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Resumen

La interaccién de la luz con la materia juega un papel importante en diversos campos
cientificos y tecnoldgicos. Algunos ejemplos basicos de interacciones entre la luz y la
materia incluyen, pero no se limitan a, la reflexion, transmisién, dispersion, absorcién y
emision de luz. Estas interacciones son cruciales para una variedad de aplicaciones, que
van desde el desarrollo de dispositivos épticos, como lentes y espejos, hasta la creacion de
soluciones energéticas como paneles solares, e incluso en técnicas de imagen en medicina y
tecnologias de comunicacién. Asimismo, entender las diferentes interacciones entre la luz
y la materia nos permite manipular la luz para diversos fines, desde mejorar la eficiencia
de los sistemas de conversion de energia hasta mejorar el rendimiento de dispositivos

electronicos y fotonicos.

El acoplamiento fuerte (SC, por sus siglas en inglés) entre la luz y las excitaciones dipo-
lares en la materia es un tipo de interaccién particularmente interesante donde pueden
emerger nuevos estados hibridos conocidos como polaritones. Los niveles de energia de
estos estados hibridos tienen una separaciéon mayor que la suma de las anchuras individ-
uales de linea [1]. Por lo general, lograr un acoplamiento fuerte con una pequena cantidad
de materia, como capas delgadas o moléculas individuales, requiere aumentar el confi-
namiento y la mejora del campo alrededor de la materia. Frecuentemente, esto se logra
posicionando la materia dentro de un resonador 6ptico convencional, como una micro-
cavidad de Fabry-Pérot. Es importante destacar que el SC abre nuevas posibilidades para
controlar y manipular propiedades de los materiales, como el transporte de portadores
en semiconductores organicos [2, 3], la reactividad quimica de las moléculas [4-7] o el

magnetotransporte en gases de electrones bidimensionales [8].

El SC también puede ocurrir en capas o superficies delgadas, cuando una excitacion
dipolar es fuerte, como aquellas que se producen por las oscilaciones de electrones en
metales o las vibraciones de la red en cristales polares. Esto conduce a la aparicién de
plasmones polaritones de superficie (SPPs, por sus siglas en inglés) y fonones polaritones
(PhPs, por sus siglas en inglés). Estos polaritones poseen una longitud de onda mads
corta en comparacion con la longitud de onda de la luz en el espacio libre, asi como un
gran confinamiento del campo electromagnético. De hecho, el uso de estos polaritones en
lugar de la luz permite reducir significativamente la cantidad de materia requerida para
lograr el SC, abriendo asi nuevas oportunidades para desarrollar dispositivos y sensores
optoelectrénicos compactos, ultrasensibles y eficientes [9-11]. Un enfoque préactico del SC
a la nanoescala es utilizar resonadores polariténicos, que permitan el SC, por ejemplo,

entre excitones y SPPs a frecuencias visibles [12] o entre vibraciones moleculares y PhPs
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Figure 1: PhPs ultraconfinados en una capa delgada de h-BN. a, Ilustracién de PhP — luz acoplada a
vibracion de la red cristalina — en una capa delgada de h-BN. b, Estructura atémica de h-BN. c, El
grafico de colores muestra la componente imaginaria del coeficiente de reflexién de Fresnel, Im|[r, (¢, w)],
de una capa de h-BN de 40 nm de espesor rodeada por aire. Las curvas discontinuas en rojo muestran la
relacién de dispersion de los modos PhP M0, M1 y M2. La linea blanca muestra la relacion de dispersién
de la luz en aire.

a frecuencias de infrarrojo [13, 14] y THz [15, 16].

Los PhPs en cristales de van der Waals (vdW) han surgido recientemente como candidatos
prometedores para lograr a la nanoescala un acoplamiento fuerte entre la luz infrarroja y
las vibraciones moleculares (conocido como acoplamiento fuerte vibracional, VSC, por sus
siglas en inglés). Estos PhPs permiten un mayor confinamiento y mejora del campo en el
infrarrojo. Aumentan los tiempos de vida a los picosegundos y pueden sintonizarse a través
del grosor del cristal y los entornos dieléctricos que los rodean [17, 18]. Es importante
senalar que los PhPs se ajustan espectralmente con algunas resonancias vibracionales
moleculares que aparecen en el rango de frecuencias infrarrojas. De hecho, los PhPs
localizados en nanorresonadores con un alto factor de calidad, Q, hechos de nitruro de
boro hexagonal (h-BN, por sus siglas en inglés) se emplearon recientemente para lograr
VSC [13, 14]. Estas aplicaciones enfatizan el potencial del h-BN para su uso tanto en
la espectroscopia infrarroja de campo lejano ultrasensible, como su relevancia hacia el
control local de la reactividad quimica. A pesar de estas importantes aplicaciones, el
potencial que poseen los PhPs ultraconfinados propagantes en capas no estructuradas para

la espectroscopia vibracional molecular mejorada por polaritones no ha sido investigado
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experimental ni tedricamente. La imagen a la nanoescala (nanoimagen) en el espacio
real de los modos hibridos no ha sido estudiada hasta ahora, pero es crucial para un
analisis detallado experimental del VSC explotando PhPs. Ademas, la combinacion de
PhPs y SPPs para generar campos electromagnéticos fuertemente confinados (hotspots)
tanto en frecuencias infrarrojas como visibles — un componente esencial para lograr SC
a la nanoescala — en las mismas posiciones espaciales y con dimensiones similares atin no
ha sido investigada. Esta tesis introduce experimentos de nanoimagen en infrarrojo para
estudiar las interacciones entre los PhPs propagantes ultraconfinados y las vibraciones
moleculares. Ademas, estudia el acoplamiento de doble banda entre la luz y las moléculas
disenando una heteroestructura que soporta SPPs y PhPs en las frecuencias visibles e

infrarrojas, respectivamente.

Esta tesis esta estructurada de la siguiente manera:

En el Capitulo 1 se introducen los conceptos bésicos de cémo la luz interactia con la
materia. Primero se introducen los modelos para la funcién dieléctrica de la materia y
posteriormente los modelos para la descripcién de los polaritones en materiales del tipo
vdW. En particular, se describen los modos confinados de PhP en el infrarrojo que apare-
cen en capas (ultra)delgadas de h-BN (véase Figura 1). En este capitulo también se
discuten algunas propiedades de los polaritones y como estas propiedades permiten mejo-
rar significativamente la interaccion entre la luz y las moléculas, principalmente debido al

confinamiento de campo cercano proporcionado por estos polaritones.

En el Capitulo 2 se presentan las principales técnicas experimentales y los formalismos
tedricos utilizados en esta tesis. Se comienza con una breve discusion sobre la micro-
scopia 6ptica de campo cercano de tipo dispersivo (s-SNOM, por sus siglas en inglés), in-
cluyendo la nanoimagen s-SNOM de frecuencia tnica y la espectroscopia de transformada
de Fourier a nanoescala (espectroscopia nano-FTIR, por sus siglas en inglés). Posteri-
ormente se explican las técnicas de supresién de fondo utilizadas en s-SNOM, cruciales
para recuperar la senal de campo cercano sin fondo. En el capitulo también se discute la
técnica de interferometria de polaritones, la cual es importante para la imagen de polari-
tones ultraconfinados usando s-SNOM [19-22]. Por otro lado, se presenta el modelo de
osciladores arménicos acoplados, el cual es un método simple pero ampliamente utilizado
para analizar e interpretar datos experimentales en el contexto de SC entre luz y materia.
Partiendo del método de la matriz de transferencia y determinando los polos de la reflec-
tividad, en la ultima seccién del capitulo se analizan los modos normales para obtener
informacion acerca de la dispersién de polaritones interactuando con otras excitaciones,

particularmente vibraciones moleculares.

En el Capitulo 3 se presentan los resultados experimentales de nanoimagen en el infrarrojo
para estudiar las interacciones entre PhPs ultraconfinados en h-BN y vibraciones molec-

ulares en la capa de un semiconductor orgénico, especificamente 4,4’-bis(N-carbazolil)-
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Figure 2: Observacién en el espacio real del acoplamiento fuerte entre PhP y moléculas. a, Ilustracién
del experimento de nanoimagen. b, Distribucién del campo cercano simulado (componente z), generada
por una fuente de dipolo puntual (esquematiada por la flecha roja) que imita la punta iluminada. Fuera
de la placa de h-BN, el campo cercano revela esencialmente la interferencia del modo PhP MO.

1,1’-bifenilo (moléculas de CBP). Utilizando espectroscopia nano-FTIR y nanoimagen
s-SNOM de frecuencia tnica, se realizé la interferometria de PhPs. Esto udltimo per-
mite estudiar una interaccién entre PhPs en capas delgadas no estructuradas de h-BN
y excitaciones en moléculas de CBP (ubicadas debajo de las capas de h-BN mostradas
en los esquemas en las Figuras 2a y 2b). A diferencia de los experimentos tradicionales
de acoplamiento fuerte, como aquellos que involucran la configuracion de Kretschmann-
Raether o nanorresonadores de polaritones, la interferometria de PhPs permite la obser-
vacion directa en el espacio real de los cambios que producen las resonancias vibracionales
de las moléculas en las propiedades de los PhPs. En el primer experimento, la espectro-
scopia nano-FTIR permitié la reconstruccién de la relacion de dispersion completa de los
PhPs en un tnico barrido lineal, revelando la interaccion entre el PhP y las moléculas, asi
como un incremento en el decaimiento espacial de los PhPs cerca de las resonancias vibra-
cionales de las moléculas. Este incremento en el decaimiento espacial de los PhPs podria
utilizarse en futuras aplicaciones para detectar huellas de las vibraciones moleculares a
través de la acumulacién de pérdidas del PhP. Cabe mencionar que los experimentos de
nanoimagen s-SNOM de frecuencia tnica proporcionan una mejora en la relaciéon senal-
ruido y resolucion espectral, permitiendo asi un analisis cuantitativo de la interaccion
entre el PhP y la molécula. Esta interaccion conduce a modificaciones significativas en la
longitud de propagacion de los PhPs y la aparicion de dispersion anémala que evidencia
la velocidad de grupo negativa. Por otro lado, determinando las frecuencias de los modos
cuasinormales del sistema acoplado PhP-molécula, se obtuvo un anticruce y divisiéon en
la relacion de dispersion de los modos del sistema acoplado. Este anticruce evidencia
el acoplamiento fuerte entre el PhP y la molécula, y ademas se logré reproducir medi-
ante simulaciones numéricas. De hecho, mediante las simulaciones numéricas se muestra
la factibilidad de alcanzar un acoplamiento fuerte con solo una monocapa de moléculas
organicas, expandiendo asi las posibilidades para experimentos futuros. FEste capitulo
demuestra que los PhPs propagantes en materiales de vdW no estructurados pueden
acoplarse fuertemente con vibraciones moleculares, ofreciendo potencialmente una nueva
plataforma para sondear el acoplamiento fuerte y controlar reacciones quimicas a nivel

local. Ademas, la fuerte interaccion PhP-molécula facilita el desarrollo de sensores de
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Figure 3: Acoplamiento de doble banda entre polaritones y excitaciones moleculares tanto en frecuencias
visibles como infrarrojas. a Esquema de la estructura atémica de la molécula CoPc junto con sus reso-

nancias vibracionales y excitonicas. b Esquema del experimento de campo lejano de los nanorresonadores
polariténicos cubiertos por la molécula.

espectroscopia ultracompactos y sensibles para integrar en un chip. Asimismo, una gran
variedad de materiales de vdW presentan oportunidades para ir mas alld del rango es-
pectral del h-BN, como se demostro recientemente con la observacién de PhP en MoOs3
y V505. Es importante senalar que, a diferencia de los enfoques convencionales que se
basan en nanorresonadores, los cuales a menudo introducen pérdidas adicionales por dano
de la muestra e incertidumbres de fabricacion, este trabajo abre nuevos caminos para es-
tudiar las interacciones fuertes entre luz y materia sin pasos de fabricacién desafiantes

adicionales, reduciendo asi el dano a los materiales de vdW.

En el Capitulo 4, se utilizan simulaciones numéricas para demostrar que el acoplamiento
fuerte puede lograrse simultdneamente entre polaritones de SPPs y transiciones electronicas
en frecuencias visibles, y entre PhPs y vibraciones moleculares en frecuencias infrarrojas
en una heteroestructura libre de cavidad. La heteroestructura consiste en una capa de
moléculas de ftalocianina de cobalto(II) (CoPc) colocada entre capas de aluminio (Al) y
h-BN. Las moléculas de CoPc exhiben resonancias exciténicas y vibracionales en frecuen-
cias visibles e infrarrojas, respectivamente (como se ilustra en la Figura 3a). Al posicionar
las moléculas entre dos materiales polariténicos (Al y h-BN), se logran campos electro-
magnéticos altamente confinados en las frecuencias visibles e infrarrojas dentro de la capa
molecular (lineas discontinuas en la Figura 3a), asegurando una fuerte superposicién de
ambos campos y moléculas en el mismo lugar espacial. Los resultados experimentales
se obtuvieron en nanorresonadores basados en heteroestructuras compuestas por ribbons
de Al y capas de h-BN. Estos nanorresonadores soportan tanto SPPs como PhPs en los
rangos de frecuencia visible e infrarrojo, respectivamente. La presencia y localizacion
de dos hotspots se corroboré utilizando s-SNOM en ambos rangos de frecuencia visible
e infrarrojo. En particular, al colocar moléculas sobre los nanorresonadores y realizar
espectroscopia de campo lejano visible e infrarrojo (esquematizado en la Figura 3b), se

proporciona evidencia experimental directa de una gran division de modos en ambos ran-



gos de frecuencia. En este capitulo se demuestra que, mediante la ingenieria de una
heteroestructura compuesta por materiales plasmoénicos y fonénicos, se puede acceder si-
multaneamente a interacciones luz-materia dentro de las frecuencias visibles e infrarrojas.
Esta configuracion permite un acoplamiento fuerte luz-materia de doble banda, vinculando
polaritones confinados (SPPs y PhPs) con las excitaciones electrénicas o vibracionales de
moléculas. De hecho, al ajustar la dispersion de estos polaritones a través del grosor de las
capas de la heteroestructura, se facilita el acoplamiento de momento y energia entre los
polaritones y las excitaciones moleculares. Por lo tanto, el acoplamiento fuerte de doble
banda puede ofrecer oportunidades novedosas para manipular reacciones quimicas, avan-
zar en la imagen Optica y deteccion, o la conversion ascendente optomecanica, marcando

asi un paso adelante en la manipulacién de interacciones luz-materia.

En conclusién, mediante el uso de técnicas de nanoimagen en campo cercano se demuestra
el SC entre polaritones propagantes en cristales delgados de vdW y vibraciones moleculares
en capas moleculares delgadas adyacentes. Ademas, los calculos numeéricos verifican los
resultados experimentales y predicen el SC para capas moleculares de grosor nanométrico
y polaritones en materiales vdW constituidos por pocas capas. Este resultado suguiere
que los polaritones propagantes podrian servir como una plataforma prometedora para
la espectroscopia en chip ultrasensible y experimentos futuros de SC. Asimismo, se in-
troducen nanoresonadores de doble banda que poseen diferentes tipos de polaritones a
frecuencias visibles e infrarrojas, que se acoplan simultaneamente a excitones y vibra-
ciones moleculares en una capa molecular adyacente. Estas capacidades de acoplamiento
de doble banda pueden ofrecer nuevas posibilidades para controlar el acoplamiento entre

exciton y vibracién molecular en futuras aplicaciones optoelectrénicas.
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Summary

Light-matter interaction plays an important role in various scientific and technological
fields. Basic examples of light-matter interactions include, but are not limited to, reflec-
tion, transmission, scattering, absorption, and emission of light. These interactions are
crucial for a variety of applications, ranging from the development of optical devices, such
as lenses and mirrors, to the creation of energy solutions like solar panels, and even in
medical imaging techniques and communication technologies. Essentially, understanding
light-matter interactions allows us to manipulate light for various purposes, from enhanc-
ing the efficiency of energy conversion systems to improving the performance of electronic

and photonic devices.

Strong coupling (SC) is a particularly intriguing interaction regime between light and
dipolar matter excitations where new hybrid states — polaritons — can emerge, whose
energy level separation is larger than the sum of their average individual linewidths [1].
Achieving strong coupling with a small amount of matter, such as thin layers or individual
molecules, requires increasing the field confinement and enhancement around the matter.
This is often done by placing the matter inside a conventional optical resonator, like
a Fabry-Pérot microcavity. Importantly, SC opens new possibilities for controlling and
manipulating material properties, such as carrier transport in organic semiconductors |2,
3], chemical reactivity of molecules [4-7], or magnetotransport in two-dimensional electron

gases [8].

Strong coupling can also occur in thin layers or surfaces, when dipolar excitations are
strong, such as electron oscillations in metals or lattice vibrations in polar crystals.
This leads to the emergence of surface plasmon polaritons (SPPs) and phonon polari-
tons (PhPs). These polaritons exhibit a shorter wavelength compared to free-space light
and large field confinement. Employing these polaritons instead of light allows to signifi-
cantly reduce the amount of matter required to achieve SC, thus opening opportunities for
developing compact, ultrasensitive, and efficient optoelectronic devices and sensors [9-11].
A typical approach to explore SC at the nanoscale is to use polariton resonators, enabling
SC between excitons and SPPs at visible frequencies [12] or between molecular vibrations
and PhPs at mid-infrared (mid-IR) [13, 14] and THz frequencies [15, 16].

PhPs in van der Waals (vdW) crystals have recently emerged as particularly promising
candidates for achieving strong coupling between infrared light and molecular vibrations
(known as vibrational strong coupling, VSC) at the nanoscale. These PhPs offer partic-

ularly large mid-IR field confinement and enhancement, long picosecond lifetimes, and
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tunability through crystal thickness and dielectric surroundings [17, 18]. Importantly,
PhPs align spectrally with some molecular vibrational resonances prominent in the mid-
IR frequency range. Indeed, localized PhPs in high-Q-factor nanoresonators made of
hexagonal boron nitride (h-BN) were recently employed to achieve VSC [13, 14], high-
lighting the potential of h-BN for ultrasensitive far-field infrared spectroscopy and excit-
ing perspectives towards local control of chemical reactivity. However, the potential of
ultra-confined propagating PhPs in unstructured layers for polariton-enhanced molecu-
lar vibrational spectroscopy has neither been experimentally nor theoretically explored.
Real-space nanoimaging of the hybrid modes has been also elusive so far, yet it is crucial
for in-depth experimental analysis of VSC exploiting PhPs. Furthermore, the combina-
tion of ultra-confined PhPs and SPPs to generate strongly confined electromagnetic fields
(hotspots) at both mid-IR and visible frequencies—an essential component for achieving
SC at the nanoscale—at the same spatial positions and with similar dimensions has not
yet been explored. This thesis reports mid-IR nanoimaging experiments to study the
interactions between ultra-confined propagating PhPs and molecular vibrations. Addi-
tionally, it studies dual-band polariton-enhanced coupling between light and molecules
by designing a heterostructure that supports SPPs and PhPs in the visible and mid-IR

frequencies, respectively.

This thesis is structured as follows:

Chapter 1 introduces the basics of how light interacts with matter, starting with the
models for the dielectric function of matter. It then covers polaritons in vdW materials,
focusing on ultra-confined infrared PhP modes in thin h-BN layers. The chapter also
discusses how unique properties of polaritons can significantly enhance the interaction
between light and molecules, primarily due to the near-field confinement provided by

these polaritons.

Chapter 2 covers the main experimental and theoretical approaches used in this thesis.
It starts with a brief discussion on scattering-type scanning near-field optical microscopy
(s-SNOM), including single frequency s-SNOM nanoimaging and nanoscale Fourier trans-
form infrared spectroscopy (nano-FTIR spectroscopy). It then explains the background
suppression techniques used in s-SNOM, crucial for retrieving background-free near-field
signal. The chapter also discusses the so-called polariton interferometry, an important
method for imaging ultra-confined polaritons using s-SNOM [19-22]. Next, it presents
the coupled harmonic oscillators model, a simple yet widely used method to analyze
and interpret experimental data in the context of strong coupling. Finally, it explores
the eigenmode analysis, which involves determining the poles of reflectivity through the
transfer matrix method to gain insights into the dispersion of polaritons interacting with

other excitations, particularly molecular vibrations.
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Chapter 3 presents mid-IR nanoimaging experiments to study the interactions between
ultra-confined PhPs in h-BN and molecular vibrations in the organic semiconductor layer,
specifically 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP molecules). Utilizing nano-FTIR
spectroscopy and single-frequency s-SNOM nanoimaging we perform the PhPs interfer-
ometry. The latter enables studying an interaction between PhPs in thin unstructured
h-BN layers and excitations in CBP molecules. In contrast to traditional strong-coupling
experiments, such as those involving the Kretschmann-Raether configuration or polariton
nanoresonators, PhPs interferometry enables direct real-space observation of how vibra-
tional resonances of molecules impact PhP properties. In the first experiment, nano-FTIR
spectroscopy enabled the reconstruction of the entire PhP dispersion relation in a single
line scan, revealing the PhP-molecule interaction and increased spatial decay of PhPs
near molecular vibrational resonances. This increased PhP spatial decay demonstrates
a potential possibility to detect molecular vibrational signatures through PhP loss accu-
mulation. Furthermore, single-frequency nanoimaging s-SNOM experiments provided an
improved signal-to-noise ratio and spectral resolution, allowing for a quantitative analysis
of the PhP-molecule interaction. The PhP-molecule interaction leads to significant modifi-
cations in PhP propagation length and the emergence of anomalous dispersion evidencing
the negative group velocity. The frequencies of quasinormal modes of the PhP-molecule
coupled system were determined, showing anti-crossing and mode splitting, as an evidence
of the SC in excellent agreement with numerical calculations. Moreover, numerical simu-
lations show the feasibility of achieving strong coupling with just a monolayer of organic
molecules, expanding the possibilities for future experiments. This chapter demonstrates
that propagating PhPs in unstructured vdW materials can strongly couple with molecular
vibrations, potentially offering a new platform for testing strong coupling and control-
ling chemical reactions at a local level. Additionally, the strong PhP-molecule interac-
tion facilitates the development of sensitive, ultra-compact, on-chip spectroscopy sensors.
Moreover, a large variety of vdW materials presents exciting opportunities to go beyond
the spectral range of h-BN, as recently demonstrated by PhP observation on MoO3 and
V,05. Importantly, unlike conventional approaches that rely on nanoresonators, which
often introduce additional losses from sample damage and fabrication uncertainties, this
work opens new pathways for studying strong light-matter interactions without additional

challenging fabrication steps, reducing the damage to vdW materials.

In Chapter 4, numerical simulations are used to demonstrate that SC can be simultane-
ously achieved between SPPs and electronic transitions at visible frequencies, and between
PhPs and molecular vibrations at mid-IR frequencies in a cavity-free heterostructure.
The cavity-free heterostructure consists of a layer of Cobalt(II) Phthalocyanine (CoPc)
molecules placed between aluminium (Al) and h-BN layers. CoPc molecules exhibit both
excitonic and vibrational resonances in visible and mid-IR frequencies, respectively. By
positioning the molecules between two polaritonic materials (Al and h-BN), highly con-

fined visible and mid-IR electromagnetic fields are achieved inside the molecular layer,
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ensuring a strong overlap of both fields and molecules at the same spatial location. For
experimental studies, nanoresonators based on heterostructure composed of Al ribbons
and h-BN flakes are utilized. These nanoresonators support both SPPs and PhPs in
the visible and mid-IR frequency ranges, respectively. The presence and co-localization
of two hotspots are corroborated using s-SNOM in both visible and mid-IR frequency
ranges. By placing molecules - for practical reasons - on the nanoresonators and per-
forming visible and mid-IR far-field spectroscopy, direct experimental evidence of large
mode splitting in both frequency ranges is provided. This chapter demonstrates that by
engineering a heterostructure composed of plasmonic and phononic materials, one can
simultaneously access light-matter interactions within both visible and mid-IR frequen-
cies. This configuration enables dual-band strong light-matter coupling, linking confined
polaritons (SPPs and PhPs) with the electronic or vibrational excitations of molecules.
Adjusting the dispersion of these polaritons through the layer thickness of heterostructure
facilitates momentum-energy coupling between the polaritons and molecular excitations.
Future dual-band SC may offer novel opportunities for manipulating chemical reactions,
advanced optical imaging and sensing, or optomechanical up-conversion, marking a step

forward in the manipulation of light-matter interactions.

In conclusion, using near-field nanoimaging techniques, we demonstrate that SC can be
achieved between propagating polaritons in thin vdW crystals and molecular vibrations in
adjacent thin molecular layers. Our numerical calculations support our findings and also
predict SC for nanometer-thin molecular layers and polaritons in few-layer vdW materials,
which could make propagating polaritons a promising platform for ultra-sensitive on-chip
spectroscopy and future SC experiments. Furthermore, we introduce novel dual-band
nanoresonators hosting different types of polaritons at visible and mid-infrared frequen-
cies, which simultaneously couple to excitons and molecular vibrations in an adjacent
molecular layer. These dual-band coupling capabilities may offer new possibilities for
controlling coupling between exciton and molecular vibration in future optoelectronics

applications.
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Basics of light-matter interaction

In this chapter, we provide a basic information about the interaction of light with various
materials. It begins with an introduction of a Lorentz oscillator and Drude model for
modelling the dielectric function of matters. Then we discuss the phenomena arising from
the coupling of light with dipolar matter excitations, particularly phonon polaritons in
van der Waals materials. The final section, focuses on exploiting the polaritons to enhance
interactions between light and molecules, with implications in infared spectroscopy and

strong-coupling experiments.



1. Basics of light-matter interaction

IWN Dielectric function of matters

The dielectric function of materials, denoted as £(w) or relative permittivity, is pivotal in
the fields of optics and electromagnetism. It describes how materials polarize under an
electric field and subsequently influence the propagation of light. Various models have
been developed to describe £(w), each tailored to different materials and their specific

properties.

One of the frequently used models is the Lorentz oscillator model, which provides a classi-
cal, phenomenological description of the dielectric response in insulators, semiconductors,
and molecules [23]. This model considers electrons and ions in matter as damped har-
monic oscillators — similar to springs — that are driven by an external electromagnetic field.
Essentially, it views polarizable matter as a set of identical, independent, and uniformly
acting harmonic oscillators. Each oscillator, having mass m and charge e, is subject to a
combination of forces: a linear restoring force Kx, where K is the spring constant and x is
the displacement from equilibrium; a damping force bx, where b is the damping constant;
and a driving force produced by the electric field E. The equation of motion for such an

oscillator is:

mX + bx + Kx = eE. (1.1)

Considering the electric field oscillates at frequency w, E(t) = Ege™™*, the solution to the

Eq. 1.1 can be derived and it is given by:

e E(t)
x(t) = — , 1.2
(t) mwi —w? —ilw (12)
where wy = (K/m)? and I = b/m represent the resonance frequency and the linewidth
(damping) of the Lorentz oscillator, respectively. The complex relationship between x
and E indicates that the displacement and the field are generally out of phase. To explore
the implications of this phase difference, we express the displacement as x = Ae®® (eE/m),

where A and © denote the amplitude and phase, respectively, calculated as:

Aw) = ! (1.3)

O(w) = tan™! (gr—“’) | (1.4)
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a oscillator displacement b dielectric function
A ‘ A
Re(€) T
amplitude
Im(€)
Frequency, w Frequency, w

Figure 1.1: Tllustration of the characteristics of the Lorentz model a, The amplitude and phase as a
function of the frequency of the single damped oscillator. b, The real and imaginary part of the dielectric
function. a,b, Vertical green line marks the resonance frequency of the oscillator, wy.

Fig. 1.1a illustrates A and © as functions of frequency (black and blue curves, respec-
tively). We note that the amplitude exhibits a peak at wpeax = \/m, with the
peak’s height inversely proportional to I'; A(wpear) = (Twp) ™!, and the full width at half-
maximum (FWHM) equals to v/3T. At frequencies much lower than wy, the oscillator
responds in phase with the driving force (0 ~ 0°), whereas at frequencies significantly
higher, (w > wy), they are 180° out of phase, this transition happening near w, (blue

curve in Fig. 1.1a).

Analyzing a reaction of single oscillator to a time-harmonic electric field unveils optical
constants for a group of such oscillators. The induced dipole moment p of an oscillator
is ex. With ng oscillators per unit volume, the polarization P (dipole moment per unit

volume) becomes P = ngp = npex, leading to:

2
“p
wd —w? —ilw

P= €0E, (15)
where the plasma frequency is defined as wf, = nge/megy, where gq is the vacuum permit-
tivity. Using a constitutive relation P = gy E, where y is the electric susceptibility of the
matter, which directly connected with dielectric function e(w) = 1+ x(w). The resulting
complex dielectric function can be expressed as:
w

2
=1 L :
e(w) N wi —w? —ilw

(1.6)

The real and imaginary parts of the dielectric function, e(w), are illustrated in Fig. 1.1b.
It is important to note, that Eq. 1.6 implies that when frequency approaches infinity,
w — 00, the dielectric function converges to 1, e(w — o0o) = 1. This value of dielectric
function at w — oo is often referred to as the high-frequency or background dielectric
constant, denoted as £,,. In real materials, various excitations occur across different fre-

quency ranges, including microwave, infrared, visible, and ultra-violet. These excitations
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collectively influence the dielectric function [24]. For accurate representation of dielectric
function of materials in different frequency ranges, e(w — 0o0) = 1 is substituted with ..

In result, the complex dielectric function is expressed as:

w2

— e P ) 1.7
flw) =¢ +w8—w2—if‘w (.7

The Lorentz oscillator model adequately describes excitations resulting from the same
type of oscillators in materials and is commonly applied to molecular vibrations in organic
molecules in infrared frequency range. As an example of this, in Fig. 1.2a,b, we present
an application of this model, illustrating the real and imaginary parts of the dielectric
function for organic molecules. Here our focus is on the shape of the dielectric function.
The real part of dielectric function exhibits a dispersive behaviour, crossing the €., at
the resonance frequency of molecular vibration (Fig. 1.2a). We also note that oscillator
strength of the molecular vibration is not so high and thus the real part of the dielectric
function is typically positive. As discussed in note 1.1, the imaginary part of the dielectric
function is characterized by a symmetric Lorentzian peak function, with a FWHM of T’
(Fig. 1.2b).

1.1. Imaginary part of the Lorentz dielectric function

It is important to note that when the frequency is close to the resonance frequency,

specifically where wy — w < wp, we can simplify the expression w? — w? using the

approximation wi — w? & 2wp(wy — w). This allows us to express the dielectric

function near resonance as:

e 1

fw) =1+ -2 _ (1.8)

2w0w0—w—i§

The imaginary part of the dielectric function can be thus represented by a symmetric

Lorentzian peak function:

Imle(w)| = 2 g
[5( )] 2 (WO—W)z—f—( )2

x L(w,wyp, T, (1.9)

Nl!

where wy is the frequency of the peak and I' is the peak’s width at half its maximum
height, known as the full width at half-maximum (FWHM).

Mathematically, the general form of the Lorentzian peak function is given by:

o=

(1.10)

1
L(x,zo,T") = — ,
o) = e o O

where xg is the center and I' is a FWHM. The Lorentzian function is normalized so
that [ L(z)dz =1.
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dmol KA | l T R l | dmol KA
| 0

Figure 1.2: Illustration of dielectric function of infrared vibration of organic molecules at wy (indicated
by dashed vertical green line) a,b, The real and imaginary part of the dielectric function, respectively.
c,d The reflection and transmission spectra of the thin layer of molecules with thickness, which is much
smaller than the wavelength of the infrared light, dp,o < A.

To associate dielectric function with experimentally measurable quantities, we calculate
the reflection, R, and extinction spectra, 1 — T', where T' denotes the transmission spec-
tra, of a thin layer of molecules surrounded by air at normal incident (see schematics
in Fig. 1.2¢,d). The calculations are performed considering the dielectric function of

molecules illustrated in Fig. 1.2a,b, employing the Fresnel equations [25]:
o1 + rige*® ?
R=|——"7"7—
1+ T01T’12€2w‘
tortioe™™ ?
T'=——"—
14 7"017’126210‘

where r;, = (w/s — \/&T_Z) / (\/gk + \/5_1-), tix. = 1+ 7 are the reflection and transmis-
sion coefficients, respectively, at interfaces between layers characterized by the dielectric

(1.11)

functions ¢; and eg, with the indices i,k = 0, 1,2 indicating specific layers (see schemat-
ics in Fig. 1.2c,d). The parameter « is given by a = /e1%dnol, where ¢ and dy are
the speed of light and thicknes of the molecular layer, respectively. Fig. 1.2c,d show the
calculated transmission and extinction spectra for a thin layer of molecules, where the
layer’s thickness is significantly smaller than the wavelength of the infrared light d,,; < A,
demonstrating that the reflection spectra echo the real part of e(w), while the extinction

spectra resemble its imaginary part with a FWHM of about T'.
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In the context of polar crystals, which exhibit strong lattice vibrations, known as optical

phonons, the dielectric function, Eq. 1.7, can be written in the following form [23]:

e(w) = €xo ( (1.12)

2 2 _
Wi — W —sz)
)

2 2,
wio — w? —wl’

where wro, wro are the resonance frequencies of transverse (TO) and longitudinal (LO)
optical phonons, respectively. T'is a phenomenological linewidth (damping), which is
associated with the TO phonon. We note that wro is defined at the frequency where the
dielectric function becomes zero. The frequency range between the TO and LO phonon
frequencies, where the dielectric function turns negative, is known as the Reststrahlen
band (from the German word for “residual rays”). This region is important in the mate-
rials science, as it often corresponds to strong absorption and reflectivity, influencing the

optical properties of polar crystals.

The relationship between the TO and LO phonon frequencies can be understood through
the Lyddane-Sachs-Teller (LST) relationship, which is given by:

wio _ £(0)
W%O g(o0)’

(1.13)
where €(0) and €(00) are the static and high-frequency dielectric constants of the material.
The LST relationship is essential as it directly links the vibrations of the crystal lattice
with the dielectric response of matter, helping us better understand the optical behaviour

of polar crystals.

For metals or doped semiconductors, the Drude model is typically used, which provides
a simplified yet effective description of the optical properties of these materials. This
model assumes that the free electrons in material behave like a gas of charged particles,
influencing the dielectric response under an electromagnetic field. We note that the Drude
model is a special case of the previously discussed Lorentz model (Eq. 1.7), specifically
under the condition when the resonance frequency, wyg, is considered to be zero. The

dielectric function in Drude model is given by:

2
wp

—_ 1.14
w? +ilw ( )

e(w) = €0 —

In the high-frequency limit, where the frequency is significantly larger than the damping
factor (w < I') and assuming e,, = 1, the dielectric function in Drude model simplifies
to:

e(w)=1- -2, (1.15)



1.2. Hybrid light-matter excitations (polaritons) in van der Waals materials

In this limit, the dielectric function becomes negative for frequencies below the plasma
frequency, w,, indicating that electromagnetic waves are reflected with negligible losses.
This characteristic explains why metals and doped semiconductors reflect light in the

frequency range below wy,, providing a basis for understanding their optical behavior.

In summary, this section has provided a brief overview of the dielectric function in vari-
ous materials, an essential concept in the field of optics and electromagnetism. We have
briefly discussed the Lorentz oscillator model, providing a classical viewpoint on dielec-
tric behaviour in various materials. Then, the discussion on the dielectric properties of
polar crystals, including the LST relationship, underscores the connection between lattice
dynamics and dielectric response. Concluding with the Drude model we expanded our
understanding to include how metals and doped semiconductors interact with light. The
dielectric functions are crucial for the detailed exploration of material properties in the

subsequent sections.

Hybrid light-matter excitations (polaritons) in

van der Waals materials

Hybrid light-matter excitations, known as polaritons, constitute a rapidly evolving and
captivating field in optics and physics. These excitations arise from the strong coupling
between electromagnetic waves and oscillations in solid-state systems, thus blending the
characteristics of light and matter [26, 27]. This unique interplay gives polaritons ex-
ceptional properties, most notably the ability to confine and manipulate light below the
wavelength scale of photons, significantly surpassing the diffraction limit of photons. This
capability is crucial for creating ultra-compact photonic devices that utilize the unique
properties of polaritons [28-30]. Furthermore, by exploiting the large concentration of
electromagnetic field associated with polaritons, it becomes possible to develop highly
sensitive molecular sensors [31-33|, opening new avenues in detection and sensing tech-

nologies.

Exploring polaritons in van der Waals (vdW) materials has significantly broadened po-
lariton research [17, 18, 34]. These materials are characterized by their layered structures,
featuring strong in-plane bonds and weaker van der Waals forces between layers. This
structural feature allows the materials to be easily exfoliated into thin layers, providing
a versatile platform for studying light-matter interactions. Additionally, restacking these
exfoliated vdW layers into vertical heterostructures is possible, where electromagnetic
coupling between polaritonic modes of adjacent layers leads to novel optical characteris-
tics beyond those of the individual constituents [35-43]. Importantly, polaritons in vdW
materials unlock new possibilities for exploring electronic phenomena and lattice dynam-

ics. Specifically, polaritonic images allow us access to regions of the dispersion relations
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Figure 1.3: Overview of polaritons in van der Waals (vdW) materials. Polaritons, which are mixed
light-matter oscillations, can arise in various physical phenomena: electrons in graphene and topological
insulators (surface plasmon polaritons), infrared-active phonons in hexagonal boron nitride (phonon po-
laritons), excitons in dichalcogenide materials (exciton polaritons), superfluidity in FeSe- and Cu-based
superconductors with high critical temperature T, (Cooper-pair polaritons), and magnetic resonances
(magnon polaritons). Different vdW materials support all these types of polaritons. The matter oscilla-
tion component in these polaritonic materials leads to a negative dielectric function (ep < 0), facilitating
the confinement of optical fields at the boundary with a positive-dielectric function (¢4 > 0) medium.
vdW polaritons yield significant confinement, measured by the ratio of the free-space photon wavelength
(Ao) to the polariton wavelength (Ap). The left inset illustrates the exponential decay of the polariton
field originating from the surface of the vdW material. The right inset illustrates the dispersion curves
of photons and polaritons in blue and red, respectively. g, and gy represent the momentum of polariton
and free-space photon, respectively. Adapted from Ref. 17.

of various excitations that exceed the capabilities of conventional optics [19, 20, 44-49].

In vdW materials, various polaritonic excitations are distinguishable by their specific
matter excitations (Fig. 1.3). For instance, plasmon polaritons in materials like graphene
[19, 20] and black phosphorus [50, 51| arise from the coupling of conduction electrons
with light. Phonon polaritons at mid-IR frequencies occur in materials such as h-BN [52]
and MoOj [53], resulting from light’s interaction with bound atomic charges. Exciton
polaritons, seen in MoSs and WSe, at visible and near-IR frequencies [54], emerge from
light coupling with bound electron-hole pairs. Additionally, the emergence of Cooper
pair polaritons in high-TC superconductors [55] and magnon polaritons in ferromagnetic

materials [56] are intriguing prospects.

The matter excitations in these materials lead to negative dielectric function, facilitating
the confinement of the optical field at the boundary with a positive dielectric function
medium (see illustration of the polariton field decay in Fig. 1.3). The anisotropic crystal

structure of vdW materials may cause the in-plane and out-of-plane dielectric functions of
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the same layered crystal to have opposite signs, leading to unusual behaviour of light with
substantial field confinement (see detailed discussion about phonon polariton modes in a
h-BN in page 10). This confinement significantly compresses the polaritons’ wavelength
relative to the wavelength of photons in free space, with compression ratios reaching 100
to 1000 in the THz and mid-IR frequency ranges. Such extreme confinement not only
highlights the unique properties of vdW materials but also opens up possibilities for sub-
wavelength light manipulation and enhanced light-matter interaction studies. In addition,
the in-plane anisotropy of dielectric function leads to elliptic and hyperbolic polaritonic
dispersion, a phenomenon that has garnered significant theoretical and experimental in-
terest [57, 58]. Such dispersion relations are important in understanding the propagation
and localization of electromagnetic waves in these materials, further enriching the field of

nanophotonics and nano-optics.

The large momentum of polaritons in vdW materials, compared to free-space photons
(see right inset in Fig. 1.3), presents a significant challenge in their excitation. We note
that this large momentum can be also attributed to the thickness of the vdW materials,
since polariton momentum is typically inversely proportional to the layer thickness of
these materials [52, 59]. The main difficulty in exciting polaritons arises from momentum
mismatch that needs to be compensated for effective polariton excitation. To addres this
issue, various methods, such as the nanostructuring of vdW materials [13, 60], the use
of metallic antennas, gratings or cavities [61-64] are employed to effectively excite and
study polaritons. Furthermore, polaritons can be effectively studied using a scattering-
type scanning near-field optical microscope (s-SNOM) or electron energy loss spectroscopy
(EELS) techniques. In the s-SNOM technique, the microscope’s tip acts as an antenna,
providing the necessary large momentum to excite these highly confined polaritons [19,
20, 52|, whereas in the EELS technique the evanescent nature of the electromagnetic
fields produced by a fast electrons offers the capability to investigate different polaritons
[65-67].

Moreover, some of vdW materials can be tuned via external stimuli such as electric fields
[68], mechanical strain [69] and chemical doping [70], presenting new opportunities for
controlling and manipulating polaritonic modes. This ability to customize polaritonic
responses is essential for developing devices with tailored properties, potentially trans-

forming ultrafast photonic circuits, sensors, and quantum information processing [71-73].

In conclusion, the exploration of vdW polaritonics offers an exciting and promising avenue
to investigate unique physical phenomena and apply these findings to enhance our com-
prehension and development of light-matter interactions. The study of vdW polaritonics
is crucial for advancing numerous applications, including high-resolution imaging and the

development of compact, efficient photonic devices and sensors [74-77].
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Hyperbolic phonon polaritons in the h-BN layer

Hexagonal boron nitride (h-BN) has emerged as a key vdW material in the realm of
mid-infrared nanophotonics. This material is composed of boron and nitrogen atoms
covalently bonded along the plane, forming a hexagonal lattice, as shown in Fig. 1.4a.
The B-N bond is polar covalent, due to a significant electronegativity difference between
boron and nitrogen, which exceeds 0.4 eV [78]. h-BN’s layers are held together by van der
Waals forces, similar to graphite [79]. The crystal structure of h-BN is highly anisotropic,
leading to different frequencies for in-plane and out-of-plane lattice vibrational modes
(optical phonons). This results in h-BN being an optically uniaxial material, with its
optical axis aligned perpendicular to the layers of covalently bonded B-N atoms (aligned
with the z-direction). The dielectric function of h-BN is represented by a diagonal tensor

€ = diag(e,, €y,¢5), where e, = ¢, =€, and €, = ¢.

The components of the dielectric tensor of h-BN are modeled using Eq. 1.12 [52, 80, 81]:

2 2 _
Wio,; — w” —wl
(W) =coy | 522—5— | (1.16)
W ; — w? —iwl’;
where j =1, ||. The parameters for the parallel components are e, | = 2.95 cm™", w0 | =
760 cm™', wro = 825 cm™', I'j = 2 em™'. For the perpendicular components are

Eool =49 em™ w0 = 1360 cm™, wro = 1610 cm™ and T'; = 7 cm™! [82]. We note

that these parameters are attributed to standard h-BN crystals, typically referred to as

'natural’.
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Figure 1.4: Hexagonal boron nitride (h-BN). a Atomic structure of h-BN. b The in-plane (ordinary, green)
and out-of-plane (extraordinary , red) IR dielectric function of h-BN. In each of the two Reststrahlen
bands, the real part of the dielectric function is negative for one of the two directions (ordinary or
extraordinary) and positive for the other. ¢ Isofrequency surfaces in the type I lower Reststrahlen band
(left) and in the type II upper Reststrahlen band (right). Adapted from Ref. 77.
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Fig. 1.4b shows the infrared dielectric function of h-BN. h-BN exhibits two Reststrahlen
bands in the mid-IR frequency range, identified as the upper band (w = 1360—1610 cm™")
and the lower band (w = 760 — 825 cm™1), linked to the in-plane and out-of-plane optical
phonons, respectively [81]. A distinctive feature is the opposite signs of the real parts of
the dielectric function components in these bands, i.e., Re(g)-Re(e) < 0. This unique
characteristic allows light to propagate through bulk h-BN within these Reststrahlen
bands.

When light propagates through h-BN at the frequencies within these Reststrahlen bands,
it exhibits unusual behavior. The isofrequency surface in reciprocal space, formed by the
momentum of the PhPs, ¢, at a specific frequency, exhibits the shape of a hyperboloid, as
shown in Fig. 1.4c. This contrasts sharply with the behavior of light in isotropic materials,
where the isofrequency surface forms a sphere due to uniform momentum magnitude in

all directions.

So far, we have discussed light propagation within bulk h-BN, where it exhibits unique
behavior in the Reststrahlen bands. Now, we shift our focus to thin h-BN layers, fre-
quently employed in nanophotonics experiments. A thin layer of h-BN supports a set of
propagating PhPs modes, denoted Mn, which can be described by the following dispersion

relation in the quasistatic limit [52]:

o(w) + in(w) = -2 [arctan (%) + arctan <—> + Wl} )= Zﬂ (1.17)

€2
d €1 €LY €1

where n = 0,1,2... is the mode index. e, €5 are the dielectric functions of materials
above and below the h-BN slab, respectively. ¢ + ix is a complex-valued momentum,
which features an imaginary part that defines the amplitude decay (propagation) length,
L = k71 [22, 83, 84]. Tt is important to note that, more conventionally, the intensity

decay (propagation) length is defined as Ly, = (2r)7! (see note in Section 2.3) [85, 86].

To discuss and analyze the PhP modes we choose a 40 nm thick h-BN layer surrounded
by air as a representative example (the typical thickness of the exfoliated layers). We
calculate and analyze the PhP modes in the frequencies of the upper Reststrahlen band,
focusing on the same frequency range that will be used for PhP modes in the following
chapters. An instructive way to visualize both the dispersion and the damping is via a
colour plot of Im[r,(q,w)] at real ¢ and w (Fig. 1.5a) [23, 52]. We superpose the PhP
dispersion, calculated using Eq. 1.17, for modes n = 0, 1,2 (dashed red lines in Fig. 1.5a)
onto the colour plot. The spatial distribution of the vertical component of the electric
field for the M0, M1 and M2 modes at w = 1420 cm™! is shown in Fig. 1.5c-e. Each
Mn mode exhibits n+1 nodes in the vertical direction, such that the M0 mode possesses
a single node. As can be seen in Fig. 1.5c-e, higher mode indices n result in increased

lateral confinement and an increase in the momentum of the PhP mode.

11
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Figure 1.5: Phonon polariton (PhP) modes in thin h-BN layer. a Color plot shows calculated imaginary
part of Fresnel reflection coefficient, Im[r, (g, w)], of a di-gx = 40 nm thickness layer surrounded by air
(61 = e2 = 1). The dashed red curves show the analytical dispersion calculated by Eq. 1.17. The white
line shows the dispersion of the light in vacuum (light cone). b Dipole source (green dot) launching
the PhPs of a thin layer, forming a characteristic ”zig-zag” pattern due to the multiple reflection of the
hyperbolic rays from the top and bottom slab surfaces, for the same system as in a. We note that this
pattern can be explained as a superposition of the all slab modes. c-e Vertical component of the electric
field of the ¢ - MO mode, d - M1 mode, and e - M2 mode, propagating from left to right. Note the
different scale in each panel. The frequency in b-d is marked by the vertical dashed white line in a, w =
1420 cm~!. b-e taken from Ref. 87.

Due to their large momenta, PhPs in unstructured layers cannot be effectively studied
using far-field optical techniques, such as Kretschmann-Raether or Otto configurations
[88, 89] due to limitations in the prism’s dielectric constant. As an alternative, PhPs
can be effectively studied using a scattering-type scanning near-field optical microscope
(s-SNOM), a method where the microscope’s tip acts as an antenna and efficiently excite
PhPs providing the necessary large momentum (see Section 2.1 for more details). Addi-
tionally, PhPs can also be excited by other localized sources, such as a metallic antenna
placed on the h-BN [62], a metal edge on the h-BN surface [22], or a wrinkle on the h-BN
surface [90]. To illustrate the excitation of PhPs by a localized source, we calculate the
electric field distribution induced by a vertically oriented dipole placed above the h-BN
slab (Fig. 1.5b). We note that the ”zig-zag” pattern near the dipole is a result of the

superposition of many excited Mn modes [22, 91].

Recent advances in the synthesis of h-BN crystals have enabled the production of highly
pure isotopically enriched crystals [92]. This improvement has significantly reduced
phonon damping, thereby enhancing both the propagation length and the lifetime of
the phonons by several times [80]. We note that the experiments conducted in Chapters 3
and 4 utilized isotopically enriched '°B h-BN.

12
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IR Near-field infrared interactions between light and

molecules

The field of nanophotonics, which focuses on the manipulation of light at sub-wavelength
scales, is experiencing significant progress in enhancing interactions between light and
molecules, unlocking applications for fields ranging from environmental monitoring and
defense to chemical analysis and medical diagnostics [11]. This progress is largely at-
tributed to the development of new types of metasurfaces [93-96], photonic crystals
[97, 98], and plasmonic nanostructures [99-101]. A prominent challenge in this domain
is infrared spectroscopy [102], a pivotal technique for material characterization, which of-
ten encounters limitations with absorption cross-sections, especially when analyzing thin

layers or small quantities of molecules.

To address this limitation, surface-enhanced infrared absorption (SEIRA) spectroscopy
has emerged as a groundbreaking technique [103-106]. SEIRA enhances the interaction
between infrared light and molecular vibrations, enhancing the vibrational signatures of
materials without altering their intrinsic properties. This is primarily achieved using
plasmon-resonant metallic structures, such as gratings [107], nanoparticles or antennas
[105, 108-110], which intensify near-field interactions (see plasmonic nanoantenna example
in Fig. 1.6a). Beyond traditional metals, SEIRA’s scope extends to metal oxides [111],
highly doped semiconductors [112, 113], graphene [63, 114-116] and even dielectrics [96,
117], thereby broadening its range of applications.

plasmonic
nanoantenna

Figure 1.6: Surface-enhanced infrared absorption (SEIRA) spectroscopy. a, Illustration of a resonant
plasmonic nanoantenna designed for SEIRA spectroscopy applications. It highlights the electric near-
field confinement provided by this nanoantenna, which is used to enhance the vibrational signature of
molecules located in the near-field of the plasmonic nanoantenna. b, h-BN nanoribbon array without
(top image) and with a layer of molecules above the array (bottom image). c, Vertical electric near-field
distribution normalized to the incident field for a single h-BN ribbon nanoresonator (E./|Ep|). a adapted
from Ref. 108, b and ¢ adapted from Ref. 13.
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1. Basics of light-matter interaction

While SEIRA significantly enhances light-matter interaction, it generally does not reach
the threshold for strong coupling. Strong coupling occurs when light and matter states
converge to form new hybrid states [1], whose separation of energy levels is larger than
the sum of their average linewidths (more detailed discussion about the strong coupling
criterion in the Section 2.2). In this context, strong coupling between infrared light
and molecular vibration (vibrational strong coupling, VSC) is notable for its potential
to control and manipulate molecular chemical reactivity [5, 118]. This represents an ad-
vancement in the field, pushing the boundaries of what is achievable in terms of molecular

manipulation and sensory technology.

An important development in this area is the emergence of vdW materials, particularly
h-BN, which has garnered significant attention for its unique properties [52, 77, 119], such
as strong PhP resonances and hyperbolic PhP dispersion due to its anisotropic dielectric
properties (see detailed discussion in subsection Hyperbolic phonon polaritons in the h-BN
layer on page 10). h-BN supports propagating PhPs, which are distinguished by their
extended lifetimes and long propagation lengths. The utility of h-BN nanoribbon arrays
for SEIRA spectroscopy is underscored by their capacity to confine electromagnetic fields
at ultra-small scales (see Fig. 1.6b,c), enabling the analysis of nanometer-thin molecular

layers [13] and enhancing mid-IR gas sensing capabilities [120].

The use of monoisotopic variants of h-BN has resulted in significant enhancements in
both the lifetime and propagation length of these polaritons, consequently leading to
increased quality factors of PhP resonances in h-BN nanoribbon arrays. This advancement
allows one to achieve vibrational strong coupling of organic molecules with localized PhP
modes [14]. The extended lifetime of PhPs in monoisotopic h-BN are pivotal in achieving
this result. Looking beyond h-BN, other polar materials like MoO3 and V05, which
exhibit long-lived PhPs, promise to expand the material basis and spectral ranges of
phononic SEIRA spectroscopy ans strong coupling experiments, paving the way for future

advancements in this field.

In conclusion, the integration of vdW materials, such as h-BN, into the field of enhanced
light-molecule interaction — driven by SEIRA and the exploration of strong coupling
phenomena — has opened new avenues for enhancing light-molecule interactions. This in-
tegration promises significant advancements in material science, chemistry, and biological
sensing. h-BN and similar vdW materials hold great potential for these fields, offering
new tools for precise light manipulation at the nanoscale and enhancing spectroscopic

analysis.
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1.3. Near-field infrared interactions between light and molecules
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Experimental and theoretical meth-

ods

In this chapter, we briefly describe and summarize the key techniques and models used
in this thesis. It begins with a description of a scattering-type scanning near-field optical
microscopy (s-SNOM), an experimental technique that allows for high-resolution optical
imaging beyond the difraction limit and analysis at the nanoscale. Then we describe a
classical coupled harmonic oscillators model, which is instrumental in analyzing and fitting
experimental data, particularly in the context of strong coupling. Finally, we discuss the
theoretical method to calculate the quasi-eigenmodes using the transfer matrix approach,

which is crucial for interpreting how light interacts with various materials.
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2. Experimental and theoretical methods

Scattering-type scanning near-field optical mi-
croscopy (s-SNOM)

Scattering-type scanning near-field optical microscopy (s-SNOM) is a powerful technique
in the fields of nano-optics and nanophotonics, enabling high-resolution imaging and spec-
troscopy of areas beyond the diffraction limit. It is particularly effective for investigat-
ing nanoscale phenomena in a variety of materials and structures. S-SNOM has shown
great potential for probing and mapping polaritons in different structures. For example,
s-SNOM has been used to map the near-field distributions of phononic and plasmonic
nanoantennas [82, 121-123|, as well as to image graphene plasmons [19, 20|, phonon
polariton in different vdW crystals [22, 52, 53, 84], as well as ultra-confined plasmon

polaritons in the anisotropic material [124, 125].

2.1.1 Working principle of s-SNOM

Figure 2.1: Working principle of s-SNOM and nano-FTIR. A laser beam of field Ej,. illuminatesa a met-
allized AFM tip, which oscillates at the frequency {2;,. The tip acts as an optical antenna, concentrating
the incident electric field into a nanoscale-sized electromagnetic hotspot directly beneath the tip apex,
where the field enhancement is high. The field scattered by the tip, Fgca, depends on the sample region,
which is located directly beneath the tip’s apex. Fg., is collected as a function of the tip position.

s-SNOM operates on the principle of illuminating an oscillating sharp metallic tip with
an incident light source, typically a laser, as shown in Fig. 2.1. This tip acts as an optical
antenna, focusing the light into a small electromagnetic hotspot at the tip apex, primarily
due to charge accumulation from the lightning rod effect [126]. When this tip, with its
concentrated electromagnetic hotspot, is brought close to a sample, the near field of the
tip interacts with the sample. This interaction depends on the local optical properties
and the near field of the illuminated sample, changing the field scattered by the tip,
denoted as Fq.,, as shown in Fig. 2.1. By recording this tip-scattered field and suppressing
background scattering — which mainly arises from the incident light scattering at the
sample surface, the tip shaft, and the cantilever — optical images with sub-wavelength

spatial resolution can be achieved. This spatial resolution is typically on the order of
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2.1. Scattering-type scanning near-field optical microscopy (s-SNOM)

the radius of the tip apex and independent of the wavelength of the light [127, 128].
The methods for suppressing background scattering, critical for isolating the near-field
scattering by the tip, will be discussed further. The tip-scattered field, resulting from
the tip-sample near-field interaction, is the useful signal collected in s-SNOM and will be

referred to as the near-field signal.

In this thesis, we used two operational modes of s-SNOM: nanoimaging and nano-FTIR
spectroscopy, each defined by its laser source. In nanoimaging, a monochromatic laser is
used, enabling the capture of high-resolution images at the nanoscale. On the other hand,
nano-FTIR spectroscopy employs a broadband laser, enabling us to measure mid-infrared
(mid-IR) spectra (nano-FTIR spectra) and extending the functionality of s-SNOM beyond

nanoimaging.

Background suppresion

In s-SNOM, a critical challenge is the suppression of background scattering (background
signal) that overshadows the useful near-field signal. The background signal, mainly
originating from the scattering of the incident field at the sample surface, the tip shaft,
and the cantilever, is significantly larger than the near-field signal. This is because the
focus size of the incoming light is much larger than the tip apex, illuminating these

additional areas.

The tip-scattered field, Fs.,, can be represented as sum of the background field, Ej,, and
the useful tip-scattered near field, E,:

Esca = Ebg + B (21)
The detector measures field intensity, and thus the detected intensity is given by:

Iphotodetector X |Esca|2 :|Ebg + -Enf|2 =
(Evg + Eng) (Bog + Bup)” = (2.2)
Epg + Ex + Evg g + Enty,.

Eq. 2.2 illustrates that the background significantly impacts the detector signal, both
additively and multiplicatively. To fully suppress these background contributions, a com-

bination of higher harmonic demodulation and interferometric detection is employed.

Before discussing the techniques for full-background suppression in s-SNOM nanoimag-
ing and nano-FTIR spectroscopy, it is important to understand the higher harmonic
demodulation technique, which plays a crucial role in background suppression. This tech-
nique relies on demodulating the detector signal at higher harmonic frequencies of the
tip-oscillation frequency, 4, (Fig. 2.1). The tip-scattered near field exhibits a strong

nonlinear dependence on the tip-sample distance due to the exponential decay of the near
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field beneath the tip apex. The tip-scattered field is large when the tip is at the sample
surface, but almost zero at larger tip-sample distances. Because of this strong nonlinear
dependence, signals at higher harmonics are obtained. In contrast, the background field
changes less nonlinearly with the tip-sample distance, as it varies at the wavelength scale
of the incident light. Consequently, the contribution of the background to higher harmon-
ics is minimal. Therefore, by demodulating detector signal at higher harmonics, n{;p,
with n > 2 being an integer, we essentially measure the tip-scattered near field and thus

suppress the background.

In s-SNOM nanoimaging, the combination of higher harmonic demodulation and pseudo-
heterodyne interferometric techniques is utilized for the background-free detection of the
amplitude- and phase-resolved near-field signal [129, 130]. The pseudo-heterodyne scheme
is based on a Michelson interferometer (illustrated on the left side in Fig. 2.2). The incom-
ing light is split into two beams by a beamsplitter (BS). The reference beam is reflected at
a reference mirror (RM;) and the illumination beam is scattered at the AFM tip oscillat-
ing at frequency (;,. At the detector, the light backscattered from the tip interferes with
the backreflected reference beam. Importantly, the reference mirror, RM;, oscillates along
the beam axis with an oscillation amplitude Al and an oscillation frequency M (typically
M = 300 Hz), leading to a phase modulation of the reference beam and subsequently
to detector signal sidebands at frequencies nfl;, £ mM, where m is an integer value.
The demodulation and analysis of the tip-scattered light at n{};, £ M and nfl;, &+ 2M
yield background-free amplitude- and phase-resolved near-field signal (complex-valued
near-field signal), typically for n > 2 [129, 130].

In Nano-FTIR spectroscopy, a Michelson interferometer (illustrated on the right side in
Fig. 2.2) is utilized to record near-field interferograms, that is, the n-th order demodulated
detector signal is recorded as a function of the position of the reference mirror (RM)
that is linearly translated. The recorded interferograms are Fourier transformed (FT) to
obtain nano-FTIR spectra. Since the tip is located in one of the interferometer arms, the
FT yields both amplitude and phase spectra. Note that the multiplicative background
manifests as a complex-valued offset to the interferograms, thus nano-FTIR spectra are

free from multiplicative background for spectral frequencies larger than zero [131-134].

In summary, the combination of higher harmonic demodulation with interferometric detec-
tion plays a crucial role in s-SNOM nanoimaging and nano-FTIR spectroscopy, effectively
suppresing background signal thereby ensuring the accuracy and clarity of the nanoscale
imaging and spectroscopy. Importantly, interferometric detection facilitates the retrieval

of complex-valued (amplitude and phase-resolved) near-field signal:
Op = Spe¥m o Ertn, (2.3)

where n denotes the demodulation order, s, and ¢,, are the amplitude and phase compo-
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2.1. Scattering-type scanning near-field optical microscopy (s-SNOM)

nents of the near-field signal, respectively.

2.1.2 Setup for s-SNOM and nano-FTIR spectroscopy

In this thesis, a commercial s-SNOM system (neaSNOM, Attocube AG) is used for in-
frared nanoimaging and nano-FTIR spectroscopy. The system includes a tunable quan-
tum cascade laser (QCL) from Daylight Solutions for s-SNOM imaging, and a broadband
infrared laser continuum, generated by difference frequency generation (DFG), for nano-
FTIR spectroscopy. A parabolic mirror (PM) is used to focus these lasers on the tip of
an atomic force microscope (AFM). Standard platinum-coated AFM tips (NCPt arrow
tip from Nanoworld) with an apex radius of about 25 nm are used. The light that is
backscattered from the AFM tip is collected by the same parabolic mirror. It is then de-
tected by one of two asymmetric Michelson interferometers; one is designated for s-SNOM
nanoimaging (left side of the setup) and the other for nano-FTIR spectroscopy (right side
of the setup). In the asymmetric Michelson interferometer, the sample is placed in one
of the interferometer arms (below the AFM tip), which allows for the measurement of
amplitude and phase of the tip-scattered light, as it is discussed in Section 2.1.1. In both
interferometers, an HgCdTe (MCT) infrared detector cooled by liquid nitrogen is utilized.

s-SNOM imaging nano-FTIR spectroscopy

Detector Detector

Cantilever + tip

QCL DFG

! " !

oscillating mirror moving mirror

Figure 2.2: s-SNOM and nano-FTIR setup. Quantum cascade laser (QCL) being used for mid-IR s-
SNOM imaging and an IR laser continuum based on difference frequency generation (DFG) being used
for nano-FTIR spectroscopy. The laser radiation is focused onto the apex of a metallized AFM tip using
a parabolic mirror (PM). This tip is in contact (tapping mode) with a sample (which is not shown in the
figure). The same PM collects the light scattered from the tip. For detection, two distinct asymmetric
Michelson interferometers are used, each consisting of a beam splitter (BS), a movable reference mirror
(RM), and an infrared detector. In nano-FTIR spectroscopy, the reference mirror RMy moves linearly
along the axis of the beam. In s-SNOM imaging, the reference mirror RM; oscillates at a frequency M
with an oscillation amplitude Al.
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2. Experimental and theoretical methods

2.1.3 Imaging of ultra-confined polaritons (polariton interfer-

ometry)

s-SNOM is a highly effective tool for imaging ultra-confined polaritons, especially in thin
layers of vdW materials [19, 20, 22, 52, 53]. The commonly used technique for imaging
polaritons is known as polariton interferometry. The key of polariton interferometry lies
in the ability of a metallic tip to efficiently launch propagating polaritonic modes, thanks
to the confined hotspot at the tip apex. The confined hotspot provides the necessary
momentum to radially launch a polariton mode that propagates outward from the tip,
as illustrated in Fig. 2.3a. Sample edges act as an reflector of the propagating polariton
mode, directing it back towards the tip where the electric field of the polariton mode,
E,, contributes to the tip-scattered light, Ey.,. By scanning the tip towards the sample
edge along the z-axis (perpendicular to the sample edge, see Fig. 2.3a), the amplitude
and phase of the tip-scattered near field exhibit decaying oscillations (commonly referred
to as ‘fringes’) with a periodicity of half the polariton wavelength, as shown in Fig. 2.3b.
A more detailed discussion about polariton interferometry is presented in the following
subsection Complex representation and Fourier transform analysis of polariton interfer-
ometry experiments on page 23. It is noteworthy that this polariton imaging technique is

similar to the echolocation method used by bats.

A2 = /g,

ampplitude/phase

0 coordinate, x q

Figure 2.3: Polariton interferometry. a, Illustration of the polariton interferometry experiment. Ei,c, Fgsca
and FE}, denote the electric fields of the incident, tip-scattered and polariton mode field, respectively. b,
Tllustration of the amplitude (phase) of the tip-scattered near field as a function of the tip-edge distance (x
coordinate) at three different frequencies, which are indicated on the dispersion curve in c. ¢, Hlustration
of the dispersion relation. Red, green, and blue circles indicate the frequencies at which the polariton
interferometry experiments, shown in b, are illustrated.

Polariton interferometry is an important technique for exploring the polariton dispersion
relationship, which connects their frequency (energy) and momentum (wavevector), es-
sential for describing and understanding light-matter interaction. The idea of extracting

the dispersion is that the decaying oscillations (fringes) contain the full information about
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2.1. Scattering-type scanning near-field optical microscopy (s-SNOM)

the complex-valued polariton momentum, ¢, . = ¢, + ixp, where the real component is
connected with the polariton wavelength, ¢, = 27/, and the imaginary component, f,,
defines the amplitude decay of the polariton mode. Two typical methods are employed to
extract the complex-valued polariton momentum from these fringes. The first approach
involves fitting the fringes in real space with a decaying sinusoidal function, whereas
the second approach involves analyzing these fringes in reciprocal space by performing
a Fourier Transform (FT) of them. It’s important to note that the FT of a complex
decaying wave, which is a simple model for the fringes, has a straightforward analytical
solution, as will be discussed in the subsection Fourier transform of the complex decaying
wave on page 26. By performing polariton interferometry and extracting the polariton
wavelength and decay at different frequencies, we can reconstruct the entire polariton
dispersion, see Fig. 2.3c. This technique enables the real-space mapping of ultra-confined
polaritons and the measurement of their dispersion, which is key to unlocking insights

into nanoscale light-matter interactions.

Complex representation and Fourier transform analysis of polariton interfer-

ometry experiments

To explain and discuss the basics of polariton interferometry experiments, we particularly
aim to explain the presence of decaying oscillations (fringes) in the amplitude and phase
components of the tip-scattered near field. We begin by representing the tip-scattered
field of the propagating polariton mode in the form of complex-valued decaying wave,
Lk
polariton momentum, respectively. Here, z represents the distance between tip and edge

() = Ace'®<?* where A. and q,. = g, + i, are the complex-valued amplitude and

(see Fig. 2.3a). For simplicity, and without loss of generality, we neglect the radial exci-
tation of polariton waves, noting that this only influences the spatial decay of polaritons

and the imaginary component of the polariton momentum.

The tip-scattered field, Fq.,, originally defined in Eq. 2.1, requires modification to include

the additional contribution from £}, and is thus expressed as:

Eoea = Ebg + B+ Ep. (24)

The polariton modes are confined to the interfaces between the polaritonic vdW material
and a medium with positive dielectric function (as discussed in Section 1.2 and illustrated
in Fig. 1.3). This confinement means that the field of the polariton mode exponentially
decays along the z-axis, and thus £, will not be suppressed by background suppression
techniques. We note that E, can be approximated as E,, oc e”%7 in the quasistatic limit
when ¢y < ¢, where g is the momentum of a free-space photon, with the condition that
z > 0, where z = 0 represents the top interface of the polaritonic vdW material. As a

result, after background suppression (details of which were previously discussed in the
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subsection Background Suppression on page 19), the complex-valued demodulated near-
field signal can be approximated as the sum of the demodulated tip-scattered near field
and the polariton field:

0n () = 86" ¢ Engp + Epn(T), (2.5)

where n denotes the demodulation order, s, and ¢, represent the amplitude and phase
components of the near-field signal, respectively. Eq. 2.5 demonstrates how the tip-
scattered polariton field manifests in the demodulated near field signal, which is generated

in the s-SNOM microscope.

For further discussion of polariton interferometry experiments, we simplify the notation
by omitting the indices of demodulation order. We assume that the near-field signal is
proportional to the sum of the tip-scattered near field, E,, and the polariton field, E,(z),
as shown in Eq 2.5. We further refer to this sum as the total tip-scattered near field, F\,
given by:

Ei(x) = Eny+ Ep(x) = By + AeiPeitp e (2.6)

where we replace the complex-valued A, with Ae’®, where A and ¢ are the initial real-
valued amplitude and phase components, respectively. Notice, that Ey; represents a

constant complex-valued offset field and can be expressed as Fyu = aog + ibog = Soge'of.

The red curve in Fig. 2.4a illustrates the typical line profile of Ei(x) as a parametric
function of the tip-edge distance, x, plotted on the complex plane, assuming a large s,
¢ = 0.6m and moderate damping x,. The line profile of E;(x) forms a spiral on the complex
plane with a shifted center due to E,;. Fig. 2.4d-g show the real component, imaginary
component, amplitude, and phase of the FE; line profile as a function of x showcasing
decaying oscillations with a periodicity of half-polariton wavelength, A,/2. We note that
these decaying oscillations not centered around zero but offset by corresponding values:
real part around a.g, imaginary around b.g, amplitude around s.g, and phase around
vof- The FT of these decaying oscillations results in a peak function with the peak
position at 2¢p, confirming the oscillatory behavior with the same real-valued momentum
2q, = 47 /X, (see right panels in Fig. 2.4d-g). However, in cases of large spatial damping
kp a complex-valued analysis of the line profile becomes essential for accurately extracting
the complex-valued momentum [21, 124]. The reason for this is the presence of only one

or fewer oscillations in both the amplitude and phase line profiles.

To illustrate how the small field offset s, and ¢ = —0.97 affect the amplitude and phase of
the line profile, we introduce a line profile which consist of the polariton field with a small
field offset. This line profile is shown by the grey spiral in Fig. 2.4a. The amplitude and
phase of this line profile (shown by grey curves in Fig. 2.4b,c, respectively) demonstrate
nonlinear behavior, deviating from the decaying oscillations previously observed in the

amplitude and phase of E} line profile with the large field offset shown in Fig. 2.4f g.

24



2.1. Scattering-type scanning near-field optical microscopy (s-SNOM)
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Figure 2.4: Complex representation. a, Representation of polariton interferometry line profiles on the
complex plane: the blue curve for the offset-free line profile, the grey curve for a line profile with a small
complex-valued offset, and the red curve for a line profile with a large complex-valued offset. b,c, Blue
and grey curves show the amplitude and phase components of the line profiles shown by blue and grey
in panel a, respectively. d,e, Real and imaginary components of line profile with large complex-valued
offset (red spiral in panel a), respectively. f,g, Amplitude and phase components of the line profile with
large complex-valued offset (red spiral in panel a), respectively. d-g Right panels show the corresponding
Fourier transforms of the line profiles shown on the left panels, respectively.

By removing E,¢, we refine the total tip-scattered near field to exclusively represent the

tip-scattered field of the polariton mode:

Ef(z) = By(z) = Aete® = Ae= e ei0+2000) (2.7)

Removing F,; facilitates the distinct separation of the momentum’s imaginary and real

components into the amplitude and phase components of the line profile, respectively:

B¢ (2)] = |Byla)| = Ae™>w,
(2.8)
Arg[E; ()] = ArglEy(2)] = ¢+ 2g,.

The blue spiral shown in Fig. 2.4a illustrates the line profile of E,(x) with ¢ = 0. The
amplitude and phase components of this profile are represented by the blue curves in

Fig. 2.4b,c, respectively. Specifically, the amplitude component exhibits only an expo-
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nential decay characterized by 2k, whereas the phase component exhibits a linear growth
with the derivative 2¢,, as demonstrated by Eq 2.8. As a result, the approach of re-
moving the complex-valued offset enables the quick and straightforward extraction of the

complex-valued polariton momentum [124].

In summary, the analysis of polariton interferometry experiments should incorporate com-
plex data, particularly in case of the high damping [21, 124]. Nevertheless, in situations
involving large complex-valued offsets, which are common with vdW materials, the anal-
ysis of polariton wavelength (polariton dispersion) can also be effectively done using only
solely amplitude or phase near-field line profiles, such as we performed in Section 3.4 of
Chapter 3.

Fourier transform of the complex decaying wave

The Fourier transform (FT) of the complex-valued line profiles in polariton interferome-
try experiments represents a robust method for filtering the polariton field and extracting
the complex polariton momentum, g,. [22, 135]. We employed numerical FT of the
complex-valued nano-FTIR line profiles in Section 3.3 of Chapter 3 for analyses of the
phonon polariton dispersion and also for filtering the phonon polariton field (see details in
subsections Fourier Transform of the nano-FTIR Linescans and Inverse Fourier Trans-
form of the Isolated M0 Mode on pages 53 and 54, respectively), whereas in Section 3.4
of Chapter 3 we performed FT of the amplitude line profiles (see details in subsection
Fourier Transform of the Line Profiles of Fig. 3.3 on page 56). We note that the use
of only amplitude line profiles is justified by the moderate damping and large offset (see
discussion in Complex Representation and Fourier Transform Analysis of Polariton Inter-
ferometry Experiments on page 2.1.3). In the polariton interferometry experiments, the
tip-scattered field of the polariton mode can be modeled by the complex-valued decaying
wave, E,(x) = A.e'®<** For the sake of general discussion, here we aim to briefly explore
a simple and useful example of the FT of an arbitrary complex-valued decaying wave,

which can be analytically derived.

The arbitrary complex decaying wave, propagating along the x-axis, can be expressed as:
f(z) = Aee ety (1) = Ae®el@rtine)Ty (1) = Aelbe ™ rtei®y (1), (2.9)

where A and ¢ represent the real-valued initial amplitude and phase, respectively. The
term q. is a complex-valued momentum, given by ¢, . = g, + 1y, where g, and &, are its
real and imaginary components, respectively. To limit the analysis to a specific region,

we multiply the Heaviside step function u(z) to f(z), which is defined as:

ulz)=1,2>0

u(x) =0,z <0 (2.10)
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The Fourier transform of the function f(x) is given by:

1P
= e”’/ F(a)eirmdy — — ¢ (2.11)
i(q — qp) + iy’

It can be observed from Eq. 2.11 that the amplitude of f (q) exhibits a peak at g, with a
FWHM of v/3 - 25,

The square of the f (q) is described by a Lorentzian peak function:

_ - AQ _ A2 .
|f(Q)| - (q — qp)Q T /{% = (q _ qp)2 n (2_;)2 X L(Q7 dp; /fp)a (212)

where g, is the peak position of |f(¢)|*> and Ky, = 2k, represents a FWHM of 1F(q)].
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Figure 2.5: Tllustrative example of FT of the complex decaying wave.a, Real part of f(z) with ¢ = 0.
b-d, Real, imaginary, and amplitude components of f(x), where f(x) is the Fourier Transform (FT) of
f(z). e, The square of the amplitude of f(x).

For illustrative purposes, the FT of the complex decaying wave, f(z), assuming ¢ = 0,
was performed. Fig. 2.5a displays the real part of this wave. Figs. 2.5b-d illustrate the real
part, imaginary part, and amplitude of f (q), respectively. Fig. 2.5d demonstrates that the
square of f () is characterized by a Lorentzian peak function, L(q, gyx}), with the FWHM
= 2k, = k5. The amplitude |f(q)| yields a peak with the FWHM = /3 - 2k, = V3.
It is important to note that the shapes of Re[f(¢)] and Im[f(¢)] functions depend on ¢,
and only when ¢ = 0 the real part of f (q) represented by a symmetric Lorentzian peak

function with the same FWHM = 2k, = &7 as the square of f(q).
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Two-coupled harmonic oscillators model

Two-coupled harmonic oscillators represent a simple theoretical model used for analyzing
the interaction between light and matter [1, 136]. This model simplifies the understand-
ing and interpretation of experimental data through the concept of harmonic oscillators,
facilitating the analysis of light-matter interactions. It is particularly useful for clarifying
and explaining the concepts of weakly and strongly coupled systems. In this model, the
interacting entities are modeled as harmonic oscillators that are coupled via a coupling
strenght constant, g. We note that different models are commonly utilized for analysis in
the literature [13, 136-138]. In our work, we have used two distinct models to analyze the
coupling between polaritons and molecular excitations in Chapters 3 and 4. The specific
models and their details will be discussed in more detail in Section 3.4.2 of Chapter 3
and Section 4.5.3 of Chapter 4. Importantly, since our analyses are limited to only the
weakly and strongly coupled systems, the two models used in this thesis are essentially

equivalent, as demonstrated and discussed in Ref. 139.

Here, we illustrate the model, which describes the interaction between light and matter
in a specific manner. It can be shown that in this model, the displacement of one oscil-
lator, x1(t), is related to the vector potential of the electromagnetic mode, whereas the
displacement of the second oscillator, (1), is related to the induced dipole moment, char-
acterizing the optical response of the dipolar matter excitation [139, 140]. The equation

of motion of two coupled harmonic oscillators is [138, 141]:

) _ _ (2.13)
where the dots denote the time derivatives. In this model, g denotes the coupling strength,
and x19(t), w12, I'1 o and F o(t) correspond to the displacement, resonance frequencies,
linewidths (damping rates) and driving forces of the first and second oscillators, respec-

tively.

The eigenmodes, or quasi-normal modes, are determined from the dispersion relation ob-

tained by setting the determinant of the system in Eq. 2.13 to zero. With the assumption

w? — w® & 2w;(w; — w), where j = 1,2, the eigenmodes are as follows:

I wo + w Iy +T 1 T, —T\?
wi—l—z%: 22 LI 24 1:|:§\/492+(w2—w1—@ 22 1). (2.14)
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Figure 2.6: Real component of eigenmodes, wy, (Eq. 2.16) as a function of the coupling strength, g.
The calculation is performed for two oscillators with the same resonant frequency wy = ws = wyp, and
linewidths I'y = 0.1wg, I's = 0.0lwy. The blue point marks the point when mode splitting, 2, becomes
real. The vertical dashed black line marks the value Q ~ 2g = (I'y + I';)/2. Blue region indicates the
strong coupling regime.

The model of two-coupled harmonic oscillators can be employed to determine the coupling
strength, g, and the eigenmodes of a coupled electromagnetic system. The conventional
approach for determining these parameters involves fitting the optical response of the
electromagnetic system with a physical quantity derived from the two-coupled harmonic
oscillators model. For instance, the extinction of the electromagnetic system, Ce, can
be correlated with the time-averaged power of the external force, Ceyy X Puy [138]. Py

for the coupled oscillators is given by:

Py = (F1(1)7:(t) + Fa(t)22(1)) =

“ L (W3 — w? — iTow)F2 + (w? — w? — il w)F? (2.15)
—Im :
2 (W2 —w? +ilw)(w? — w3 + ilw) — w?g?

By fitting the extinction spectra using Eq. 2.15, one can determine the resonance frequen-
cies wy; and wsq, as well as the coupling strength g. Then, by substituting these fitting
values into Eq. 2.14, it is possible to calculate the eigenmodes w4. In Section 3.4.2 of
Chapter 3 and Section 4.5.3 of Chapter 4, a similar fitting procedure is employed to
determine the coupling strength and eigenmodes of polaritons coupled with molecular

excitations.

Next, we will briefly discuss the behaviour of eigenmodes as a function of the coupling
strength and a criterion typically used to distinguish between weak and strong light-matter

interaction. At zero detuning, when w; = wy = wy, Eq. 2.14 simplifies to:

.Fi ,FQ + Fl 1\/ (FQ — F1>2
Wt +1 wWo [ g s )
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2. Experimental and theoretical methods

where \/4¢9?% — w is often denoted as a mode splitting €2, also known as Rabi splitting.
It is often approximated as €2 &~ 2g. To illustrate the behaviour of the eigenmodes from

Eq. 2.16, we plot the Re(w) as a function of the coupling strength, g, in Fig. 2.6. The

blue point marks the condition when 4/4¢% — w > 0, and thus the mode splitting
becomes real, Re(2) > 0. It is important to note that this condition only leads to the two
modes having different real parts of the eigenmodes. However, for the mode splitting to

be clearly visible, the difference between the real parts of the eigenmodes must be greater

o (T2-T1)? 14T
4 > 2 :

than the sum of the half linewidths of the new eigenmodes, i.e., {/4g

2 2
This leads to the strict strong coupling criterion 4¢g® > @ Often, this condition is

% (blue region in Fig. 2.6); which is equivalent to the previous

expressed as 2g >
condition if T’y & T’y [1]. This condition can be summarized as ”the splitting has to
exceed the sum of the half linewidths of the modes” or "the separation of energy levels

has to be larger than the sum of their average linewidths”.

In summary, the model of two coupled harmonic oscillators offers a simple approach for
analyzing light-matter interactions. It enables the straightforward fitting of experimental
spectra, like extinction spectra, facilitating the identification of critical parameters neces-
sary for evaluating the strength of light-matter interactions. These parameters typically

include the coupling strength, mode splitting and the linewidths of the eigenmodes.

Quasi-eigenmode analyses using transfer matrix

approach

The quasi-eigenmode (eigenmode) analysis of complex continuous layered systems is im-
portant for understanding their optical properties and behaviors. The transfer matrix
method is as an effective method for this purpose, enabling the precise determination
of quasi-eigenmodes by analyzing the poles of reflectivity [23, 142]. In this section, we
discuss the principles and application of the transfer matrix method for quasi-eigenmode

analysis, which was performed in Chapter 3 and Chapter 4.

The transfer matrix method utilizes a total transfer matrix, T, to connect the electric
fields on opposite sides of a layered system (see Fig. 2.7). Specifically, it relates the field
on the left side of the first interface, E(; , to that on the right side of the last interface,

o+ .
Ey. 1, as shown below:

Ey = TnEy,,. (2.17)

Here, N is the number of layers in the system, E; ) denotes the four-component electric
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2.3. Quasi-eigenmode analyses using transfer matrix approach

multilayer system
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Figure 2.7: Transfer-matrix method. The electric field, E , distribution throughout a multilayer system,
comprising N layers, can be calculated at any point by starting with E]"\’, 4+1- This method requires iterative
multiplication by the interface matrices I; and propagation matrices P;.

field vector at the interface between layer ¢ and ¢ — 1, respectively. The vector E; is given

by:
Ep

trans
= Efeﬂ

E; = : (2.18)
Es

trans

/g
E refl

where EP®) and Ef;(;) represent the in-plane field amplitudes of the transmitted and

reflected modes, respectively, for p- and s-polarizations.

The total transfer matrix, Ty, is constructed by sequentially multiplying the interface

matrices, I;, with the propagation matrices, P;, for each layers:

TN = 11P112P2...INPNIN+1. (219)

The detailed description of the interface matrices, I;, and propagation matrices, P;, can be
found in the original paper 143. Utilizing the total transfer matrix for the entire multilayer
system facilitates the precise calculation of reflection and transmission coefficients for both
s- and p-polarized light, denoted as 7, rpp, tss, and t,p,, respectively. Additionally, this
framework allows for the determination of mode coupling coefficients, represented as 7yp,
Tps, tsp, and tps, with the subscripts indicating the polarization states of incoming and
outgoing light. We note that for the analysis of polariton dispersion, we focus on the
reflection coefficient for p-polarized light, rp,,, which will henceforth be simplified to r,, in

following discussions.
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2. Experimental and theoretical methods

Next, the direct connections between the poles of the reflection coefficient, r,, and the
quasi-eigenmodes of the system will be discussed. Mathematically speaking, the reflection
coefficient, r,, represents the solution of the inhomogeneous system of linear equations
(when the system includes sources, e.g., a plane wave), where D is the determinant
of this system. Reflectivity is inversely proportional to the determinant of the system,
rp & 1/D, and proportional to the amplitude of the source. In turn, a non-trivial solution
of the homogeneous system of linear equations can only exist when its determinant is
equal to zero, D = 0. Thus, the condition D = 0 defines the quasi-eigenmodes. Since
the determinant appears in the denominator, r, oc 1/D, the zeros of the determinant
correspond to the poles of r, and, in turn, correspond to the quasi-eigenmodes. In other
words, the reflection coefficient represents the linear response of the system to external
excitation. In any linear system, a resonant response indicates the excitation of a mode of
the system. Therefore, setting the denominator of reflectivity to zero identifies the pole,
which corresponds to the resonant conditions within the system and thus the signature

of the quasi-eigenmodes of the system [23, 142].

It is important to note that D is, strictly speaking, an implicit function involving four
components [144]: the real and imaginary parts of both the complex-valued momentum,
gc = q + ik, and the complex-valued frequency, w. = w — iy. It is crucial for both x and
v to be positive, ensuring the electromagnetic field of the mode, which is proportional to

eiqcxfiwct

, exhibits decay in both space and time, rather than any form of amplification.
Positive values of x and « introduce an exponential decay factor along the spatial (e="*)
and temporal (e~7") dimensions, respectively. This requirement is crucial for the physical
realism of the model, preventing the unphysical growth of the mode in space or time, and

aligning with principles of causality and energy conservation.

To facilitate the quasi-eigenmode analysis within the context of four-dimensional space,
comprised of the real and imaginary components of both the complex-valued momentum,
gdc = q + ik, and the complex-valued frequency, w. = w — i7, it is a common approach
to assume that either the frequency or the momentum is real, with the other quantity
remaining complex. This analyses typically involve a real-valued frequency (w) com-
bined with a complex-valued momentum (q.), or alternatively, a real-valued momentum
(¢) paired with a complex-valued frequency (w.). The framework of a complex-valued
frequency is associated with quasinormal modes, which exhibit oscillatory behavior de-
caying over time with the amplitude time decay constant, v, whereas a complex-valued
momentum relates to propagating modes, characterized by oscillations decaying spatially
with the amplitude decay constant, x (Fig. 2.8f,g) [23, 142]. We note that the one of
exemplary experiment for the complex-valued frequency framework involves pulse-probe
techniques, enabling observation of the time evolution and decay of the modes, with the
entire sample illuminated without concern for the spatial decay of the fields. Conversely,

in the complex-valued momentum framework, a light source is utilized to monitor how
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2.3. Quasi-eigenmode analyses using transfer matrix approach

modes emanate from the illuminated area and decay in space, such as in the polariton
interferometry experiments discussed in Section 2.1.3. This distinction might be critical
for understanding and predicting the behavior of different types of modes in complex

optical systems.

2.1. Note on propagation length and lifetime definitions

In this thesis, the definitions of the propagation length and lifetime are used in

the context of amplitude decay. The propagation length, L, is defined as L = k1,

and the lifetime, 7, as 7 = 7! It is important to note that, typically, both
propagation length and lifetime are defined in terms of the intensity (power)
decay of a signal. Since intensity is proportional to the square of the amplitude,
the definitions in the context of intensity decay are given by Li = (2x)~! and
Ty = (27) 7! for the propagation length and lifetime, respectively. This distinction
arises because the intensity, I, of a wave is related to its amplitude, A, through the
relationship I oc A%2. Consequently, when considering intensity decay as opposed to
amplitude decay, a factor of 2 difference is observed in the expressions for both the
propagation length and lifetime. This difference also explains why the linewidth
I' is connected with 7 through the relationship I' = 2v. Understanding these
distinctions is key to accurately analysing and comparing the propagation lengths

and lifetimes.
Note that to calculate the intensity lifetime, denoted 7, = I'"!, in seconds from
the linewidth, I, in cm~! the factor 27 should be taken into account according to:

1
27T [em~1] ¢ [em/s]

Tint [8] = (2.20)

As an illustrative example, we analyze an optical system that comprises a layer of h-
BN above a molecular layer of organic semiconductor (CBP molecules) (see Fig. 2.8a,
right sketch), which will be discussed in detail in Chapter 3. Our aim here is to high-
light the differences in dispersion that can arise when assuming either complex-valued
momentum or complex-valued frequency. We specifically focus on the analysis of the
fundamental (M0) PhP mode in the h-BN layer (see discussion about PhP modes in the
h-BN on page 10). The blue lines in Fig. 2.8b,c illustrate the PhP dispersion in the
h-BN layer surrounded by air (Fig. 2.8a, left image), assuming complex-frequency and
complex-momentum formalisms, respectively. We observe that both complex-frequency
and complex-momentum formalisms yield the same dispersion for the PhP mode. Incor-

porating the dielectric layer with a dielectric function equals to the background dielectric
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Figure 2.8: Eigenmode analysis. a, h-BN layers in different environments: alone in air, on a constant
dielectric layer, e(w) = €, and above a molecular layer with vibrational resonance. Red lines illustrate
PhP field decay outside h-BN. b,c, Polariton dispersions assuming complex-valued momentum and fre-
quency, respectively. The horizontal green dashed line marks the molecular vibration frequency. Blue and
red solid curves represent PhP dispersion in h-BN layer above the air and dielectric layer with e(w) = e,
respectively. Red stars and green circles identify polariton quasi-eigenmodes with and without molecular
vibration resonance. c, Black arrow indicates mode splitting, 2. d, Red star and green circle show
with/without molecular vibration resonance. e, Red star and green circles shows v, with black arrow
indicating the mode splitting, . f, Illustrates spatial oscillation of quasi-eigenmodes marked by red star,
green circle from b,d, decaying with different x but propagating with the same ¢. d, Illustrates temporal
oscillation of quasi-eigenmodes marked by red star, green circles from c,e, decaying with similar v but
oscillating with different w.

function of CBP molecules e(w) = €4 below the h-BN layer (Fig. 2.8a, middle sketch)
also results in identical dispersions in both formalisms (red lines in Fig. 2.8b,c). However,
employing the full dielectric function of CBP molecules reveals distinct behaviors in the
dispersions: the green curve in Fig. 2.8b (complex-valued momentum) shows back-bending

around the molecular vibration frequency (horizontal green dashed line), while the green
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2.3. Quasi-eigenmode analyses using transfer matrix approach

curves in Fig. 2.8¢ (complex-valued frequency) exhibits clear mode splitting (anti-crossing
behavior) around this frequency. Furthermore, the presence of the molecular layer notably
influences the imaginary part of the quasi-eigenmodes. In the complex-valued momentum
formalism, the spatial decay rate of the PhP mode, &, increases (Fig. 2.8d), indicating
smaller decay distance, yet maintaining the same momentum, ¢ (illustrated in Fig. 2.8f).
Conversely, in the complex-valued frequency formalism, the time decay rate of the PhP
mode, v, slightly decreases (Fig. 2.8e), indicating slower decay in time. Importantly, new
eigenstates emerge at higher, w,, and lower, w_, frequencies, indicating oscillation with

different perodicity in time (illustrated in Fig. 2.8g).

In conclusion, the distinction between complex-valued frequency and momentum analyses
is not only important for understanding of different types of modes in complex optical
systems but also plays a crucial role in interpreting experimental results. Specifically, in
the context of experimental approaches, the picture of complex frequencies is particularly
relevant to spectroscopy and pump-probe experiments [13, 14, 145, 146]. These experi-
ments are designed to observe the characteristics of the system as a function of frequecy or
time, which are directly linked to the concept of quasinormal modes described by complex
frequencies. On the other hand, polariton interferometry experiments (discussed in Sec-
tion 2.1.3) are more closely aligned with the concept of complex momentum [19, 20, 52].
In these experiments, the spatial propagation and interference patterns of polaritons are
key observations, which correspond to the theoretical representation where momentum
is treated as a complex quantity. Understanding these nuances might be crucial for cor-
rectly interpreting experimental data. Note that in the case of pulses limited in space,

both representations can be used [142].
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Vibrational strong coupling between

phonon polaritons and molecules

In this chapter, we demonstrate by near-field nanoimaging techniques (i.e., s-SNOM and
nano-FTIR spectroscopy) that vibrational strong coupling (VSC) can be achieved be-
tween propagating phonon polaritons (PhPs) in thin vdW crystals (h-BN) and molecular
vibrations in adjacent thin molecular layers. We performed polariton interferometry us-
ing these near-field techniques, showing that VSC leads to the formation of a propagating
hybrid mode with a pronounced anti-crossing region in its dispersion, in which propaga-
tion with negative group velocity is found. Numerical calculations support our findings
and also predict VSC for nanometer-thin molecular layers and PhPs in few-layer vdW
materials, which could make propagating PhPs a promising platform for ultra-sensitive

on-chip spectroscopy and future strong coupling experiments.

The results discussed in this chapter have been published in the following paper:
A. Bylinkin et al. “Real-space observation of vibrational strong coupling between propa-

gating phonon polaritons and molecules”, Nat. Photonics 15, 197-202 (2021).
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3. VSC between PhPs and molecules

KRB Introduction

Phonon polaritons (PhPs) — light coupled to lattice vibrations — in van der Waals (vdW)
crystals open up new possibilities for infrared nanophotonics, owing to their strong in-
frared field confinement, picosecond-long lifetimes [17, 18, 22, 52, 53, 80, 147] and tunabil-
ity via thickness and dielectric environment [21, 68, 148, 149]. Since PhPs in many vdW
materials spectrally coincide with molecular vibrational resonances, which abound the
mid-infrared spectral range, PhP are thus promising candidates for achieving vibrational
strong coupling (VSC) for developing ultrasensitive infrared spectroscopy and modifica-
tion of chemical reactions by altering the vibrational energy of molecules [4, 118, 150-152].
Indeed, analogously to molecular vibrational infrared spectroscopy employing plasmons
in graphene nanoribbons [114], localized PhPs in hexagonal boron nitride (h-BN) high-
Q factor nanoresonators were recently coupled to molecular vibrations [13], allowing for
ultra-sensitive far-field spectroscopy at the strong coupling limit. However, ultra-confined
propagating PhPs in unstructured layers have neither experimentally nor theoretically
been explored for field-enhanced molecular vibrational spectroscopy. More generally, none
of the ultra-confined propagating polaritons in a 2D material has been exploited so far
experimentally for field-enhanced molecular vibrational spectroscopy, although theoreti-
cal studies predict intriguing on-chip spectroscopy applications [153]. Further, real-space
nanoimaging of the hybrid modes has been elusive, although it is of fundamental impor-

tance for in-depth experimental analysis of VSC exploiting PhPs.

Here, we perform mid-infrared nanoimaging experiments [22, 52, 53, 80, 147] as a test
bench to study the interaction of ultra-confined propagating polaritons in vdW materials
with molecular vibrations in sub-100 nm thick organic layers. Specifically, we perform
phonon-polariton interferometry of PhPs in thin continuous h-BN layers interacting with
4,4’-Bis(N-carbazolyl)-1,1’-biphenyl (CBP) molecules. In contrast to typical strong cou-
pling experiments, such as far-field spectroscopy in Kretschmann-Raether configuration
or of polariton nanoresonators, we monitor in real space the effect of molecular absorption
on PhPs, leading to dramatic modification of the PhP propagation length and anomalous
dispersion with negative group velocity. We retrieve - in good agreement - experimentally
and theoretically the quasi-normal modes of the CBP-PhP coupled system, revealing sig-
nificant anti-crossing and mode splitting caused by strong coupling. A numerical study
predicts that few-layer h-BN films may enable to reach strong coupling even in the case
of atomically thin molecular layers, thus underlining the potential of PhPs to become a

platform for ultra-sensitive on-chip spectroscopy devices.
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3.2. Sample preparation

Sample preparation

To fabricate h-BN/CBP and pure h-BN layers for nanoimaging experiments, we first
prepared the Si/SiOy substrate, which was partially covered by a molecular layer. For
this purpose, thin metallic wires (with a diameter of about 20-30 um) were placed on top
of the Si/SiOs substrate. These wires served as a mask during the following molecular
evaporation process. Then we evaporated the molecular layer of the required thickness (see
Molecular Deposition section below) and removed the wires. Finally, we transferred the
thin layers of h-BN (see the h-BN crystals section below) onto the prepared Si/SiO,/CBP
substrate using the deterministic dry transfer technique, ensuring that the layers were
positioned to partially lie on the clean areas of the substrate, previously protected by the

thin metallic wires, and partially on the regions covered with CBP molecules.

Mbolecule deposition

4,4’-bis(N-carbazolyl)-1,1’-biphenyl with sublimed quality (99.9%) (Sigma-Aldrich, Saint
Louis, MO, USA) was thermally evaporated on top of Si/SiO, substrates in an ultra-high

1

vacuum evaporator chamber (base pressure < 107 mbar), at a rate of 0.1 nm s™! using

a Knudsen cell. Molecule deposition was done by Francesco Calavalle at CIC Nanogune
BRTA (Donostia, Spain).

h-BN crystals

The h-BN crystals were grown from a metal flux at atmospheric pressure as described
previously [92]. The thin layers used in this study were prepared by mechanical exfoliation
with blue Nitto tape. Then we performed a second exfoliation of the h-BN flakes from
the tape onto a transparent polydimethylsiloxane stamp. Using optical inspection of the
h-BN flakes on the stamp, we identified high-quality flakes with appropriate thickness.

Hyperspectral phonon polariton interferometry

In Fig. 3.1a we illustrate the polariton interferometry experiment (see details in Sec-
tion 2.1.3). We illuminate the metallic tip of a scattering-type scanning near-field optical
microscope (s-SNOM) to launch PhP modes in a thin hexagonal boron nitride (h-BN)
layer, which is placed above a thin layer of CBP molecules. The tip-launched PhPs prop-
agate to the h-BN edge, reflect and propagate back to the tip. The resulting polariton

interference is shown in Fig. 3.1b by a numerical simulation of the electric field distribu-

39



3. VSC between PhPs and molecules

tion along the h-BN/CBP layer. Importantly, the PhP field penetrates into the molecular
layer allowing for significant interaction between PhPs and molecular vibrations. By
mapping and analyzing the polariton interference spectroscopically, we can study how
the molecule-PhP interaction modifies the polariton wavelength Appp and propagation

length Lphp .
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Figure 3.1: Phonon-polariton interferometry of molecular vibrations. a, Illustration of the nanoimaging
experiment. b, Simulated near-field distribution (z-component), generated by a point dipole source (red
arrow) mimicking the illuminated tip. Outside the h-BN slab, it reveals essentially the interference of the
fundamental PhP slab mode (denoted MO), which is studied in this work. We note the appearance of a
zig-zag pattern inside the h-BN slab. It is formed by superposition of higher order slab modes, which are
typical for vdW polar crystals [17, 18, 22, 148]. They propagate with significantly larger momenta, and
thus do not contribute to the coupling between the MO mode and the molecular vibrations studied in
this work. ¢, Imaginary part of the dielectric function ecgp of CBP molecules d, h, Baseline-subtracted
nano-FTIR amplitude signal Ass (z,w) as a function of tip-edge distance z for h-BN/CBP and pure h-BN
layer. e, i, Amplitude of the Fourier transform of panel d, h along the z-axis. E and T mark the MO
mode excited by flake edge or tip, respectively. f, j, Isolated tip-scattered field of the MO mode, obtained
by inverse FT of the filtered T branches (Section 3.7.2). g, k Theoretical propagation length Lpyp of the
MO mode. b-g, h-BN thickness is 50 nm, CBP thickness is 40 nm and substrate is 150 nm SiOs on Si.
h-k h-BN thickness is 50 nm and substrate is 150 nm SiO5 on Si. Note: the spectral resolution was set
to 6.25 cm~!, which is the limit of the set-up. The spatial step (pixel) size in the nano-FTIR line scan in
d is 20 nm, the total scan length is 6 pm and the number of pixels is 300. In h the pixel size is 27 nm,
the total scan length is 8 pm and the number of pixels is 300.
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3.3. Hyperspectral phonon polariton interferometry

In a first experiment, we recorded the tip-scattered field Fy., (which is governed by the
polariton interference) as a function of frequency w (using the nano-FTIR spectroscopy
technique) and distance x between tip and h-BN edge (Fig. 3.1d). We observe the typical
signal oscillations (fringes) arising from the polariton interference, whose period Apyp/2
decreases with frequency w [22]. Importantly, our data reveal interruptions of the fringes
(significant reduction of the amplitude signals) at the frequencies of the molecular vibra-
tional resonances, which are absent in the data obtained on h-BN layers without molecules
(Fig. 3.1h), clearly indicating significant interaction between PhPs and molecular vibra-

tions.

To visualize the PhP dispersion, we performed a Fourier transform (FT) of the polariton
interference pattern along the z-axis, revealing two bright branches in the momentum-
frequency, ¢—w, domain (Fig. 3.1e and i for h-BN/CBP and pure h-BN layer, respectively,
see Section 3.7.2 for data processing details). As in previous experiments [22], both
branches (labeled E and T) can be attributed to the fundamental PhP slab mode (typically
referred as to MO mode) launched by either the h-BN edge or the tip, respectively. The
E-branch directly reveals the momenta ¢ of the MO mode, in contrast to the T-branch
revealing 2¢, as the M0 mode propagates twice the distance x between edge and tip. We
clearly see interruptions at the spectral position of the molecular vibrations, manifesting

strong damping of the PhPs by molecular absorption.

The significant interaction between molecular vibrations and PhPs could lead to highly-
sensitive and ultra-compact IR spectroscopy devices. To briefly discuss this interesting
aspect, we isolate the near-field signal of the tip-launched mode, sppp(z,w), by filtering
and directly reveal PhP attenuation for each frequency w (Fig. 3.1f, see Section 3.7.2 for
data processing details). We observe that the PhPs are less strongly excited and decay
faster near the molecular vibrational resonances, demonstrating the possibility of detect-
ing molecular vibrational signatures via the accumulated PhP losses. The numerically
calculated propagation lengths of the M0 mode in the presence and absence of the CBP
layer (red curves in Fig. 3.1gk, respectively) corroborate our experimental results quali-
tatively. We find a reduced propagation length at the CBP absorption bands (e.g. 0.5 ym
at 1510 cm™!) compared to about 2 ym on pure h-BN.

To describe the E- and T-branches observed in the colour plots of §3(q,w) shown in
Fig. 3.1i,e, we overlaid our calculated phonon polariton (PhP) dispersion for the funda-
mental PhP slab mode (M0 mode), gppp(w). This dispersion was calculated considering
complex-valued momenta and real frequencies (see Section 2.3). The overlay, shown in
Fig. 3.2, reveals a good match between our calculated PhP dispersion and the observed
E- and T-branches in the 33(¢,w) data. Both branches correspond to the M0 PhP mode.
The E-branch, excited at the h-BN flake edge and propagating once to the tip before scat-
tering, corresponds exactly to our PhP dispersion, with ¢g(w) = gpnp(w) (purple curves in

Fig. 3.2a,b). Conversely, the T-branch, excited by the tip and traveling twice the distance
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Figure 3.2: Verification of the PhP dispersion. a,b Colour plots show the same data as the panels i,e
of Fig. 3.1. The magenta line shows the calculated PhP dispersion considering complex momenta,
gr(w) = gpnp(w), which matches to the E-branch. The white line shows the calculated PhP dispersion
with doubled momenta, gr(w) = 2 X gppp(w), which matches to the T-branch. Substrate is Si/SiOs with
150 nm-thick SiO5. a, Pure 50 nm-thick h-BN flake. b, 50 nm-thick h-BN with 40 nm-thick CBP layer

below.
between edge and tip, yields doubled PhP momenta, aligning with gr(w) = 2 X gppp(w)

(the white curves in Fig. 3.2a,b). This direct comparison directly relates the E- and
T-branches with the calculated PhP dispersion.
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3.4. Quantitative analysis of coupling between phonon polaritons and molecules

Quantitative analysis of coupling between phonon

polaritons and molecules

3.4.1 Nanoimaging in the region of anomalous dispersion

To quantify the coupling between molecule vibrations and PhPs, we performed a second
experiment with improved signal-to-noise ratio and spectral resolution. To that end, we
imaged PhPs on a 85 nm thick h-BN layer above a 100 nm thick CBP layer at various
frequencies around the CBP vibration at 1450 cm™! employing a quantum cascade laser
(QCL). Fig. 3.3a (top panel) shows a representative near-field amplitude image, s3, at
w = 1460 cm~!. From the images we extracted line profiles in direction perpendicular
to the h-BN edge (Fig. 3.3a, bottom), which let us immediately recognize anomalous
dispersion [154-157], near the CBP resonance. We clearly see that the PhP wavelength
Apnp increases as the molecular resonance is crossed from 1446 to 1454 cm™! (indicated

by black dashed lines in Fig. 3.3a bottom panel).
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Figure 3.3: Real space imaging of PhPs on a h-BN/CBP layer in the region of anomalous dispersion.
a, (top panel) Infrared near-field amplitude image of a 85-nm-thick h-BN flake above a 100-nm-thick
CBP layer at 1460 cm~!. (bottom panel) Normalized amplitude profile perpendicular to the edge at
different frequencies, extracted from images such as the one shown in the top panel. b, Imaginary part
of the dielectric function eggp of CBP molecules. ¢, Color plot shows the amplitude of the FT of the line
profiles shown in panel a. Blue symbols in the top panel show line profile along the dashed horizontal line.
Red curve in top panel shows a Lorentzian function fit. Red symbols show the experimental dispersion
extracted from the fits in g-direction using Lorentzian function. e, Experimental (symbols) and calculated
(lines) propagation length Lppp of PhPs on h-BN/CBP (red) and pure h-BN (black) layer. d, Analogous
to ¢ for h-BN layer without CBP molecules.

To analyze the corresponding PhP dispersion, we assembled FT's of the line profiles into
a $3(q,w) plot (Fig. 3.3c see Section 3.7.2 for data processing details). By fitting the

$3(q,w) in g-direction using Lorentzian function and marking the maxima (red symbols in
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3. VSC between PhPs and molecules

Fig. 3.3c), we clearly see that molecular absorption introduces a backbending in the PhP
dispersion, in stark contrast to the PhP dispersion observed for h-BN without molecules
(Fig. 3.3d, obtained analogously to Fig. 3.3c for pure h-BN layer). Further, the propaga-
tion length is significantly reduced by the presence of molecules (red symbols in Fig. 3.3e).
Both observations represent a fundamental landmark feature of strong interaction between
a propagating mode and a dipolar excitation, here, for the first time, observed in real space

for ultra-confined phonon polaritons coupled to molecular vibrations.

3.4.2 Strong coupling analysis

The significant backbending of the dispersion indicates strong coupling between the PhPs
and the molecular vibration of CBP, which in the following we corroborate by theoretical
quasi-normal mode analysis in the Section 3.4.3. To this end, we extracted §3(w) line
profiles from Fig. 3.3a for fixed momenta ¢ and fitted the data with a coupled harmonic
oscillators model [13, 136, 138], which was discussed in Section 2.2. The equation of

motion for the two coupled harmonic oscillators are given by:

Zppp(t) + Cpnpdpnp (t) + wiyprpnp (t) — 2g0xcpp(t) = Fenp (3.1)

Zopp(t) + Deppiopp(t) + wipprepp(t) — 2g0rpnp(t) = Fopp

In the model, we described the PhP mode by xpnp, wpnp and I'ppp, which represent the
displacement, frequency and linewidth of the PhP mode, respectively. The molecular
vibration was described by zcgp, wegp and ['cgp, which represent the displacement,
frequency and linewidth of the molecular vibration mode, respectively. Fppp and Fopp
represented the effective external forces that drive the motion of oscillators. g represented
the coupling strenght and @ = (wpnp +wepp)/2. The extinction, Cey, of such system can

be calculated according to Cext X <thpi’php —+ FCBP$CBP> [138]

We fit Cey to the vertical line profiles of §3(w) (line profiles at fixed momentum). In

1 I were fixed according to

the fitting procedure, I'cgp = 6.5 cm™" and I'ppp = 8 cm™
the CBP dielectric function and eigenmode analysis (considering complex frequencies) of
uncoupled PhP in the h-BN, which is separated from Si/SiO5 substrate by 100 nm spacer
(SiOy thickness is 150 nm). wepp was limited within a few wavenumbers from its initial
value (wepp = 1450 em™1), to allow for an eventual Lamb shift of the molecular vibration
[158, 159]. wppp was considered as free parameters in all fits. The coupling strength g
was considered as a free parameter in three fits at ¢ = (5.86, 6.12, 6.36)x10* cm ™!, which
were shown by black curves in Fig. 3.4a. The extracted values of the coupling strength
for each fits are plotted as black symbols in the Fig. 3.4b. Dashed black line in Fig. 3.4b
indicates the average coupling strength of extracted values, g.,, = 6.6 cm™. We fixed

the coupling strength to g = gayg = 6.6 cm™! in the fits at ¢ = (5.62, 6.60)x10* cm ™,
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3.4. Quantitative analysis of coupling between phonon polaritons and molecules
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Figure 3.4: Coupled oscillators fit. a, Squares are normalized vertical line profiles of amplitude of FT,
33 norm (W) = §3(w)/max(83(w)), from the Fig. 3.3. Black lines are fit of the coupled oscillators model
with coupling strength, g, as a free parameter. Red lines are fit of the coupled oscillators model with
fixed coupling, gavg = 6.6. b, Black symbols show the coupling strength from the fits, black dashed line
indicates the average coupling strength, gavs = 6.6. ¢, Uncoupled frequencies of the PhP, wpnp, and CBP
molecules, wcpp, as extracted from the fit. b,c, Blue region indicates the points of the fits with coupling
strength, g, as a free parameter.

which are shown by red curves in Fig. 3.4a. With the parameters extracted from the fits

we calculated the quasi-normal modes of the coupled system, according to [160]:

T+ wppp +wesp Ipnp + Lesp
N

1 Tenp — Dopp )
5 49° + (wPhP — wepp — i——CPF 5 CBP) :

Fig. 3.4c shows the calculated quasi-normal modes w4 as a function of wp,p. We clearly
observe a mode splitting of = 11 em™! at wppp = 1450 = cm ™! (the smallest vertical
separation between real frequencies of the branches). With I'cgp = 6.4 cm™! and I'ppp =

8 cm™ !, the mathematical condition of strong coupling [1], C' = (Fgg—zﬂ) =23>1,

CBP PhP
2 + 2

is fully fulfilled.
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3. VSC between PhPs and molecules

3.4.3 Theoretical eigenmode analysis

To interpret the $3(¢q,w) data shown in Fig. 3.3c,d and to verify the extracted experi-
mental dispersions, we performed a theoretical eigenmode analysis (see Section 2.3). To
that end, we calculated the Fresnel reflection coefficient, r,, of h-BN/CBP and pure h-
BN layers on the SiOy/Si substrate employing the transfer matrix (TM) method [143].
We find that the Im(r,) plotted as a function of real ¢ and w (Fig. 3.5b,c) describes
well the experimental data 53(q,w) (Fig. 3.3¢,d), particularly peak positions, linewidths
and the saddle point at the CBP resonance, demonstrating that spatially Fourier trans-
formed spectral polariton interferometry can be interpreted analogously to momentum-
and frequency-resolved surface plasmon resonance spectroscopy employing, for example,

the classical Kretschmann-Raether configuration [1, 161-164].
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Figure 3.5: Quasi-normal mode analysis. a, Imaginary part of the dielectric function ecgp of CBP
molecules. b, Color plot shows calculated imaginary part of Fresnel reflection coefficient. Curves inside
colour plot show calculated dispersions assuming complex-valued momentum (red) or complex-valued
frequency (white). White arrow indicates mode splitting Q2. Black symbols show the quasi-normal modes
extracted from coupled oscillators fits in Fig. 3.4. Red symbols show the same experimental dispersion
as in Fig. 3.3. Blue curves in the right and top panels show line profiles along the dashed vertical and
horizontal lines, respectively. ¢, Analogous to b for h-BN layer without CBP.

To obtain the eigenmode dispersions, we determined the poles of 7, assuming either
complex momenta g + ix (corresponding to spatially decaying modes with propagation
length Lpyp = 1/k) or complex frequencies w — iy (corresponding to temporally decaying
modes with lifetime 7 = 1/7). For spatially decaying modes in h-BN/CBP layers, we
find a continuous dispersion exhibiting backbending (compare red curve in Fig. 3.5b with
red curve in Fig. 3.5d showing results for pure h-BN layer) and reduced propagation
lengths Lppp around the CBP resonance (compare red curve in Fig. 3.5¢ with black
curve showing Lpyp for pure h-BN layer). In contrast, analysis of temporally decaying
modes yields quasi-normal modes featuring anti-crossing (white curves in Fig. 3.5b) and
mode splitting of = 10 cm™!, which according to C = 1.9 indicates strong coupling. The
good agreement between experimental dispersions and propagation lengths (solid lines vs.

symbols in Fig. 3.5b and Fig. 3.5¢) clearly demonstrates the unique capability of polariton
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3.5. Influence of layer thickness on coupling

interferometry for comprehensive and quantitative analysis of the coupling between ultra-
confined propagating polaritons and dipolar excitations, here specifically revealing strong

coupling between propagating phonon polaritons and molecular vibrations.

Influence of layer thickness on coupling
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Figure 3.6: Dispersion and mode splitting. a, Illustration of PhPs on differently thick molecular layers.
b,e, Dispersions of PhPs in a 35 nm-thick h-BN layer on CBP layers of various thicknesses dcgp assuming
complex momenta g + ik (panel b) or complex frequencies w — iy (panel e). Horizontal green dashed line
marks the frequency of the molecular vibrational resonance. ¢, PhP propagation length. f, Blue and red
lines show PhP lifetime according to 7 = 1/. Black and gray lines show Lpnp/vg,.

We deepen the insights into strong coupling between molecular vibrations and PhPs by
an eigenmode analysis via TM calculations (analog to Fig. 3.5b) for various h-BN and
CBP layer thicknesses. We first consider a variation of the CBP layer thickness dcgp
for a fixed h-BN thickness of 35 nm (Fig. 3.6b-¢). We find that the region of anomalous
dispersion widens when dcgp is increased, which comes along with a reduction of the PhP
propagation length Lppp (i.e. increase of PhP damping) that reaches a finite minimum at

the molecular resonance (Fig. 3.6¢). Further, we find that with increasing degp the mode
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3. VSC between PhPs and molecules

splitting €2 (the smallest vertical separation between the real frequency of the quasi-normal
modes) and thus the coupling strength between PhPs and molecular vibrations increases
(Fig. 3.6d), as simply more of the PhP fields lies inside the CBP layer (illustrated in
Fig. 3.6a). Interestingly, the life times are rather large, about 2 ps, for all considered
depp (red curves in Fig. 3.6e), which is close to the molecular resonance lifetime of 1.7
ps and emphasizes that the coupled mode becomes more determined by the character of
molecular absorption near the resonance. We note that the lifetime of the coupled mode
being slightly longer than the lifetime of the bare molecular excitation has been also
found by real-space observation of exciton polaritons [165]. In the region of anomalous
dispersion PhPs propagate with negative group velocity, v, = dw/dg < 0 (Fig. 3.3¢ and
Fig. 3.6b), yet with finite propagation length (red symbols in Fig. 3.3d and Fig. 3.6¢).
Importantly, the negative group velocity yields negative values for the life time 7 when
calculated according to 7 = Lpyp /v, (black curves in Fig. 3.6e), implying that this lifetime
determination — typically applied in polariton interferometry [22, 53, 80, 84, 166] — cannot
be used in the case of anomalous dispersion. Instead, eigenmode analysis in the picture

of a temporally decaying mode is required (red curves in Fig. 3.6e).

Plotting Q as a function of dcgp (red symbols in Fig. 3.7a), we find saturation at about
14 em ™! for depp > 300 nm, where the whole PhP lies inside the CBP layer. Considering
that the condition C > 1 in our simulations is fulfilled for © > 5 cm™!, we find that
strong coupling of CBP vibrations and PhPs in a 35 nm tick h-BN layer can be already
achieved for dcgp > 20 nm. Remarkably, further numerical mode analysis for h-BN layers
with reduced thickness of d;, gy = 5 nm and 1 nm (green and black symbols in Fig. 3.7a,
respectively) predicts that in future experiments strong coupling may be achieved with
just a few CBP monolayers (dcgp < 2 nm). This can be explained by the extreme mode
compression that comes along with the 100-fold reduced PhP wavelength compared to
the photon wavelength (A &~ 6.5 um) of the same energy (Fig. 3.7b) [21].
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Figure 3.7: Mode splitting. a, Mode splitting €2 as a function of the molecular layer thickness dcpp
for h-BN layer with thickness dppnx of 1 nm (black squares), 5 nm (green squares) and 35 nm (red
squares). Horizontal black dashed line indicates the strong-coupling limit. b, Side view of the near-field
distributions of the PhP mode propagating along h-BN layer, indicated by horizontal green lines, with
thicknesses dp.gn of 5 nm (top) and 1 nm (bottom). Scale bar in both panels is 100 nm.
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3.6. Conclusion

AW Conclusion

Our work demonstrates that propagating PhP in unstructured vdW materials can strongly
couple to molecular vibrations, which could provide a platform for testing strong coupling
and local controlling of chemical reactivity [4, 118, 150, 152]. In addition, it opens up
possibility for ultracompact, on-chip spectroscopy [153]. A large variety of vdW materials
are at the disposal to go beyond the spectral range of h-BN, as recently demonstrated
by PhP observation on MoOj [53] and V5,05 [84]. In contrast to conventional polaritonic
spectroscopy made with resonators (as, e.g. ribbons [13], cones [119] or hole arrays [167])
our work opens new avenues for studying strong-light matter interactions without the
need of challenging sample structuring that typically comes along with additional losses
from sample damage, inhomogeneities and scattering due to uncertainties in the sample

fabrication process.
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3. VSC between PhPs and molecules

Supplementary information

3.7.1 Dielectric function of materials

CBP dielectric function

We measured the transmission spectrum of a 100 nm thick 4,4’-bis(Ncarbazolyl)-1,1-
biphenyl (CBP) layer evaporated on top of a CaFy substrate. To extract the dielectric
function of the CBP molecules we used the following formula for thin films [13, 168]:

Z = ! 2 (3.3)

TO 1—|—CT (w) dCBp

Zo
nsub“l‘l

where d is the film thickness (depp = 100 nm < A\g &= 7 pum), ngy is the refractive index
of the substrate (ng,p = 1.37 for CaFy in the considered range), Z, is the impedance of
free space (377 Q) and o(w) is the complex conductivity of the thin film. o (w) is related
to the permittivity, according to e(w) = 1 + o (w).

weQ

We modeled the dielectric function of the CBP molecules by the Drude-Lorentz model

assuming 4 oscillators to describe the molecular vibrations as follows:

ecpp(W) = €00 + Z k=1—-14 (3.4)

Wiy — w? — ZFCBP W’

where €4, is high-frequency dielectric constant, w, i, wor and I'cepy represent the plasma
frequency, the resonance frequency and the linewidth of the k-th Lorentz oscillators,
respectively. We assumed that e, = 2.8, which is consistent with ellipsometry mea-
surements reported in the literature [169] and which allows for proper fitting. All fit

parameters are shown in Table 3.1.

k|| wor, cm™ | wpk, cm™ | Topp g, cm™!
1 || 1450 128 6.4
2 || 1478.6 47 4.4
3 || 1500.1 91 9.4
4 1| 1507.4 99 6.1

Table 3.1: Fit parameters of Eq. 3.3 of the CBP dielectric function.
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3.7. Supplementary information

h-BN dielectric function

We used the isotopically (1°B) enriched h-BN [80]. The dielectric permittivity tensor of

h-BN is modeled according to the following formula:

€h-BN,j<W) = Eo00,j ( (35)

wo,; —w? — inj)
)

2 2 il
W — w? —wwl;

where j =1, || indicates the component of the tensor perpendicular and parallel to the
anisotropy axis. We took the parameters for the dielectric function of h-BN from ref. 80
except of 5. We used €., = 4.5 instead of e, = 5.1 in ref. 80 for the best matching
of our near-field experiments. We attribute the discrepancy to fabrication material pa-
rameter uncertainties. All parameters for the dielectric function, which were used in the

simulation, are presented in the Table 3.2.

J |l €00 | wro, cm™! | wro, em™t | T, em ™!

L || 4.5 | 1394.5 1650 1.8
| | 251785 845 1

Table 3.2: Parameters of the Eq. 3.5 of the dielectric function of h-BN.

Permittivity of the Si/SiO, substrate

We approximated the SiO, dielectric function taken data points from Palik [170], by

following function:

€810, = pwt + pow® + paw?® + paw + ps, (3.6)

where w is provided in units of wavenumbers. We took the following parameter: p; =
—2.27x 107" —2.06 x 107124, p, = 1.50 x 1077+ 1.21 x 1078, p3 = —3.74 x 107* — 2.62 x
1074, py = 0.42 + 0.025¢, ps = —1.75 x 10* — 8.8164.

Simulations shown in Fig. 3.1, 3.2 and 3.5 consider the experimental Si/SiOs substrate,
which is 150 nm-thick SiOy on highly doped Si (eg;44+ = —11.11 4 10.49i). Note that the
doped Si leads to the additional damping of PhPs. In future experiment the undoped Si
should be used. Simulation shown in Fig. 3.6 and Fig. 3.7 consider a Si/SiOs substrate,
which is 250 nm-thick SiO5 on undoped Si (eg; = 12).
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3. VSC between PhPs and molecules

3.7.2 Data processing of the polariton interferometry

experiments
Baseline subtraction from nano-FTIR line scans
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Figure 3.8: Polynomial baseline-subtraction. a, nano-FTIR amplitude signal s3 (z,w) as a function of
frequency and distance from the flake edge. b, Polynomial fit ¢, Baseline-subtracted nano-FTIR ampli-
tude signal, Ass (z,w).

In Section 3.3, we performed hyperspectral phonon polariton interferometry and anal-
ysed baseline-subtracted nano-FTIR line scans (Fig. 3.1d,h). We performed a baseline
subtraction from the nano-FTIR line scans in the ¢ — w domain to highlight the signal
oscillations due to polariton interference. Here, we explain the baseline subtraction pro-
cedure. Fig. 3.8a shows the amplitude of the original nano-FTIR line scan, s3 (z, w), of
the 50 nm-thick h-BN flake with 40 nm-thick molecular layer below. We fitted the data
set of Fig. 3.8a by a polynomial function of the n = 1 order in horizontal z-axis) and m

= 2 order in vertical (y-axis) directions, the fitted polynomial is:

Z Z a; pv'y* (3.7)

1=0 k=0

We obtained the following parameter for the polynomial fit: agg = 2.14 x 107%, a; =
—4.04 x 1072, ag; = —0.04, a1 = 133.03, ags = 196.58, a; o = —993.93 x 10°. Fig. 3.8b
shows the subtracted polynomial function, sy, (z,w). Fig. 3.8c shows the baseline-

subtracted nano-FTIR amplitude signal, Ass (z,w), which is also shown in Fig. 3.1d.

We performed the same baseline subtraction procedure for the nano-FTIR line scan with-
out molecules. We obtained the following parameter for the polynomial fit: ag = 2x1079,
aro=—821x1072 ap; = —28.3 x 1072, a;; = 213.85, ago =102.56, a; o = —1.41 x 10°.

Baseline-subtracted nano-FTIR line scan amplitude is shown in Fig. 3.1h.
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Fourier transform of the nano-FTIR line scans
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Figure 3.9: Preparation of nano-FTIR line scan for FT. a, Raw amplitude signal of the nano-FTIR line
scan. b, Raw phase signal of the nano-FTIR line scan. a,b, Vertical dashed line indicates the h-BN flake
edge. ¢, Amplitude signal of data set from only the h-BN/CBP layers structure. d, Amplitude signal of
concatenated data set with mirrored data set. e, Baseline-subtracted amplitude signal of the data set. f,
Window function. g, Amplitude signal of the data set after application of the window function. h, Final
amplitude signal of the data set after zero padding.

In Section 3.3, we performed a Fourier transform (FT) on the nano-FTIR line scans
to visualize and analyze the PhP dispersion. Here, we present the step-by-step data
processing procedure that has been conducted. Fig. 3.9a,b show the raw amplitude,
s3 (xz,w), and phase, ¢3(x,w), signals of the nano-FTIR line scan of the h-BN/CBP
layers from Fig. 3.1. The raw data comprise 300 pixels along the z-axis (distance x axis)
and 156 pixels along the y-axis (frequency axis). For the FT of the nano-FTIR line scan
along the z-axis, we prepared the nano-FTIR line scan data set according to the following

procedure (see Fig. 3.9):

1. Remove the part of the data set, which was measured outside the flake (data on the
left side of the white dashed line in Fig. 3.9a.b, which indicates the edge of h-BN
layer). Fig. 3.9¢ shows the amplitude signal of data set after this step.

2. Join the data set from Fig. 3.9¢ with its mirror image along the z-axis. Fig. 3.9d
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3. VSC between PhPs and molecules

shows the joint data set.

3. Perform baseline subtraction along the z-axis of the data set from Fig. 3.9d inde-

pendently for each frequency. Fig. 3.9e shows the baseline-subtracted data set.

4. Apply window function (tukey window with cosine fraction 0.3, see Fig. 3.9f), W,
to the data set from Fig. 3.9e. Fig. 3.9¢ shows the data set after windowing.

5. Zero-pad the data set from the Fig. 3.9g.
Fig. 3.9h shows the final data set after steps 1 to 5.

Note that in Fig. 3.9c-h we show only the amplitude of the nano-FTIR line scan, while
data processing is done with the complex-valued data, that is, taking also into account
the phase. The FT of the final data set yields Fig. 3.1e.

The raw complex-valued data set of the nano-FTIR line scan of h-BN without molecules
was prepared in the same way before the F'T. The FT of the final data set yields Fig. 3.1h.

Inverse Fourier transform of the isolated M0 mode
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Figure 3.10: Filtering the T-branch in the ¢ — w domain. a, Amplitude of the FT in the ¢ — w domain.
b, Filter function. ¢, Isolated T-branch after multiplication of panel a and panel b. d, Inverse FT of
panel c, revealing the tip-scattered pure PP field as a function of z and w.

In Section 3.3, we isolated and analyzed the tip-scattered phonon polariton (PhP) field,
shown in Fig. 3.1fj. Here, we outline the step-by-step data processing procedure that was
conducted. To extract the tip-scattered PhP field, we apply a filter in the ¢ — w domain
(Fourier space) to isolate the tip-launched mode (T-branch in Fig. 3.1e,i), and perform
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an inverse Fourier transform (iFT) to obtain the tip-scattered field of the MO mode in
the © — w domain [22]. This process is shown in Fig. 3.10, where the initial amplitude
of the FT is shown in panel a, the applied filter function is shown in panel b, the filtered
amplitude of the FT is shown in panel c, the result of the inverse F'T is shown in panel d.

The filter function Wpyp(q,w) is a Gaussian function of the width Ag = 0.4x10° cm™1.

Fouier transform of the line profiles of Fig. 3.3

In Section 3.4.1, we performed phonon polariton interferometry with improved signal-to-
noise ratio and spectral resolution, and then analyzed the PhP dispersion in reciprocal
space. Here, we outline the step-by-step procedures that were conducted. Firstly, we
performed phonon polariton interferometry by s-SNOM employing a wavelength-tunable
quantum cascade laser (QCL). By imaging the same sample area at various frequencies
and averaging them in direction parallel to the h-BN edge, we obtained the line profiles
for 85 nm-thick h-BN flakes with 100 nm thick layer of CBP molecules below (Fig. 3.3a)
and pure 85 nm-thick h-BN without molecules.

Secondly, to prepare our amplitude line profiles for the FT, we first normalized each
amplitude line profile to the amplitude signal far away from edge. In second step, we
cut the first oscillation in the amplitude line profile (first fringe) to avoid contributions of
edge modes [171] to our FT analysis. The remaining steps of the data preparation process
for the FT were the same to the data preparation of the nano-FTIR data set (see Fourier
transform of the nano-FTIR line scans section above). Fig. 3.3c,d show the result of the
FT of the line profiles of h-BN/CBP and pure h-BN layers, respectively.
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3. VSC between PhPs and molecules

Phase velocity sign of the propagating molecule-coupled PhP mode

In Section 3.4.1, we studied the dispersion of PhP coupled with molecular vibration, which
exhibits anomalous dispersion characterized by backbending. To confirm a negative group
velocity of molecule-coupled PhP mode, it is important to verify the sign of phase velocity
of PhPs. To check the sign of the PhPs phase velocities in the region of anomalous dis-
persion (w = 1450 cm™!) and compare with the phase velocities outside of the anomalous
dispersion (w = 1440 cm™!, 1460 cm™!), we plot in Fig. 3.11 the s-SNOM line profiles in
the complex plane. We note that it is the same lineprofile, which were shown in Fig. 3.3a.
We observe an anticlockwise rotating spiral at all frequencies, revealing positive phase

velocities in these regions, which is consistent with the previous result for the PhPs [22].
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3.7. Supplementary information
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Figure 3.11: s-SNOM line profiles plotted in the complex plane. a, Black (blue) line shows the amplitude
(phase) signal of the complex-valued s-SNOM signal as a function of the distance x. Gradient line (black-
red-white) shows the signal in the complex plane corresponding the gradient area on the amplitude and
phase line profiles. Black arrows indicate the anticlockwise direction of rotation, which corresponds to a
positive phase velocity. a, w = 1460 cm™!, b, w = 1450 cm™', ¢, w = 1440 cm™'.
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Dual-band coupling of polaritons with
vibrational and electronic excitations

in molecules

In this chapter, we demonstrate by numerical simulations that strong coupling (SC) can
be achieved simultaneously between surface plasmon polaritons (SPPs) and electronic
transitions at visible frequencies and between phonon polaritons (PhPs) and molecular
vibration at mid-IR frequencies. For an experimental study, we introduce a polaritonic
nanoresonators (formed by h-BN layers on Al ribbons) hosting surface SPPs at visible fre-
quencies and PhPs at mid-infrared (mid-IR) frequencies, which simultaneously couple to
excitons and molecular vibrations in an adjacent molecular layer (CoPc). Employing near-
field optical nanoscopy, we demonstrate the co-localization of confined near-fields at both
visible and mid-IR frequencies. Far-field transmission spectroscopy of the nanoresonator
structure covered with a layer of CoPc molecules shows clear mode splittings in both
frequency ranges, revealing simultaneous SPP-exciton and PhP-vibron coupling. Dual-
band SC may offer potential for manipulating exciton and molecular vibration coupling

in future optoelectronics, nanophotonics, and quantum information applications.

The results discussed in this chapter have been published in the following paper:
A. Bylinkin et al. “Dual-band coupling of phonon and surface plasmon polaritons with
vibrational and electronic excitations in molecules”, Nano Lett. 23.9, 3985-3993 (2023).
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4. Dual-band coupling in the VIS and mid-IR frequency ranges

YWl Introduction

Strong coupling (SC) - light-matter interaction leading to the formation of new hybrid
modes whose separation of energy levels is larger than the sum of their average linewidths
- provides intriguing possibilities for controlling various material properties, such as e.g.
carrier transport in organic semiconductors [2, 3], magnetotransport in two-dimensional
electron gases [8], or chemical reactivity changes in microcavities [4-7]. Conventional
optical resonators, such as Fabry-Perot microcavities, are typically used to couple ma-
tter excitations with light. An approach to explore SC at nanoscale is to use polariton
resonators, enabling SC between excitons and surface plasmon polaritons (SPPs) at vis-
ible frequencies [12], or between molecular vibrations and phonon polaritons (PhPs) at
mid-IR [13, 14] to THz frequencies [15, 16]. Interestingly, the interaction between exci-
tons and molecular vibrations plays an important role in the optical properties of organic
semiconductors [172-174], particularly in the singlet fission. Achieving dual-band SC,
i.e. SC between polaritons and both excitons and molecular vibrations simultaneously
could provide new opportunities for controlling the state of matter at the nanoscale.
However, excitonic and vibrational resonances emerge at significantly different energy do-
mains separated by orders of magnitude, thus challenging the creation of strongly confined
electromagnetic fields (hotspots) at visible and infrared frequencies - an essential ingre-
dient for achieving SC at the nanoscale - at the same spatial position and with a similar
size. Metallic antennas have already been used to enhance the light-matter interaction in
both visible and mid-IR frequency bands [175], in particular, to combine surface-enhanced
Raman and infrared spectroscopy [176, 177]. However, although metallic antennas work
relatively well in the visible range, it is desirable to find alternatives for achieving SC in

the mid-IR frequency range due to their low quality factor at these frequencies.

Van der Waals (vdW) materials have recently emerged as a promising platform for explor-
ing enhanced light-matter interactions at the nanoscale, as they support a large family of
ultra-confined polaritons [17, 18] from visible to THz frequencies. In addition, these ma-
terials can be engineered with nanoscale precision, allowing precise control of light-matter
interactions at subwavelength scales [77]. Furthermore, the combination of metal slabs or
antennas with vdW materials can lead to hybrid heterostructures that support electro-
magnetic modes at different frequency ranges [178] and potentially allow the creation of

co-located visible and infrared hotspots to achieve dual-band SC.

Here, we demonstrate by numerical simulations that SC can be achieved simultaneously
between SPPs and electronic transitions at visible frequencies and between PhPs and
molecular vibration at mid-IR frequencies. For an experimental study, we employed

nanoresonators based on a heterostructures composed of metal (Al) ribbons and monoiso-
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4.2. Dual-band strong-coupling concept in a cavity-free structure

topic hexagonal boron nitride (h-BN) flakes, which support both SPPs at visible fre-
quencies and PhPs at infrared frequencies. PhP resonances offer the advantage of be-
ing stronger and narrower as compared to SPP resonators [179], thus facilitating the
achievement of nanoscale vibrational SC [13, 14]. We verify the two hotspots and their
co-localization by scattering-type scanning near-field optical microscopy (s-SNOM). By
placing molecules on the nanoresonators within the corresponding hotspots and perform-
ing visible and mid-IR far-field spectroscopy, we provide direct experimental evidence for

large mode splitting in both frequency ranges.

“WA Dual-band strong-coupling concept in a cavity-

free structure

SC can be directly observed by visualizing the propagation of PhPs in a cavity-free (un-
patterned) slab in contact with organic molecules [180, 181]. To explore the possibility of
observing dual-band SC, we thus first perform a theoretical study considering a cavity-
free heterostructure formed by a 50 nm-thick layer of CoPc between a 50 nm-thick Al
layer and a 75 nm-thick h-BN slab (Fig. 1a). CoPc molecules support both a vibrational
resonance at mid-IR frequencies (1525 cm™!) and two excitonic resonances at visible fre-
quencies (14400 cm™! and 16200 cm™!) (Fig. 4.1c,d). By placing the molecules between
the two polaritonic materials (h-BN and Al) we expect to achieve highly confined mid-IR
and visible electromagnetic fields inside the molecular layer (dashed lines in the left panel
of Fig. 4.1a), thus guaranteeing a strong overlap of both fields and the molecules at the
same spatial location. Since the plasma frequency of Al is w, = 10.83 eV ~ 8.7 x 10*
cm ™! [182, 183], the Al slab supports SPPs below w,/v/2 = 5.4 eV ~ 1.4 x 10* cm ™%, i.e.
in the whole visible range. The field of these SPPs is vertically confined on a length scale
of 1/gspp,. ~ 100 nm in the frequency range corresponding to the exciton resonances of
CoPc. On the other hand, h-BN exhibits two mid-IR Reststrahlen bands - defined by
the transverse (TO) and longitudinal (LO) optical phonons (785 to 845 cm™! and 1394
to 1650 cm™!) - where PhPs are supported [81]. Interestingly, since the out-of-plane and
in-plane dielectric permittivities of h-BN differ in sign in both RBs, the h-BN slab sup-
ports a set of PhPs modes that are typically denoted M0, M1, etc. [52]. The fundamental
MO mode exhibits the longest wavelength and propagation length and thus is typically
the dominating mode in h-BN nanoresonators [82, 119]. In the chosen structure, the mo-
mentum of the MO mode at the molecular-vibrational resonance of CoPc is comparable
to that of SPPs in the Al layer at the exciton resonance of CoPc. As a result, the vertical
field confinement of the fundamental MO-PhP mode outside of the slab (1/qmo . ~ 80nm)
is comparable to that of the SPPs, indicating that a molecular layer with a thickness of

a few dozens of nm should be sufficient to achieve SC in both frequency bands.
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Figure 4.1: Dual-band SC between polaritons and molecular excitations at both visible and mid-IR
frequencies a, Schematic of the three-layer structure considered (50nm-Al/50nm-CoPc/75nm-h-BN). Left
panel: blue and red dashed lines show the mode profile of the polaritonic modes in the mid-IR and visible
frequency ranges, respectively (blue line for w = 1530 cm™?, red line for w = 19500 cm~!). b, Schematic
of the atomic structure of the molecule CoPc together with both the vibrational and excitonic resonances
in it. ¢,d, Experimentally extracted Im(ecopc) in the visible and mid-IR frequency ranges, respectively.
e,f, Colour plots showing the calculated imaginary part of the Fresnel reflection coefficient of the structure
in both frequency ranges. Red dashed lines show the calculated dispersion of the quasi-normal modes,
assuming complex-valued frequency and real-valued momentum. Horizontal green dashed lines indicate
the resonance frequencies of the molecular excitations.

To explore the concept of simultaneous dual-band SC, we calculated the dispersion of
the polaritons in the cavity-free (continuous) heterostructure, Fig. 4.1a. To that end, we
plot the imaginary part of the Fresnel reflection coefficient, Im|r,(¢, w)], at both visible
and mid-IR frequencies (colour plots in Fig. 4.1e and 4.1f, respectively). The dashed red
curves represent the dispersions of the quasi-normal polaritonic modes calculated from
the poles of 7,(¢, w.) in the plane of the complex-valued frequency w, = w —il'/2, with I’
being the mode linewidth. Both colour plots and dispersion curves clearly reveal an anti-
crossing (mode splitting) in both visible and mid-IR frequency ranges. To characterize
the anti-crossing, we determine the mode splitting, €2, as the minimum vertical distance
between the real part of the complex frequencies. The comparison of 2 with half the
sum of the linewidths of the upper, I';, and lower, I' | coupled states determines whether
the coupling between polaritons and molecular excitations is weak, Q < (I'y +T'_)/2,
or strong, Q > (I'y +I'_)/2 [1]. In the mid-IR frequency range, our calculation yields
O =6.8cm™' ~ 84 x107* eV and I'py-=4 ecm~ ! &~ 5 x 107 eV, such that the SC
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4.3. Sample preparation

condition is well fulfilled. Although all Mn-PhP modes couple to the molecular vibration,
we consider in the analysis shown in Fig. 1f only the MO PhP mode, because it is dominant
mode exhibiting the lowest ¢. In the visible range, the three initial excitations (SPP and
two excitons) couple, leading to the formation of three hybrid states (red dashed lines
in Fig.4.1e). By extracting the mode splitting as the minimum vertical distance between
the real frequencies of the adjacent hybrid states, we obtain Qi1 = 1.6 X 10°cm™" = 0.2
eV (between the low “-” and middle “0” branches) and Q52 = 3.9 x 10® em™! & 0.48
eV (between the middle “0” and upper “+” branches). We found that the SC criterion
is fulfilled for the split branches “0” and “+”, since Qyis2 > (I'vis2,+ + Tvis20)/2), where
Lyis2+.0 ~ 1.6 x10% cm™ & 0.2 eV is the linewidth of the middle and upper hybrid states,
respectively. On the other hand, the SC criterion is not fulfilled for the split branches “-”
and “0”. Altogether, our calculations reveal that the combination of different polaritonic

materials in a single heterostructure can be used to achieve dual-band SC.

Sample preparation

To fabricate nanoresonator heterostructures for the experiments, we first fabricated Al
metal ribbon arrays on a CaFy substrate (see Al metal ribbon arrays fabrication section
below). Next, we transferred an exfoliated thin layer of h-BN onto these Al ribbon arrays
(see h-BN crystal flake section below). Then we performed near- and far-field experiments
without molecules (shown in Section 4.4.1). After that, we evaporated 80 nm of CoPc
molecules on the nanoresonator heterostructure (see molecule deposition section below)

to study the coupling between polaritons and molecular excitations (shown in Section
4.5.1).

Al metal ribbon arrays fabrication

Aluminium (Al) metal ribbon arrays (size of each array is 20 pumx20 pm) with different
width, w, of ribbons are fabricated using high-resolution electron beam (e-beam) lithogra-
phy. The periods of the structures, p, were designed to be twice the width of the ribbons,
p =2 x w. The 50 nm of Al layer was e-beam evaporated onto the CaF2 substrate. Then
negative resist (MA-N2401, 90 nm) was spin-coated followed by e-beam lithography of
gratings (50 keV, 200 pA, dose 225 + 375 uC/cm?) and resist development in AZ726 and
reactive ion etching (RIE) of Al in BCl;/Cl, plasma (pressure 40 mT, RIE power 100W).
The resist was finally removed in O, plasma. Fig. 4.2 shows scanning electron microscope
(SEM) images of the fabricated ribbon arrays. We extracted p and w from the measured
SEM images and made sure that the filling factors, f = w/p, were indeed approximately
1/2 for all the fabricated structures. It is important to note that in all figures, to plot the

quasi-normal modes of nanoresonator heterostructures we used doubled inverse period,
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4. Dual-band coupling in the VIS and mid-IR frequency ranges

2p~!, instead of the inverse ribbon width, w=!. The extracted p, w and calculated f, p~!

parameters of the ribbon arrays are presented in Table 4.1.

p, nm w, nm f=w/p 1/p, 1073 nm~1
300 136 0.45 3.33
339 160 0.47 2.94
355 180 0.51 2.82
370 190 0.51 2.70
388 190 0.52 2.58
419 220 0.49 2.39
500 261 0.52 2.00

Table 4.1: Parameters of the fabricated arrays of Al ribbons, which are shown in Fig. 4.2.

p =300 nm p =339 nm p =355 nm p =370 nm

Figure 4.2: SEM images. SEM images of the fabricated arrays of Al ribbons, with the corresponding
names of the arrays above the images. Fabrication of the Al ribbons was done by Roman Kirtaev at
XPANCEO (Dubai, UAE).

h-BN crystal flake

The h-BN crystal flake was grown from a metal flux at atmospheric pressure as described
previously [92]. The thin layer used in this study was prepared by mechanical exfoliation
with blue Nitto tape. Then, we performed a second exfoliation of the h-BN flakes from the
tape onto a transparent polydimethylsiloxane (PDMS) stamp. Using optical inspection of
the h-BN flake on the stamp, we identified a high-quality flake with appropriate thickness.
This flake was transferred onto a CaFy/Al gratings substrate using the deterministic dry
transfer technique. To pick up and transfer this flake to another set of Al gratings we used

a PDMS stamp with polycarbonate film, following the procedure described in ref. 184.
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4.4. Polaritonic nanoresonators

Molecule deposition

Cobalt(II) Phthalocyanine, CoPc with sublimed quality (99.9%) (Sigma-Aldrich, Saint
Louis, MO, USA) was thermally evaporated in an ultra-high-vacuum evaporator chamber

1

(base pressure < 1079 mbar) at a rate of 0.2 nm s~! using a Knudsen cell. Molecule

deposition was done by Francesco Calavalle at CIC Nanogune BRTA (Donostia, Spain).

WS Polaritonic nanoresonators

4.4.1 Far- and Near-field characterization

To demonstrate experimentally the dual-band SC between polaritons and CoPc¢ molecular
excitations, we first have to consider the need to access the large intrinsic momenta of
polaritons, which in the case of far-field illumination requires the presence of leaky modes
in the heterostructure. The latter can arise in open Fabry-Perot (FP) nanoresonators,
which can be fabricated by (i) nanostructuring the polaritonic slab, e.g. in the form
of ribbons [13, 14, 60], or (ii) nanostructuring the substrate below the h-BN slab [63],
i.e. by refractive index engineering. Importantly, the latter option allows the use of a
pristine h-BN slab, thus preserving its crystal quality. Interestingly, by placing a 75 nm-
thick h-BN flake on an Al grating (Fig. 4.3a), we can engineer FP nanoresonators by
simultaneously applying concepts (i) and (ii). Indeed, while SPPs propagating across the
Al ribbons (along the x-axis) in the visible range reflect directly at the Al edges (concept
i), PhPs in the h-BN slab are reflected between the h-BN/air and h-BN/Al boundaries
due to a refractive index step at mid-IR frequencies (concept ii). Fig. 4.3b,c show the
normalised measured far-field extinction spectra of the nanoresonators in both frequency

I and

ranges. We can clearly recognize asymmetric peaks around wpiqr = 1510 cm™
Wyis = 1.6 x 10* em ™!, which are identified (see Section 4.4.2) as Fano-type FP resonances
and, partially, as Bragg resonances arising from the overlap between the electromagnetic
fields of adjacent cavities. As the inverse width of the Al ribbons (w™') corresponds to an
effective momentum of the resonating polaritons, we fabricated a set of structures with

different w, in order to cover a wide range of momenta (see Section 4.3).

To corroborate our far-field spectroscopy experiments and to better understand the distri-
bution of the near-field amplitude at the frequencies of the extinction peaks in Fig. 4.3b,c,
we performed s-SNOM nanoimaging of the nanoresonator heterostructure (see schematics
in Fig. 4.3g,h) at mid-IR and visible frequencies. In these nanoimaging experiments,
the nanoresonators were illuminated with s-polarised light, whose electric field is perpen-
dicular to the metal ribbons. The top panels in Fig. 4.3e,f show the resulting s-SNOM

images for a nanoresonator when recording tip-scattered p-polarized light, which yields
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Figure 4.3: Experimental demonstration of dual-band polaritonic nanoresonators. a,d Schematics of
the far-field experiments and s-SNOM optical characterization of the polaritonic nanoresonators. b,c,
Experimental extinction spectrum of the nanoresonators created by employing an Al grating with period
p 500 nm in the mid-IR and visible frequency ranges, respectively. e,f, (top panels) Near-field images
of the nanoresonators in the mid-IR and visible frequency ranges, measured at wmiq.ir = 1510 cm™!
and wyis = 15798 cm™! as indicated by the blue and red dashed lines in b,c, respectively. A clear
dipolar fundamental mode is observed in both cases. (Bottom panels) Simulated Re(E,) in the z — y
plane, extracted 80 and 20 nm above the structure as indicated by the vertical dashed lines in g and h,
respectively. Vertical dashed lines indicate the edges of Al ribbon. g,h, Simulated Re(E,)/|Einc| in the
x — z plane at the same frequencies. The period of the Al grating, the width of the Al ribbon and the
thickness of the h-BN slab employed in the bottom panels e,f and g,h are p = 500 nm, w = 250 nm,
and dp.gn= 75 nm, respectively.

the z-component of the real part of the electric field at mid-IR (wpigr = 1510 em™,

Amid-ir = 6.62 pm) and visible (wys = 15798 em™, Ay = 0.632 pm) frequencies (data
processing details in Section 4.8). Interestingly, despite the large difference in the wave-
length of the incident light, we observe two bright areas with opposite polarity above
the Al ribbons for both frequencies, revealing the excitation of transverse Fabry-Perot
modes. To support these observations, we performed numerical simulations considering
a nanoresonator with the experimental parameters and illuminating conditions. As can
be clearly seen in the lower panels of Fig. 4.3e,f, excellent agreement is obtained between
the simulated and experimental near-field distributions. In the normalized distributions
of the vertical component of the electric fields (Fig. 4.3g,h), we identify strongly en-

hanced field amplitudes compared to the incident electric field, Ej,., thus confirming the
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4.4. Polaritonic nanoresonators

formation of the hotspots. Therefore, we can conclude that the peaks observed in the
far-field extinction spectra correspond to transverse Fabry-Perot resonances of PhPs at
mid-IR frequencies and SPPs at visible frequencies. More importantly, the s-SNOM im-
ages in combination with the simulations confirm that both mid-IR and visible hotspots
are spatially co-localized on the metal ribbons, thus potentially allowing for dual-band

light-matter coupling involving the same molecules.

4.4.2 Theoretical analyses of the polaritonic modes

To study polaritonic modes in the nanoresonator heterostructure we performed the full-
wave numerical simulation of electromagnetic fields using the finite-element method in
frequency domain (COMSOL). We assumed a two dimensional (2D) geometry, namely
an infinite number of infinitely long Al ribbons below the h-BN slab. We simulated
transmission, reflection and scattering of a plane monochromatic wave normally incident
onto the periodic array of nanoresonators. Fig. 4.4a shows the schematics of one period

of the simulated structure.

The right panels of Fig. 4.4b,c show the calculated far-field extinction spectra, 1 — T,
where the T' is the power transmission coefficient in the visible and mid-IR frequency
ranges, respectively. The calculated extinction spectra in both frequency ranges reveal
numerous peaks. In the visible frequency range, we can clearly recognize a sharp peak in
the extinction spectrum around w = 1.4x10* cm™? followed by a broad peak around w
= 1.65x10% cm™! (Fig. 4.4b, right panel). Both peaks form the so-called Wood-Rayleigh
anomaly. Namely, the sharp peak (Rayleigh point) corresponds to the zero value of the
z-component of the wavevector of the 1% order diffracted wave in the CaF, substrate.
It takes place directly at the boundary between frequency regions where the 15 order
diffracted wave has evanescent and propagating character. In contrast, the second peak
(Wood anomaly) represents the first-order SPP Bragg resonance, corresponding to the
pole in the transmission and reflection coefficients, and partially the Fabry-Perot (FP)
resonance appearing as a result of multiple reflection of SPP mode (along the z-axis)
from the edges of Al ribbons. In the mid-IR frequency range, the extinction spectrum
manifests multiple peaks (Fig. 4.4c, right panel). We assume that the latter emerge due
to FP resonances appearing as a result of multiple reflection of PhP waveguiding modes
from their refractive index steps defined along the z-axis by Al ribbons. Notice that in
the nanoresonators, the region of the h-BN slab above the Al ribbons supports all the
propagating PhP modes Mn, with n starting from 1, and M1 mode possessing the lowest
g. In contrast, the slab region above the air (in between of the Al ribbons) supports Mn
modes with n starting from 0, and M0 mode having the lowest ¢. Our further analysis
shows that the role of M1 mode in the whole nanostructure with the selected Al ribbon

widths is dominating.
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Figure 4.4: Analysis of the polaritonic resonances in the visible and mid-IR frequency ranges a. Schematics
of one period of the nanoresonator heterostructure with the period, p= 500 nm, and Al ribbon width, w
= 250 nm. b,c, (left panel) Simulated electric field at the height of zp = 80 nm above the h-BN layer as
a function of w and = coordinate in the visible and mid-IR frequency ranges, respectively. (right panel)
Simulated extinction spectrum of the nanoresonator heterostructure in the visible and mid-IR frequency
ranges, respectively.

To analyze and interpret these peaks we generate the colour plots (left panels of Fig. 4.4b,c),
representing the z-component of the electric field above the h-BN slab as a function of the
frequency, w, and coordinate, . In the visible frequency range, we observe the periodic
field pattern along both the frequency and coordinate axes (Fig. 4.4b, left panel). We
see two bright localized areas (“hotspots”) of different polarity along the coordinate axis,
x, which can be explained by the presence of the transverse FP mode in the considered
frequency range. We note that this FP mode can also be recognized in the simulated field
distribution, Re(E.,)/|Ein| , in the z-z plane at wys = 15798 em™! (Fig. 4.3h). We spec-
ulate that the periodicity of the field pattern along the frequency axis arises due to the
complex interference between the electromagnetic fields of the FP mode and the incident
and reflected waves. In the mid-IR frequency range, we find two frequency regions around
w = 1460 cm~! and w = 1510 cm ™! with the bright localized areas of the different polarity

along the coordinate axis. These bright areas arise due to the presence of transverse FP
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4.5. Coupling between polaritons and molecular excitations

resonances of PhP waveguiding modes at corresponding frequencies. These FP resonances
can be characterized as “bright” modes since they have a nonzero in-plane dipole moment
which can couple with propagating waves in free-space. As a result, these resonances
appear as peaks in the far-field extinction spectrum (see the right panel of Fig. 4.4c). In
the colour plot shown in the left panel of Fig. 4.4c, we see that at w = 1460 cm™!, a
large portion of the mode volume is localized above the air region. In contrast, at w =
1510 cm ™! the electric field of the mode is mainly localized above the Al ribbon. These
observations allow us to assign the resonance around w = 1460 cm™! to the FP resonance
of the M1 PhP mode in h-BN slab above the air region. In contrast, a multi-peak in the
extinction spectrum around the w = 1510 cm~! can be attributed to the FP resonances of
the M1 PhP modes above the Al ribbons. We explain the multi-peak structure in the ex-
tinction spectrum of the resonance around w = 1510 ecm ™! by the presence of higher-order
PhP waveguiding modes in the h-BN layer. We finally identify the multi-peak resonance
around w = 1510 cm ™! as FP resonances and, partially, as Bragg resonance arising from

the overlap between the electromagnetic fields of adjacent air and Al regions.

Note that, in contrast to the simulation, the experimental extinction spectrum in Fig. 4.3b

shows only the single resonant peak around w = 1510 cm™*.

This discrepancy can be
explained by the fabrication uncertainties of the Al ribbon width throughout the array
and by quality of the Al edges that play a crucial role in the far-field excitation of the

higher-order PhP waveguiding modes in the h-BN slab.

Coupling between polaritons and molecular exci-

tations

4.5.1 Extinction spectra of the molecule covered nanoresonators

To study experimentally the frequency splitting of the hybridized modes, we evaporated an
80 nm thick layer of CoPc molecules - for practical reasons - on Al/h-BN nanoresonators
with different ribbon widths, w (inset of Fig. 4.5), and measured the far-field extinction
spectra in the mid-IR and visible frequency ranges (Fig. 4.5a,b).

In the mid-IR frequency range (Fig. 4.5a) we clearly observe peaks in the spectra that shift

Uincreases. The dashed black lines indicate the anti-crossing

to higher frequencies as w™
behavior of these peaks around the molecular vibration frequency at 1525 cm™! (vertical
green dashed line, Fig. 4.5a). This anti-crossing behavior reveals the coupling of PhPs

with molecular vibration.
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Figure 4.5: Extinction spectra of molecule-covered nanoresonators. a,c Experimental and simulated
extinction spectra of the nanoresonators coated with a 80 nm thick CoPc layer in the mid-IR frequency
range, respectively (see schematics). Vertical green dashed lines indicate the resonance frequency of the
molecular vibration. Black dashed lines are guides to the eyes, indicating the peak position of the PhP
mode coupled to the molecular vibration. Grey dots mark peaks, which correspond to the FP resonances
of higher-order PhP waveguiding modes in the h-BN layer (see section 4.4.2). The spectral resolution
is 1 em™!. b,d, Experimental and simulated extinction spectra of the nanoresonators coated with a 80
nm thick CoPc layer in the visible frequency range, respectively (see schematics). Vertical green dashed
lines indicate the resonance frequencies of the molecular excitons. Red and black dashed lines are guides
to the eyes, indicating the peak position of the SPP mode coupled to the molecular excitons. Grey dots
mark peaks that correspond to the Rayleigh points, which occur at the frequencies where the 15¢ order
diffracted wave changes its characteristic from evanescent to propagating (see section 4.4.2).

In the visible frequency range (Fig. 4.5b) we observe two peaks at the frequencies of
the two molecular excitons (indicated by two vertical dashed green lines). These peaks
reveal the absorption by the molecular excitons. Most importantly, in the frequency range
above the molecular excitons we observe peaks (marked by a black dashed line) whose

positions shift to higher frequencies as w™!

increases, whereas in the frequency range
below the molecular excitons we find small shoulders (marked by a red dashed line) in the
spectra for w™ =4 x 107 and 4.78 x 107® nm~' (orange and pink curves). The red and
black dashed lines show the anti-crossing behavior of these peaks and shoulders around
the molecular excitons (two vertical dashed green lines, Fig. 4.5b). This anti-crossing

behavior reveals the coupling between SPPs and molecular excitons.
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4.5. Coupling between polaritons and molecular excitations

To corroborate our experimental spectra, we simulated extinction spectra of the experi-
mentally studied nanoresonators (Fig. 4.5¢,d). We find that the simulated spectra repro-
duce well the experimental ones in both frequency ranges. We also find good agreement
between the peak positions of the simulated and experimental spectra in both frequency
ranges, particularly for the peaks marked by the black dashed lines. Most importantly,
the simulated spectra exhibit an anti-crossing behavior similar to the one observed in the

experimental spectra.

We note that we also find peaks in the simulated spectra that are not observed in the
experimental spectral. In the mid-IR frequency range (Fig. 4.5¢), the gray dots mark
peaks that correspond to FP resonances of higher-order PhP waveguiding modes in the
h-BN layer (see Section 4.4.2). In the visible frequency range (Fig. 4.5d), the gray dots
mark peaks that correspond to the Rayleigh points, which occur at the frequencies where
the 1%° order diffracted wave changes its characteristic from evanescent to propagating
(see Section 4.4.2). We explain the absence of these peaks in the experimental spectra by
irregularities in the Al ribbon width and the quality of the Al edges, which may lead to
additional scattering and thus damping of polaritons. Polaritons of stronger confinement,

such as higher order modes, are typically stronger affected and eventually disappear [14].

4.5.2 Quasi-normal mode analysis

To theoretically quantify the mode splitting, we performed a quasi-normal polaritonic
mode analysis for a three-layer CoPc/h-BN /Al continuous heterostructure on top of CaFs
substrate. In contrast to the analysis shown in Fig. 4.1f we now consider the M1 PhP
mode in the mid-infrared spectral range, since the MO PhP mode is absent when the h-BN
layer is directly on top of a metal (Al). The calculated dispersions of the quasi-normal
modes, w(q), are shown on top of the simulated extinction spectra in Fig. 4.6b,d (dashed
red lines). To compare the mode dispersion and the simulated extinction spectra, we
related the real-valued in-plane polariton momenta, ¢, with the width of the grating, w,
for each frequency range, w™ = 2q/(7 — ayisr), Where ays = —0.127, g = —0.37
are fit constants for the visible and mid-IR ranges, respectively. According to a sim-
ple FP model, the extracted values of the parameter ayisr can be interpreted as the
phase acquired by the polaritonic modes under reflection from the Al ribbon edges (SPP
modes) and refraction index step in h-BN slab (PhP modes). We find excellent agree-
ment between the calculated dispersions of the polaritons and the positions of the peaks
in the extinction spectra in both spectral ranges. This agreement demonstrates that the
interaction between polaritons and matter excitations in the continuous heterostructure
is approximately equivalent to that in the nanoresonator heterostructure, which justifies
that the analysis of a continuous heterostructure can be used to characterize the coupling
parameters in the nanoresonator heterostructure. From the quasi-normal mode analysis

we extract a mode splitting at mid-IR frequencies of g = 5.9 cm™! ~ 7.3 x 10~%eV, and
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Figure 4.6: Quasi-normal polaritonic mode analysis. a,c Imaginary part of the permittivity of CoPc
molecules Im(ecopc) experimentally extracted in the visible and mid-IR frequency ranges, respectively.
b,d, Colour plots showing the simulated extinction of the nanoresonators in the visible and infrared
frequency ranges, respectively. Red lines indicate the calculated dispersion assuming complex-valued
frequency where w™! = 2q/(7 — awisr) and ayis = —0.127, ayp = —0.37.

a mode splitting at visible frequencies of (i1 = 1.1 x 103 em™! &~ 0.14 eV (between the
lower and middle polariton branches) and Qis2 = 3 x 10® em™ ~ 0.37 €V (between the
middle and upper polariton branches). Considering the linewidths of the coupled states
in the mid-IR frequency range, I''g . = 4 cm™ & 5 x 10—4 eV, and the linewidths in
the visible frequency range, I'yis1.0 = 1.5 X 10° em™' & 0.19 eV and T2+ = 1.7 x 10
cm™! &~ 0.21 eV, we find that the strong coupling criterion, Q > (I'y + T'_)/2, is fulfilled

both at mid-IR frequencies and for the “0” and “+4” branches at visible frequencies.
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4.5. Coupling between polaritons and molecular excitations

4.5.3 Mode splitting from experimental extinction spectra

To determine the dispersion of the quasi-normal modes and extract the value of the mode
splitting from the experimental data, we fitted our extinction spectra in Fig. 4.5b,e using
a classical model of coupled harmonic oscillators (see Section 2.2): two coupled oscillators
in the mid-IR frequency range and three coupled oscillators in the visible frequency range,
respectively. We note, that in the mid-IR frequency range two oscillators represent the
PhP and molecular vibration, and in the visible frequency range the three oscillators
represent the SPP and two excitons. The coupled harmonic oscillator models allows
us to reproduce the experimental extinction spectra by fitting the parameters of the
uncoupled oscillators and the coupling strengths for each nanoresonator structure. With
the parameters extracted from the fits we can calculate the dispersion of the quasi-normal
modes of the coupled system and extract the mode splitting. The comparison between

experimental and calculated dispersions in Section 4.5.2 is shown further in Fig. 4.9.

Mid-IR frequency range

In order to analyze the extinction spectra shown in Fig. 4.5a, we phenomenologically
described the coupling between the molecular vibration and the phonon polaritons via a
model of classical coupled harmonic oscillators [13, 136, 185]. The equations describing

the motion of two coupled harmonic oscillators are given by:

l’l(t) + Fll’l(t) + w%xl(t) — 2giphp(t> = Fl(t)

4.1

Zpnp(t) + Tpupdpnp (t) + whnpenp (t) + 2941 (t) = Fpup(t) 4
where xppp, wpnp and ['pyp represent the displacement, frequency and linewidth of the PhP
mode, respectively. xq, w; and I'y represent the displacement, frequency and linewidth of
the molecular vibration of CoPc, respectively. Fpnp and F} represent the effective external
forces that drive the motion of the oscillators. In the realistic electromagnetic problem
the external electromagnetic field is the analog of the effective forces. ¢ represents the
coupling strength between PhP mode and CoPc molecular vibration. From the oscillators
model we can construct a quantity equivalent to the extinction, Cey, of the analogous
electromagnetic problem. It can be calculated as the average power from the external
forces according to Cext & (Eppp (t) ppp(t) + Fi (t) 21(t)) [13, 138].

We fit C to the measuared extinction spectra of nanoresonator heterostructure with
different ribbon width. Fits were performed according to 1 — Tlo = Cext + Of fset. In the

1

fitting procedure, we take the same value of I'y = 6 cm™" as we used in the CoPc dielectric

function. w; was limited within a few wavenumbers from its initial value according to the
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Figure 4.7: Coupled oscillators fit: mid-IR range. a, Experimental extinction spectra of the polaritonic
nanoresonators loaded with the molecular layer. Green dashed line indicates the resonance frequency of
the molecular vibration. Black dashed lines are guides to the eyes indicating the resonance features in
the extinction spectra corresponding to the coupled polaritonic mode. Thick grey lines in a represent
fits using a three and two coupled harmonic oscillators model, respectively. b, Uncoupled frequencies of
PhPs: wppp, and CoPc: w; (blue triangles and black squares, respectively), as extracted from the fits.
Frequencies of the quasi-normal modes calculated according to Eq. 4.2 (red circles). Grey solid lines show
the spline of the eigenmodes frequencies as a function of inverse width of ribbons ¢, Black symbols show
the coupling strength from the fits. d, The linewidth of uncoupled PhPs from the fits.

CoPc dielectric function (w; = weepe=1524.8 cm™'), to allow for an eventual Lamb shift
of the molecular vibration[158, 159]. wpnp, g, F1pnp and I'ppp were considered as free
parameters in all fits. The extracted values of the coupling strength for each fits are
plotted as black symbols in the Fig. 4.7c. With the parameters extracted from the fits
we calculated the frequencies of the quasi-normal modes of the coupled system. The
eigenfrequencies can be found from the dispersion relation, which arises from equaling the
determinant of the system 4.1 to zero [160] (assuming the harmonic time-dependence of

the displacements, e~™*):

1 Cpnp — 1\
— 492+(wphp—w1—iu).

We have used the approximation w — w; < wj, so that w? — w?- = 2w;(w — wj), with j=1,
PhP. Fig. 4.7a shows the calculated frequencies quasi-normal modes w4 as a function of
inverse width of nanoresonators, 1/w. To find the mode splitting we first splined the real
part of the calculated frequency of the quasi-normal modes (gray lines in Fig. 4.7b) and
then found the smallest vertical separation between the splined branches, Qg = 5.9 cm™!.

All the fitting parameters are presented in Table 4.2.

74



4.5. Coupling between polaritons and molecular excitations

-3
it e et o om0t
4.8 1525.8 | 1.13 1507.7 | 11.9 2.16 3.3 -0.38
5.2 1525.8 | 1.21 1514.9 | 10.5 1.54 2.6 -0.19
5.4 1523.8 | 0.06 1518.3 | 13.5 1.82 3.2 0.07
0.6 1523.8 | 0 1521.7 | 7.8 1.46 3.2 0.09
9.9 1525.1 | 0 1526.7 | 8.8 1.37 2.7 0.1
6.7 1525.3 | 0.4 1540.9 | 4.9 0.75 2.9 0.1

Table 4.2: Parameters of the coupled oscillators model to fit the experimental extinctions spectra in the
mid-IR frequency range.

Visible frequency range

In order to analyze the extinction spectra in the visible frequency range in Fig. 4.5a, we
phenomenologically described the coupling of the excitons and the SPPs via a classical
model of three coupled harmonic oscillators, where we considered the coupling only be-
tween the SPP and two excitons. The equations of motion for the three coupled harmonic
oscillators are given by:

.Tl(t) + Fll’l(t) + w%xl(t) — 2gli’php(t) = Fl(t)
[Eg(t) + Fgl‘g(t) + w%:vl (t) — 292$php(t) = Fl (t)
Zpup (t) + Tpnppnp (t) + wiypTenp () + 20121 () + 29202(t) = Fpup(t)

(4.3)

where xspp, wspp and ['spp represent the displacement, frequency and linewidth of the SPP
mode, respectively.z o, w; 2 and I'; o represent the displacement, frequency and linewidth
of the “1”7 and “2” excitons of CoPc, respectively. Fgpp and F} o represent the effective
forces that drive their motions. g; represents the coupling strength between SPP mode
and CoPc exciton “1”7, g, represents the coupling strength between SPP mode and CoPc
exciton “2”7. Analogously to the mid-IR range, from the oscillators model we can construct

a quantity equivalent to the extinction, Cyy, that can be calculated according to Cuy o
(Fspp (t) & spp(t) + F1 (t) 21(t) + Fo (t) 22(t)).

We fit (¢ to the measured extinction spectra of nanoresonator heterostructures with
different ribbon width. Fits were performed according to 1 — TZO = Cext + Of fset. In the
fitting procedure, we take the same value of I'cope1 = 1739 cm~ ! and I'cope2 = 2369 cm ™!
as we used in the CoPc dielectric function. To minimize the number of fitting parameters
in the visible frequency range, we fix the uncoupled frequencies of excitons wy = wp1 =

14402 cm~! and wy = wo,2 = 16264 ecm ™! according to the CoPc dielectric function. wspp,
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Figure 4.8: Coupled oscillators fit: visible range. a, Experimental extinction spectra of the polaritonic
nanoresonators loaded with the molecular layer. Green dashed lines indicate the resonance frequencies
of the molecular excitons. Black dashed lines are guides to the eyes indicating the resonance features in
the extinction spectra corresponding to the coupled polaritonic modes. Thick grey lines in a represent
fits using a three and two coupled harmonic oscillators model, respectively. b, Uncoupled frequencies of
SPPs, wspp, and CoPc excitons, wy 2, (black squares and blue triangles, respectively) as extracted from
the fits. Red circles show the eigenmode frequencies. Grey solid lines show the spline of the eigenmode
frequencies as a function of inverse width of ribbons ¢, Black symbols show the coupling strength from
the fits. d, The linewidth of uncoupled SPPs from the fits.

912, F1 2spp and I'spp were considered as free parameters in all fits. The extracted values
of the coupling strengths for each fits are plotted as black and red symbols in the Fig. 4.8c.

-3

ot | et ot o ot [ | | | Ot
4.0 1600.7 | 100.2 | 17430 | 12801 | 15999 | 644.3 | 196.4 |-0.25
4.8 1668.5 | 3000 17352 | 4515 5335 982 9159 | 0.54
5.2 1969.2 | 3073.7 | 18360 | 4552.7 | 6323 739.3 | 940 0.45
5.4 2100.3 | 3504.3 | 18646 | 5006.3 | 7190 854.4 1080.3 | 0.35
5.6 2397.8 | 3947.8 | 19434 | 5987.8 | 8430 939.9 1030.6 | 0.25
5.9 2857 3997 20523 | 5317.9 | 7878 797.3 | 40 0.24

Table 4.3: Parameters of the coupled oscillators model to fit the experimental extinctions spectra in the
visible frequency range.

With the parameters extracted from the fits we numerically calculated the three frequen-
cies of the quasi-normal modes of the coupled system. The eigenfrequencies can be found
from the dispersion relation, which arises from equaling the determinant of the system 4.3
to zero (assuming the harmonic time-dependence of the displacements, e=**). Fig. 4.8b
shows the three branches (red circles) of the real part of calculated frequencies of quasi-
normal modes as a function of inverse width of the nanoresonators, 1/w. To find the
mode splitting, analogously to the mid-IR range, we first splined the real part of calcu-

lated frequencies of quasi-normal modes (gray lines in Fig. 4.8b) and then extracted the
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smallest vertical separation between the adjacent splined branches Q51 = 1.1 x 10% cm™!

(between the lower and middle polariton branches) and Q52 = 3 X 10® em™! (between
the middle and upper polariton branches). All the fitting parameters are presented in
Table 4.3.

Comparison of experimental and calculated mode splitting

In both spectral ranges, we find that the dispersion of the quasi-normal modes exhibits
anti-crossing, as clearly shown by the squares in Fig. 4.9a,b. In the mid-IR range, the
minimum vertical distance between the dispersion branches of the modes yields a mode
splitting of Qg = 6.0 cm™! ~ 7.3x107% eV. In the visible spectral range, we find two mode
splittings of Qg1 = 1.1 x 10° em™ ~ 0.14 eV (between the lower and middle polariton
branches) and Qyis 0 = 2.1 X 103 cm~! ~ 0.26 eV (between the middle and upper polariton
branches). Thus, the extracted dispersions of the quasi-normal modes and the values of
the mode splittings are in good agreement with the corresponding theoretical values for
the continuous heterostructure in the mid-IR and visible spectral ranges (dashed red lines

I corresponding to the fabricated structures (white

in Fig. 4.9a,b) at the values of w™
vertical dashed lines in Fig. 4.9a,b). We note that the linewidths of the quasi-normal
modes extracted from the fits in both frequency ranges are about 2 — 6 times larger than
those calculated theoretically and vary for different structures, so that only the SC onset
is reached. We explain this discrepancy by fabrication uncertainties and width variation
along the Al ribbons, fabrication-induced roughness, defects, and the presence of higher

order PhP modes in h-BN slab.
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Figure 4.9: Comparison between experimental and calculated quasi-normal modes. a,b, Colour plots
showing the simulated extinction of the nanoresonators in the mid-IR and visible frequency ranges,
respectively (the same as in the Fig. 4.6). Red lines indicate the calculated dispersion assuming complex-
valued frequency where w™! = 2¢/(7 — ayis1r) and ayis = —0.127, ajg = —0.37. a The white and
black squares represent the dispersion of the quasi-normal modes of the nanoresonators calculated using
parameters obtained from the coupled oscillators fit in Fig. 4.7. b The white, grey and black squares
represent the dispersion of the quasi-normal modes of the nanoresonators calculated using parameters
obtained from the coupled oscillators fit in Fig. 4.8.
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4. Dual-band coupling in the VIS and mid-IR frequency ranges

Mode splitting dependence on molecular layer

thickness

Finally, we analyze theoretically the coupling strength between the M1 PhP mode and
the molecular vibrations, as well as between the SPP mode and the excitons. To that
end, we extracted the mode splitting €2 for continuous heterostructures with different
molecular layer thickness doop. from the previously developed quasi-normal analysis. We
find that the mode splitting, and thus the coupling strength between polaritons and
molecular excitations, increases with dcope in both visible and mid-IR frequency ranges
(Fig. 4.10b,c). This result is explained by a larger portion of the electromagnetic field
of the polaritonic modes inside the molecular layer for larger thicknesses (Fig. 4.10a)
[186, 187]. Furthermore, we find that the mode splitting reaches saturation for a thickness
of 60 nm, which is due to the full confinement of the PhP field inside the molecular layer
(the field does not reach the air region). Interestingly, in the visible frequency range,
the SC criterion is not fulfilled for the first exciton excitation even for a molecular layer
thickness of 100 nm, while for the second excitonic excitation, the SC criterion is fulfilled
for molecule layers thicker than 20 nm. In contrast, in the mid-IR range, the numerical

calculations predict the observation of SC already for molecule layers as thin as 15 nm.
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Figure 4.10: Mode splitting dependence on molecular layer thickness. a, Schematic illustration of the
Al/h-BN/CoPc heterostructure. Right: calculated electric field distribution in the heterostructure at w =
1530 em ™! (blue dashed curve) and w = 19500 cm~! (red dashed curve). b,c, Calculated mode splitting
as a function of the molecular layer thickness in the visible and mid-IR frequency ranges. The square
symbols in ¢ are mode splitting extracted from the measured spectra. The Al and h-BN thicknesses
are da) = 50 nm, and d,.gny = 75. Horizontal dashed lines separate the regions of the strong and weak
coupling. SC in both bands is observed for CoPc thicknesses larger than about 15 nm.
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4.7. Conclusion

Conclusion

Our work demonstrates that engineering a heterostructure composed of plasmonic and
phononic materials allows simultaneous access to light-matter interactions in the visi-
ble and mid-IR frequencies. Such heterostructure can be exploited to achieve dual-band
strong light matter coupling, namely between nanoscale confined polaritons (SPPs and
PhPs) and electronic or vibrational excitations of molecules. Momentum-energy coupling
between excitations and polaritons can be achieved by tuning the dispersion of the latter
through the thickness of the layers in the heterostructure. Future dual-band SC experi-
ments may offer novel opportunities for manipulating chemical reactions, advanced optical

imaging and sensing, or optomechanical up-conversion.
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Supplementary information

4.8.1 Dielectric function of materials

CoPc dielectric function in the infrared frequency range

We measured the relative infrared transmission spectrum of a 100 nm thick Cobalt(II)
Phthalocyanine (CoPc) layer evaporated on top of a CaFy substrate. To extract the
dielectric function of the CoPc molecules we calculate the relative transmission spec-
tra, T'/Ty, for the three layer system, using Fresnel coefficients, where T is transmission
through CaFy/CoPc and Tj is transmission through the CaFy substrate (ecap, = 1.37 in

the considered infrared frequency range).

We modeled the dielectric function of the CoPc molecules by the Drude-Lorentz model as-
suming one classical harmonic oscillator to describe molecular vibrations in the considered

infrared frequency range, as follows:

S
ECOPC(UJ) - 5oo7IR + ) (44)

wi — w? — ilcepew’
where e 1r is a high-frequency dielectric constant, S is a constant that is proportional
to the effective strength of the Lorentz oscillator, wy and I'cop. represent the central
frequency and the linewidth of the Lorentz oscillator, respectively. Fit yields e g = 2.8
em™!, S = 3600 cm ™2, wy = 1524.8 cm™ !, T'gope = 6 cm ™. With the parameters extracted
from the fit, we are able to calculate the dielectric permittivity of CoPc molecules in the

infrared frequency range, according to Eq. 4.4.

CoPc dielectric function in the visible frequency range

Following the same procedure as in the infrared frequency range, we measured the relative
transmission spectrum for 20, 30, 50 and 100 nm thick Cobalt(II) Phthalocyanine (CoPc)
layers evaporated on top of a CaFy substrate (ecar, = 1.43 in the considered visible
frequency range). To extract the dielectric function of the CoPc molecules we used relative

transmission spectra, T'/T, calculated with the help of Fresnel coefficients.

We fit the dielectric function of the CoPc molecules by the Drude-Lorentz model assuming
two classical harmonic oscillators to describe electronic transitions in visible frequency

range, as follows:
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Sl S2
5C0Pc(w) = Eoo,vis + B) 2 . + 2 2 T ’
wh1 —w?® — tlcopepw Wy — w? — il'cope 2w

(4.5)

where €. vis is @ high-frequency dielectric constant, Sy (kK = 1,2) are constants proportional
to the effective strength of the kth Lorentz oscillator, wp ; and I'cope i Tepresent the central

frequency and the linewidth of the kth Lorentz oscillator, respectively.

We fitted the relative transmission spectrum for each thickness of the molecular layer
independently and then averaged the extracted fit parameters. The averaged fit param-
eters: e yis = 1.6 em™, woy = 14402 em™, S; = 31539456 cm ™2, Tcopes = 1739 em ™,
wo2 = 16264 cm™!, Sy = 65755881 cm ™2, Tcope2 = 2369 cm ™.

h-BN dielectric function

We used the isotopically (1°B) enriched h-BN [80]. The dielectric permittivity tensor of

h-BN is modeled according to the following formula:

2 —
eh_BNJ(w) = €x0,j ( 5 : (46)

where j =1, | indicates the component of the tensor perpendicular and parallel to the
anisotropy axis. We took the parameters for the dielectric function of h-BN from ref.
80 except of €. For the best matching of our near-field and far-field experiments we
took e, = 4 instead of e, = 5.1 in ref. 80. We attribute the discrepancy to fabrication
material parameter uncertainties. All parameters for the dielectric function, which were

used in the simulation, are presented in the Table 4.4.

j |l s | wro, em™ | wro, em™! | T, em ™!

1|4 |13945 1650 1.8
| | 25178 845 1

Table 4.4: Parameters of the Eq. 4.6 of the dielectric function of h-BN.

Al dielectric function

We modelled the Al dielectric function as a sum of Drude and Lorentz terms using pa-
rameters from the ref. 183.
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4.8.2 Data processing of the nanoimaging experiments

Mid-IR frequency range

In Section 4.4.1, we performed nanoimaging experiments of the nanoresonator heterostruc-
ture. In the top panel in Fig. 4.3e in Section 4.4.1, we showed the near-field image post
data processing. Here, we detail the data processing procedure that was conducted.
Fig. 4.11c,e,g show the raw amplitude, phase and real part (calculated using the ampli-
tude and phase) of the complex-valued s-SNOM signal, o3. The data is represented as
near-field images — the signal as a function of the tip position above the sample — of the set
of 4 nanoresonators, which is schematically shown in Fig. 4.11a,b. In order to reveal the
mode field pattern above the nanoresonators, we subtracted the mean value of both the
real and imaginary parts of signal for each horizontal line profile at the fixed y coordinate.
Fig. 4.11d,f,g show the final data set of amplitude, phase and real part of the near-field
images, o5 (z,y), after the subtraction of the mean values. The top panel in Fig. 4.3e
in Section 4.4.1 shows the final data of real part of the first resonator of Fig. 4.11h, for
ze€[0 :0.5] pm

a b
h-BN h-BN
A Al
CaF, | | CafF, | |

Final amplltlde Abs(d%)

| CHmme

0 0.5 1 1.5 2

Flnal phase Arg(a3)

Figure 4.11: Mean value subtraction from the near-field data in the mid-IR frequency range. a,b, Schemat-
ics of the measured nanoresonator heterostructure. c,e,g, Raw amplitude, phase and real part of the
near-field images of 4 nanoresonators, as indicated in the panels a,b in the mid-IR frequency range,
measured at wpig.r = 1510 ecm™!, respectively. d,f,h, The resulting amplitude, phase and real part of
the near-field images after the mean value subtraction, respectively.
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4.8. Supplementary information

Visible frequency range

In Section 4.4.1, we performed nanoimaging experiments of the nanoresonator heterostruc-
ture. In the top panel in Fig. 4.3f in Section 4.4.1, we showed the near-field image post
data processing. Here, we detail the data processing procedure that was conducted.
Fig. 4.12c,e,g show the raw amplitude, phase and real part (calculated using the ampli-
tude and phase images) of the complex-valued s-SNOM signal, o3. Analogously to the
mid-IR range, the near-field images are shown for the set of 4 nanoresonators, which is
schematically shown in Fig. 4.12a,b. We also analogously subtracted the mean value of
both the real and imaginary parts of signal for each horizontal line profile at the fixed y
coordinate. Then we removed the propagating SPP Bloch mode by subtraction the com-
plex signal og(x) = Age’@+¢8 for each y coordinate, where Ag = 0.075, o = 0.257 are
2?’7 is the Bragg vector of the array of Al ribbons
with the period p = 500 nm. Fig. 4.12d.f,g show the final data set of the amplitude, phase
and real part of the near-field images, o3 (x,y), after the subtraction of the mean values
and propagating SPP Bloch mode. The top panel in Fig. 4.3f in Section 4.4.1 shows the
final data of the real part of the first resonator of Fig. 4.12h, for = € [0 : 0.5] pm.

real-valued fitting parameters and G =

0.15
0.1
0.05
0
X (um um)
Phase, Arg(os) Final phase, Arg( 03

X (pm

«Q

Real part,

y (um)

0 05 1 15 2
X (um)

Figure 4.12: Mean value and SPP Bloch mode subtraction from the near-field data in the visible frequency
range. a,b, Schematics of the measured nanoresonator heterostructure. c,e,g, Raw amplitude, phase
and real part of the near-field images of 4 nanoresonators, as indicated in the panels a,b in the visible
frequency range, measured at wyis = 15798 cm™!, respectively. d,f,h, The resulting amplitude, phase
and real part of the near-field images, respectively.
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