
ARHHWBSBC„GRYGCRŜBSHPRSDWGQRWDJPHRSPCF[

hSGKLILGQJRQD_DHPS_GDWRS_GHIBGFEJYDCBGRYGDGQRWDJGCJ TFHDWG
FECIGDFGKPjGBVIPAPHFGDSGPS̀QWDSBĜ ‰GUBWOGHIDHGQBD„FGDHGHIBG
PSHBJYDCBGMŠ‹Œ•Ž•G•DN[G…BGOBUSBGHIBG‰m‘GQWDSBGDFGHI BGQWDSBGRYG
PSCPOBSCB]GDSOGDWWGgD̂BFGQJRQD_DHBGPSG‰̀OPJBCHPRS[G zSG\P_EJBGbBG
MDSOGiRRXBOGPSHRGHIBGJBFHFHJDIWBSGJB_PRSGRYGKPjGPSG \P_EJBGbYN]G
HIBGOPFQBJFPRSGRYGHIPFGKLILGPFGFIRgSGPSGAWDC„[G’TGQ WDCPS_GDG
wffGSXGHIPSGD̀oKpGRSHRGKPj]GHIBGKLILGOPFQBJFPRSGPFG JBÒFIPYHBOG
MAWEBGWPSBGPSG\P_EJBGbB]YN]GgIPWBGXDPSHDPSPS_GHIBGF IDQBGRYGPHFG
PS̀QWDSBGBWBCHJPCGUBWOĜ ‰GM\P_EJBGbAN[GzSHBJBFHPS_WT]GIBJB]GHIBG
XDVPXEXGUBWOGPFGBSCRESHBJBOGDHGHIBGDPJ†D̀oKpGPSHBJY DCB]GDSOG
OBCDTFGBVQRSBSHPDWWTGHIJRE_IGHIBGoKpGUWXGPSHRGHIBGK PjGFEÀ
FHJDHBGMQWBDFBGSRHBGHIDHGYRJGPWWEFHJDHPRSGQEJQRFBF] GHIBGoKpGUWXG
HIPC„SBFFGPSG\P_EJBGbGDmOGPFGSRHGHRGFCDWBGgPHIGJBFQ BCHGHRGHIBG
FIRgSG‘̀JDS_BGRYGHIBGDO“DCBSHGDPJGDSOGHIBGFEAFHJDHB N[

hGYJBBFHDSOPS_GwffGSXGHIPSGD̀oKpGUWX]GRSGHIBGRHIBJG
IDSO]GFEQQRJHFGDSGF̀QRWDJPiBOGgD̂B_EPOBGXROBGRgPS_G HRGHIBG

IP_IGPSOBVGCRSHJDFHGABHgBBSGD̀oKpGDSOGDPJ[ al”d GpIBGPS̀QWDSBG
BWBCHJPCGUBWOĜ •GRYGHIPFGXROBGPFGFIRgSGPSG\P_EJBGbO]GDSOGHIBG
CRJJBFQRSOPS_GOPFQBJFPRSGPFGQWRHHBOGPSG_JBBSGPSG\P_ EJBGbB]Y[G
–RHDAWT]GHIPFGXROBGYBDHEJBFGDGXECIGWDJ_BJGQBSBHJDHP RSGOBQHIG
—GPSGQRFPHP̂BGDSOGSB_DHP̂BG‘̀OPJBCHPRS]GgPHIĜM‘NG̃G M̂fN™ š‘† —]G
HIDSGHIBGKLIL]GIBSCBGPHGPFGXECIGWBFFGCRSUSBOGgPHIPS GHIBG
D̀oKpGUWX[GpIBGOPFQBJFPRSGRYGHIPFGgD̂B_EPOBGXROB]GI RgB̂BJ]G
PFGFHBBQBJGDSOGCR̂BJFGDGXECIGWDJ_BJGYJBZEBSCTGJDS_B GHIDSGHIBG
KLIL]GgIPCIGPFGJBFHJPCHBOGHRGHIBGKPjGJBFHFHJDIWBSGA DSO[G–Rg]G
HIBGCRXAPSBOGFTFHBXGRYGD̀oKp†KPjGFEQQRJHFGSRHGRSWTG HIBG
FIPYHBOGQ̀QRWDJPiBOGKLILGXROBGAEHGFPXEWHDSBREFWT]GD HGHIBG
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ABCDEFGDHIDJKLEFMGEACBNNDGEOJPQNBJDECMCDJRBSEBJEAPQ MNBGOTDUE
VBWDXIOUDECMUDENMKBNOTDUEOJERYDEBPZ[\E]NĈE_JÈOXIG DEaKSE
RYDEOJPQNBJDEDNDKRGOKE]DNUEb cEMFERYOAEBOGdZ[\d[OePfMIJUECMUDE
OAEAYMVJSEFDBRIGOJXEBEYOXYDGEKMJ]JDCDJRERYBJERYDEBO GPfMIJUE
VBWDXIOUDECMUDEUIDERMERYDE[OeEAIfARGBRD̂E[RGOgOJXNL SERYDE
UOAQDGAOMJEMFERYDEBOGdZ[\d[OePfMIJUEVBWDXIOUDECMUDE hGDUE
NOJDEOJÈOXIGDEaDSFiSEVYONDEBQQGMBKYOJXEBALCQRMROKB NNLERYDEUOAP
QDGAOMJEMFERYDEBOGPfMIJUEVBWDXIOUDECMUDEBRENBGXDEOJ PQNBJDE
CMCDJRBEjSEDkQDGODJKDAEBJEIQVBGUEfDJUOJXEFMGEACBNNE jSE
fDKMCOJXEHIORDEAOCONBGERMERYDEUOAQDGAOMJEMFERYDE[lY l̂E\YIASE
RYDEKMCfOJDUEARGIKRIGDEMFEBERYOJEBPZ[\E]NCEMJEBE[Oe EAIfARGBRDE
JMREMJNLEAIQQMGRAEfMRYEQPQMNBGOTDUE[lYlAEBJUEAPQMNB GOTDUE
VBWDXIOUDECMUDASEfIRERYBJgAERMERYDEGDARARGBYNDJEKYB GBKRDGOAP
ROKA mnop EMFERYDE[OeEAIfARGBRDSERYDEVBWDXIOUDECMUDECOCOKAERY DE
[lYlEFMGEACBNNEOJPQNBJDECMCDJRBEjdj qEOJEfMRYE]DNUEUOARGOfIP
ROMJEBJUEUOAQDGAOMĴ

rJEBPZ[\E]NCEMFEstqqEJCERYOKgJDAASEBAEUOAKIAADUEOJE
ÒXIGDEaSELODNUAEMQROCBNEQMNBGORMJPNOgDEKYBGBKRDGOA ROKAEMFERYDE
VBWDXIOUDECMUDSEAIKYEBAEORAE]DNUEDJYBJKDCDJREhADDÈ OXIGDEuE
FMGEUDRBONAiÊvMVDWDGSERYDEADKMJUEBAQDKREMFEMIGEKMJ KDQREOAE
RYDEBKROWDERIJBfONORLEMFERYDEZ[\d[OeEALARDCEWOBEZ[\ EQYBADE
AVORKYOJXEBJUERYDEGDAINROJXERIJOJXEQMRDJROBNEFMGEfM RYERYDE[lYlE
BJUERYDEVBWDXIOUDECMUD̂EwDE]JUERYBRERYDECBkOCICEFGD HIDJKLE
AYOFREMFERYDE[lYlEIQMJEAVORKYOJXEMFERYDEZ[\EQYBADEO AEMfRBOJDUE
FMGEBJEBPZ[\E]NCERYOKgJDAAEMFEsauqEJCEhADDÈOXIGDE[ aEOJERYDE
[IQQMGROJXE_JFMGCBROMJiÊ_CQMGRBJRNLSEFMGERYOAE]NCE RYOKgJDAASE
RYDE[lYlPNOgDEUOAQDGAOMJEBJUEBEAOXJO]KBJRE]DNUEDJYB JKDCDJRE
MFERYDEVBWDXIOUDECMUDEBGDEARONNEKMJADGWDÛE\YIASEDk QDGOCDJP
RBNNLSEVDEKYMMADERMEOJWDAROXBRDEBEZ[\d[OeEALARDCEVO RYEsauqEJCEE
RYOKgJDAAEMFERYDEBPZ[\E]NĈ

�x�yz{|}~•|€•

rEattEJCERYOJEBPZ[\E]NCEVBAEAQIRRDGPUDQMAORDUEMJRME BE
tvP[OeEAIfARGBRDEBJUEQNBKDUEOJRMEBEYMCDPfIONUE‚RRMP RLQDE
QGOACEKMIQNOJXEADRIQSEAgDRKYDUEOJEƒ„…†‡̂E‰BEhADDERY DEŠkQDGP
OCDJRBNE[DKROMJiÊ_JEAYMGRSERYDEOJKMCOJXENOXYREOCQO JXDAEMJE
RYDEQGOACEAIGFBKDEBREBJEBJXNDE ‹ EBfMWDERYDEKGOROKBNEBJXNDEMFE
RMRBNEOJRDGJBNEGDŒDKROMJEhs•t̂Ž•EFMGE•‘[uiÊ\YDEXDJ DGBRDUE
DWBJDAKDJREVBWDEOJERYDEBOGEXBQEfDRVDDJEQGOACEBJUEAB CQNDE
KMIQNDAERMERYDEDWBJDAKDJRSEfMIJUECMUDAEOJERYDEABCQN DSE
GDAINROJXEOJEBRRDJIBRDUERMRBNEGDŒDKROMJEUOQAEBRERYD EGDAMJBJKDAE
OJEBEGDŒDKRBJKDEAQDKRGICÊ’LERBgOJXEADWDGBNEAQDKRGB EBREWBGLOJXE
OJKOUDJREBJXNDSEUOAQDGAOMJAEKBJEfDECBQQDUEMIR̂ mn“p ErAEBJEDkKOP
RBROMJEAMIGKDEFMGERYDEGDŒDKRBJKDEAQDKRGMAKMQLECDBAI GDCDJRASE
VDEDCQNMLDUEBECOUP_‘EFGDDEDNDKRGMJENBADGEh̀Š”iEVORY ERIJP
BfNDEVBWDNDJXRYEOJERYDEGBJXDEMFEnPŽqE•CEBJUEBEAQDKR GBNENOJDE
VOURYEMFEsq̂n– mtqp EhADDERYDEŠkQDGOCDJRBNE[DKROMJiÊ_JEBE]GARE
ARDQSEBNNEDkQDGOCDJRBNEUBRBEVDGDEMfRBOJDUEFMGEBPZ[\ SEBJUEBFRDGE
KGLARBNNOTOJXERYDEBPZ[\EMJEBEYDBROJXEQNBRDEhnqqE•eS EuECOJiSE
RYDECDBAIGDCDJRAEVDGDEGDQDBRDUEFMGERYDEKPZ[\EQYBAD̂ E—MRDE
RYBREKGLARBNNOTBROMJEMFEBPZ[\EOAEBKKMCQBJODUEfLEBEU DJAORLE
GDUIKROMJS mtaSt•p ENDBUOJXERMEBEso–ERYOJJDGEKPZ[\E]NCEMFEBfMIRE
an•EJCERYOKgJDAÂ

_JÈOXIGDE•fSEGDŒDKRBJKDEAQDKRGBEBREBJEOJKOUDJREBJX NDEMFEnq•E
BGDEAYMVJEFMGEQPQMNBGOTDUEBJUEAPQMNBGOTDUEOJKOUDJRE NOXYREBJUEFMGE
fMRYEZ[\EQYBADASEGDAQDKROWDNL̂EeNDBGNLSEDBKYEAQDKRG ICEFDBRIGDAE
BEUOAROJKREGDAMJBJKDEUOQERYBREKMGGDAQMJUAERMEBEQPQM NBGOTDUE[lYlE

hfNIDEBJUEXGDDJEKIGWDAiEMGEBJEAPQMNBGOTDUEVBWDXIOUD ECMUDE
hGDUEBJUEMGBJXDEKIGWDAiÊrNNEUBRBEVDGDE]RRDUEVORYEB EXNMfBNE
]RROJXEQGMKDUIGDEhADDERYDEŠkQDGOCDJRBNE[DKROMJEFMGE UDRBONAiSE
BJUERYDEGDAINROJXERYDMGDROKBNEAQDKRGBEKBNKINBRDUEfL ECDBJAEMFEBE
tẼEtERGBJAFDGECBRGOkEFMGCBNOAC mtnp EBGDEBNAMEAYMVJEOJÈOXIGDE•fSE
JOKDNLEGDQGMUIKOJXERYDEDkQDGOCDJRBNEUBRB̂Eh\YDENMVE BCQNORIUDE
MFERYDEVBWDXIOUDECMUDEOJEKPZ[\EBGOADAEUIDERMEBEQGOA CEKMIQNOJXE
XBQEfDNMVERYDEXBQEMFEKGOROKBNEKMIQNOJXS mn“p EADDERYDEŠkQDGOCDJRBNE
[DKROMJEFMGEUDRBONAi^

ÌGRYDGCMGDSEBE”MGDJRTOBJENOJDEAYBQDEVBAE]RRDUERMER YDEDkQDGOP
CDJRBNEGDŒDKRBJKDEUOQAEOJEMGUDGERMEDkRGBKREFGDHIDJK LEQMAOROMJAE • E
BJUEFINNEVOURYEBREYBNFECBkOCBEh̀wv™EšE• › iEMFERYDEGDAMJBJKDÂE
_JRDGDAROJXNLSERYDECDBAIGDUEHIBNORLEFBKRMGEhœEšE • d̀wv™iEOJE
BPZ[\EMFERYDEVBWDXIOUDECMUDEhœEšEaq“iEOAEDWDJEYOXYD GERYBJERYBRE
MFERYDE[lYlEhœEšEo•iSEVYDGDBAEOJEKPZ[\SERYDEVBWDXIO UDECMUDE
YBAEBEfGMBUDGEGDAMJBJKDEhœEšEatiERYBJERYDE[lYlEhœEš E••iÈ̂MGE
RYDEKBADEMFEBPZ[\SERYDADEœPFBKRMGAEDBAONLENODEOJERY DEGBJXDEMFERYDE
YOXYPœEGDAMJBJKDAEBGOAOJXEFGMCENMKBNOTDUE[lYlAEOJEQ MNBGEKGLARBNE
JBJMARGIKRIGDAEhtuPnŽqi^ mttžt“p E\YDEXDJDGBNNLENMVDGEœPFBKRMGAE
OJEKPZ[\SEMJERYDEMRYDGEYBJUSEKBJEfDEBRRGOfIRDUERMEJ MJTDGME
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4.5 Surface Polariton-Like s-Polarized Waveguide Modes
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ABCDEFGHDIJKLMK NOPQRS TJUJVTJODMFAEWXJGDJAPQRSYJZD[W\WE]JHGJHCJ
IDGW[DEĜ_JĜAGJĜWJ[A\ẀaHXWJMDXWJbWAGaEWCJCHMHcAE JdPbAOGDECJ
ACJĜWJRêeJHIJBDĜJQRSJF̂ACWC]JFED\HXHÌJfECGJW\HX WIOWJĜAGJ
ĜWJ[A\ẀaHXWJMDXWJOAIJHIXWWXJBWJCWWIJACJAJFDcAEHGD IPcHgWJ
WhOHGAGHDIJ[HĜJCPFDcAEHiAGHDIY

jWkWOGAIOWJCFWOGEAJ[WEWJGAgWIJbDEJHIOHXWIGJAÌcWCJD bJlmnopqnJ
HIJCGWFCJDbJrnJEWCacGHÌJHIJEWkWOGAIOWJMAFCJĜAGJEW FEDXaOWJĜWJ
XHCFWECHDIJDbJĜWJODEEWCFDIXHÌJMDXWYJsAFCJbDEJBAEW JRHt]J
APQRSuRHt]JAIXJOPQRSuRHtJbDEJFPFDcAEHiWXJHIOHXWIGJc Ĥ̀GJAEWJ
ĈD[IJHIJvwxyz{J|AoO]JEWCFWOGH\Wc_]JAIXJMAFCJbDEJAP QRSuRHtJ
AIXJOPQRSuRHtJbDEJCPFDcAEHiWXJHIOHXWIGJcĤ̀GJHIJ}H̀ aEWJpW]bYJ
LIJ}H̀aEWJpX]JAIJD\WE\HW[JD\WEJAccJMDXWCJHCJ̀H\WI]J AIXJĜWJ
EWCFWOGH\WJXHCFWECHDIJOaE\WCJAEWJAXXHGHDIAcc_JFcDGG WXJDIJGDFJDbJ
ĜWJHIXH\HXaAcJEWkWOGAIOWJMAFCYJŜWJĜWDEWGHOAcJXHC FWECHDICJ
[WEWJWhGEAOGWXJbEDMJĜWJHMÀHIAE_JFAEGJDbJĜWJODEEW CFDIXHÌc_J
FDcAEHiWXJEWkWOGHDIJODWbfOHWIGJDBGAHIWXJB_JGEAICbWE JMAGEHhJ
OAcOacAGHDIC ~qp• JaCHÌJĜWJFAEAMWGWECJbEDMJĜWJ̀cDBAcJfGGHÌJ
FEDOWXaEWYJ€ccJWhFWEHMWIGAcJXHCFWECHDICJAEWJ[WccJEW FEDXaOWXJB_J
ĜWJCHMacAGHDICY

}DEJrqqJIMJĜHIJAPQRSJAIXJAGJ • JUJp‚n]JĜWJRêeJĈHbGCJB_J
ƒ„ JUJl…JOM †r JaFDIJC[HGÔHÌJĜWJQRSJF̂ACW]JAIXJĜWJ[A\WP
àHXWJMDXWJB_JmVJOM †r YJŜHCJODEEWCFDIXCJGDJAJGaIHÌJf̀aEWJ

DbJMWEHGJKS}‡sTJDbJS}‡sJUJ ƒ„ u}̂ZsJUJlY‰JbDEJĜWJRêeJ
AIXJ…Y…JbDEJĜWJ[A\ẀaHXWJMDXW]J[̂WEWJ[WJaCWXJĜWJ} ˆZsJ
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ĜHOgWEJfcMC]JĜWJĈHbGJXWOEWACWC]JBWOAaCWJAccJMDXW CJbDEJBDĜJ
QRSJF̂ACWCJAEWJFaĈWXJÀAHICGJĜWJcD[WEJbEWŠaWIO_Jc HMHGJ̀H\WIJ
B_J …V…S‡
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@ABCDEBFGEHIJFKLMNOPQFRSTFUIBFCDEFEVEWXHYBZF[HWFCD\ ]̂_È̀FI@F
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C̀BYCEFCDEFCA_\_fFXICE_C\YHFI@FGICDFCDEFXgXIHYB\hEe FijDjFY_eFCDEF
g̀XIHYB\hEeFJYdEfA\eEFWIeEF̀AXXIBCEeF\_FkilF[HWF̀I_ FYFi\mF
ÀG̀CBYCEFd\YFkilFXDỲEF̀J\C]D\_fT

no�pqrstuvws�x�ws�yzs�{|

lDEFCDEIBEC\]YHFeÈ]B\XC\I_FI@FJYdEfA\eEFWIeÈF\_FY F̀HYGF
JYdEfA\eEF̀CBA]CABEF\F̀JEHHF̂_IJ_FY_eFDỲFGEE_Ff\dE _FEH̀Eg
JDEBET }~•c€•c€•‚ FƒEBEcFJEF@IHHIJFCDEFJIB̂FGZFl\E_FY_eF„HB\]D }~•‚ F
Y_eFYXXHZFCDEFCDEIBEC\]YHFWIeEHFCIFIABFY\B…kil…i\mF Z̀̀CEWcF\_F
IBeEBFCIFdEB\@ZFCDEFJYdEfA\eEF_YCABEFI@FCDEF̀gXIHYB \hEeFWIeEcF
ỲFJEHHFỲFXBId\eEFYFCDIBIAfDFA_eEB̀CY_e\_fFI@FCDEF e\X̀EBg
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ÈEFU\fABEFi‰F\_FCDEFiAXXIBC\_fF̂_@IBWYC\I_F@IBFeEC Y\H̀STFlDEF
E‡AYC\I_FI@FJYdEfA\eEFWIeÈF\F̀f\dE_FGZF }~•‚
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B\ÈFYBEF̀IHEHZFfIdEB_EeFGZFCDEFYgkil…i\mF\_CEB@Y]E TF̂_F@Y]CcFCDEF
HIJEBFGIA_eYBZFYHI_fFCDEFWIWE_CAWFYV\F̀\F̀f\dE_FGZF CDEFi\mF
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4.5 Surface Polariton-Like s-Polarized Waveguide Modes
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@ABCDEFGCHIJGCHKLAKHMCAKENCOHAPHEQ@ANGHRCPGCGSHQJTA NFKJPU
TFVCHGFOQCNOFJPHFPHQNJWFIFKXHKJHKLCHYFZHOEROKNAKCHY [L[HIJGCH
\OCCH]FDENCĤCSM_̀HaOHMJNHKLCHY[L[SHKLCHTJ@CNHRJEPG ANXHJMHNCDFJPH
\F_HATJPDHKLCHMNCbECPcXHAWFOHFOHGCdPCGHRXHKLCHefHQL JPJPHMNCU
bECPcXHJMHYFZSH ef

YFZg H\DNAXHGAOLCGHTFPC_̀HhPKCNCOKFPDTXSHKLCHNCAOJPH
KLAKH ef

YFZi HFOHAHRJEPGANXHFOHGFMMCNCPKHMJNHKLCHK@JHIJGCOjHeLCH Y[L[H
NCbEFNCOHPCDAKFBCHkC\ l YFZ _HKJHLABCHAPHCBAPCOcCPKTXHGCcAXFPDHCTCcU
KNFcHdCTGHFPHmUGFNCcKFJP̀HfPHKLCHJKLCNHLAPGSHKLCH@A BCDEFGCHIJGCH
NCbEFNCOHkC\ l YFZ _HnHkC\ l AUoYe _HKJHCPARTCHKJKATHFPKCNPATHNCpCcKFJPH
APGHKLCNCRXHDCKHCBAPCOcCPKTXHGCcAXFPDHdCTGÒH]JNHMN CbECPcFCOH

ef
YFZq qr SHRJKLHcJPGFKFJPOHANCHTJOKHOFIETKAPCJEOTX̀

aGGFKFJPATHKJHKLCHNCOKNFcKFJPOHDFBCPHRXHKJKATHFPKCN PATHNCpCcKFJPH
KLAKHANCHNCpCcKCGHFPHKLCHQLAOCHGFMMCNCPcCOHsH\]FDEN CHtA_SH@ABCU
DEFGCHIJGCOHFPHAOXIICKNFcHOTARH@ABCDEFGCOHNCbEFNCHA HIFPFIATH
dTIHKLFcVPCOOHu IFP HFPHJNGCNHKJHRCHOEQQJNKCG̀HvBATEAKFJPHJMH
vbEAKFJPH\̂_HAKHKLCHTJ@CNHAPGHEQQCNHIJICPKEIHRJEPGA NFCOH
TCAGOHKJHKLCHMJTTJ@FPDHCWQNCOOFJPHMJNHu IFP HMJNHOUQJTANFwCGH@ABCU
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oYeŒYFZHOXOKCISHKLCHIFPFIATHdTIHKLFcVPCOOHMJNHKLCHw CNJUJNGCNH
OUQJTANFwCGH@ABCDEFGCHIJGCHFOHOIATTCNHKLAPHMJNHKLCH wCNJUJNGCNH
QUQJTANFwCGHIJGC̀ x•Ž{ HaOHAHcJPOCbECPcCSHMJNHKLCHLCNCHOKEGFCGH
dTIHKLFcVPCOOHNAPDCHJMH~••~~HPISHJPTXHKLCHOUQJTANFw CGH@ABCU
DEFGCHIJGCHcAPHRCHJROCNBCG̀

hPH]FDENCHtRSHu IFP HJMHKLCHAFNŒAUoYeŒYFZHOXOKCIHFOHQTJKKCGHAOH
AHMEPcKFJPHJMHMNCbECPcXHMJNHKLCHdNOKHMJENHJNGCNOH}̀ HhPKCNCOKU
FPDTXSHFPHKLCHYFZHNCOKOKNALTCPHRAPGSHu IFP HJMHKLCH}H‘H~HIJGCHFOH
ATIJOKHwCNJSHREKHMCAKENCOHAHNAQFGHFPcNCAOCHAKHTANDC NHMNCbECPcFCOH
@FKLHAHIAWFIEIHBATECHJMHu IFP H‘H’’ŽHPÌHaOHAHcJPOCbECPcCSH
AUoYeHdTIOHJMHKLFcVPCOOCOHu AUoYe H“H’’ŽHPIHOEQQJNKHKLCH}H‘H~H
IJGCHAKHAPXHMNCbECPcFCOSH@LFTCHFPHKLFPPCNHdTIOSHOEc LHAOHJENH
OAIQTCH@FKLHu AUoYe H‘ĤttHPISHKLCHIJGCHFOHMJNRFGGCPHFPHAHRNJAGH
MNCbECPcXHNAPDCH\DNAXHANCAHFPH]FDENCHtR_̀HeLCNCMJNC SHKLCH}H‘H~H
OUQJTANFwCGH@ABCDEFGCHIJGCH@CHJROCNBCHFPHJENHCWQCNF ICPKOHFOH
TFIFKCGHKJHAHMNCbECPcXHNAPDCHRCK@CCPHz”zHAPGĤ~•ŽHc I •̂ SH@LFcLH
FOHBCNXHOFIFTANHKJHKLCHATTJ@CGHMNCbECPcXHNAPDCHJMHK LCHY[L[H
GCdPCGHRXHKLCHYFZHNCOKOKNALTCPHRAPGH\z”z•”z~HcI •̂ _̀

eLCHNAPDCHFPH@LFcLHKLCHOUQJTANFwCGHAFNŒAUoYeŒYFZH@A BCU
DEFGCHIJGCHcAPHRCHJROCNBCGHFOHRCOKHFTTEOKNAKCGHFPHK LCHGFOQCNU
OFJPHQTJKH@CHOLJ@HFPH]FDENCHtc̀H–CNCSHKLCHDNAXHANCA OHFPGFcAKCH
KLCHMJNRFGGCPHNCDFJPOHDFBCPHRXH hI\ _YFZŒAUoYe

O— H̀]JNHKLCHK@JHKLFPU
PCOKHdTIOHJMĤttHAPGH’~~HPIH\NCGHAPGHJNAPDCHcENBCO_ SHu IFP H
GCdPCOHAHMNCbECPcXHNAPDCH@LCNCHKLCH}H‘H~HIJGCHFOHMJ NRFGGCPSH
@LFcLHFOHNCQNCOCPKCGHRXHKLCHNCDFJPHFPH@LFcLHKLCHK@J HGFOQCNOFJPH
cENBCOHANCHGFONEQKCG̀HeLCHNCOKNFcKFJPHDFBCPHRXHu IFP HcJFPcFGCOH
CWAcKTXH@FKLHKLCHNCOKNFcKFJPHDFBCPHRXH hI\ _YFZŒAUoYe

O˜ H̀]JNHKLCHKLNCCH
KLFcVCNHdTIOH\TFDLKHDNCCPSHGANVHDNCCPSHAPGHRTECHcEN BCO_SHJPHKLCH
JKLCNHLAPGSHKLCHIJGCHGFOQCNOFJPOHANCHcJPKFPEJEOSHAO HKLCNCHFOH
PJHIFPFIEIHdTIHKLFcVPCOOHNCbEFNCG̀H–J@CBCNSHKLCOCHI JGCH
GFOQCNOFJPOHANCHQEOLCGHADAFPOKHKLCHTJ@CNHMNCbECPcXH RJEPGANXH

ef
YFZ™ H@FKLHFPcNCAOFPDHdTIHKLFcVPCOOSHAPGHKLCHGFOQCNOFJPH JMHKLCH

IJGCHFPHKLCHKLFcVCOKHdTIHJMĤ’~~HPIHCBCPHOKANKOHKJH GFOAQQCANH
AKHKLFOHRJEPGANX̀HeLFOHRCLABFJNHJNFDFPAKCOHFPHKLCHQ JTCHJMHKLCH
GFCTCcKNFcHMEPcKFJPHJMHYFZHAKH ef

YFZš SHcJPOKFKEKFPDHKLCHLANGHTJ@CNH

RANNFCNHJMHKLCHMNCbECPcXHNAPDCHFPH@LFcLH@ABCDEFGCHI JGCOHcAPH
RCHOEQQJNKCG̀H‹JKARTXSHKLAPVOHKJHKLFOHRJEPGANXSHKLC H@ABCDEFGCH
IJGCHGFOQCNOFJPHCWQCNFCPcCOHKLCHEQ@ANGHRCPGFPDHKLAK HTCAGOHKJH
KLCHNCOCIRTAPcCHJMHKLCHY[L[HIJGCHGFOQCNOFJP̀H]FPATT XSH@CHPJKCH
KLAKHKLCHOLFMKFPDHJMHKLCHGFOQCNOFJPH@FKLHdTIHKLFcVP COOHCPARTCOHAH
OKNAFDLKMJN@ANGH@AXHJMHKEPFPDHKLCHIJGCHNCOJPAPcCHAc NJOOHKLCH
CPKFNCHATTJ@CGHMNCbECPcXHNAPDC̀

�›�œ•ž�Ÿ ¡�¢�£Ÿž¤¥�¦§̈¤©¡�ªŸ«¡¬•¤­¡�®�­¡̄��
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vbEFQQCGH@FKLHKLFOHKLCJNCKFcATHEPGCNOKAPGFPDSH@CHPJ @HKENPH
JENHMJcEOHJPHKLCHcJIQANARFTFKXHJMHKLCHY[L[HAPGHKLCH KLFPHdTIH
OUQJTANFwCGH@ABCDEFGCHIJGCHFPHKCNIOHJMHJQKFcATHdCTG HCPLAPcCU
ICPKHAPGHOQAKFATHcJPdPCICPK̀H́µ¶·̧¹HºA•MHOLJ@OHmUQN JdTCOHJMH
KLCHFPUQTAPCHCTCcKNFcHdCTGHCPLAPcCICPKH\]v_HJMHKLCH Y[L[H\» ¼_HAPGH
KLCH@ABCDEFGCHIJGCH\» ½_HAKHKLCFNHcJNNCOQJPGFPDHNCOJPAPcCHMNCU
bECPcXHMJNHAHOCKHJMHGFMMCNCPKHAUoYeHdTIHKLFcVPCOOCO SHcATcETAKCGH
MJNHCWcFKAKFJPHBFAHAH¾kY•HcJEQTFPDHQNFOIHFPHKLCHfKK JHDCJICKNXH
AKHAPHFPcFGCPKHAPDTCHJMH ¿H‘Hy~À̀H]ENKLCNIJNCSHKLCHcJPKFPEJEOH
RCLABFJNHJMHKLCHIAWFIEIHdCTGHCPLAPcCICPKH]v IAW HMJNHKLCHY[L[H
\RTECHcENBC_HAOHAHMEPcKFJPHJMHKLFPHAUoYeHdTIHKLFcVP COOHu AUoYe H
FOHOLJ@PHFPH]FDENCH•DSHAPGH]FDENCH•LHOLJ@OHKLCHcJNN COQJPGFPDH
IJGCHMNCbECPcXH ÁIJGC H\]v IAW HAPGH ÁIJGC HMJNHTANDCNHdTIHKLFcVU
PCOOCOHANCHOLJ@PHFPH]FDENCHYySHYEQQJNKFPDHhPMJNIAKF JP_̀

aHRANCHYFZHOENMAcCH\]FDENCH•A_HJPTXHOEQQJNKOHAPHY[L [H@FKLHAHIAWU
FIEIHdCTGHCPLAPcCICPKH\]v IAW _HJMHÂzSH@LFcLHFOSHLJ@CBCNSHNCGEcCGH
@LCPHAPHAGGFKFJPATHAUoYeHdTIHJMĤttHPIHFOHQTAcCGHJP HKJQHJMHYFZH
\]FDENCH•R_̀H]JNHFPcNCAOFPDHdTIHKLFcVPCOOCOH\]FDENC H•Hc•C_SHKLCH
dCTGHCPLAPcCICPKHJMHKLCHY[L[HGNJQOHCBCPHMENKLCNHAPG HMJNHKLCH
TANDCOKHAUoYeHdTIHJMH•~~HPIHKLFcVPCOOH\]FDENCH•M_SH KLCNCHFOHPJH
CPLAPcCICPKHJROCNBARTCHAKHATTSHICAPFPDHKLAKHKLCHOKN EcKENCHGJCOH
PJKHOEQQJNKHKLCHAFNŒYFZHY[L[HAPXIJNC̀HeLFOHKNAPOFKF JPHKJ@ANGH
AHKJKATHTJOOHJMHKLCHY[L[HMJNHTANDCHdTIHKLFcVPCOOCOH OKCIOSHJPHKLCH
JPCHLAPGSHMNJIHKLCHMAcKHKLAKHKLCHJROCNBCGHAFNŒYFZHY [L[HJNFDFU
PAKCOHFPHKLCHGFCTCcKNFcHcJPKNAOKHJMHKLCHAGÃAcCPKHAF NHAPGHYFZSHAPGH
MJNHDNJ@FPDHAUoYeHdTIHKLFcVPCOOCOSHKLCNCHFOHPJHYFZŒ AFNHFPKCNMAcCH
APXIJNC̀HfPHKLCHJKLCNHLAPGSHKLCHefHQLJPJPHFOHhkUAcK FBCHAPGH
KLCNCMJNCHAROJNQKFJPHFPHYFZHFPcNCAOCOHGNAOKFcATTXHF PHKLCHBFcFPFKXH
JMH ef

YFZÄ SHcJPKNFREKFPDHKJHKLCHJROCNBCGHTJOOHJMHdCTGHCPLAPcC ICPK̀H
]FPATTXSH@CHcAPPJKHJROCNBCHKLCHCICNDCPcCHJMHAPXHJKL CNHY[L[HMJNH
KLFcVCNHdTIOSHRCcAEOCHKLCHAFNŒAUoYeHFPKCNMAcCHGJCOH PJKHMCAKENCH
QCNIFKKFBFKFCOHJMHJQQJOFKCHOFDPSH@LFTCHAHQJKCPKFATH AUoYeŒYFZHY[L[H
cAPPJKHRCHCWcFKCGHBFAHQNFOIHcJEQTFPDH@FKLHAH¾kY•HQN FOISHRCcAEOCH
KLCHNCbEFNCGHIJICPKAHANCHKJJHTANDCH\Å ¾kY• HnHÅ AUoYe _̀

eLCHOUQJTANFwCGH@ABCDEFGCHIJGCSHJPHKLCHJKLCNHLAPGSH MCAKENCOH
AHIAWFIEIHdCTGHCPLAPcCICPKHJMHÂ•HFPHAH’•~•t~~HPIHKL FPH
AUoYeHdTISH@LFcLHGCcNCAOCOHMJNHRJKLHKLFPPCNHAPGHKLF cVCNH
dTIOH\]FDENCH•DSHNCGHcENBC_̀HhPHJNGCNHKJHCWQTAFPHKL FOHRCLABFJNSH
@CHNCcATTHKLAKHMJNHOIATTHFPUQTAPCHIJICPKAH\̂HnH ÆHnH’_SHKLCH
@ABCDEFGCHIJGCHFOHNCOKNFcKCGHKJHAHMNCbECPcXHNAPDCHR CK@CCPH

z”zef
YFZÇ È HAPGĤ~~~•̂’~~HcI •̂ SH@LCNCHKLCHEQQCNHRJEPGANXH

GCQCPGOHJPH ÆH\]FDENCHtc_̀HÉFKLHFPcNCAOFPDHdTIHKLFcVPCOOSHKLCH
GFOQCNOFJPHNCGUOLFMKOHKLNJEDLHKLCHATTJ@CGHMNCbECPcX HNCDFJPH
APGHCBCPKEATTXHFOHQEOLCGHADAFPOKH ef

YFZÊ SHAOHcAPHRCHJROCNBCGHFPH
]FDENCH•LH\NCGHcENBC_̀H–CNCSHAPATJDJEOHKJHKLCHY[L[S HKLCHLFDLH
AROJNQKFJPHFPHYFZHcTJOCHKJH ef

YFZË HTCAGOHKJHKLCHJROCNBCGHTJOOHJMHdCTGH
CPLAPcCICPK̀HaKHKLCHEQQCNHMNCbECPcXHRJEPGANXSHJPHKL CHJKLCNH

ÌÍÎÏÐÑÒÓÔÕÖ×ÐØÖÓÙÚÏ�Û���>������ÜÝ

Chapter 4 Publications
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ABCDEFGAHFIHJKLGGLMLGNFOPFQLRFLSFTUOSHFGOFVEFJHSWUG LCXFLCFBFUHSSF
TOCYCHDFKODHFLCFQLRFTOKIBJHDFGOFKODHSFBGFPJHZWHCTLH SFPWJ[
GAHJFLCGOFGAHFJHSGSGJBAUHCF\BCDF]TOKIBJHFGAHFIHCHGJ BGLOCFDHIGAF
LCGOFQLRFOPFGAHF̂BMHXWLDHFKODHFLCF_LXWJHF̀\EDaEFGAW SFUHBDLCXFGOF
SKBUUHJFYHUDFHCABCTHKHCGSb

cAHFIHCHGJBGLOCFDHIGAFLCGOFGAHFQLRFSW\SGJBGHF dEFBCDFGAWSFGAHF
SIBGLBUFTOCYCHKHCGFOPFGAHFKODHSEFLSFSOUHUNFBFPWCTGL OCFOPFGAHFQLRF
IHJKLGGLMLGNFGHCSOJbFRUOSHFGOF ce

QLRf EF\OGAFGAHFQgAgFBCDFGAHF̂BMH[
XWLDHFKODHFBJHFSGJOCXUNFTOCYCHDF]̂LGAFBFIHCHGJBGLOC FDHIGAF
OPF dFhFViiFCKFBGFjiiFTK kV aEF̂AHJHBSFBGFALXAHJFPJHZWHCTLHSEFGAHF
TOCYCHKHCGFDHTJHBSHSFBCDFGAHFKODHSFUHBlFPWJGAHJFLCG OFGAHFQLRF
SW\SGJBGHF]mnhnVb̀FoKFBGFp̀iFTK kV EFSHHF_LXWJHFQqFLCFGAHFQWI[
IOJGLCXFrCPOJKBGLOCFPOJFDHGBLUSabFcALSFPJHZWHCTNFDH IHCDHCTHFOPF
GAHFSIBGLBUFTOCYCHKHCGFTBCFBUSOF\HFSHHCFLCF_LXWJHF̀ LEsEF̂AHJHF
ĤFSAÔFSIBGLO[SIHTGJBUFKBISFOPFGAHFQgAgFBCDFGAHF̂B MHXWLDHF
KODHEFJHSIHTGLMHUNEFPOJFBFVttFCKFGALCFB[uQcFYUKEFJH SHK\ULCXF
GAHFHvIHJLKHCGBUUNFSGWDLHDFSBKIUHbFRUHBJUNEFGAHF̂BM HXWLDHF
KODHFUHBlSFPWJGAHJFLCGOFQLREF̂AHJHBSFGAHFQgAgFLSFSG JOCXHJFTOC[
YCHDF\HTBWSHFGAHFPJHZWHCTNFOPFGAHFUBGGHJFLSFKWTAFTU OSHJFGOF ce

QLRw F

GABCFGABGFOPFGAHFPOJKHJbFcAHFOIIOSLGHF\HABMLOJFTBCF \HFO\SHJMHDF
ÂHCFGAHF̂BMHXWLDHFKODHFPJHZWHCTNFLSFTUOSHFGOF ce

QLRx F]_LXWJHF̀PaF
BCDFGAHFQgAgFKODHFSLGSFBGFALXAHJFPJHZWHCTLHSF]POJFH vBKIUHF
_LXWJHF̀BE\ab

ySF̂HFABMHFSAÔCFHvHKIUBJLUNFPOJFBFQLRFSW\SGJBGHEFB FGALCF
OMHJUNLCXFuQcFYUKFHCB\UHSFBCFS[IOUBJLzHDF̂BMHXWLDHF KODHF
L̂GAFPHBGWJHSFSWTAFBSFLGSFDLSIHJSLOCEFYHUDFHCABCTHK HCGEFBCDF
SIBGLBUFTOCYCHKHCGF\HLCXFTOKIBJB\UHFGOFGAOSHFOPFGAH FSLKWUGB[
CHOWSUNFSWIIOJGHDFQgAgbFQGJLlLCXUNEFGALSFTOCTHIGFTB CF\HFHBSLUNF
GJBCSPHJJHDFGOFBCNFIOUBJFTJNSGBUFSW\SGJBGHbFrCF{|}~ •€F•EF̂HFTOK[
IBJHFQLRFGOFBUWKLCWKFCLGJLDHF]yU‚aEFXBUULWKFCLGJLDH F]uB‚aEFBCDF
zLCTFOvLDHF]ƒCeaEFBUUFPHBGWJLCXFBFSLCXUHFJHSGSGJBAU HCF\BCDEFBCDF
GAHFKWUGLKODHFKBGHJLBUF „ [ZWBJGzF] „ [QLe …abF_OJFHBTAFKBGHJLBUEF
GAHFDLSIHJSLOCSFOPFGAHFSWIIOJGHDFQgAgSF]\UWHFBCDFXJ HHCFTLJ[
TUHSaFBCDFS[IOUBJLzHDF̂BMHXWLDHFKODHSF]JHDFBCDFOJBC XHFTLJTUHSaF
BJHFIUOGGHDFPOJFBFVttFCKFGALCFB[uQcFBCDFBFVq…FCKFT[ uQcFYUKEF
JHSIHTGLMHUNbFcAHFMHJGLTBUFXJBNF\BJSFTOJJHSIOCDFGOF GAHF_†‡̂F
OPFGAHFKODHFJHSOCBCTHSFHvGJBTGHDFPJOKFTBUTWUBGHDFSI HTGJBFOPF
GAHFLKBXLCBJNFIBJGFOPFGAHFTOJJHSIOCDLCXFJH‰HTGLOCFT OHPYTLHCGEF

Š‹Œ•Ž••‘’“”•Ž–”‘—̃•�™���?������š›
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4.5 Surface Polariton-Like s-Polarized Waveguide Modes
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ABCD EFG HIJKLMJNOGEMPGOQRGJSPMJTOGOUVWJGLOXYMNJUWJBQPMJYLSR JYLMJ
BQNMGZJ[\]̂ JUMY_MMRJYLMJY_QJ̀aKJELSGMGJCUVbMcdPMMRJ SRNJ
PMNcQPSRdMHFJeVMSPVWJNMBQRGYPSYORdJYLMJdQQNJG_OYeLO RdJeQRYPSGYJ
SeLOMTSUVMJORJSRWJQXJYLMJfTMJGbUGYPSYMJBSYMPOSVGIJK LMJdPSWJSPMSGJ
BSPgJYLMJPMGEMeYOTMJPMGYGYGYPSLVMRJUSRNGJQXJaOhFJiV jFJ̀SjFJSRNJ
kRlFJSRNJYLMJXQbPJUSRNGJQXJ mcaOl nIJARJMSeLJPMGYGYPSLVMRJUSRNFJ
SJaoLoJ_OYLORJYLMJPMGYGYPSLVMRJUSRNJSRNJSJ_STMdbONM JBQNMJ
NOGEMPGORdJSUQTMJQPJSYJYLMJbEEMPJMNdMJQXJYLMJPMGYGY PSLVMRJUSRNJ
SPMJGbEEQPYMNFJLOdLVOdLYORdJYLMJdMRMPSVOYWJQXJQbPJe QReMEYJXQPJ
YLMJUPQSNJApJXPMqbMReWJPSRdMJQXJrssturssJeB vu I

�w�x�yz{|}~�y

ARJeQReVbGOQRFJ_MJLSTMJEPMGMRYMNJSJdMRMPOeJBSYMPOSV JGWGYMBJ
eQBEPOGORdJSJGbU_STMVMRdYLJYLORJoĥJfVBJQRJSJEQVSPJ ePWGYSVJ
GbUGYPSYMJYLSYJGOBbVYSRMQbGVWJGbEEQPYGJSJEcEQVSPO•M NJaoLoJSRNJ

SRJGcEQVSPO•MNJ_STMdbONMJBQNMIJlbPJM€EMPOBMRYSVJNSY SJQXJYLMJ
M€MBEVSPWJ̀aK•aOhJGWGYMBJNMBQRGYPSYMJYLSYJLOdLceQRY PSGYJ
SeYOTMJYbRORdJQXJUQYLJBQNMGJeSRJUMJPMSVO•MNJTOSJG_O YeLORdJQXJ
YLMJ̀aKJELSGMFJSeLOMTORdJSRJM€eMEYOQRSVJYbRORdJfdbP MJQXJBMPOYJ
QXJbEJYQJ‚I‚IJ\MJLSTMJEPMGMRYMNJSJGOBEVMJYLMQPMYOeS VJBQNMVJ
XQPJYLMJ_STMdbONMJBQNMFJPMTMSVORdJYLMJGOBOVSPOYWJQX JYLMJaoLoJ
SRNJ_STMdbONMJBQNMJNOGEMPGOQRGJORJYLMJPMGYGYPSLVMRJ PMdOQRJQXJ
YLMJGbUGYPSYMJBSYMPOSVIJ[bPYLMPBQPMFJUWJSRSVW•ORdJY LMJMVMeYPOeJ
fMVNJNOGYPOUbYOQRGJSePQGGJYLMJGWGYMBJORYMPXSeMGFJ_M JLSTMJGLQ_RJ
YLSYJYLMJ_STMdbONMJBQNMJeSRJXMSYbPMJGESYOSVJeQRfRMB MRYJSRNJ
fMVNJMRLSReMBMRYJXSeYQPGJeQBESPSUVMJYQJYLQGMJQXJSRJ aoLoFJ
_LOVMJM€ESRNORdJYLMJSVVQ_MNJXPMqbMReWJPSRdMJUMWQRNJ YLMJPMGYc
GYPSLVMRJUSRNIJKLbGFJORJSNNOYOQRJYQJYLMJEQVSPO•SYOQ RcVOBOYMNJ
GbPXSeMJEQVSPOYQRGFJEQVSPOYQRcVOgMJ_STMdbONMJBQNMGJ GbEEQPYMNJ
UWJELSGMceLSRdMJBSYMPOSVGJQRJEQVSPJePWGYSVJGbUGYPSY MGJEPQTONMJ
SJEPQBOGORdJeQBEVMBMRYSPWJUbOVNORdJUVQegJXQPJSeYOTM VWJYbRSUVMFJ
VQ_cVQGGFJSRNJQBROEQVSPO•MNJRSRQELQYQROeJSEEVOeSYOQ RGFJGbeLJ
SGJORcEVSRMJBMYSGbPXSeMGJQPJEQVSPOYQRJVMRGMGI ƒ„…F„†‡
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¤Ú­̂Æ]age­�§���>�·¹>��F�k�F�(
L�kN�Q(�/#$$,9>�›(�38;8-8>�©]a­̂Æ]age­�§��̈>�®>�F�M (
L�RN�:(�G&#?'>�)(�Q!&T!+*8A >�6(�IA +%AT!&;8??>�Q(� I8+,?98>�Q(�/#$$,9>�

�(�œ(�78@@>�š(�G(�) ,+,@@>�Q(�=#?->�¤¥¥Z­̂dªµ¡­̂¼ga a­�§���>�¾²>�
�Mj��F(

L�FN�G(�: %+,@%#&>�š(�¬ 8?9>�=(�D(�Q8Aœ%?8+->�œ(�/( �7!C8T>�
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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 di�erent research �elds in order to highlight the generality of the formalism.

Author contributions

A.P. 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 �nal submission. N.C.P. devised the fundamental framework
of the formalism, and N.C.P. and A.P. developed the �nal 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.

go to list of publications

97

https://doi.org/10.1103/PhysRevB.101.165425




���������	
�	� �
�
�������������

���������� !�"�#���$%&�'�( &)*%&'��#&%���& ��'&��%� �$&+*�%����%�,+%,���

-./012.�34.56.27�255184 �� �9 :263.8;<8277.7 �� 27=�18>27=84�224?277 � �@

� ABCDEFGHIJBFKLMDCDNDOJBPHQFRSHLTUFVJMJSSMTWHXDYAHBH OHZ[J\]F̂Y_]_̀abJBSCLYVJBcHLZ
� dHIeBHDeCBJOJRWZMCfNJOJSghTeSJieBcHSJjNklBCJNBJYmij YRHBCMjTCJLTJMdJDDBJMYniojYpLCqJBMCDlOJRHBCMY

r]oNJdWeceLOYsattaRHBCMYABHLTJ

��8u8.v8=��w8x4;24y����z48v.58=?27;5u4.{648u8.v8=|� :24u3����z2uu8{68=��{4.1����z
{;x1.538=�|�{4.1�����

�8{4858762}878421.~8=•04?21.5? 60=85u4.x86380{6.u218 784}y€0•27=5{26.211y48501v8=2x504{6.07
.724x.6424.1y27.50640{.u12y848=564;u6;485‚ƒ3821}04. 63? .5u2{2x180•64826.7}27y7;?x840•12y8450•
24x.6424.1y27.50640{.u�x.48•4.7}876�27=2x504x.7}?8= .227=.5.?{18?8768=.7270{87„2uu855u0?{;684
{40}42?‚�8=84.v88>{1.u.68>{4855.075•0463864275?.668 =27=2x504x8={0•842627y{0.76.7638?;16.12y84
564;u6;48�;5.7}638818u64.u…81==.564.x;6.07•40? 2�†�6 4275•84?264.>•04?21.5?‚�526856}40;7=�•8
56;=y634887270{30607.u=8v.u8564;u6;485•826;4.7};7.‡ ;812y84„48501v8=2x504{6.07u3242u684.56.u5�?2/.7}
;580•�.�.7„{12783y{84x01.u{30707{0124.6075��..�12y8 4„5818u6.v8�u2v.6y„87327u8=8>u.6072x504{6.07.7
64275.6.07„?8621=.u321u0}87.=8?07012y845�27=�...�.7 6845;xx27=„u2v.6y{0124.6075.7‡;276;?•8115‚�0v84.7}
5;u32x402=5{8u6421427}8•40?638•24.7•4248=60638v.5.x 18�638u25856;=.85=8?07564268638}878421.6y27=
•.=82{{1.u2x.1.6y0•0;42{{402u3‚

‰̂�Š ��‚���|‹�3y5�8v�‚���‚������

Œ•ŒŽ••‘’“”•Œ‘Ž

ƒ38 2x504{6.07 0•1.}36.7 63.7 12y845 0•56407}1y
27.50640{.u?2684.21532548u8.v8=8704?0;5266876.075.7 u8
638=2•70•6•0„=.?875.0721��̂�?2684.21527=638.4386„
840564;u6;485• � –‚ƒ48?87=0;5{40}4855325x88748{0468=
;5.7}�̂?2684.215•047;?840;57270{30607.u2{{1.u26.075
5;u3253yx4.=}42{3878„x258={3060=868u6045• � �| –�0{60„
818u6407.u• � �� –27={3060v0162.u• � �—–=8v.u858?{10y.7}
64275.6.07„?8621=.u321u0}87.=8�ƒ:̂��?07012y845�87„
327u8=1.}36„?26684.76842u6.07;5.7}{30607.u.768}426. 07
•.630{6.u21u2v.6.85• ˜ �™–�2{{402u38560•24=ƒ:̂�„x258=
7270125845• �� ��� –�3y{841875.7}• �� ��| –x258=073y{84x01.u
{0124.6075• �� –�x.05875.7}• �� –�27=6384?0818u64.u2{{1.u2„
6.075;5.7}x12u/{305{304;5����?07012y845• �� ��— –‚�7
1.}360•63858634.v.7}=8v810{?876527=638}4826{06876.2 1
8762.18=.77270{30607.u68u37010}y�240x;5627=u075.568 76
6380486.u21•42?8•04/•04638=85u4.{6.070•1.}36„?26684 .7„
6842u6.07.712y848=386840564;u6;4850•27.50640{.u?268 4.215
.50•u876421.?{04627u8‚

�704=8460;7=845627=�2721y~8�27={48=.u66380{6.u2148„
5{07580•?;16.12y84564;u6;485�63864275•84?264.>•04?2 1.5?
325{40v8760x80•}4826;6.1.6y• �̃ š�� –‚�7.50640{.u12y848=
?8=.2�2�†�64275•84?264.>•;11y=85u4.x8527y1.}36„?266 84

9{255184›•3.„x841.7‚?{}‚=8
œ218>27=84‚{224?277›•3.„x841.7‚?{}‚=8

RNISCMWJOIZDWJ•cJBCTHLRWZMCTHSjeTCJDZNLOJBDWJDJBcMe XDWJ
nBJHDCqJnecceLM•DDBCINDCeL]žtKLDJBLHDCeLHS SCTJLMJžANBDWJB
OCMDBCINDCeLeXDWCM[eBUcNMDcHCLDHCLHDDBCINDCeLDeDWJH NDWeBŸM 
HLODWJkNISCMWJOHBDCTSJgMDCDSJY¡eNBLHSTCDHDCeLYHLO¢£ Kž£kJL
HTTJMMkNISCTHDCeLXNLOJOIZDWJPHQRSHLTUjeTCJDZž

.76842u6.07�27=•.63/70•18=}80•63810u21818u64.u27=
?2}786.u…81=5�6380{6.u21{0•84€0•u27x8=85u4.x8=xy638
�0.76.7}v8u604¤• �� ��� –‚�0•8v84�•32621482=y{40v85.764.„
u268.7.50640{.u?;16.12y845x8u0?858v87?048u;?x8450?8
•387638?2684.215248;7.2>.21048v87x.2>.21�48‡;.4.7}2
�†�64275•84?264.>•04?21.5? • �| š�� –�25.5638u258•04
?27y56268„0•„638„2467270{30607.u?2684.2151./838>2}0 721
x04077.64.=8�3�-�• �� –�?01yx=87;?64.0>.=8�:0‰ | �• �— –�
04��• �̃ –‚�7u0758‡;87u8�60638x8560•0;4/70•18=}8�
{48v.0;52{{402u3852.?.7}266382721y6.u21u0?{;626.070 •
1.}362x504{6.07.727.50640{.u?;16.12y84524848564.u68 =60
5{8u.21u2585• �™ š|� –�•3848252•;11y}878421.~8=•04?21.5?
2{{1.u2x186027y7;?x840•12y8450•?8=.2•.6324x.6424y
{84?.66.v.6y325706x887{40{058=50•24‚

�7 63.5•04/�•8=84.v88>{1.u.68>{4855.075•04638
12y84„48501v8=64275?.6627u827=2x504{6.07.756426.…8= 386„
840564;u6;4850•24x.6424.1y27.50640{.u�x.48•4.7}876� 27=2x„
504x.7}?8=.2�;5.7}638818u64.u…81==.564.x;6.07{40v.= 8=
xy0;4{48v.0;564275•84?264.>•04?21.5?• �� �|| –‚‰;421}0„
4.63?.57;?84.u211y562x18�y.81=5u076.7;0;5501;6.075� 27=
.5.?{18?8768=.7270{87„2uu855u0?{;684{40}42?• |� �|� –�
872x1.7}240x;5627=u075.56876•42?8•04/6326.5u2{2x180 •
64826.7}1.}360•27y{0124.~26.07.?{.7}.7}2627y.7u.=87 6
27}18076027y7;?x840•24x.6424.1y27.50640{.u�x.48•4.7 }876�
27=2x504x.7}12y845‚ƒ0=8?07564268638u2{2x.1.6.850•0; 4
21}04.63?�•8{48587627==.5u;555.?;126.07485;165•0463 488
7270{30607.u=8v.u8564;u6;485�•826;4.7}58v8421{3870? 872
5;u3252~.?;63„=8{87=8763y{84x01.u{30707{0124.6075.7
2:0‰ | ¥21;?.7;? 7.64.=8��1-�¥5.1.u07u24x.=8��.��
386840564;u6;48�12y84„5818u6.v88>u.6072x504{6.070•? 01yx„
=87;?=.5;1…=8�:0� � �?07012y845.72w2x4y„�¦406u2v.6y�
27=56407}1.}36„?26684u0;{1.7}x86•8872u2v.6y?0=827=
278{5.107„7824„~840�	-§�?0=8.72=0{8=}211.;?7.64.=8
�2̈-�?;16.„‡;276;?„•8115y568?‚�8u6.07 �� 5;??24.~85638

���™„™™��‹����‹�������‹���������� ������„� �;x1.538=x y638�?84.u27�3y5.u21�0u.86y
©ª««¬­®̄°±²³²¯°­́ªµµ¶µ̄°·²¯°©ªª®̧ªµµ̄°¹²¯°ºª»­®¼®­« ½¬¾­¿°ªÀ«½®ÁÂ¶½µ°½Ã°¬¶ÄÅÂ°¶µ°ª®À¶Â®ª®¶¬»°ªµ¶«½Â®½Á¶ Æ°Å­Â­®½«Â®ÇÆÂÇ®­«²°°

©Å»«¶Æª¬°È­¾¶­É°Ê°ËÌËÌ̄°ÍÌÍ̄°ÍÎ̄°ÍÎÏÐËÏ²°ÅÂÂÁ«ÑÒÒ¿½ ¶²½®ÄÒÍÌ²ÍÍÌÓÒ©Å»«È­¾Ê²ÍÌÍ²ÍÎÏÐËÏ°
³½Á»®¶ÄÅÂ°Ô°ËÌËÌ°ÕÅ­°¹ÇÂÅ½®«²°©ÇÀ¬¶«Å­¿°À»°ÂÅ­°¹̧­® ¶Æªµ°©Å»«¶Æª¬°Ö½Æ¶­Â»²

4.6 Layer-Resolved Absorption in Anisotropic Heterostructures

99



�������������	����
�������� ��
�	������	�� �����������������

���� !"�#���$%!��#"&'�(�)��$ * "+�',�-,*-��"�)""-", ��$,
."-++$ ��$/*�$'���+�)"#'#"���'!�)""$0"�#'+" $���
��$ '��'1$,#*-�$-�2"� 2 �"#3�� "+'��)$ �)"'�2��",3 			
$���'+*," �)",�-,*-��$'�'!�)"-�2"�4�" '-5"+���� #$� ���,"
��+�/ '�1�$'�3	��",3 	� ��)" $#*-��$'��" *-� ��"1�"4
 "��"+3

66789:;<=9>:896?<9:>=@A9B

C)"�D����� !"�#���$%!'�#�-$ # ,'#1�$ $�0�)",�-4
,*-��$'���+ '��$�0'!�)""$0"�#'+" ��+�)"��"��#"��
'! $�0*-��$�$" ��",3 		� ���)",�-,*-��$'�'!�"E",�$'���+
���� #$  $'�,'"!.,$"�� ��",3 		� ����+'!�)""-",��$,."-+ 
��",3 		� �$ /� "+'�'*�1�"5$'* &'�(F �� G���+�)"�"!'�"$ 
)"�"'�-2/�$"E2 *##��$H"+$�'�+"��'1�'5$+"�)"�","  �� 2
!��#"&'�(!'��)",�-,*-��$'�'!�)"-�2"�4�" '-5"+�/ '�1 �$'�
��",3 			 �3

:7>IJKLMNOKPIQLRP

C)"$�,$+"��#"+$*# $ ��("��'/"�'��/ '�1�$5"&$�)
$ '��'1$,��"-��$5"�1"�#$��$5$�2S $�, �&)$-"�--'�)"�#"+$�,��
!"��*�"�/ '�1�$'���+!*--2��$ '��'1$,��"-��$5"�1"�#$ ��$5$�2
�"� '� TS3��,)1"�#$��$5$�2�"� '�TS U'!#"+$*#U&$�)1�$�,$4
1-"�"-��$5"1"�#$��$5$�$" $��)",�2 ��-!��#"S V�S W���+S X,��
/"�'���"+$��'�)"-�/'���'�2!��#"* $�0��)�""4+$#"� $' ��-
,''�+$���"�'���$'�#���$%F �� G��Y3� � �$��"!3F �� G�3	��)"
!'--'&$�0�#"+$�&$�)�+$�0'��-1"�#$��$5$�2�"� '�$��)"
-�/'���'�2!��#"��"�"!"��"+�'� �'�/$�"!�$�0"���&)$-"
#"+$�&$�)�1"�#$��$5$�2�"� '��)��!"��*�" �'�H"�''!!4
+$�0'��-"-"#"�� $ ,�--"+/$�"!�$�0"��3Z*��)"�#'�"��- -#"4
+$���"�  *#"+�')�5"��$ '��'1$,#�0�"�$,1"�#"�/$-$�2
[3

C)",''�+$���" 2 �"#$��)"-�/'���'�2!��#"$ +".�"+
 *,)�)���)"#*-�$-�2"�$��"�!�," ��"1���--"-�'�)"V4W
1-��"�&)$-"�)"X+$�",�$'�1'$�� !�'#�)"$�,$+"��#"+$*#
�'&��+�)" */ ����"��+)� $� '�$0$����)".� �$��"�!�,"
/"�&""�$�,$+"��#"+$*# ��+-�2"�U\�3C)"-�2"� ��"
$�+"%"+!�'#U\��'U\]���+�)"�)$,(�"  '!"�,)-�2"�
$ ̂ U3Z*��)"�#'�"�U\��"!"� �'�)"$�,$+"��#"+$*# ��+
U\]_��'�)" */ ����"3C)"1-��"'!$�,$+"�,"$ �)"V4X
1-��"�2$"-+$�0�)"!'--'&$�0&�5"5",�'� àU$�-�2"�Ub
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�hgpgph̀�gp̂\èa_fghaî algp̂̂igh_̂nkbghb\]̂_̀]̀ĝn�
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hd̂ighl]gp̂jaig_hekghaial̂\jp�q	�naiab\]̂_[


i�hr̀[ ��d� ‘ ��l� �m̂̀pamgp̂\èa_fghaihi\fab\_dĥb̂j�
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j_]̀g\b̀l\̂gk_̂\i
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`fbhggp̂̀̂l\̂gk_̀̂higagp_̀̂̂f̂jg_\mhgpgma\èa_fghai
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�_�_�̀abcdebfghicdjk̀lkkcmc��nobpkicmqr� sfgkahm̀̀ iekmcpmemtiùobpk_���vo�ẁiex�m�emtiùisybaokpjk̀lk kcmc
�foiaabamcpm����co�ẁiexpbgkp�m�shmjbcm�m�sfjs̀am̀k �b̀gsxk̀ew�_�wkpbgkp�m�shmjmèsmsmhbl�icpkzoiaaba_� m��iofhm̀kp
ak{kèmcek| } bỳwkemtiùobpkswblicdis̀pisgkasibcakhm̀ibcmsmyfcè ibcbỳwkmcdhkbyiceipkcek~icsipk̀wk�m�sfjs̀am̀k_•�j� ��e�€
�muka�aksbhtkpmjsbag̀ibc• } icsipk̀wkpbgkp�m�shmjmcpic̀wk�foiaaba�aksgkèitkhu_ �p��mhefhm̀kpak{kèmcek| } bỳwk��vo�ẁiex
emtiùgmàimhhu‚hhkpliẁmpbgkp�m�ƒ�h�m�qr� sfgkahm̀̀ iek�skkjb̀b̀osxk̀ew��ykm̀faicdmckhkèabciekzeim̀̀ib cm̀„��…�eo †�

�lwik̀pb̀k̀phick�_�wks̀abcdhidẁ�om̀̀kaebfghicdjk̀l kkc̀wkemtiùobpkmcpr� aksbcmcekhkmps̀bmcmtbipkpeabss icdmcp̀wk
kokadkcekbỳlbgbhmaib̀cjamcewks_•�k�‡�d�€�muka�aksb htkpmjsbag̀ibc• } icsipk̀wkpbgkp�m�oiaaba�̀wksfgkahm̀̀iek�mcp̀wk�f
oiaaba�aksgkèitkhu_�w��kmhgmàbỳwkgkaoi``itiùbỳ wkisb̀abgiehmukasybaoicd̀wkemtiù_�i��kmhgmàbỳwkp iyykakc̀ebogbckc̀sbỳwk
gkaoi``itiù̀kcsbabỳwkpbgkp�m�r� mcpbỳwk�h�m�jmaai ka�swblicd̀wk��nobpkyak̂fkceubỳwkr� m̀„��…�eo †� _

mcpmebhhkèitkic̀kasfjjmcpkzeim̀̀ibcicmofh̀i�f̂mc̀f o
lkhh�qr��sfgkahm̀̀iek_�wksus̀koisebogbskpbym�m�
emtiùybaokpjum����co�ẁiex��i�pbgkp�m�shmjmcpm�f
oiaaba�mssxk̀ewkpm̀̀wk̀bgby�id_ � _�wkpbgkp�m�hmuka
isobpkhkpfsicd̀wk	afpkobpkhmcpmèsmsmhbl�icpkz
oiaaba_�wk̀lboiaabasmakskgmam̀kpjum��vo�ẁiex�m�
sgmeka�ybaoicdmckog̀uemtiù_�wksus̀kosfs̀micsmdfipk p

àmcstkaskomdck̀ie��q�obpk�lwkak̀wkkhkèaie‚khpis
ebc‚ckpobs̀hujk̀lkkc̀wk̀lboiaabasmcpis̀bf̀�by�ghmck
ebogbckc̀isomziomhckmàwk�foiaaba_�wisdfipkpobpk
emcjkgabjkpicmak{kèmcekkzgkaiokc̀�mspisefsskpic

ẁkybhhblicd_
cbapkàbgabjkhmadkic̀kacmhmcdhksby
iceipkcekkzgkaiokc̀mhhu�̀wksmoghkwms̀bjkgakgmakpicm
gaisoswmgk�ybakzmoghk�juehkmticd̀wkiceipkc̀�m�hmuka
ymek̀s_�wkemhefhm̀kp}�gbhmai‰kpak{kèmcekŠ } isswblc
ic�id_ ��m� �ktipkceicd̀wkpisgkasibcakhm̀ibcbỳwkemtiù
obpkliẁtmauicdiceipkcekmcdhksicsipk̀wk�m�sfjs̀am̀k _
�wkhmuka�aksbhtkpmjsbag̀ibcsgkèammsmyfcèibcbỳwk
mcdhkbyiceipkcekybàwissus̀komakakgbàkpic�ids_ ��j�
mcp ��e� mcpaktkmh̀wm̀mjsbag̀ibcbeefasobs̀huic̀wkpbgkp

�m�oiaaba_�b̀mjhu�ybamcic̀kacmhiceipkcekmcdhkby�‹ Œ

m̀̀wkdfipkpobpkyak̂fkceu�mhh̀wkhidẁispissigm̀kpic̀ wk
oiaabas�hkmpicd̀bmoiciofoby‰kabak{kèmcekic�id_ ��m� _

�kcbl`fac̀b̀wksus̀ko•saksgbcsklwkc̀wkemtiùis
gmàimhhu‚hhkpliẁmqr� s̀afèfak•�ids_ ��p� ‡��d� €_�wk
sfgkahm̀̀iekisebogbskpby��akgk̀i`ibcsbym…�co�ẁiex
�m�r���i�pbgkpliẁmebcekc̀am̀ibcby�Ž�� �… eo †�

mcp��hbsshkss���co�ẁiex�h �•�� �m �••� �jmaaikas_�icek̀wk
dfipkpobpkism�qobpk�ic̀m̀famhhugabtipksmebogbckc̀
bỳwkkhkèaie‚khpmhbcd̀wk‘piakèibcybacbc‰kabmcdhks by
iceipkcek�lwiewyfh‚hhs̀wk
�
àmcsi`ibcskhkèibcafhk _
c
bapkàbomzioi‰k̀wkebfghicdjk̀lkkc̀wk
�
àmcsi`ibc
ic̀wkqr� mcp̀wkemtiùobpk�̀wksfgkahm̀̀iekisghmekp
lwkak̀wk‘ebogbckc̀bỳwkkhkèaie‚khpis̀wkhmadks̀�

ẁm̀is’fs̀jkhblẁk�foiaaba�msswblcm̀̀wkjb̀b̀o
by�id_ � _�wkr� pikhkèaiek̀csbaisobpkhkpfsicdm
skoiehmssiemhmggabmew• •� €_�kskhkèkp̀wkr� piokcsibc
mcppbgicdhktkhicmlmùwm̀is̀fs̀micsms̀abcd�ebhhkèit k
khkèabciekzeim̀̀ibcxcblcmsmcic̀kasfjjmcpghmsobc• �� €_
�wkebogbckc̀sbỳwkakmhgmàbỳwkpikhkèaiegkaoi``iti ù
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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 �eld 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 e�cient 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 scienti�c 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 SiO2 or hBN only feature hyperbolicity in narrow spectral windows that are �xed by
the intrinsic material parameters [129]. Alternatively, hyperbolic metamaterials (HMMs) composed
of alternating ultra-thin layers of di�erent materials o�er a platform for engineering materials with
a user-de�ned hyperbolic optical response [130], such as the XHs discussed in section 2.2.2 and in
publication [IX].

On a di�erent 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-�lms 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 �lm [131], complementary to the strong coupling of a bulk SPhP to a thin-�lm 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
con�nement, while featuring broad frequency tunability by controlling the electron concentration
via photo-injection.

Doped semiconductors such as CdO also o�er new routes in the �eld 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-�lm [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 o�er more structural �exibility 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 (MoO3). 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 (� -Ga2O3) 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 � -Ga2O3 has been described by Schubert et al., containing non-zero o�-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 � -Ga2O3 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 � -Ga2O3, however, have
not yet been investigated1. The constructed Otto geometry setup enables such a study, and the
experiments on � -Ga2O3 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 � -Ga2O3 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 �eld
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 �lm thicknesses,

1to 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 �eld of research explores surface magnon polaritons (SMPs) in anisotropic
antiferromagnets, where applying an external magnetic �eld 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, �� is a 3 � 3 tensor with non-zero o�-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 �ndings of various new fundamental
phenomena of phonon polaritons as well as the developed versatile experimental and theoretical
tools constitute a signi�cant contribution to the scienti�c �eld, advancing the development of novel
polariton-based nanophotonic technologies.

As concept, this work promotes multilayer systems of various di�erent materials as a platform
for designable polaritonic materials with user-de�ned characteristics and functionalities. This
concept is demonstrated on the basis of various heterostructures composed of SiC, AlN, GaN, GST,
MoO3, molybdenum disul�de (MoS2), 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 re�ectance and SHG spectroscopy in
the home-built Otto geometry setup, using the FHI FEL as excitation source. The �ndings include
the �rst SHG measurements of propagating SPhPs on a bulk SiC crystal, the �rst experimental
proof of the immense optical �eld enhancement of the Berreman mode in ultra-thin AlN �lms,
and the demonstration of the exceptional tuning capabilities of polaritons in a switchable GST/SiC
heterostructure.

On the theoretical side, this work has developed a 4 � 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 �eld of infrared
nanophotonics.
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Supporting Information
Second-Harmonic Generation from Critcally

Coupled Surface Phonon Polaritons

Nikolai Christian Passler, Ilya Razdolski, Sandy Gewinner, Wieland Sch•ollkopf,
Martin Wolf, and Alexander Paarmann�

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

E-mail: alexander.paarmann@fhi-berlin.mpg.de

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 of d 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
nKRS 5 � 2:4, external angles di�er respectively
when going away from� ext = 30� , i.e., the in-
ternal angle � inside the prism is � = 30� +
arcsin(sin(� ext � 30� )=nKRS 5). This arrange-
ment allows for internal angles from below the
total internal re
ection cuto� at � cuto� � 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 FEL1 as tunable, narrow-
band, and p-polarized excitation source. We
focus the beam mildly (f � 60 cm, Edmund
Optics) onto the sample surface to minimize
angular spread of the beam. Details on the IR-
FEL are given elsewhere.1 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� 1) us-
ing the motorized undulator gap, providing ps-
pulses with typical full-width-at-half-maximum

1
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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 < 5 cm� 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 MgF2
and a 7� m short-pass �lter (LOT). Addition-
ally, intrinsic harmonics in the FEL beam are
blocked prior to the setup using a 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

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 Matrix Ap-
proach

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 tensor ^� .
In contrast to other approaches,2{4 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 wavevector~ki =
!
c (�; 0; qi ) in layer i . The x-component � =p

� inc sin(� ) is conserved throughout the com-
plete multilayer system, and qi is the unit-
free, layer-dependentz-component. In any
medium, Maxwell's equations yield four inde-
pendent plane-wave solutions characterized by
qij (j = 1::4), which are determined as shown
by Berreman.2 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..5

In continuation, the treatment of singularities
of Xu et al.6 is employed in order to generalize
the formalism to any isotropic or anisotropic
medium, yielding the electric �eld components
~E ij = ( 
 ij 1; 
 ij 2; 
 ij 3) of the four eigenmodesj
in layer i . With these components, a matrix
A i is formulated (see equation 24 in ref.6), rep-

2
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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
interface i � 1, i . The ~E-�elds are then con-
nected by the interface matrixL i as follows:

~E i � 1 = A � 1
i � 1A i

~E i � L i
~E i : (S1)

The propagation through layer i is described
by a diagonal matrix P i with elementse� i !

c qij di ,
wherej = 1::4 is the nth diagonal element. The
transfer matrix � N of the complete multilayer
system reads

� N = L 1P1L 2P2:::L N PN L N +1 : (S2)

Finally, re
ection and transmission coe�cients
for p-polarization are calculated in terms of
� N components as shown by Yeh.3

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� 1, respectively. For each
incidence angle, the data were normalized by a
reference spectrum taken at large gap widthd
(� 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 (0:98 < 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 justi�ed 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

3

Appendix A Supporting Information to Publications

132



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 widthd
normalized to the critical gap width dcrit 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 widthdcrit

as a function of� , allowing for renormalization
of the gap width d to dcrit 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% atdcrit

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,7 as
well as increasing �eld enhancements (see Fig. 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 excitation.7

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:

I (2! ) / j (Tb
~ESiC (2! )) � ~PNL (2! )=� kj2 (S3)

with

~PNL (2! ) / (� (2) (� 2! ; !; ! ) ~E 2
SiC (! )) j2: (S4)

We use the dispersion of the nonlinear suscep-
tibility tensor � (2) (� 2! ; !; ! ) of 6H-SiC as ex-

4
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tracted in our previous work.7,8 The local �elds
~E 2

SiC (! ) on the SiC side of the air{SiC interface
are calculated as follows.

First, we evaluate the transfer matrix � for
a speci�c con�guration of incidence angle, fre-
quency and air gap width, employing the algo-
rithm presented in Sec. S2. Then, the in-plane
�eld component Ex;SiC can be directly calcu-
lated from the transfer matrix � as the trans-
mission coe�cient for p-polarized light:3

Ex;SiC =
� [3; 3]

� [1; 1]� [3; 3] � � [1; 3]� [3; 1]
(S5)

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

dt :

Ez;SiC = �
qx � x

qz� z
Ex;SiC ; (S6)

with qx(z) and � x(z) 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 2kk. Then,
we invert � (2! ) to describe the backward prop-
agation. Finally we project ~PNL onto the re-
spective mode propagating from SiC back into
the prism, and calculate the SHG intensity:

I (2! ) =
1

j� kj2
�
�
�

~ESiC (2! ) � ~PNL (2! )
�

�

�
jEprism (2! )j
jESiC (2! )j

j2; (S7)

where Ex;SiC (2! ) � 1 and Ez;SiC (2! ) is calcu-
lated using the expression analogous to Eq. S6.
The last factor represents the transmission co-
e�cient Tb for the second-harmonic �eld across
the air gap. Ex;prism (2! ) is evaluated analogous
to Eq. S5, however, employing [� (2! )]� 1 as the
transfer matrix, and Ez;prism (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 30� , 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-o�
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 dgap is lim-
ited to maximally � 60 mm due to the resolution of the
spectrometer, while gap sizes below 1mm 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 � ext away from 30� ,
the high refractive index of KRS5 (nKRS 5 � 2:4)
leads to strong refraction, resulting in an internal
incidence angle � inside the prism of � = 30 � +
arcsin (sin (� ext � 30� ) =nKRS 5). In this con�guration,
angles from below the critical angle of total internal re-

ection ( � crit � 25� ) up to about 52� are accessible, cov-
ering in-plane momenta across and far beyond the anti-
crossing of the strongly coupled modes (52� corresponds
to kk=k0 = 1 :86). Di�erent in-plane momenta can be

a) Electronic mail: passler@fhi-berlin.mpg.de
b) Electronic mail: alexander.paarmann@fhi-berlin.mpg.de

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
elsewhere1. In short, the electron gun is operated at a mi-
cropulse repetition rate of 1 GHz with a macropulse dura-
tion of 10 ms 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 mm (� 1400� 550 cm� 1,
covering the spectral ranges of the SiC and AlN rest-
strahlen bands) using the motorized undulator gap, pro-
viding ps-pulses with typical full-width-at-half-maximum
(FWHM) of < 5 cm� 1. The macropulse and micropulse
energies are� 30 mJ and � 10 mJ, 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 mm,
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 dcrit ,
the excitation e�ciency is optimal 2, and we emphasize
that dcrit is signi�cantly di�erent for the two modes con-
sidered (dENZ

crit < d SP hP
crit ). Therefore, in a single spec-
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Figure S1. Frequency ranges of phonon polaritons in AlN and SiC. a The real (solid line) and imaginary (dashed
line) part of the dielectric function " of SiC (blue) and AlN (green) are shown. At the respective optically active TO phonon
frequency ! T O , they feature a strong resonance, while at the LO frequencies ! LO , the real part of " crosses zero, as illustrated
in the inset. In a bulk material, a single SPhP is supported in the frequency range between ! T O and the cut-o� frequency ! S

(blue and green color bars). In a thin AlN �lm ( dAlN < �= 2), two thin �lm polaritons emerge with the asymmetric mode having
a dispersion at frequencies above! S (orange color bar), see main text. In the ultra-thin limit of an AlN �lm ( dAlN < �= 50), the
asymmetric mode disperses close to! AlN

LO where Re(" AlN ) � 0, hence being an ENZ mode. The strong coupling demonstrated
in the main text arises between the SiC substrate SPhP and the AlN ENZ mode. b Re
ectivity map of the inverse structure
of an ultrathin SiC �lm on top of an AlN substrate at frequencies around the TO frequency of SiC ! SiC

T O � 796 cm� 1 . The
theoretical dispersions of the asymmetric SiC ENZ mode (light blue line) and the substrate AlN SPhP (dark blue line) are
plotted on top, exhibiting a crossing point analogous to the structure discussed in the main text. Interestingly, the dispersion
in the combined structure also splits up into two branches, featuring an avoided crossing.

trum with �xed gap width, the two modes cannot be
excited equally e�ciently, resulting in drastically di�er-
ent resonance dip depths. The data shown in Fig. 2b
of the main text, however, were taken at in-plane mo-
mentum corresponding to the strong coupling conditions.
Note that the two re
ectivity dips in each spectrum are
of equal depth, evidencing the hybrid nature of the two
modes. The tunability and reproducibility of the gap
in our setup is therefore a substantial tool for the mea-
surement of polariton resonances, revealing information
about their coupling e�ciency.

S3. STRONGLY INTERACTING MODES IN
MATERIALS WITH OVERLAPPING RESTSTRAHLEN
BANDS

In Fig. S1a, the dielectric functions " of AlN and SiC
are shown. They feature a strong resonance at the respec-
tive TO frequency ! T O due to its infrared activity, while
at the non-IR-active LO frequency ! LO , the real part of
" crosses zero. For the strong coupling to arise, it is nec-
essary that the reststrahlen bands of the two materials
overlap, i.e. in the case of an AlN �lm on SiC, that the
! LO frequency of AlN is located inside the reststrahlen
band of SiC. Only then, the ENZ mode supported by the
ultra-thin AlN �lm lies at frequencies where the SiC sub-
strate supports a SPhP, allowing the modes to strongly
interact, as demonstrated in the main text.

A similar scenario is obtained for the inverse structure

not discussed in the main text, i.e. an ultra-thin SiC
�lm on top of AlN. The SiC �lm, as shown in Fig. 1a of
the main text, supports not only the symmetric thin �lm
mode close to! LO , but additionally an asymmetric thin
�lm mode lying close to the TO frequency ! T O . In the in-
verse structure, this lower mode disperses at frequencies
where the AlN substrate supports a SPhP, and these two
modes can also strongly interact. In Fig. S1b, we show a
calculated re
ectivity map covering the dispersion range
of the substrate AlN SPhP (theoretical curve plotted in
dark blue) and the SiC asymmetric thin �lm mode close
to ! SiC

T O = 796 cm� 1 (light blue). In the coupled system,
these two modes strongly interact and form an avoided
crossing, resulting in two new dispersion branches.

We note that two distinctions have to be made com-
paring this system with the structure discussed in the
main text. First, the dielectric function of SiC close to
! T O is highly dispersive, and therefore only slightly away
from ! T O the mode loses its ENZ character. Secondly,
the material is strongly absorptive at ! T O and hence the
thin-�lm mode is very likely lossy, hence limiting its prac-
ticability. However, such strong coupling in the presence
of signi�cant losses is out of the scope of this work.

S4. DEVIATION FROM STRONG COUPLING FOR
LARGER FILM THICKNESSES

As stated in the main text, for �lm thicknesses exceed-
ing d & 50 nm, the interaction of the modes is not well-
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Figure S2. Deviation from strong coupling for larger �lm thicknesses. a,b Re
ectivity maps of the AlN/SiC structure
from the main text in the Otto geometry for dAlN = 50 ; 110 nm, respectively, featuring the two dispersion branches of the
interacting modes with avoided crossing. On top, the dispersion curves extracted from the strong coupling Hop�eld model
are plotted (blue dashed lines), exhibiting increasing deviation from the numerical calculations for larger �lm thicknesses. c
In-plane (x) �eld enhancement Ex as a function of frequency and z-position plotted at the avoided crossing and for an AlN �lm
thickness of dAlN = 110 nm, where the layer thicknesses are not to scale with respect to each other. The prism lies adjacent to
air at the top, but is not shown here. At the corresponding resonance frequency of the two modes, strong �eld enhancements
can be observed, which peak at the air/AlN and the AlN/SiC interface, demonstrating that the two modes are not hybridized
anymore.

described by our strong coupling model anymore. This
can be seen both in the mode dispersion predicted by Eq.
2 of the main text and in the �eld pro�les. However, while
the latter originates from the approximation of the ENZ
mode dispersion, the former provides a physical limit of
strong coupling.

The dispersion curves ford = 50; 110 nm are shown
in Fig. S2a and b, respectively, plotted on top of nu-
merically calculated re
ectivity maps demonstrating a
good agreement. However, the increasing deviation of
the theoretically predicted dispersion (blue dashed lines)
for larger �lm thicknesses is evident. The reason for that
is that in our model, the ENZ mode dispersion is assumed
to be constant (900 cm� 1), which is su�ciently accurate
for dAlN . 50 nm. However, for increasing �lm thickness
the dispersion of the ENZ mode evolves into a thin �lm
mode, see Fig. 1a of the main text. The deviation of the
predicted mode dispersion for larger �lm thicknesses is
thus given by the limitation of our model.

Nonetheless, for increasing �lm thicknesses, a bare
AlN SPhP evolves from the lower mode, which is al-
ready largely decoupled from the substrate SiC SPhP at
d � 110 nm. The upper mode, on the other hand, devel-
ops towards a pure SiC/AlN interface phonon polariton
(IPhP), spectrally con�ned by the ! AlN

LO frequency and
the SiC cut-o� frequency ! SiC

S .
In order to show this disintegration into two distinct

modes and thus the breakdown of strong coupling for
dAlN & 50 nm, we analyze the electric �eld distributions
at �lm thickness dAlN = 110 nm. In Fig. S2c, the nor-
malized in-plane (x) electric �eld amplitude is plotted as

a function of frequency andz-position (perpendicular to
the interfaces) along the three media (air, AlN, and SiC).
Clearly, the two modes appear as strong peaks in the
�eld enhancement at their corresponding resonance fre-
quency. But even though the incidence angle was chosen
such that the modes are excited at the avoided crossing
(� = 28:5� , kk=k0 = 1 :13), the �eld distributions of the
two modes di�er strongly. The lower mode (� 865 cm� 1)
features the strongestEx at the air/AlN interface, while
the upper mode (� 915 cm� 1) exhibits its maximum �eld
enhancement at the SiC/AlN interface, clearly demon-
strating that the hybridization of the strong coupling is
lost. This can be attributed to the fact that the losses
of AlN grow linearly and thus faster than g0 /

p
d with

increasing �lm thickness d. Furthermore, the localization
of the modes at the two di�erent interfaces stays the same
on both sides of the avoided crossing (not shown), em-
phasizing their respective bare AlN SPhP and SiC/AlN
IPhP nature across the entire dispersion. In fact, both
modes feature a similar in-plane �eld enhancement while
the extreme out-of-plane �eld enhancement is strongly
reduced (not shown), meaning that the ENZ character-
istics observed in an ultrathin �lm ( d < 50 nm) are not
present anymore.
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FIG. S1. Theoretical thin �lm polariton dispersions for either complex frequency or

in-plane momentum. Solving Eq. 1 of the main text for a complex frequency! and real in-plane

momentum kx leads to the dispersions shown ina, while a real ! and complexkx yields the curves

in b. Depending on the chosen observable, one representation is better suited than the other1.

For instance, the complex frequencies representation is recommended for short pulse excitations,

while the complex wavevector representation should be used to analyze the local density of states

of a system2. For the here investigated air/AlN/SiC system, the complex ! representation (a)

is the adequate choice: Firstly, solving the system without damping and thus for real! and real

kx , qualitatively, the same dispersion curves as shown ina are obtained3. Secondly, the leaky

Berreman mode resembles a virtual polariton mode, i.e. its �elds are related to an energy 
ow

out of the system, which decreases with time4. As has been discussed by Kliewer and Fuchs4, the

correct choice for a standard virtual-mode treatment is the complex! representation.
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FIG. S2. Electric �eld distribution of the Berreman mode in a 1 µm thick AlN slab. a

(b) Vector plots of the electric �eld distribution in an air/AlN/air (air/AlN/SiC) system of the

Berreman mode at an incidence angle of 21� (corresponding to an in-plane momentum ofk =

0:2µm� 1 at ! = 900:6 cm� 1 (! = 902:1 cm� 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 AlN �lm. The �lm thickness was chosen to be 1 µm for illustration purposes. In thinner �lms,

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 AlN �lm.
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FIG. S3. Comparison of theoretically and numerically determined Berreman disper-

sion. a Berreman dispersions for three di�erent AlN �lm thicknesses dAlN supported in an

air/AlN/air (red curves) and an air/AlN/SiC (green curves) system calculated with Eq. 1 from the

main text. The dispersion in a freestanding AlN is 
atter for smaller in-plane momenta than for

the AlN on a SiC substrate, but exhibits a steeper upwards bending close to the light line.b Plot

of the frequencies of the Berreman dispersion as a function ofdAlN in the air/AlN/SiC system at

an incidence angle of 85� , calculated numerically with the transfer-matrix method (blue triangles)

and theoretically as shown in sub�gure a (green circles), showing perfect agreement. The inset

shows the Berreman re
ectance dip as a function ofdAlN . The frequencies of the minima were

extracted to obtain the numerical data (blue triangles).
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FIG. S4. Out-of-plane �eld enhancement Ez at the interfaces of the air/AlN/SiC sys-
tem. a Ez �eld enhancement as a function of frequency in isotropic (dashed lines) and anisotropic (solid

lines) SiC for four di�erent AlN �lm thicknesses dAlN at an incidence angle of 60� . At the LO frequency

of anisotropic SiC ! SiC
LO , 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 SiC)5. Both features are mainly independent ofdAlN

because AlN is transparent in this frequency range. TheEz peaks give rise to the SHG signals reported in

Fig. 2a of the main text (compare also with5). b-d show the Ez �eld enhancement of the Berreman mode

at resonance frequency, the corresponding resonance frequency! Berreman , and the real part of the dielectric

function of AlN at ! Berreman , respectively, as a function of AlN �lm thickness dAlN and at an incidence

angle of 60� . Clearly, the Ez �eld enhancement (b) experiences a strong increase in the limit of ultrathin

�lms ( dAlN < 200 nm), which can be attributed to the proximity of the Berreman resonance frequency (c)

to the ALN LO frequency at 900 cm� 1, where the dielectric function (d) crosses zero. For thicker �lms, on

the other hand, the Berreman mode disperses at frequencies where Re("AlN ) > 0, yielding a much weaker

�eld enhancement. It is thus seen that only for ultrathin �lms the Berreman mode, due to its ENZ nature,

exhibits the reported strong �eld enhancement. e-g show the Ez �eld enhancement at the air/AlN inter-

face in AlN and air, and the re
ected wave together with its phase, respectively, as a function of AlN �lm

thicknessdAlN at �xed frequency ! = 900 cm� 1 and at an incidence angle of 60� . Surprisingly, also at �xed

ENZ frequency, the �eld enhancement in AlN (e) decreases with increasing �lm thickness, which, following

Eq. 3 of the main text, happens because of a decreasingEz �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,

Ez = E inc.
z � E re
.

z , where E inc.
z � 1 and its phase� (E inc.

z ) = 0. The re
ected �eld E re
.
z has a minimum

value of � 0:4 at dAlN = 30 nm due to the Berreman resonance. Its phase, however, approaches 90� in the

limit of a vanishing AlN �lm, but drops rapidly to values close to 0 � for increasing �lm thickness. As a

consequence, for a phase di�erence of 0� , the re
ected �eld and the incoming �eld interfere destructively at

the air/AlN interface, leading to a small total �eld amplitude for increasing �lm thickness both in air and in

AlN. In the ultrathin �lm 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 Ez �eld enhancement inside the AlN �lm.
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FIG. S5. Contributions to the SHG yield at the AlN TO frequency. a E�ective SHG

source depth� = 1=� k for bulk SiC and bulk AlN calculated by means of the wavevector mismatch

� k2 =
�
�
�~kSHG � ~k1,in � ~k2,in

�
�
�
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 �lm ( d < 200 nm), the e�ective source depth is equal at both frequencies

and given by the �lm thickness. Therefore, in an ultrathin AlN �lm, the TO SHG signal is stronger

compared to the LO signal than for a bulk crystal. b In-plane Ex and out-of-plane Ez �elds at

the ordinary AlN TO frequency (670:8 cm� 1) as a function of AlN �lm thickness. As stated in the

main text, in a bulk crystal the �eld enhancement is strongly suppressed at the TO frequency6,

leading to a suppressed SHG yield despite the strong� (2) resonance. In an ultrathin �lm, however,

this suppression is reduced, as can be seen by the sharp increase of theEx �eld for dAlN < 100 nm.
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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 �lm thickness daGST calculated from

re
ectance simulations of the air/GST/SiC 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 daGST � 150� 170 nm, the SPhP features a maximal TFOM, while the waveguide mode

reaches a maximal predicted TFOM of� 9 at daGST � 210� 230 nm. For both modes, the change

in the TFOM as a function of daGST primarily arises from the frequency shift �! (compare Figure

S3 c and f), which varies strongly as the modes shift to lower frequencies towards! SiC
T O .
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FIG. S2. Theoretical dispersion of the m=0 order s-polarized waveguide mode in a-

GST and c-GST on SiC. a Imaginary part of the phase di�erence Im(� s
a-GST/air ) upon re
ection

at the a-GST/air interface calculated with Eq. 3 from the main text 1. Where Im(� s
a-GST/air ) > 0,

no waveguide modes can be supported, which is the case fork=k0 >
p

Re("a-GST ). Therefore,

region (ii) is ruled out, even though the SiC/a-GST interface would allow a waveguide mode

(Im(� s
SiC/a-GST ) = 0), see Fig. 4a of the main text. Regions marked with an X are excluded because

there, Im(� s
SiC/a-GST ) > 0. Thus, the air/a-GST/SiC system only supports waveguide modes in

regions (i) and (iii). b Comparison of the dispersion of an m=0 s-polarized waveguide mode in an

air/a-GST/SiC (solid lines) and an air/c-GST/SiC system (dashed lines) for three di�erent GST

�lm thicknesses. The upper momentum boundary of the dispersions for both systems is given by

the refractive index (n =
p

") of the respective GST phase (dashed black lines). The dispersions in

a-GST, which has neglectable absorption in the shown frequency range (Im("a-GST ) = 0), approach

the upper momentum boundary asymtotically, whereas the dispersions in c-GST experience a red-

shift in proximity to the upper momentum boundary due to signi�cant absorption (Im( " c-GST ) = 9).

For small in-plane momenta (1 < k=k 0 < 2), however, which is the range studied in this work,

the dispersions in the two GST phases are qualitatively the same, where in c-GST the modes are

red-shifted compared to a-GST.
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FIG. S3. Higher-order waveguide modes in a-GST and c-GST on SiC. a,d Maximum

�eld enhancement FEmax for p- (blue curves) and s-polarization (red curves) as a function of a-

GST and c-GST �lm thickness dGST , respectively, at � = 30 � . The respective penetration depths

� into SiC are plotted in b,e, and c,f shows the corresponding mode frequencies! mode. Above

certain dGST (marked by gray lines where the mode frequencies jump), however, the �rst-order

s- and p-polarized waveguide modes start being supported, appearing at the upper frequency

boundary. Noteworthily, the SPhP mode propagating at a single boundary smoothly �ts into the

waveguide mode picture that dominates at largerdGST , and could even be seen as a continuation

of the p-polarized waveguide mode in the limit of vanishing �lm thicknesses. However, while all

higher-order p-polarized (m � 1) and all s-polarized waveguide modes are also supported in thin

�lms on dielectric materials, the SPhP requires the negative permittivity of the SiC substrate. In

summary, the reasons for a structure to support a SPhP or a waveguide mode are di�erent, but

otherwise SPhPs and waveguide modes can be treated very similarly. The penetration depth�

is a function of the SiC substrate permittivity, and is large for " > 0 (above ! SiC
LO = 970 cm� 1)

while reaching a minimum of � = 100 nm for mode frequencies close to! SiC
T O = 797 cm� 1 (where

" � 0). For p-polarization, the �eld enhancement and the penetration depth experience a small,

sharp feature where the mode crosses the region between the LO ordinary (o) and extraordinary

(e) phonon frequencies! SiC
LO ,o = 970 cm� 1 and ! SiC

LO ,e = 964 cm� 1, being an e�ect of the SiC c-

cut uniaxial crystal anisotropy 2. In comparison to a-GST, the high absorption of c-GST leads

to a signi�cantly reduced �eld enhancement especially for the higher-order modes. Due to larger

internal losses, the critical coupling gap of c-GST (1:5µm) where the modes are excited optimally

in the Otto geometry is smaller than for a-GST (3:7µm). g-i Electric �eld pro�les for p- and s-

polarized incident light across an air/a-GST/SiC system for a-GST �lms of 200, 1700, and 3200 nm

�lm thickness, respectively, excited in the Otto geometry. For da-GST = 1700 nm (h), the m = 1

waveguide modes for both polarizations are supported, featuring a node inside the a-GST �lm,

where for da-GST = 3200 nm (i), the m = 2 waveguide modes with two nodes inside the a-GST �lm

can be observed.
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Abstract
The �eld 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
�elds can be immensely enhanced, boosting the e�ciency 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 di�erent 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 di�erent materials as a versatile
platform for phonon polariton nanophotonics, overcoming the limitations of a conventional SPhP. By
studying a variety of di�erent polar crystal heterostructures, novel polariton modes with intriguing
characteristics are discovered, such as ultra-thin �lm modes with immense �eld 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 �rst observation of second harmonic generation from propagating SPhPs and from the
ultra-thin �lm Berreman polariton, enabling experimental access to the �eld 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 signi�cant contribution to the �eld 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 �eld of infrared nanophotonics.
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Kurzfassung
Das Gebiet der Nanophotonik zielt darauf ab, die Wechselwirkung zwischen Licht und Materie in
Strukturen mit Größenskalen weit unterhalb der Wellenlänge zu verstehen und zu nutzen. Durch das
Einbringen von Licht in Nanostrukturen können die lokalen elektrischen Felder immens überhöht
werden, was die E�zienz von Anwendungen wie Solarzellen oder molekularer Sensorik verbessert.
Darüber hinaus ermöglicht 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 Ober�ächenpolariton, das je
nach Trägermaterial in verschiedenen Typen auftritt. Ein vielversprechender Kandidat für Anwendun-
gen bei Infrarotfrequenzen ist das auf polaren Kristallen existierende Ober�ächenphononenpolariton
(OPhP). Ein OPhP auf einem einzelnen polaren Kristall weist jedoch mehrere Einschränkungen auf,
die die Anwendung in nanophotonischen Technologien behindern.

Diese Arbeit implementiert geschichtete Heterostrukturen aus verschiedenen Materialien als vielseit-
ige Plattform für die Phononenpolaritonen-Nanophotonik und überwindet so die Einschränkungen
eines herkömmlichen OPhP. Durch die Untersuchung einer Vielzahl verschiedener polarer Kristall-
heterostrukturen werden neue Polaritonenmoden mit interessanten Eigenschaften entdeckt, wie etwa
Moden in ultradünnen Filmen mit immensen Feldverstärkungen, stark gekoppelte Polaritonen bei
Epsilon-nahe-Null-Frequenzen und Wellenleitermoden mit polaritonenähnlichen Eigenschaften.

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

Als Anregungsquelle wird der Freie-Elektronen-Laser am Fritz-Haber-Institut eingesetzt, der nicht-
lineare optische Spektroskopiemessungen bei infraroten Phonon-Polariton-Frequenzen ermöglicht.
Die Ergebnisse umfassen die erste Beobachtung der Erzeugung der zweiten Harmonischen von
propagierenden OPhP und von dem Berreman-Polariton in ultradünnen Filmen, wodurch die experi-
mentelle Einsicht in die Feldverstärkung der angeregten Polaritonenmode ermöglicht 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 ermöglicht 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 zukünftige
Studien in Richtung Phonon-Polariton-basierten Technologien erleichtert.

Durch die Entdeckung verschiedener neuer Phänomene und die Implementierung einer neuen
experimentellen und theoretischen Methodik mit großem Potenzial für zukünftige Studien stellt diese
Arbeit ein gründliches Werk über Phononenpolaritonen in polaren dielektrischen Heterostrukturen
dar. Darüber hinaus skizziert diese Arbeit Perspektiven für die Verwendung der entwickelten
experimentellen und theoretischen Methoden für eine Reihe zukünftiger Studien, die ein großes
Potenzial für die Weiterentwicklung des Bereichs der Infrarot-Nanophotonik bieten.
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