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Abstract

In this cumulative dissertation, I want to present my contributions to the field of plasmonic nanoparticle
science. Plasmonic nanoparticles are characterised by resonances of the free electron gas around the
spectral range of visible light. In recent years, they have evolved as promising components for light
based nanocircuits, light harvesting, nanosensors, cancer therapies, and many more.

This work exhibits the articles I authored or co-authored in my time as PhD student at the University
of Potsdam. The main focus lies on the coupling between localised plasmons and excitons in organic
dyes. Plasmon—exciton coupling brings light-matter coupling to the nanoscale. This size reduction is
accompanied by strong enhancements of the light field which can, among others, be utilised to enhance
the spectroscopic footprint of molecules down to single molecule detection, improve the efficiency of
solar cells, or establish lasing on the nanoscale. When the coupling exceeds all decay channels, the
system enters the strong coupling regime. In this case, hybrid light-matter modes emerge utilisable
as optical switches, in quantum networks, or as thresholdless lasers. The present work investigates
plasmon—exciton coupling in gold—dye core—shell geometries and contains both fundamental insights
and technical novelties. It presents a technique which reveals the anticrossing in coupled systems without
manipulating the particles themselves. The method is used to investigate the relation between coupling
strength and particle size. Additionally, the work demonstrates that pure extinction measurements
can be insufficient when trying to assess the coupling regime. Moreover, the fundamental quantum
electrodynamic effect of vacuum induced saturation is introduced. This effect causes the vacuum
fluctuations to diminish the polarisability of molecules and has not yet been considered in the plasmonic
context.

The work additionally discusses the reaction of gold nanoparticles to optical heating. Such knowledge is
of great importance for all potential optical applications utilising plasmonic nanoparticles since optical
excitation always generates heat. This heat can induce a change in the optical properties, but also
mechanical changes up to melting can occur. Here, the change of spectra in coupled plasmon—exciton
particles is discussed and explained with a precise model. Moreover, the work discusses the behaviour
of gold nanotriangles exposed to optical heating. In a pump—probe measurement, X-ray probe pulses
directly monitored the particles’ breathing modes. In another experiment, the triangles were exposed to
cw laser radiation with varying intensities and illumination areas. X-ray diffraction directly measured
the particles’ temperature. Particle melting was investigated with surface enhanced Raman spectroscopy
and SEM imaging demonstrating that larger illumination areas can cause melting at lower intensities.

An elaborate methodological and theoretical introduction precedes the articles. This way, also readers
without specialist’s knowledge get a concise and detailed overview of the theory and methods used in
the articles. I introduce localised plasmons in metal nanoparticles of different shapes. For this work,
the plasmons were mostly coupled to excitons in J-aggregates. Therefore, I discuss these aggregates of
organic dyes with sharp and intense resonances and establish an understanding of the coupling between
the two systems. For ab initio simulations of the coupled systems, models for the systems’ permittivites
are presented, too. Moreover, the route to the sample fabrication —the dye coating of gold nanoparticles,
their subsequent deposition on substrates, and the covering with polyelectrolytes — is presented together
with the measurement methods that were used for the articles.






Kurzdarstellung

In der vorliegenden publikationsbasierten Dissertation mochte ich meinen Beitrag aus meiner Zeit als
Doktorand an der Universitit Potsdam zum Forschungsgebiet plasmonischer Nanopartikel vorstellen.
Letztere zeichnen sich durch Resonanzen des freien Elektronengases im Spektralbereich sichtbaren
Lichts aus mit vielversprechenden Anwenungsgebieten, unter anderem in Bereichen der Nanosensorik,
lichtbasierter Nanoschaltkreise oder auch der Krebstherapie.

Die Arbeit beinhaltet die von mir mitverfassten wissenschaftlichen Artikel, mit dem Hauptaugenmerk
auf der Kopplung zwischen lokalisierten Plasmonen in Gold-Nanopartikeln und Exzitonen in organ-
ischen Farbstoffen. Plasmonen konzentrieren Lichtfelder auf kleinstem Raum. Dadurch verstirkt
sich die Licht—Materie-Wechselwirkung, welche es etwa ermoglicht, die Effizienz von Solarzellen zu
erhohen, die Spektren weniger bis einzelner Molekiile aufzunehmen oder auch Laser auf der Nanoskala
zu entwickeln. Uberschreitet die Wechselwirkung zwischen Plasmonen und Exzitonen alle anderen
Dissipationskanile, spricht man vom Regime der starken Kopplung. In diesem Regime entstehen
neue untrennbare Licht—-Materie-Hybridzustéinde aus denen ultraschnelle optische Schalter, Quantennet-
zwerke oder pumpschwellenfreie Laser konstruiert werden konnen. Die Artikel bieten dabei sowohl
Erkenntnisse der Grundlageforschung als auch neue technische Verfahren. So wird unter anderem eine
Methode zur Sichtbarmachung der vermiedenen Kreuzung gekoppelter Resonanzen vorgestellt, in der
die Partikel selber nicht verdndert werden. Die Technik wird hier beispielsweise verwendet, um den
Zusammenhang zwischen Kopplungsstirke und Partikelgroe zu untersuchen. Zusitzlich zeigt die
Arbeit, dass das alleinige Betrachten von Extinktionsspektren unzureichend fiir die Beurteilung des
Kopplungsregimes sein kann. Desweiteren wird die Séttigung durch Vakuumfelder vorgestellt, ein
Effekt der Quantenelektrodynamik, der im Zusammenhang mit Plasmonen bisher unbekannt war.

Die Reaktion von Gold-Nanopartikeln auf optische Erwidrmung stellt den zweiten Themenbereich der
Arbeit dar. Da durch optische Anregung grundsitzlich auch Wirme entsteht, ist die Kenntnis iiber
diese Reaktion fiir alle Anwendungen plasmonischer Nanopartikel von Bedeutung. Zum einen wird
hier die spektrale Anderung nach der Anregung gekoppelter Gold—Farbstoff-Partikel untersucht und
quantitativ modelliert, zum anderen betrachtet die Arbeit Gold-Nanodreiecke bei optischer Anregung.
In zeitaufgelosten Messungen wurde die Ausdehnung des Kristallgitters direkt mit Rontgen-Pulsen
aufgenommen. Mit Hilfe von kontinuierlicher Rontgenstrahlung wurde aulerdem die Temperatur der
Teilchen bei konstanter Beleuchtung von Laserlicht gemessen, wobei die GroBe der beleuchteten Fldche
und die Lichtintensitit variierten. Durch oberflachenverstiarkte Raman-Spektren und REM-Bilder lief3
sich indes das Schmelzen der Teilchen beobachten.

Den Artikeln steht eine ausfiihrliche Einleitung voran, die eine detaillierte Ubersicht sowohl iiber die
theoretischen Grundlagen als auch iiber die experimentelle Methodik bietet. Sie fiihrt lokalisierte
Plasmonen auf unterschiedlich geformten Teilchen ein. Fiir diese Arbeit wurden die Teilchen mit
J-Aggregaten ummantelt. Folglich werden diese speziellen Aggregate organischer Farbstoffe mit ihren
intensiven und scharfen Resonanzen vorgestellt und die Kopplung ihrer Anregungen mit Plasmonen
diskutiert. Fiir Ab-initio-Simulationen der gekoppelten Spektren werden Modelle fiir Permittivitét der
beiden Komponenten besprochen. AbschlieBend werden die Herstellung der Proben sowie alle in den
Artikeln verwendeten Messmethoden eingefiihrt.
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1 | Introduction

The history of light manipulation via metal nanoparticles reaches back to the ancient Romans. The
4th-century Lycurgus cup belongs to the oldest known examples of dichroic glass. Colloidal gold—silver
alloy nanoparticles give rise to a colour variarion from red to green depending on whether light is
transmitted or reflected by the cup [1]. Later, in the Middle Ages, metal nanoparticles were used to stain
glass in various colours [2]. Gold nanoparticles also found application as pigments in the very early days
of photography [3]. However, the roots of the effects and even the mere occurrence of nanoparticles
remained unknown until Michael Faraday presented his studies on metal aerosols and their influence
on light [4] in 1857. He was the first to attribute the colours to the occurrence extremely fine metal
particles.

In 1908, Gustav Mie [5] provided a detailed explanation of the scattering and absorption behaviour
of spherical nanoparticles explaining the colours by resonant oscillations of the free electrons. Today,
we refer to these collective oscillations as localised plasmons. The Mie model predicted correctly that
metal nanoparticles can absorb but also strongly scatter light explaining the pronounced colour effects
exhibited by the stained glass types produced in the centuries before. In 1912, Richard Gans expanded
the Mie model to the description of ellipsoidal nanoparticles to account for possible non-spherical
shapes [6]. His theory showed that the plasmon resonance could be tuned over the hole visible spectrum
by changing the shape of the nanoparticles.

Besides the strong scattering and absorption, Mie and Gans showed that the electromagnetic energy of
light illuminating a nanoparticle is concentrated in the particle’s inside and vicinity. This concentration
to a volume much smaller than the light’s wavelength causes a strong enhancement of the electric
field. However, by their time, Mie’s and Gans’ theories were no more than interesting insights into an
intriguing physical phenomenon. Possible applications for metal nanoparticles based on these findings
were hardly discussed.

In the last decades, this attitude has changed dramatically thanks to the improvements in nanoparticle
fabrication. Both wet chemical processes and etching techniques allow the production of particles of
arbitrary size and shape. Additionally, in contrast to the early 1900s, electron microscopes or AFMs
allow precise control over the particles. These developments have paved the way for a plethora of
application ideas utilising the features of plasmonic nanoparticles as light antennas, absorbers and
scatterers at tunable wavelengths.

The strong and tunable absoprtion is for example applied to remotely generate heat in a strongly confined
region [7]. This heat can be harvested for cancer therapies [8], for nanosurgery [9], but also for other uses
like 3D printing [10]. A further scope of applications for plasmonic nanoparticles is sensing [11]. The
change of their optical properties under aggregation, the high sensitivity to the chemical environment or
their ability to enhance the fluorescence of adjacent chromophores makes metal nanoparticles promising
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sensors with a sensitivity down to the single molecule limit [12]. Moreover, plasmonic nanoparticles
have proven to serve as pigments for sub-diffraction image printing [13]. Another wide field that utilises
a wide range of plasmonic properties — the local heat around nanoparticles combined with the electric
field enhancement and the generation of nonthermal electrons — is plasmon assisted photochemistry
[14]. Here, plasmonic nanoparticles are used as catalisers for chemical reactions like water splitting
[15] or CO, reduction [16]. These presented concepts constitute only a small fraction of the various
ideas how plasmonic nanoparticle might shape future technologies.

One of the most promising areas of application is yet to be mentioned as it plays a major role in this
work: The coupling of localised plasmons to electric excitations in atoms, molecules or semiconductors.
The enhanced electric fields in vicinity of plasmonic nanoparticles are used to increase the efficiency
of solar cells [17], to establish lasing at the nanoscale [18], or to enhance infrared [19] and optical
absorption [20]. Surface enhaced Raman spectroscopy (SERS) [21] makes use of the high electric
fields with which the Raman scattering signal even of single molecules can be investigated [22]. These
applications have in common that this light-matter coupling is excelled by other energy decay channels.
The situation is called the weak coupling regime. When the coupling exceeds all decay channels a new
and intriguing regime arises: the strong coupling regime. In this regime, new light-matter hybrid states
emerge. These hybrid states possess both light and matter like properties and possibly even new features
diverging from those of the original subsystems. Such hybrid systems have been proposed to faciltate
the realisation of quantum networks [23], to serve as optical switches [24], to enable coherent control
over chemical landscapes [25], to allow for thresholdless lasing [26] and much more.

This cumulative dissertation presents the articles I authored or co-authored during my time as PhD
student in the group of ultrafast dynamics of condensed matter (UDKM) at the University of Potsdam.
The work’s main focus lies on the articles to which I contributed as main author. These discuss the
coupling between plasmons in gold nanoparticles and excitons in an organic dye in terms of strong
coupling, its detection and the consequences of the coupling in general. The systems under investigation
are core—shell nanoparticles with a gold core and a shell of the J-aggregate forming dye TDBC. Such
J-aggregates possess very high transition dipole moments which enable strong light-matter couplings.
The articles present a method to tune the plasmon resonance by manipulating the particles’ environment.
This way, the coupling strength of particles with various sizes can be determined. The work also
shows that the wide spread way of measuring the extinction spectrum of the nanoparticles can lead to
erroneous conclusions and that indeed, scattering and absorption should rather be recorded individually.
Additionally, this work discusses that vacuum fluctuations can saturate the dye. Taking this effect into
account enables a precise simulation of spectra of coupled core—shell systems.

Other articles in this thesis investigate the reaction of gold nanoparticles to optical heating. In all
potential applications utilising localised plasmons, nanoparticles are exposed to radiation and will
change temperature due to absorption. Consequently, all applications require precise knowledge about
the influence of heat on the particles. This might address changes of the optical properties, heat diffusion
within the particles and their surroundings up to possible melting of the particles. The change of the
optical properties is discussed for the coupled core—shell nanoparticles. Moreover, this work investigates
bare nanotriangles under optical excitation. The temporal behaviour in the first picoseconds after
excitation is directly observed with pulsed X-rays. Moreover, the work discusses the melting of the




particles under continuous optical heating. This melting process can start earlier for larger illuminated
areas despite lower excitation intensities.

This dissertation is organised as follows: Chapter 2 gives a short overview of the articles, their respective
scientific novelties and my personal contributions to their development. Chapter 3 introduces the
theoretical foundations of these articles. Addressing readers without specialist’s knowledge in the field
as well as graduate and undergraduate students, mainly my successors in the UDKM, I decided to give
a thorough and concise introduction. It includes detailed derivations and elaborate discussions about
the topics of interest for this work. Here, the main focus is the knowledge that is required for a full
understanding of the articles discussing plasmon—exciton coupling. The theoretical part is followed by
an introduction into the methodology of this work in Chapter 4. Having my successors in mind again,
I give a detailed introduction into the sample fabrication and measurement set-ups. The articles are
then presented in Chapter 5. This chapter forms the scientific core of this dissertation. The articles
are preceded by a short introduction presenting the links between the articles and each article’s role in
its respective scientific context. Eventually, Chapter 6 will conclude the work and give an outlook to
possible development in the near future based on the presented articles.







2 | List of Articles

The following articles constitute the scientific core of this dissertation. They were planned, drafted and
completed in my time as doctoral researcher at the University of Potsdam financed by the DFG via the
graduate school School of Analytical Sciences Adlershof (SALSA). All articles discuss plasmonic gold
nanoparticles and can be apportioned to two topics: plasmon—exciton coupling and optical heating. The
first four articles discuss the coupling between localised plasmons on gold nanoparticles to the excitons
in shells formed of an organic dye. ArticlesI and II focus on the regime of strong coupling, the third
shows that already the vacuum plasmon field can saturate the excitonic transition in the shell. The fourth
article forms the bridge between the two topics as it discusses the reaction of optical heating in coupled
plasmon—exciton nanoparticles. The last two articles present transient (Article V) and static (Article VI)
measurements of excited gold nanotriangles. All articles are listed below together with a specification
of the scientific novelties they present, as well as with a description of my contribution to the respective
article.

I Signatures of Strong Coupling on Nanoparticles: Revealing Absorption Anticrossing
by Tuning the Dielectric Environment . . . . . . . ... ... ... ... ......... 109

Felix Stete, Wouter Koopman, and Matias Bargheer, ACS Photonics 4,7 (2017)

This article serves with three main contributions to the scientific field of strong plasmon—
exciton coupling: First, the technique of layer-by-layer deposition of polyelectrolytes
has not been used in this field before. This technique enables a tuning of the plasmon
resonance in nanoparticles without changing the particles’ sizes or shapes. This enables
a completely new way of engineering the optical response of a composite system and
facilitates an assessment of the coupling strength. As a second key point, the article
gave experimental evidence that the simple measurement of the extinction can result in
erroneous results when trying to assess the coupling regime. Scattering and absorption
spectra need to be recorded independently. As a third topic, the article introduces a simple
model system of two coupled oscillators with which the differences between scattering,
absorption and extinction can be exemplified.

I developed the technique for sample manufacturing, I conducted all experiments, evalu-
ated the data, created the graphical content and substantially contributed to writing the
manuscript.
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II Size-Dependent Coupling of Hybrid Core—Shell Nanorods: Toward Single-Emitter Strong-
Coupling . . . . . . . . . e 123

Felix Stete, Phillip SchoBau, Wouter Koopman, and Matias Bargheer, The Journal of
Physical Chemistry C 122, 31 (2018)

This article presents a discussion about the connection between size and coupling strength
in core-shell nanoparticles. Until this point this had only been done theoretically. The
article confirms the theoretical prediction of increasing coupling strength with decreasing
particle size and even provides a quantitative explanation. Additionally, the possibility of
single emitter strong coupling is predicted with a simple gold nanoparticle as cavity - a
system much less complex than other suggested geometries.

I supervised a bachelor student who conducted one measurement series and I conducted
the other measurements myself. I evaluated the data, created the graphical content and
substantially contributed to writing the manuscript.

Il Vacuum Induced Saturation in Plasmonic Nanoparticles . . . . . ... ... ... ... 133

Felix Stete, Wouter Koopman, Giinter Kewes, Carsten Henkel, Oliver Benson, and Matias
Bargheer, submitted , (2020)

This article introduces the intriguing effect of vacuum induced saturation on plasmonic
nanoparticles. It argues that the vacuum fluctuations in electromagnetic cavities can
decrease the probability of photon absorption. Such an effect has been observed in tradi-
tional cavity quantum electrodynamics, but not yet in the plasmonic context. Besides the
fundamental insight, the article provides a modified expression for the susceptibility of
two-level systems in plasmonic cavities. This new expression for the susceptibility allows
the accurate simulation of the extinction spectra of the core—shell particles. Previously
published theoretical models predicted an electromagnetic mode that could never be
observed in measurements. Taking the effect of vacuum induced saturation into account,
allows the reconciliation between theory and experiment.

I conducted the experiments, I evaluated the data and provided the analytical simulations,
created the graphical content and substantially contributed to writing the manuscript.

IV Optical Non-Linearities in Plasmon—Exciton Core—Shell Systems: The Role of Heat . . 143
Felix Stete, Wouter Koopman, and Matias Bargheer, submitted , (2020)

This article presents simulations of transient spectra of coupled core—shell nanoparti-
cles. Such spectra could previously only be explained phenomenologically. The article
combines two methods: a well-established method of simulating the behaviour of pure
nanoparticles and the simulation of static coupled spectra developed in Article III. The




article confirms that transient features on a picosecond timescale mainly stem from the
heating of the gold.

I constructed the measurement set-up and conducted the experiments. I evaluated and
simulated the data, created the graphical content and substantially contributed to writing
the manuscript.

V Watching the Vibration and Cooling of Ultrathin Gold Nanotriangles by Ultrafast X-
ray Diffraction . . . . . . . . ...

Alexander von Reppert, Radwan M. Sarhan, Felix Stete, Jan Pudell, Natalia Del Fatti,
Aurelién Crut, Joachim Koetz, Ferenc Liebig, Claudia Prietzel and Matias Bargheer, The
Journal of Physical Chemistry C 120, 50 (2016)

This article presents a study of the dynamics of gold nanotriangles after optical excitation.
It is the first study that is based on a laser-driven femtosecond X-ray source. This enabled
a direct observation of the out-of-plane strain of the particles. Previous studies were either
experimentally challenging since a free electron laser was mandatory or they could only
indirectly assess the strain via optical probing techniques. In addition to the experimental
novelties, a simple 1D simulation reproduced the measurement results nicely.

I recorded the SEM images, provided parts of the graphical content and commented on
the manuscript.

VI Scaling-Up Nano-Plasmon Catalysis: The Role of Heat Dissipation . . . . . . . ... ..

Radwan M. Sarhan, Wouter Koopman, Jan Pudell, Felix Stete, Matthias Rossle, Marc
Herzog, Clemens Schmitt, Ferenc Liebig, Joachim Koetz, and Matias Bargheer, The
Journal of Physical Chemistry C 125, 31 (2019)

This article examines the consequences of macroscopic illumination of nanoparticles on a
substrate. Usually, studies on nanoparticles as for example utilised in SERS or plasmon
assisted photochemistry employ strongly focussed laser beams. This article shows that
simply scaling up the illuminated area using the same or even lower intensity can cause
the particles to melt. It presents simulations that show that the particle cooling shifts from
3D to 1D heat transport. This effect had not been investigated previously but needs to be
taken into account in large scale nanoparticle experiments.

I constructed a Raman microscope for preliminary measurements to assess the settings
used in the actual experiments. I also recorded the SEM images, designed the graphical
content and commented on the manuscript.







3 | Theoretical Background

This dissertation mainly discusses the coupling between plasmons on gold nanoparticles and excitons in
organic emitters in Articles [—1V. Additionally, Articles IV — VI examine gold nanoparticles exposed to
optical heating. Also there, plasmons play a crucial role. This chapter shall establish the theoretical
background of the main concepts discussed in the research articles that will later be presented in
Chapter 5.

Plasmons describe resonances of the free electrons in a metal. In the case of gold and silver nanoparticles,
these resonances, referred to as localised plasmons, lie in the visible range. They come along with
strong electric fields on the particle surface which can affect emitters in the particle’s vicinity. This
impact works in both directions and the excitons can also influence the plasmons. If the interaction
exceeds all other channels for energy dissipation, the regime is called the strong coupling regime. The
main ingredients for understanding this process will be introduced as follows:

We will start with a very short roundup of the main features of the permittivity. The permittivity is
the fundemental material properity behind all optical processes and determines the conditions for the
occurrence of plasmons. It shall therefore receive a short introduction on Section 3.1.

Localised plasmons on metal nanoparticles are the topic of Section 3.2. The main tool for investigating
plasmons is optical spectroscopy. Therefore, this section introduces the optical response of metal
nanoparticles. In its first part, this response is derived in detail for nanospheres. Subsequently, we will
discuss the optical properties of metal ellipsoids. Their shape is a good approximation to nanorods
which represent one of the main systems investigated in this dissertation. For most of the articles, the
particles were covered with a thin film of an organic dye. Therefore, we will later take a look at the
optical properties of core—shell ellipsoids. The presented concepts for spheres, ellipsoids and core—shell
particles are strictly valid only for particles that are much smaller than the wavelength of visible light.
This assumption is not always true for the particles used for the articles. This is taken into account in
the last part of the section where the theory is expanded to larger particles.

The subsequent Section 3.3 discusses the phenomenon of J-aggregates, a special type of clusters that
can be formed by some organic dyes. These aggregates feature very sharp and intense resonances,
strongly enhancing the coupling to plasmons in comparison to monomer dyes or quantum dots. We
will discuss the basic concept of direct dipole-dipole interaction within an aggregate which explains the
main features of J-aggregates.

The optical properties of bare metal nanoparticles as well as of core—shell systems mainly depend on the
permittivity of the involved materials. Therefore, Section 3.4 shall establish a profound understanding
of the permittivity of gold and two-level systems as foundation for the detailed simulations that are
presented in the Articles III and IV. Simple models —the approximation of gold as a Drude metal and of
an emitter as Lorentz oscillator — are extended to models with higher precision. Interband transitions are
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incorporated into the permittivity of gold via the joint density of states and the permittivity of a two-level
system is derived from the semi-classical optical Bloch equations enabling accurate simulations of the
core—shell nanoparticle systems.

At the end of the chapter, Section 3.5 will be dealing with the general concept of coupling between
electromagnetic cavities and quantum emitters. The energy transfer between the two systems can be so
strong that it exceeds all other decay channels. This situation is described by the strong coupling regime,
a regime where the original systems hybridise and states with both light and matter properties emerge.
The coupling is first discussed within the framework of a full quantum treatment and subsequently
generalised to the system of two coupled classical oscillators. These oscillators eventually help to assess
the regime of strong coupling.

3.1 Permittivity

This work discusses plasmonic nanoparticles, mainly their interaction with excitations in organic
emitters but also their reaction to optical heating. Plasmons are resonant oscillations of the free electrons
in a metal nanostructure which can occur under radiation of an external electric field. The conditions
for the occurrence of resonances are determined by the permittivity € of the structure’s material and of
the environment. The permittivity determines not only the occurrence of plasmons but generally the
response of a substance to an external electric field as it connects the electric field with the polarisation
within the material. This work mostly discusses the features of gold nanoparticles investigated by optical
spectroscopy. The permittivity is therefore at the foundation of the theory presented in this chapter and
this first section gives a short roundup of its main features.

When a material is exposed to an external electric field E, its charge carriers get displaced and a
polarisation P builds up. This polarisation is the sum of all microscopic dipoles per unit volume. The
electric field and the polarisation define the dielectric displacement field D via

D =¢gE+P. 3.1)

Here, g represents the vacuum permittivity.

On the other hand, the dielectric displacement field and the electric field are directly connected by the
permittivity since

D = geE. (3.2)

The polarisation and the permittivity are thus directly related as
P=¢gy(e—1)E=¢gyE. (3.3)

The factor x is the susceptibility and also often used to describe the material’s reaction to an external
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3.1 Permittivity

field. This means, the permittivity and susceptibility are measures of the reaction of a material to an
electric field. A larger € (and consequently a larger ) indicates a stronger polarisation for the same
electric field. Note that this work uses € and the term permittivity always as relative value to the vacuum.

In a metal, a part of the electrons can move freely in an external field. This means that for a static field, a
part of the charge carriers can theoretically be infinitely displaced and consequently € = oo. In contrast,
for dielectric materials without free electrons, the permittivity for constant fields is finite.

In case of an oscillating external field, for example an incoming wave, also the polarisation undergoes
oscillations. Like in the case of a classical driven oscillator, their amplitude depends on the frequency of
the exciting field. Also, polarisation and external field do not need to oscillate in phase. This reflects in a
non-vanishing imaginary part of £(®) = €’(®) + i€’ (®). The imaginary part accounts for the absorption
of electric energy whereas the absolute |€| accounts for the polarisability’s amplitude. &’ and €” are
connected via the Kramers—Kronig relations that means they are not independent and the knowledge of
one of the two directly enables the determination of the other. We will use this in Section 3.4 where we
will calculate the permittivity of gold.

All optical properties of a material are determined by its permittivity since it defines the reaction of all
charge carriers to an electric field. Consequently, the (complex) refractive index n = n’ + ik is directly
connected to € via

n=+e. (G4

Let us take a look at the influence of the permittivity on an electromagnetic wave. The dispersion
relation for the wavevector k = k' + ik” is given by

(0]
k=n—. (3.5)
¢
An electromagnetic wave propagating in the z-direction inside the material of interest writes as
E = Epe'® ) 4 0o = Epe ¥ <e"(k/““”) —|—c.c.> = Ege ¥¢? (e“("’%“a”) + c.c.) ) (3.6)

This means that k accounts for the attenuation of the wave. For small susceptibilities, the refractive
index can be approximated from a Taylor series to n =~ (1 +¢')/2+i€” /2. This is the case for optically
thin media like gases or dielectrics far away from resonances. Hence, the attenuation of a wave is
directly proportional to the permittivity’s imaginary part. For materials with larger permittivities, the
situation is more complex. But the relation k = €”/2n' (which is directly retrieved from equating the
coefficients in Equation 3.4) indicates that also here, €” mainly accounts for the attenuation of a wave
inside the material.

This short overture should reestablish our knowledge about the permittivity as direct measure for the
polarisation that arises due to an external electric field. We will meet this material feature throughout
this work starting with the description of localised plasmons in the next section.
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3 Theoretical Background

3.2 Localised Plasmons

Plasmons are resonant collective oscillations of the free electrons in a material. The effect can be be
distinguished in three different manifestations: Bulk plasmons describe longitudinal oscillations of the
electron cloud in the whole volume of a bulk metal. Surface plasmon polaritons are electron oscillation
waves propagating along the metal surface. Localised plasmons (also referred to as localised surface
plasmons) can be considered as a mixture of the first two kinds as coherent oscillations of the electron
cloud in metal nanoparticles, causing charge displacements on the surface. Due to their high spatial
confinement, localised plasmons can strongly enhance electric fields. This effect has inspired a plethora
of applications suggested in the past years. This includes nanoparticles as chemical or biological sensors
[11], in photovoltaics [17], for surface enhanced infrared absorption [19] or Raman scattering [21], for
data storage [27], as contrast agents for photoacoustic tomography [28] and many more [29, 30].

Additionally, the enhancement can be employed to achieve strong interactions between the electric
fields and emitter excitations, as is discussed in detail in this work (see Articles I-1V). Localised
plasmons can also efficiently absorb radiation and can cause strongly localised thermal energy. Articles
IV — VI examine consequences of this optical heating process in nanoparticles. To provide a basis for
the understanding of these articles, this section introduces the most important theoretical aspects of
localised plasmons on metal nanoparticles.

The basic phenomenon is illustrated in Figure 3.1. The cloud of free conduction electrons can be
displaced from the ion lattice by an external electric field. This displacement causes an accumulation of
negative charges on one side of the particle and of positive charges on the other. The attraction between
these charges causes a restoring force on the free electrons. For every system in which a restoring
force tries to reestablish an equilibrium state, an eigenfrequency @y can be found at which the system
can be driven in resonance by an external force. In case of nanoparticles, these resonances are called
localised plasmons. For gold an silver nanoparticles (among others), the resonance frequencies fall into
the visible range making them promising systems for light manipulation.

Plasmonic nanoparticles can be seen as cavities for electromagnetic energy. The modes are matter
bound and can thus be confined to almost arbitrarily small volumes. Smaller mode volumes generate
higher fields enabling tremendous field strengths at the surface of plasmonic nanoparticles [31].

Due to their spectral position and their strong reaction to visible light, plasmons and their influence on
external electric fields are best investigated by optical spectroscopy. To establish an understanding of
the respective spectra presented in this work’s articles, this section discusses the basic theory explaining
the optical response of metal nanoparticles. For this, we will examine three example systems: In the first
part, the simplest system of nanospheres is introduced. Their optical cross sections shall be derived in
detail and key features like the resonance position or the dependence of the resonance on the surrounding
medium will be discussed. The theory will thereafter be expanded to ellipsoidal particles. Eventually, as
most general case and as best representation of the systems actually used for Articles -1V, the case of
particles consisting of an ellipsoidal core and a thin shell will be discussed. All derivations are made in
the quasistatic limit in which electric fields are assumed to be constant in space and vary only in time.
This limit demands particle dimensions that are much smaller than the wavelength. To expand the theory
to larger particles, the last part of this section will introduce a correction to the quasistatic approach.
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Figure 3.1: Phenemonological illustration of a localised plasmon. The cloud of free electrons
and the ion lattice of a metal nanoparticle are in the same position until an external
electric field Ee; is applied. In that case, the electron cloud is displaced from the
immobile lattice. The displacement induces a charge separation which causes a
restoring force on the electrons.

3.2.1 Spherical Particles

The theoretical analysis of the optical response of nanospheres is nowadays strongly connected to
Gustav Mie and in his honour often called Mie theory. He wanted to understand the scattering and
absoprtion behaviour of small particles of gold suspended in water. In 1908, he developed a theory
which is not only valid for gold spheres but for spheres of any material embedded in a homogeneous
medium. Mie theory describes the exact analytical solution to the question how a spherical particle
reacts to an incoming external light wave [5]. It does not require any approximations or assumptions to
the electric field or the particle size. The solution is based on a multipole extension of the fields and the
result is a rather complex expression consisting of an infinite series of the Riccarti—-Bessel functions,
from which physical insight is hard to gain.

For particles that are small compared to the wavelength of the incoming light, a simpler and more
instructive approach is sufficient to describe the optical response. It will eventually show that a small
particle can be treated as point dipole with a polarisability «. This polarisability determines all optical
features of the dipole and consequently of the particle. In the following, we want to derive this insight
in detail.

In case of a small particle, the electric field of an incoming plane wave can be regarded as constant at all
points of the particle volume. The time dependence can be added later when the static field is known.
Without temporal dependence, the problem reduces to the Laplace equation for the electric potential @,
that means

AD =0. (3.7)

This equation is to be solved under the boundary conditions dictated by the respective particle geometry.
From the resulting potential ®, we directly obtain the electric field at all positions inside and outside of
the particle.

Polarisability of a nanosphere: The following section roughly reproduces the arguments given by
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3 Theoretical Background

Maier in his book on plasmonics [32] to find the solution of to the Laplace equation for a metal
nanosphere with radius a in a constant external electric field Ey. Its goal is a detailed derivation of
the sphere’s polarisability ¢. For simplicity, the coordinates are chosen such that the origin falls into
the sphere’s centre and the electric field points in the z-direction. Inside the sphere, the (frequency
dependent) permittivity is given by &gy, outside by €peq. Figure 3.2 depicts an illustration of the
geometry.

Figure 3.2: Gold nanosphere with radius a illuminated by an external light field Ey. The
permittivities are &y, inside the particle and €neq in the area surrounding the particle.

Due to the system’s spherical symmetry, a treatment of the problem in spherical coordinates (r as radial
distance, 0 as polar angle, ¢ as azimuthal angle) seems convenient and the Laplace equation reads as

1 0 (40 d (. 0 1 9? -
Send [sm@ar <r 8;’) + S0 (Sm989> +sm@8(p2] ®(r,0,¢0)=0. (3.8)

We can find the solution for two regions: ®; inside the sphere and ®y; outside of the sphere. The
potential outside can be expressed as the potential of the unaffected eletric field Ey added to the potential
of the scattered field @y = Py + Pycq¢. Py and Py are connected to an overall potential via the boundary
conditions at the surface: On a metal surface the tangential component of the electric field £ needs to
be continuous as well as the normal component of the dielectric displacement field D. In the case of a
metal sphere in spherical coordinates, these conditions read as [32]

o) _ 9% and e | = e 2N (39)
—— — h—— = d .
d0 r=a a0 r=a N dr r=a e dr r=a
As further boundary condition the potential needs to be finite at the origin. That means
O(r=0) <oo. (3.10)
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3.2 Localised Plasmons

This is due to the absence of residual charges in the sphere’s centre. Furthermore, the sphere’s influence
on the external field Ey should be negligible at positions far away from the sphere, that is

F—s00

b —— Py = —Eyz = —Eprcos 0. (3.11)

Solving the Laplace equation is simplified by the choice of the coordinate system: The system is
symmetric in ¢. Thus, ® does not depend on @ and the last term in the Laplace equation gives zero.
The resulting differential equation has a general solution and for the two regions it reads [33]:

oo

b = Z [Akl’k +Bkr7(k+l)]P;{(cos 9) , (3.12a)
k=0

Py = Y [Cer* + D~ VP (cos 0) . (3.12b)
k=0

Here, P.(x) represents the Legendre polynomial of the k-th order and Ay, By, Ci and Dy, are constants
that are to be found in the following section.

The requirement of a finite field at the point of origin results in the necessity of all B; being zero since
otherwise their respective terms would diverge for r — 0. The fact that the sphere should not have
influence far away form the point of origin requires that

Z CkrkPk(cos 0) =®dy) = —Eprcos6. (3.13)
k=0

Legendre polynomials form a orthonormal basis. This means that there is only one distinct representation
of cos(0) as a combination of Legendre polynomials. Since P;(cos 8) = cos 0 already, all Cy need to be
zero fork# 1 and C; = 1.

We now find the potentials inside and outside of the sphere as

;=) Aer*Pi(cos6), (3.14a)
k=0
Py =Pg+ Y Der” ¥ P(cos 6). (3.14b)
k=0

These two equations still need to fulfil the two boundary conditions at the particle surface. The condition
of a continuous normal displacement field (right side of Equation 3.9) demands

oo

Z [esphAkkak_l + EmeaDi (k+ l)a_(k”)} Pi(cosB) = —gmeaEpcos 6. (3.15)
k=0
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Again, the orthogonality of the Legendre polynomials requires each prefactor k£ # 1 to vanish indepen-
dently. That is

EsphAkka(kil) + Emede(k + l)ai(kJrz) =0. (3.16)
For k = 1, the the prefactors on both sides need to be equal, namely

EphA 1 +2£medD1a*3 = —FEp€med - 3.17)

Plugging Equations 3.14 into the condition of continuous tangential electric fields (left side of Equa-
tion 3.9), we obtain

oo

Z [Akak _Dkaf(k+1)}
k=0

0 0
%Pk(cos 0)= —an% cos 9. (3.18)

Since also the derivations of the Legendre polynomials are orthogonal [33], the same arguments as
above are valid and for k # 1, A and By have to fulfil

Awd — Dra= D =0 (3.19)

and for k=1,
A +Dia > =E,. (3.20)

For all k£ # 1, only Ay = Dy, = 0 can satisfy Equations 3.16 and 3.19 simultaneously whereas the system
of equations for k = 1 is solved by

3¢
A= >md g (3.21a)
Esph +2€med

E. — &
| = ph T Fmed sp0 (3.21b)
gsph + 2'fl‘med

The findings for the Ay ad Dy can be plugged into Equations 3.14 and we find the static potential inside
and outside of the sphere to be

3¢
O =—— " Fircos@, (3.22a)
Esph + 2£med

Eph — Emed o cos 0

Py =Po+ 0d
Esph + 2gmed

(3.22b)

72
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3.2 Localised Plasmons

The potential inside the sphere describes an electric field parallel to the external field Ey. The potential
outside is the superposition of the external potential and that of an electric dipole at the point of origin
with a dipole moment
3 8sph — €med

E,. (3.23)
Esph + 28med

P= AT EYEmeda
That means, the potential outside reads as

1 pr

Py=Py+ ——.
i 0+ Aoty 13

(3.24)

The dipole moment is proportional to the external electric field. This is usually the case for dipoles with
movable charges for which then a polarisability & can be defined via p = €pneq@Eg. The polarisability
determines the strength of the dipole moment in a given electric field. It is a fundamental feature of a
point dipole and from it, all optical properties, like absorption or scattering can be deduced. In our case,
the polarisability of a small sphere directly results from equation 3.23 to be

8sph — Emed

o= 47[80613 e
8sph + 2gmed

(3.25)

This expression for the polarisability of a small nanosphere is the main insight of the previous section.
It is the starting point for the calculation of the sphere’s optical properties. We will find expressions for
the polarisability of ellipsoids and core—shell particles later in this work. Note that, for spheres, it is
of the same form as the Clausius-Mossotti relation. This is, in fact, not very surprising since also that
relation describes the polarisability of a sphere depending on its permittivity [33].

We obtain the electric field around the particle from E = —V®. With e, as unit vector in direction of r,
it writes as
3€med

=_ - g, (3.26a)
esph + 2gmed

1

o 3er(er . EO) —Ey

E;=E
w0t e r3

(3.26b)

Up to this point, we assumed the electric field to be constant in time and space. To investigate a
nanoparticle’s reaction to light, the electric field must be allowed to vary in time. We worked in the
quasistatic limit in which the external field can be assumed constant in space. We saw that, in this case,
the particle can be treated as a point dipole. In the quasistatic limit, fields can change in time and a light
field can be written as a plane wave with E(r,#) = Eo(r)e/®". In this chapter’s first section, we discussed
the frequency dependence of the permittivity. Consequently, ¢, too, is frequency dependent. It can
therefore show resonances whenever the denominator in Equation 3.25 becomes minimal. The sphere’s
permittivity may have a non-vanishing imaginary part and writes as &pn(®) = £, (®) + ig;, (). For
a dielectric medium, the permittivity’s imaginary part can usually be neglected. In the case of a small or
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10

1 g2

E
0 10 nm 1

W,

Figure 3.3: Square value of the electric field around a sphere excited by an external field Ey. The
field is calculated from Equation 3.26, the sphere’s diameter is 30 nm, &pp =2 +3.7i
and €peq = 1.
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(w), the polarisability becomes resonant for

!/

Eph = —2&med - (3.27)

This relation is known as the Frohlich condition [34]. It describes the state where the free electrons
oscillate in resonance with the external light field. Exactly these modes are the localised plasmons this
section is meant to introduce. For gold and silver, the Frolich condition is fulfilled for visible frequencies
making both metals suitable materials for plasmonic applications.

Note that if the imaginary part is strongly dispersive or not negligibly small, the maximum position
of o can slightly deviate from the position predicted by the Frohlich condition. Moreover, a metal
particle in a dielctric medium is not the only system that can fulfil this condition. The inverse case of
dieletric particles or simple voids inside a metal film is also a valid system to obtian resonances [35].
This situation will however not be treated further since the articles of this work only discuss metal
nanoparticles.

In plasmonic nanoparticles, the induced dipole moment p = £ycq@Ege’® can reach high values causing
strong electric fields. Thus, the local field can be higher than the incoming field Ey, an effect that is
usually referred to as field enhancement. The effect is illustrated in Figure 3.3 which depicts the field
enhancement around a metal nanosphere with @ = 15nm by plotting Equation 3.26 for &, =2+ 3.7i
—a realistic value for gold — and €y,.g = 1. In direct vicinity of the particle, the field is strongly enhanced.
This field enhancement at plasmon resonance is the basis for many application ideas amongst which this
work will later focus on the coupling to excitons.

Scattering cross section: We can now take a look at the characteristic optical features of plasmonic
nanospheres. An incident light field can interact with a plasmonic nanoparticle in three ways: The wave
can pass the particle unaffectedly, it can be scattered by the particle and it can be absorbed while the
energy is dissipated in the particle. The quantities describing the amount of scattered and absorbed light
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3.2 Localised Plasmons

are the optical cross sections. To derive the optical cross sections, we can make use of the approximation
of the particle as a point dipole and the quantity defining the cross sections is the polarisability .

The scattering cross section Oy Of a nanoparticle is calculated by dividing the radiated power by
the energy density of the incoming plane wave [36]. The former is obtained via the Pointing vector
S = E x H. The electric field of a point dipole is given by [33]

! k% (e, x p) X e e + [3e.(e;-p) — p] LK i (3.28)
= ———— —_— . —_ _——— e .
4TCE)Emed P ET ne PRI 372
and the respective magnetic field is given by [33]
Ck2 ikr 1
H=— —(1—=). 2
ag &P —(1—-) (3.29)

Here, k = A /27 is the light’s angular wavenumber with A as the light’s wavelength. Note that the
previously derived static electric field given by Equation 3.26 is recovered in the vicinity of the particle,
i.e. for kr < 1.

We find the total power P radiated by the dipole via integration of the Pointing vector on a closed surface
around the particle and averaging over time. With ¢ denoting the speed of light and » as the refractive
index in the medium, this results in [36]

1 ck* ck* 2 12
= = o|°|Ep|”. 3.30
AEYEped 3N Pl 1271:80n| I*IEo] (3.30)
Now, dividing this power by external field’s energy density
&c
S — 253 331

leads to an expression for the scattering cross section of

2
4 Eph — Emed

2 _ 8j ab
Esph + 28med

Oscatt = F{:‘(y | 3

(3.32)

This shows that the scattering becomes resonant at frequencies where « is resonant and thus, when
plasmons occur. The scattering cross section can be measured directly with optical spectroscopy. This
makes it an important feature for assessing plasmon resonances in nanoparticles.

As an illustration, Figure 3.4 presents the simulation of the scattering cross sections of gold and silver
spheres in different media, obtained from Equation 3.32. Three examples were chosen: &peq = 1 to
resemble air, €,.q = 1.7 to resemble water, and £y.q4 = 2.3 to resemble glass. The lower part of the
figure shows plots of the real and imaginary parts of the permittivities that were used from Reference 37.
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Figure 3.4: Scattering cross sections of silver (blue lines) and gold (orange lines) nanospheres
with a diameter of 25nm in different media. The permittivities are chosen to be
€med = 1 (air, dotted lines), €neg = 1.7 (Water, dashed lines) and &ypeq = 2.3 (glass,
solid lines). The central plot illustrates the Frohlich condition: The real parts of &
for gold and silver are plotted with —2¢&,eq4 for the respective media. The respective
crossing points indicate the spectral position where the Frohlich condition is met.
To understand the amplitudes of the scattering cross section, the imagnary parts of
&spn for gold and silver are shown in the lowest plot. The data for the permittivities
of gold and silver were taken from Reference 37.

The real parts are plotted together with —2¢&,.q for the different media to illustrate the Frohlich condition.
Silver particles were not actually used for the articles in Chapter 5 but they give another instructive
example for the properties of localised plasmons.

A few features of metal nanospheres become apparent from this plot. First, resonances occur which lie
in the visible range. The Frohlich condition gives a good approximation for the spectral position of the
scattering maxima. It explains for example the blue-shift for silver nanoparticles in comparison to gold.
The real part of silver’s permittivity simply fulfils the condition ss’ph = —2&neq for higher frequencies
than in the case of gold. For silver, the Frohlich condition even predicts the resonance positions almost
perfectly since for silver es’;h is small. For gold on the other hand, the permittivity’s imaginary part
is larger and more dispersive in the region, where the condition is met. Therefore, it has a stronger
influence on the resonance position which is not only defined by séph‘ The different positions of the
scattering maxima make the particle appear in different colours. By the choice of material and also shape

of the particle, the colour can be varied arbitrariliy. This effect has already been utilised for centruries
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3.2 Localised Plasmons

for example in coloured glass [2], although the source of the phenomenon was not yet understood.

Since the particle polarisability depends on &y.q, the resonance position is shifted for different envi-
/

sph
environment’s permittivity implies a red-shift of the resonance wavelength. We can understand this

ronments. Due to the monotonicity of €, for both metals in the visible region, an increase of the
red-shift also in the picture of a displaced electron cloud: The plasmon induces an electric field in the
vicinity of the particle. In this field, the medium gets polarised. The induced polarisation charges cause
the net charge at the particle surface to decrease [34]. This results in a weakening of the restoring force
on the electron cloud and consequently in a lowering of the resonance frequency i.e. a red-shift of
the resonance. As seen in the beginning of this chapter, a higher permittivity in the medium leads to
a stronger polarisation and consequently to a stronger red-shift of the resonance position. The strong
connection between plasmon resonance and surrounding medium makes nanoparticles excellent sensors
for changes in refractive index. The effect was employed for Articles I and IT where the deposition of
thin polymer layers on top of gold nanoparticles caused a change in the environment’s refractive index
and consequently induced a red-shift in the plasmon resonance.

The height of the peaks can be understood by looking at the scattering cross section when the Frohlich

condition is met. In this case 8s/ph = —2€mned and
2
_ €med
Oscart &< A Y1+ r?,e . (3.33)
gsph

Thus, the difference of two orders of magnitude between the amplitudes of silver and gold can mainly
be ascribed to the A ~#-dependence. But also the larger imaginary part of gold’s permittivity contributes
to the difference.

Within one material, a red-shift comes along with a larger scattering amplitude, as well. For silver, the
imaginary part can be considered as constant over the region of the resonances. But the change in €nyeq
makes up for the increasing A and causes an increase of Oy at the resonance position. In case of gold,
this effect is enhanced by the decreasing ss’gh resulting in an even larger difference between scattering
peaks in different media. Note that the decrease in ss’g)h also leads to a better fit of the Frohlich condition
for the red-shifted resonances in gold.

Absorption cross section: Since the permittivities of metals are never purely real, the polarisability
always has an imaginary component. As a result, the incoming light is not only scattered but also
absorbed. The property describing this effect is the absorption cross section Oyps. It is defined in analogy
to Ogcate- This time it is the total dissipated power that is set in relation to the incoming energy density.
For a point dipole the dissipated power can be retrieved by the Pointing theorem and is given by [36]

ke .
Paps = ﬂlm[p ‘Eg] . (3.34)

Here, E; represents the incoming field’s complex conjugated amplitude. Assuming a purely real
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Figure 3.5: Absorption cross sections of silver (blue lines) and gold (red lines) nanospheres with
a diameter of 25 nm in different media. The permittivities are chosen to be €yeq = 1
(air, dotted lines), €neq = 1.7 (water, dashed lines) and gpeq = 2.3 (glass, solid lines).
The data for the permittivities of gold and silver were taken from Reference 37.

permittivity of the medium and using the previous expression of the dipole moment p = €4 ¢Eo, leads
to

kc 5
Paps = ﬂgmedEo Il’l’l[OC] . (3.35)

We can now divide this expression for the total dissipated power by the energy density of the incoming
light obtaining the absorption cross section as

(3.36)

k Epn — &
Oubs = S—Im[a] = 47ka’Im [whmed] .
0

Esph + 2(C:med

Also the absorption can be directly measured and is thus an as important feature as the scattering. In
the quasistatic approximation, the absorption cross section behaves qualitatively very similar to the
scattering cross section. This can be seen in Figure 3.5. The peak positions as well as the peak heights
and widths look comparable to those in Figure 3.4. The differences in the amplitudes can again be
explained by at the cross section for gslph = —2€ned. It 1s then

&
Gaps o< A1 2med (3.37)

sph

Within one material, the reasons for the changes in amplitude accompanying a red-shift are similar to
those we discussed for the scattering cross section: A change of €neq is stronger than a change in A and

thus the amplitudes raise for a red-shift in silver. In gold, the decrease in ss’;)h enhances this effect.

The difference between the materials is not as strong as for the scattering. It is now dominated by the
difference of eéé)h, which is almost zero for silver in the region of interest and notably greater than one
for gold in its respective resonance region. This non-negligible imaginary part of gold is caused by
interband transitions which shall be discussed in more detail in Section 3.4. These transitions create

electron-hole pairs whose energy is subsequently lost to the phonon bath [34]. For silver, interband
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3.2 Localised Plasmons

transitions start to play a role for wavelengths below 320nm [38]. Thus, they don’t really have an impact
on the plasmon resonance in silver nanoparticles. Interband transitions in gold become relevant already
in the visible region (this is the root of the yellowish colour of bulk gold in contrast to "white" silver).
Therefore, they influence the plasmon resonance in gold nanospheres. Due to the energy loss, interband
transitions damp the amplitude of the free electron oscillations. This damping lowers the polarisability
« and also results in a shorter lifetime of the excitations. Spectrally, this is reflected in a wider linewidth
the gold nanoparticles in comparison to silver [39].

Extinction cross section: Due to its simplicity, a transmission spectrometer is the device that is most
often used for spectroscopic analysis of nanoparticles. It detects the light that is transmitted through a
sample. The part of the light, that is absorbed or scattered by the particles does not reach the detector.
But the spectrometer cannot differentiate if the light’s extinction is caused by one or the other. For this
case, a third cross section, the extinction cross section Oy is defined as

Oext = Oscatt T Oabs - (3.38)

A graphical comparison of the three different cross sections is depicted in Figure 3.6 for gold nanospheres
with a diameter of 25nm (left) and 100nm (right). The medium is chosen to be water (Eneqg = 1.7).
For small spheres, the extinction is completely dominated by absorption. Due to the a®-dependence of
the scattering cross section, the scattering becomes more relevant for increasing particle sizes. For the
100 nm spheres, both scattering and absorption contribute notably. Moreover, the maximum positions for
the different cross section don’t coincide exactly. This is rooted in the different dependence on o as well
as the different dependence on the wavelength. The A ~#-dependence causes the scattering maximum to
be red-shifted in comparison to the maximum in absorption which only shows a A ~!-dependence.
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Figure 3.6: Scattering (dashed blue line), absorption (dotted red line) and extinction (orange
solid line) cross sections of gold nano spheres with a diameter of 25nm in the
left panel and 100nm on the right side. For small particles, scattering can be
neglected and absorption completely dominates the extinction. For larger particles,
scattering becomes more relevant and notably contributes to the extinction, as well.
As comparison, the dotted grey lines mark the geometrical cross sections of the
two particles. The data for the permittivities of gold and silver were taken from
Reference 37.
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Strictly speaking, the quasistatic approximation is no more valid for particles as large as 100nm in
diameter, but it gives a good impression of how both scattering and absorption contribute notably to the
extinction. Particles of that size were used for Article I which discusses the difference between their
scattering and absorption which cannot be revealed by extinction measurements. The article underlines
the importance of differentiating between the three effects showing strong differences between them.

As an additional comparison, Figure 3.6 also shows the geometrical cross sections for the two particle
sizes. In the case of the smaller particles, the absorption and the extinction cross section exceed the
geometrical cross section at resonance. For the larger particles, also the scattering cross section is larger.
For silver nanoparticles, this effect is even more pronounced since both absorption and scattering are
even stronger. This indicates, that indeed plasmonic nanoparticles can be used as efficient absorbers or
scatterers.

The previous part established the basic concepts for describing localised plasmons in metal nanopar-
ticles. We derived the polarisability of spheres that are small compared to the wavelength. From this
polarisability, we deduced the optical cross sections by which we could identify the basic phenomena
concerning localised plasmons: (i) The plasmon resonances of gold and silver fall into the visible part
of the electromagnetic spectrum, (ii) at the resonance positions strong field enhancements occur and (iii)
the resonances strongly depend on the environment. These phenomena provide the foundation of the
articles constituting this dissertation.

Only gold nanoparticles were actually examined for the articles. Silver was not used. The previous
discussion included silver purely for instructive reasons since the comparison with gold provides an
even deeper understanding of localised plasmons. ArticleI investigated nanospheres. Another kind
of nanoparticles under investigation in this article are gold nanorods. Those also play the major role
in Articles II-IV. Therefore, the next section expands the previously introduced concepts to a more
general theory of nanoellipsoids in the next section. Ellipsoids are a good approximation to rods and
thus, the properties of localised plasmons in metal nanorods can be deduced and understood from such
an extended Mie theory.

3.2.2 Ellipsoidal Particles

In 1912, Richard Gans expanded Mie theory to general spheroidal particles that are small against
the wavelength [6]. He presented a quasistatic solution claiming it could easily be generalised to
non-spheroidal ellipsoids. Today, the model describing the optical properties of ellipsoids with an
electrostatic approach is often referred to as Mie—Gans theory. This theory is the main topic of the
following section.

The quasistatic case requires a solution to the Laplace equation. The boundary conditions dictate
the exact form of the potential. With this in mind, it should be possible to predict the scattering
and absorption behaviour for particles with arbitrary shapes as long as they are small in comparison
to the wavelength. However, finding an analytical solution is usually not possible. It requires an
adequate set of coordinates in which the problem is symmetric. In case of the sphere discussed above,
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3.2 Localised Plasmons

spherical coordinates were the obvious choice. But we can also find a solution for the more general
system of an ellipsoid. Articles -1V discuss the features of gold nanorods. Ellipsoids represent a
reasonable approximation to nanorods and the main features of nanorods can be explained by those
of nanoellipsoids. Therefore, the following section shall give a short wrap up of the derivation of the
polarisability in case of a nanoellipsoid. It will reproduce the main arguments given in the book by
Bohren and Huffman [40], where also a more detailed discussion can be found. Eventually, we will
again find the solution of the Laplace equation to be a sum of the external potential and a potential that
is generated by a point dipole in the particle centre. This point dipole possesses a polarisability o with
resonances that determine the occurrence of localised plasmons and from which all optical features can
be derived.

An ellipsoid is mathematically defined by its semiaxes a, b and c. In Cartesian coordinates, they obey

the equation
2 2 2

%ju%ju%:l. (3.39)
Without loss of generality, a is here assumed to be the longest semiaxis, while c is shortest. The ellipsoid,
consisting of a material with permittivity &gy, is again placed in a medium with permittivity €yeq. The
ellipsoid is surrounded by a constant electric field. A general ellipsoid exhibits a lower degree of
symmetry in comparison to the special case of a sphere. Thus, the solution to the Laplace equation and
consequently the optical features of a nanoellipsoid depend on the polarisation of the external electric
field in regard to the particle. The problem therefore requires three different solutions, each one with a
field polarisation along one semiaxis. The general solution can then be composed of these three cases.
We will begin here with an electric field pointing in the direction of the semiaxis ¢, that means a field

with a component only in the z-direction. A sketch of the situation is presented in Figure 3.7.

Figure 3.7: Nanoellipsoid in an electric field Ey in direction of the semiaxis ¢, which is parallel
to the z-direction. The other semiaxes are a and b along the x- and y-direction,
respectively. The permittivity is &gy, inside the particle and €peq in the surrounding
medium.

The boundary conditions are the same as in the case of the sphere (Equations 3.9—3.11): The potential
should be finite at the point of origin and unaffected by the particle far away from it. At the particle
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3 Theoretical Background

surface, the tangential component of the electric field should be continuous as well as the normal
component of the dielectric displacement field. Only the surface differs from that of a sphere.

Now, ellipsoidal coordinates &, 1 and { are the system of choice to describe the problem. They are
defined as

X 4 Y + < (3.40a)
a+& P+E A+E '
2 2 2
X y Z
—1, 3.40b
a2+n+b2+n+c2+n (3400
2 2 2
al 4 < (3.40¢)

=1
2+¢ TRl T are

The values are restricted to —c? < & < o0, —b> < 1 < —c? and —a? < { < —b?. Due to the power of 2
for each coordinate, there is no isomorphism between (&, 1, §) and (x, y, z). This means that although
for every tuple of Cartesian coordinates, there is exactly one tuple of ellipsoidal coordinates representing
the same point, the inverse direction is not unique. A tuple (&, 1, {) only defines a unique point within
each octant of the coordinate system. That means eight symmetrical points (x, y, z) can be attributed to
each (&, n, ). This ambiguity in the coordinates resolves later thanks to the problem’s symmetry.

1
With f(q) = [(¢+a*)(qg+b*)(g+c?)] >, we can express the Laplace equation in the new coordinates
in the clear form
9
e

P

AP =(n—-{)f(5) JE

1)

(3.41)

n
LE-mr0)S [f(é)aﬂ —0.

Applying the boundary conditions yields an expression for the potential inside and outside of the particle.

1
O = , (3.42a)
! 0 1 + Lc (gsph - gmed)
€med
abc [ dq
- IO WY
By = D+ B2 25 ) a) (3.42b)
1 Lc (esph - emed)
4= 7
Emed
Here,
bc [ d
Lo=2¢ q (3.43)

2 Jo (g+2)f(q)

represents the geometrical factor. Details of the derivation of the potentials are discussed by Bohren
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3.2 Localised Plasmons

and Huffman [40].

For large distances r from the origin, the integral in ®y reduces to

°° dq / dq ~3/2
S S N LY (3.44)
L @ ara sk ¢

This means that far away from the ellipsoid the potential reads as

abc Esph — Emed
Ey COS(G) 3 Emed

r? 1+ LC(SSph - gmed) ‘

Py =Py +

(3.45)

€med

This potential can again be identified as the potential of a point dipole located at the origin with the
dipole moment p = £peq ¢Eg with

Esph — Emed
3'gmed + 3LC (gsph - emed)

o, = 4meyabe (3.46)

We now found an expression for the polarisability along the semiaxis c. From this polarisability we
can again retrieve all optical properties like scattering and absorption in the same way as elaborated
for nanopsheres, only with the constraint that the light needs to be polarised along the semiaxis c. The
dependence of o, on L. confirms that the situation with an electric field along another semiaxis will
yield a different solution and polarisability. A general solution requires also the polarisabilities along
the semiaxes a and b. Looking at the previous derivation of ¢, we find that the solution for the situation
with an electric field along the other two axes would be completely analogous and ¢ would only have to
be replaced by a or b, respectively. Thus, a general expression for the polarisability along the ellipsoid’s
main axes is

Ssph — Emed
o; = 4megabe (3.47)
' 3gmcd + 3Li (gsph - 8med)
with
abc [* dq
Li=— —_—. (3.48)

2 Jo (g+s))f(q)
The index i denotes the direction a, b or ¢ and s; the semiaxis in the respective direction.

This is the general result of the polarisability of an ellipsoid. Since a sphere is just an ellipsoid with
a = b = ¢, its polarisability should be contained within Expression 3.47. This is indeed the case, since
then f(gq) = (¢ + a2)3/ 2 and thus, the geometrical factor of all axes is

1

L =. 4
2/ q+a2 (q+a2)2 3 349

27



3 Theoretical Background

Hence, Equation 3.47 becomes Equation 3.25.

The nanoparticles mainly used for ArticlesI - IV were gold nanorods. The shape of a rod can be
approximated by a prolate spheroid, a special ellipsoid with a > b = c. In this case, we can find explicit
expressions for the geometrical factors and consequently directly calculate the polarisabilities. First, the
L; are not independent. Since

d 1 flg) f(q) f(q)
O3 [ e ) 630
the sum of the geometrical factors is
_abc [~ 1 flg) /(@) /(@)
LE=Th Frlara) T e .

oo

> d 1 1
= —abc/o d—q%dq: —abc [f(q)]o =1

Therefore, a general ellipsoid has only two independent geometrical factors. In the case of a spheroid,

the associated equality of the short axes leaves only one independent L;. For the long axis, the integral

can be solved and we can express the geometrical factor in terms of the eccentricity e = (1 — b*/a®) 1/2

as [40]
1—e2[1 l+e
L,= = [Zeln<1_e> —1] ) (3.52)

Equation 3.51 then yields the other two factors Ly ¢ as

1-L,
7

Ly, = (3.53)

Plugging these expressions for the geometrical factors into Equation 3.47, we obtain a direct expression
for the general polarisability of an ellipsoid along its main axes. We can again identify resonances
determining the occurrence of localised plasmons. For the spectral position of the resonances, we can
generalise the Frohlich condition to

Re(é’sph) = (1 — i) Emed - (3.54)

Of course, the result for a sphere is recovered with L; = 1/3. For a general spheroid, the geometrical
factors are not equal but different for the long and the short axes. Hence, a spheroid possesses two
different resonance positions, one for a polarisation along the long axis, called longitudinal resonance
and one along the short axis, referred to as transverse resonance. The geometrical factor of the long axis
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3.2 Localised Plasmons

is always smaller than 1/3. Consequently, it is always smaller than the geometrical factor of the short
axis. Due to the monotonous real part of the permittivity in the region of interest for gold and silver, the
longitudinal resonance is always red-shifted in respect to the transverse resonance.

Since the sphereoid is described as a point dipole with polarisability o, the optical cross sections
are obtained just as in the case of spheres, i.e. Gy = k*/ 67r£g|ai\2, Oabsi = k/€lm[ai] and Gexj =
Oabs.i + Oscart.i- But now, we need to consider the different contributions from transverse and longitudinal
resonances. These contributions vary for different situations: In the case of polarised light illuminating
a single rod (or an ensemble of equally oriented rods), the contribution of each semiaxis is found by
weighting the cross section along this semiaxis with the cosine of the angle between semiaxis and
light polarisation. If the particles are randomly oriented (e.g. when suspensed in water), all main axes
contribute equally and the average cross section is obtained by summing over all axes, each weighted
with a factor 1/3 [40]. This means, in case of a prolate spheroid, the short axis is weighted with 2/3
and the long axis with 1/3. For normal light incidence on particles lying flat (but randomly oriented) on
a substrate, only one of the transverse resonances can be excited. In this case the short axis and the long
axis are both weighted with 1/2. These considerations on the different contributions always need to be
kept in mind when modelling experimental spectra of plasmonic nanospheroids.

Figure 3.8 illustrates a few of the features that result from the mathematical form of the polarisability
for prolate ellipsoids and that can therefore be observed for plasmonic nanorods. The first panel
presents the absorption spectrum for a prolate gold spheroid randomly oriented in water. The particle
dimensions were chosen to be 10nm and 20nm for the short and long axis diameter, respectively. We
can identify two peaks in the spectrum. These two peaks can be attributed to the longitudinal and
the transverse resonances. The two parts are once more plotted separately. The transverse absorption
cross section shows a resonance around 507 nm. This value is close to that for spheres. This is always
the case for gold nanospheroids of any size as we will see later in the other plots of the Figure. The
longitudinal contribution is resonant around 574 nm. This means, it is, as predicted, red-shifted in regard
to the transverse resonance. Moreover, the longitudinal resonance is notably higher than the transverse
resonance. Again, we can identify the reason by looking at the absorption cross section for the case
when the resonance condition 3.54 is fulfilled. It is then

abc  Eped

—_—. 3.55
7 CIm[e) (353

Oabs &

The long axis has a smaller geometrical factor L;. Also, the imaginary part of gold’s permittivity is
smaller at the longitudinal resonance position. The difference of these two factors exceeds the difference
of wavelength between transverse and longitudinal resonance and explains the different amplitudes of
the two contributions.

The resonance positions of both axes depend on the aspect ratio, that is the relation between long and
short axis. It is the only variable in the eccentricity and consequently in the geometrical factors. The
relation between resonances and aspect ratio is illustrated in Figure 3.8b which shows the absorption
cross sections of gold nanospheroids with identical short axis diameter but varying aspect ratios
randomly oriented in water. The transverse resonance is only slightly affected showing a blue-shift
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Figure 3.8: Absorption cross sections for gold spheroids. Panel a illustrates a general spectrum
for a gold particle in water (solid orange line) illustrating the contributions of
transverse (dashed blue line) and longitudinal (dotted red line) polarisation. The
dependence on the aspect ratio is illustrated in panel b. Different aspect ratios are
realised by a changing the long axis (20nm, blue dashed line, 25 nm, orange solid
line and 30 nm red dotted line while the short axis diameter is kept constant at 10 nm.
The resonance positions are independent of the volume if the aspect ratio is kept
constant. This is shown in panel ¢, where absorption cross sections for spheroids
with an aspect ratio of 2:1 are presented with a short axis diameter of 10nm (dashed
blue line), 15nm (solid orange line) and 20nm (dotted red line). Panel d illustrates
the dependence on the surrounding medium. Increasing permittivities were chosen
to be &neq = 1, representing air (blue dashed line), €y, = 1.7, representing water
(solid orange line) and €y,eg = 2.3 representing glass (dotted red line). The data for
the permittivities of gold and silver were taken from Reference 37.

for increasing aspect ratios. The longitudinal resonances on the other hand show a strong red-shift.
The different directions of the shifts are rooted in the fact that a larger geometrical factor for the one
axis implies a smaller geometrical factor for the other one to fulfil Equation 3.51. The difference in
the shifts’ magnitudes is rooted in a difference in the change of the Frohlich condition for the two
polarisations. We can understand this with the following example: When the aspect ratio changes
from 2:1 to 2.5:1, the geometrical factor of the short axis changes from 0.41 to 0.42 resulting in a shift
of the resonance condition from Re[&spn] = —1.4€meq t0 Re[€pn] = —1.3€peq. For the long axis, this
difference is much stronger since the geometrical factor changes from 0.17 to 0.14 and consequently the
resonance condition from Re[€spn| = —4.8€meq t0 Re[€gpn] = —6.4€meq. This implies a stronger spectral
shift for the longitudinal resonance in comparison to the transverse contribution. The difference in the
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peak heights for varying aspect ratio is again explained from Equation 3.55: Increasing the long axis
diameter a also results in an increase of L;. In the case of gold this is accompanied by a decrease of the
permittivity’s imaginary part. Thus, three factors cause an increase in the amplitude which cannot be
prevented by an increase in the wavelength. This plot is a nice illustration of the tunability of plasmon
resonances in nanoparticles. By smart particle design, any resonance in the visible or infrared can be
created explaining the large amount of potential applications for plasmonic nanoparticles.

To underline that the resonance positions only depend on the aspect ratio and not on the particle
size, Figure 3.8c presents the absorption cross sections of gold spheroids with different sizes but
identical aspect ratios, again randomly oriented in water. The resonance positions are identical for
both longitudinal and transverse resonance. We can explain the difference in the spectra simply by
the proportionality of ¢ty to the particle volume. The largest particle discussed in the figure has
an eight times larger particle volume than the smallest particle. Thus, multiplying the absorption
spectrum of the smallest particle with a factor eight completely recovers the spectrum of the largest
particle. The possibility of changing the particle size without changing the resonance position was
utilised for Articles II and III which investigate the influence of the particle volume on the field electric
enhancement.

Not only a change in particle shape can shift the resonances but also a change in the surrounding
medium. The effect is the same as discussed above for the case of spheres: A changing &peq Will change
the resonance condition which consequently demands another value of &,p. Figure 3.8d illustrates this
effect. Here, o, is plotted for a gold spheroid like in Panel a, only with changing surrounding media.
Again, Ened = 1, Emed = 1.7, and gneq = 2.3 were chosen to represent air, water and glass, respectively.
A red-shift for both resonances becomes apparent for increasing €nyeg. The shift is much stronger for the
longitudinal resonance. This is a consequence of the different prefactors in the resonance conditions
for different polarisations. As mentioned above, for the resonance condition for the transverse peak
is Re[&spn] = —1.4€neq. For the longitudinal peak, it is Re[&pn] = —4.8€med. Thus, a change in the
surrounding medium affects the longitudinal peak position much stronger. The change in amplitude is
this time explained by a raise in €meq and a decrease in Im[g,n) having a stronger effect on the amplitude
than the change of the wavelength. This sensitivity to the surrounding medium is the basis for resonance
tuning of gold nanoparticles utilised for Articles I and II.

This section presented a derivation of the polarisability of ellipsoids that are small compared to the
wavelength and gave an overview over the optical features of prolate nanospheroids. These features
can be observed in the spectra of plasmonic nanorods which were used for Articles I-IV. The articles
investigate the coupling of the plasmon resonances to excitations inside an emitter shell that was coated
around the nanoparticles. In the following, section we shall therefore take a look at the systems of
core—shell spheroids.
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3.2.3 Core—Shell Particles

Articles -1V discuss the coupling of excitons in organic emitters to plasmons in gold nanoparticles.
The coupling is maximised by minimising the distance between emitters and particles. This is realised
in a core—shell geometry where a layer of an organic dye forms a coating around a gold nanoparticle.
Such a system can be approximated by a core—shell spheroid. If the spheroid is small compared to
the wavelength of visible light, we can again apply the concepts introduced in the previous sections to
deduce its optical properties. The solution of the Laplace equation will again be formed by the external
potential and that of a point dipole with a polarisability « for which we can find an analytical expression.
The result shall be presented in this section.

Figure 3.9 illustrates the necessary parameters for describing a prolate core—shell spheroid. We can
regard the system to consist of two spheroids, an inner one with the long semiaxis a) and the
short semiaxis b(!) surrounded by an outer one with long semiaxis a®) and short semiaxis »(>). The
permittivities are £ in the core, &y in the region between the surfaces of the inner and outer spheroid
and &y¢q outside of the particle.

Emed

Figure 3.9: Prolate core—shell spheroid. The system is composed by an inner spheroid with
semiaxes a!) and (1) and an outer spheroid with semiaxes a'®) and b(®). The
permittivities are €. in the core, &peyy in the region between the surfaces of the
inner and outer spheroid and &4 outside of the particle.

Like in the case of bare spheroids, the polarisability varies for different light polarisations in respect to
the particle orientation. We can again solve the problem for light polarised along the main axes and
subsequently deduce the general expression. The polarisability ¢; along axis s; (where i represents the
long or the short axis) is given by [40]

1 2
(sshell - 8med) [Sshell + (gcore - gshell) (L,( - gL,( ))] +g eshell(gcore - gshell)

1 2 2 2 :
[eshell + (Score - 8shell) (Ll( - gL,( >)] [Smed + (gshell - Smed)L,( >] + gL,( )eshell(gcore - gshell)
(3.56)

the geometrical factor of the inner (k = 1)

o =Veg

Here, V represents the volume of the outer spheroid and Ll(k)

and outer (k = 2) spheroid along axis i. Furthermore, g describes the inner spheroid’s fraction of the
whole particle, that is g = a/b(Vp(D) /a2 p(D)p(2)

Note that this expression for the polarisability is generally valid for all core—shell ellipsoids and not
only for prolate spheroids. This theoretical introduction only discusses the latter in detail due to their
similarity to rods which were used for this work’s articles. Like in the case of uncoated prolate spheroids,
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we can write the geometrical factors in the analytical form of

- 1+
L =Y [ : ln< e(")) - 1] (3.57)
e(k) 26(k) 1-— €(k)
and
_ 1)
Lg,?:l 2L - (3.58)

The form of the polarisability given in Expression 3.56 contains the expression for an uncoated spheroid
(and thus the uncoated sphere) as a special case. This becomes clear when setting &pel = €med OF
equalising the dimensions of inner and outer ellipsoid (i.e. reducing the shell thickness to zero). In both
cases, Equation 3.56 becomes identical to Equation 3.47.

With a metal as core material, the material of the shell can be chosen quite freely and plasmon resonances
would still occur. This expands the variability of plasmonic nanoparticles even further. Many examples
of core—shell nanoparticles have been studied. Silica shells are for example often utilised to increase
the stability of gold and silver cores [41, 42]. But also the inverted version of such systems, namely
particles with a silica core and a gold or silver shell show plasmon resonances, which are widely tunable
[43, 44]. Also combinations of metals as both core and shell material have been fabricated [45, 46].

As an example, Figure 3.10a shows spectra for gold spheroids with a silica shell of varying thickness.
The silica shell has a similar effect on the plasmon resonance as a dielectric medium. A thicker shell
implies more polarisation charges in the metal’s vicinity and thus a lowered resonance frequency. This
means that, besides working as chemical stabiliser, a silica shell can be used to tune the plasmon
resonance. The influence of an additional shell thickness decreases for thicker shells. That means the
difference in resonance position between a 25nm and a 40nm shell is not as large as that between a
0.5nm and a 2nm shell. This is due to the fact that for thicker shells, the additional compensation
dipoles in the silica are located at a greater distance from the metal surface. Hence, they only feel a
weaker electric field enhancement and are therefore less excited. Additionally, their influence on the
restoring force of the free electron cloud is also smaller than that of compensation dipoles close to the
metal surface. Consequently, further away from the metal core, more compensation dipoles and more
silica are needed to generate the same red-shift as the silica in direct vicinity of the metal. Eventually,
the red-shift saturates for shell thicknesses on the order of the particle size. At such distances, the core’s
influence on the electric field can be neglected [47]. This effect is similar to that of thin polymer layers
covering a particle on a substrate. This effect has been previously utilised to tune the plasmon resonance
[47, 48] and also plays a central role in Articles I and II.

As mentioned, for this work, I fabricated particles with a gold core and an organic dye shell. This
system is quite different to that of a metal—silica particle since the dye possesses an additional resonance
frequency. But also this case can be described in the framework of the presented quasistatic theory. In
case of weak oscillator strengths in the dye, we can model the permittivity as a Lorentz oscillator [26].
The resulting absorption cross section for a gold core with 15nm short and 30nm long axis diameter
is plotted in Figure 3.10b. The shell strongly modifies the spectrum around its resonance and a new
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Figure 3.10: Absorption cross sections for core—shell spheroids with a gold core with 15nm
short axis and 30nm and long axis diameter. The left panel presents spectra with
silica shells of varying thickness between 0.5 and 40nm. The plasmon resonances
are similar to those of pure gold spheroids, only showing a red-shift for increasing
shell thickness. This red-shift saturates for thicknesses on the order of the core-
diameter. The right panel presents Oy for a Lorentz emitter as shell. A new peak
can be seen indicating new features of the compound. Details will be discussed
later in this work.

peak appears. This shows that core—shell particles can contain completely new features. Details of this
system shall be discussed in later sections and in Article III, which will also show that Equation 3.56
is a good basis to describe the optical properties of coupled plasmon—exciton systems when a correct
description of the emitter is applied.

The previous section presented the optical properties of the general case of core—shell spheroids which
contains the special cases of uncoated spheroids and spheres. Beyond ellipsoids, a variety of other
shapes of nanoparticles has been presented in recent years. The precise design of nanoparticles enables
a high control over the electric nearfield. For example, the lightning-rod-effect can be used to achieve
even stronger field enhancements than for ellipsoidal particles. In this sense nanocubes [49], nanostars
[50], nanocones [51], nanotriangles [52] and other shapes have been employed to harvest the high
fields at the sharp tips and corners. An analytical description as presented above is however not always
possible and numerical methods have to be applied.

Bringing metal structures close together can lead to even stronger field enhancements than in the vicinity
of sharp tips. In the space between two structures, hot spots can arise and the electric field is mainly
concentrated in the gap. This effect is employed for example in tip enhanced Raman spectroscopy [53].
Bowtie structures with tiny gaps between two metal nanotriangles have been designed for achieving
single emitter strong coupling [54] and single molecules have been investigated in the nm wide gap
between a gold nanosphere and a gold film [55, 56]. Layers of gold nanotriangles were used for
Articles V and VI. The field enhancements at the hot spots at plasmonic resonances in these structures
can be utilised for effective photocatalysis and surface enhanced Raman spectroscopy.

In the previous sections, we have established an understanding for the properties of plasmonic nanopar-
ticles within the framework of the quasistatic approximation. We found that in this approximation, a
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metal particle can be described as as a point dipole with polarisability ¢. This polarisability enables the
modelling of the particle’s optical features. However, the model loses its precision for particles where
the electric field can no more be assumed to be constant. In this case, we need to consider retardation
effects and scattering losses. The next section shall discuss an approach to extend the applicability of
the quasistatic model to larger particles.

3.2.4 Corrections to the Quasistatic Solution

If the external electric field can no more be considered constant over the whole particle volume, the
quasistatic solution must be extended. In the quasistatic approximation, the particle could be considered
as a dipole, since charges were all displaced in the same direction. If the field is no more constant
over the whole particle volume, this is not the case anymore and contributions from higher multipole
moments become relevant. The full solution for the optical cross sections of spheres as given by Mie is
therefore a series of multipole oscillations with [57]

27 &
Oext = 73 ; (21 +1)Re[a; + bj] (3.59)
and
2T & 2 2
Oscatt = ﬁ IZI (21 + 1) ‘al’ + |bl| . (3.60)

Oqbs 18 then given by the difference of Ogxr and Gycqyt.

The terms @; and and b; are composed of the Riccarti-Bessel functions y; and 1; via [57]
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They depend on the relative refractive index m = ngpp /nmea and the size parameter x = ka (a again
denotes the particle radius and k the absolute value of the wave vector). The single elements of the
series represent different multipole moments. The first [ = 1 element can be identified as the dipole
contribution retrived from the quasistatic solution [39]. This contribution dominates for small particles
and quadrupole, octupole and higher moments play a minor role.
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The complete expressions are rather complicated and cannot be applied for ellipsoidal particles. For
Article III and IV, another approach was applied to account for deviations from the quasistatical solution.
Phenomenologically, we can comprehend this approach as follows: If the external electric field is not
constant over the whole particle volume, not all free electrons oscillate in phase. This reduces the charge
accumulations at the surface resulting in a reduced restoring force. Thus, we can expect a red-shift for
increasing particle sizes. Additionally, increasing particle sizes come along with increasing scattering
contributions which again result in a loss of energy. This radiation damping becomes more relevant
for increasing particle sizes. These two effects can be regarded as the lowest order corrections to the
quasistatic model [34] and we can combine them to a correction factor.

This correction is often referred to as modified long wavelength approximation (MLWA) [58]. The
basis is a modified expression for the electric field Ejo. at the centre of the particle, the position of the
assumed point dipole. It is not identical with the external field Ey but more correctly written as [58, 59]

Eioc = Eo + Epaq + Edep . (3.62)

Here, E.,q accounts for the radiative losses of the dipole and writes as [58, 60]

1
Eg=i— Kk 3.63
rad l67f808med p ( )

where k represents the wave vector in the medium and p describes the dipole moment. Eqep, is the local
depolarisation field and is given by [58, 59]

1 K

. (3.64)
AT E)Emed Si P

Edep =

where s; denotes the spheroid’s long or short semiaxis [61].

In the previous sections, we ignored these modifications and assumed the electric field to be equal to the
external field. Locally, the derived polarisability o still describes the reaction of the dipole, but now on
the modified field, that is

P= 8medO‘OEloc . (3.65)

The idea is to find a modified polarisability o™ that again directly describes the connection between
dipole moment and external electric field by

P = Emea M Eo. (3.66)

Inserting the expression for Ej,. into Equation 3.65 and comparing with Equation 3.66 results in an
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Figure 3.11: Comparison between the full Mie solution (solid orange line), the quasistatic
model (dotted red line) and the MLWA (dashed blue line) for the simulation of the
scattering cross section of gold nanospheres. The left panel depicts the result for a
sphere with 10nm diameter. All three models yield the same spectrum. The right
panel depicts the result for a sphere with 70nm diameter. Here, the quasistatic
solution deviates from the correct Mie solution. This deviation can be corrected by
the MLWA.

expression for the modified polarisability as

2\
ocM:oto<1—i % k3—a0) .

3.67
6me) 4rey s; (3.67)

With this modified polarisability, we can again calculate the optical cross sections as introduced for the
quasistatic case. The MLWA provides an explicit analytical expression for the polarisability that is not
only applicable for spheres but also for general ellipsoids. It accounts for the polarisation losses and
retardation effects. Figure 3.11 illustrates the influence of the modification. It depicts the spectra of
gold spheres retrieved from the exact Mie solution, from the quasistatic approach and from the MLWA.
The left panel depicts the results for particles with a diameter of 10nm showing that in this case, the
quasistatic approach nicely reproduces the exact solution. In the right panel, the quasistatic approach can
no more perfectly describe the Mie result for particles with a diameter of 70nm. The MLWA still gives

a good approximation and nicely reproduces the red-shift caused by scattering losses and retardation
effects.

The previous discussion about the MLWA closes this section about localised plasmons. We discussed
the basic concepts: Gold and silver particles that are small compared to the wavelength can be ap-
proximated by a point dipole and its resonances fall into the range of visible light. We looked at the
polarisablity of spheres, ellipsoids and core—shell spheroids and discussed their scattering, absorption
and extinction cross section. Plasmon resonances are easily influenced by the particle environment
and in case of spheroids strongly depend on the aspect ratio. In the end, the modified long wavelength
approximation was introduced to expand the quasistatic theory to larger particles. Localised plasmons
are the fundamental phenomenon utilised in the articles of this dissertation. Articles -1V discuss the
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coupling of the localised plasmon in gold nanospheres and rods to excitons in emitters forming a shell
around the dye. The emitter material in all cases was a J-aggregate forming organic dye. The following
section shall therefore give an overview over the properties of such J-aggregates.

3.3 J-aggregates

The coupling strength between plasmons and excitons in an emitter is proportional to the emitter’s
transition dipole moment and the electric field at its position. As presented in the previous section,
the electric field on the surface of nanoparticles can reach very high values making them promising
canditates for applications requiring high coupling strengths. On the emitter side, a variety of materials
can be utlilised. Among the materials with the highest transition dipole moments, J-aggregate forming
dyes rank in a top position [62]. They are supermolecular clusters of organic dyes held together by van
der Waals forces [63]. The coupling of monomer excitations over the whole aggregate induce strong
transition dipole moments, very sharp resonances and almost completely remove Stokes shifts [64].
J-aggregates are therefore versatile materials for light emitting diodes [65], optical sensitisers [66], solar
cells [67], fluorescent tags and more. For this work, they were utilised in ArticlesI-IV discussing
plasmon—exciton coupling in general and strong coupling in particular. Therefore, this section will
give an overview over the properties of J-aggregates, starting with the model of dimers from which the
red-shift, the enhancement of the oscillator strength can already be understood. We will then discuss the
model for larger aggregates for which the peak-sharpness and the lack of Stokes shift can be argued.

J-aggregates were discovered independently by Edwin E. Jelley [68, 69] and Giinter Scheibe [70, 71] in
the 1930s. The cyanine dye PIC developed a new peak in both absorption and fluorescence for high
concentrations contradicting the Beer-Lambert law. This process was reversible and the new feature
disappeared again after dilution. The new peak emerged also when the solvent was changed. Scheibe
et al. correctly attributed this behaviour to polymerisation of the molecules that could dissolve into
monomers again. The J in J-aggregates stands for Jelley and sometimes these structures are also refered
to as Scheibe aggregates [72].

Due to the high polarisability of the m-electrons along the polymethine group, cyanine dye molecules
feel strong reciprocal van der Waals forces facilitating the formation of aggregates [73]. Additionally,
the thiol groups enforce an in-plane shift between two adjacent molecules (we will later discuss the
influence of this shift). Therefore, cyanine dyes are found among the most common J-aggregate forming
dyes. For this work’s articles, the dye TDBC was used. The molecule and the aggregation process
are schematically shown in Figure 3.12. We can regard the monomers (i.e. single molecules) as plain
two dimensional structures that form brick wall like clusters with one row always transversally shifted
from the neighbouring rows [74, 75]. This aggregation occurs at sufficiently high concentrations or in
appropriate chemical environments like on surfaces. The interaction between the transition dipoles of
neighbouring monomers modifies the optical properties of the aggregate. The transition dipole moment
of each molecule is oriented in the molecular plane along the w-orbitals. Therefore, the dipole moments
of the clusters are parallel and mutually shifted causing a strong red-shifted absorption and emission
line with remarkably narrow bandwidth. The model of Frenkel excitons [76] has proven to be a valid
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Figure 3.12: Schematic representation of the aggregation of TDBC monomers to J-aggregates.
TDBC molecules are flat quasi two dimensional plates that form a brick like
structure under aggregation. The spectrum of the J-aggregates exhibits a very sharp
red-shifted peak that is not visible in pure monomer spectra.

concept for describing the energy structure in J-aggregates [63].

A Frenkel exciton describes an electron-hole pair delocalised over a crystal or, in this case, an aggregate
of molecules. Electron and hole are bound to each other so that no charge is transferred. An electron-hole
pair arises when an electron from the highest occupied molecule orbital (HOMO) is exited to the lowest
unoccupied molecule orbital (LUMO). The molecule’s wave function then changes from |g) to |e). Both
are eigenfunctions of single molecule Hamilton operator H° with energies E€ = 0 and E¢ = ¢. In an
aggregate consisting of N molecules without intermolecular coupling, the Hamiltonian reads as

N
HO =Y HY (3.68)
i=1

and the ground state with energy zero is written as
N
v =) |g); - (3.69)
i=1
If now an electron on the j-th molecule is excited, the new state ¢ writes as

N
97 =1le); Qle); - (3.70)
i)

This is an eigenstate of the Hamiltonian and it is N-fold degenerated. If however interaction between
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closest neighbours is introduced, ' is no more an eigenstate of the Hamiltonian but new eigenstates
have to be found from linear combinations of all ‘P]e That means that the excitation is not localised on
one molecule, but distributed over the whole aggregate.

We can understand most physical properties of J-aggregates by the model of a dimer as for example
discussed by Kasha et al. [77]. Their main arguments shall be reproduced in the following. A dimer is
an aggregate consisting of only two molecules. In that case, the Hamiltonian is

H=H)+H)+V (3.71)

where V accounts for the interaction between the two molecules. The ground state writes as |g), ®|g), =
|g,g) and its energy is different to the uncoupled case due to the interaction. It is found as

E® = (g,glH|g,2) = (g,g|V]g,g) . (3.72)

Note that the ground state energy of the single molecules was set to equal zero. (g,g|V|g,g) represents
the ground state van der Waals interaction energy between the molecular ground states [77].

We recognise the interesting optical features caused by the interaction when calculating the one excitation
states and the respective energies. In general, a state with one excitation, i.e. with one exciton, writes as

Y =cyle,g) +cblg,e) . (3.73)

The exact values of the prefactors ¢, and the energy of the excited states is found by solving the
stationary Schrédinger equation

H(cale,g) +cplg,e)) = E(cale,g) +evlg.e)). (3.74)
With
Hy ) =(e,g|Hle,g) = H (3.752)
and
Hip=(e,g|H|g,e) =Ha 1, (3.75b)

we can find a solution via the characteristic polynomial and the energies with the respective eigenstates
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are
. 1
E{=Hy;+H, with ¥=—(leg +]ge)) (3.76a)
V2
and
€ s € 1
Ef=H,;—H» with Y¥&=-—(e,g —|ge)). (3.76b)

V2

This means that the exciton is evenly delocalised on the whole dimer without any charge transfer taking
place between the molecules. We obtain the exact energies £ from inserting the Hamiltonian resulting
in

Ef =€+ (e, g[V]e,g) £ (e,glV|g,e) . (3.77)

Here, € is again the excited energy of an isolated molecule. The second term represents van der Waals
forces between an excited molecule and a molecule in the ground state [77]. The last term gives the
energy splitting of the two eigenstates and is the reason for a red-shift of resonances in J-aggregates. In
the first approximation, this term is determined by dipole—dipole interaction of two point dipoles [63].

pi-p2 3(pior)(p2-r)
4rwey 13 P

W = (e,g|V]g,e) = . (3.78)

In this expression, r describes the position vector of molecule 2 (with transition dipole moment pt,)
with molecule 1 (with transition dipole moment g¢1) positioned at the point of origin and accordingly,
r describes the distance between the two. The absolute values of the transition dipole moments are

=y = .

The excited energy of a dimer is then given by

ES—E®=g+AD+W. (3.79)

Here, AD = (e,g|V|e,g) — (g,g|V|g,g) accounts for the differences in the van der Vaals attraction
between excited state and ground state. AD is dominated by the interaction between excited state and
ground state as the van der Waals interaction merely affects the ground state [77].

The mutual orientation of the two transition dipoles determines if W is positive or negative. This shall
be illustrated in Figure 3.13 which depicts the energy diagrams for three different cases. First, the case
where the dipoles lie parallel to each other, second, the case where the dipoles lie in line and third, the
case where the dipoles are parallel but shifted along the dipole direction. In all cases, the molecule
centres are separated by the distance a. Due to its small impact, the van der Waals interaction between
the ground states is omitted in the scheme [77].

In the first case, the energy splitting between the two states, found by inserting Equation 3.78 into
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Figure 3.13: Energy splitting in dimers due to transition dipole interaction. Upper left: For
parallel dipoles, the interaction energy is positive for dipoles pointing in the same
direction and negative for the opposite case. Only the transition to the upper
state is optically allowed. The upper right panel illustrates the case for in-line
oriented dipoles. Here, in-phase dipoles have a lower energy and only this state is
optically active. The case of parallel but shifted dipole moments is presented in the
lower panel. The interaction energy depends on the relative angle between dipole
moments and the connecting vector. For angles smaller than 54.7°, the optically
allowed transition is red-shifted in regard to the uncoupled case. Modified from
Reference 77.

Equation 3.79, is AW = 2u?/a’. Due to repulsion, transition dipoles pointing in the same direction,
described by ¢, have a higher energy in regard to the uncoupled case. Due to attraction, the energy
of antiparallel dipoles as in W¢ is lowered. Since the dimer’s size is negligible in comparison to the
wavelength of light in the resonance region, we can assume the electric field of an exciting light wave to
be constant. This means that the transition from ground state to ¢ can’t be excited by external light.
A more rigid argument for this missing coupling to the far field is that the transition dipole moment
of the dimer is given by o = (g1 = p2) /v/2, where p; describes the transition dipole moment of the
respective molecule [78]. This means that for the antiparallel case, the transition dipole moment is
zero and therefore, a transition to the corresponding energy level is dipole forbidden. The transition
to the higher level is allowed with a transition dipole moment of i = /2. Thus, the only excitable
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resonance is blue-shifted against the uncoupled resonance. Such kind of dimers or aggregates are called
hypsochromic aggregates or short H-aggregates. In H-aggregates, the fluorescence is usually very weak
since the excited states tend to decay non-radiatively to the lower state [79] whose fluorescent decay to
the ground state is dipole forbidden. Note, that for very weak dipole coupling, the excitable resonance
might only be blue-shifted against the van der Waals-shifted energy level and slightly red-shifted to the
monomer case. Often however, AW is large enough to cause a blue-shift [64].

The upper right panel in Figure 3.13 illustrates the situation when the transition dipole moments lie in a
line. The energy splitting is calculated to be AW = 4u?/a®. Now, an antiparallel dipole orientation ¥®
has a higher energy than the uncoupled case, whereas the W shows a red-shift. Also here, external
light can only excite W§ and therefore, the absorption is red-shifted in relation to the monomers. This is
the effect in J-aggregates.

Often, the orientation of molecules within an aggregate is more complex than the two previous cases. To
account for the structure of TDBC J-aggregates, the lower panel of Figure 3.13 depicts the situation of
coplanar but shifted transition dipoles. The structure is defined via the distance a between the molecule
centres and the angle 8 between the transition dipole moments and the vector connecting the molecule
centres. In this case the energy shift can be calculated to be

2
AW =25 (1-3c056) . (3.80)
a

Note that the first two cases are included in this model with relative angles 6 = 90° and 6 = 0°,
respectively. For 8 = 54.7° the energy splitting between the states becomes zero. Again, only dipole
moments in the same directions can be excited. Thus, dimers with 6 > 54.7° show a blue-shift and
can be counted among the group of H-aggregates. For dimers with 8 < 54.7° the energy shift is
negative and they can be counted among the group of J-aggregates. This is the case for TDBC since
molecule extension in the direction of the transition dipole moment is much larger than the thickness of
a molecular sheet. This can also be seen in Figure 3.12.

A few features of J-aggregates can already be explained with the dimer case. The exciton is delocalised
on the dimer and equally distributed between the moleucles. The resonance of J-aggregates is red-shifted
(H-aggregates show a blue-shift) and the transition dipole moment is v/2-fold enhanced in comparison
to the monomer. The oscillator strength f which is proportional to the total absorption of the resonance
is also proportional to the squared transition dipole moment [78] and therefore, fior = 2 fy with fior and
fo describing dimer’s and monomer’s oscillator strength, respectively.

The principle of describing clusters with more than two molecules is basically the same as above. The
real structure of J-aggregates is often complicated to assess and the process of understanding the strucure
of the first discovered and thoroughly studied dye PIC lasted a few decades [80]. Various shapes of
aggregates can arise depending on the molecular structure. A great feature of TDBC is its simplicity,
both spectrally and structurally [80]. Its aggregation structure was found to be a brickstone arrangement
[74, 75] as schematically shown in Figure 3.12. The interaction between neighbouring molecules is
attractive for transition dipoles in phase and the orientation of the dipoles to each other is as for the
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mutually shifted dimer with 8 < 54.7°. Thus, the state with the strongest transition dipole moment
is red-shifted, defining the structure as a J-aggregate. For this ’in phase’ case, the exciton is evenly
delocalised over the whole aggregate and the total transition dipole moment is Lo = /N .

This concentration of oscillator strength is one of the main features of molecular aggregates [79]. It
leads to a reduced life time of the excited state of T,ge = Ty /N where 7 is the monomer life time [79].
The effect is referred to as superradiance [79, 81]. Phenomenologically, one could explain this life time
reduction from the fact that fio = N fo. This means the oscillator strength and thus the absorption of N
independent monomers is now governed by only one state. Strickler and Berg showed that the life time
of an excited state is inversly proportional to its absorption [82]. Thus, an N-fold enhanced oscillator
strength directly implies an N-fold reduction of the life time. This reduction can also be shown more
rigidly [81].

Besides the red-shift and superradiance, an important feature of J-aggregates is the sharpness of the
resonance peak. This is rooted in the weak coupling to vibrational states in comparison to the strong
intermolecular coupling by exciton delocalisation. This delocalisation hinders the formation of a well
defined vibrational eigenstate [83]. In a classical picture, this can be understood as follows: The
excitation on one molecule jumps to a neighbouring molecule before vibrational relaxation can occur
[64]. Frank Spano provided also a better-founded quantum mechanical explanation for this phenomenon
showing that the absorption is almost purely defined by the 0—0 vibronic transition [64]. In the same
report, he also showed that the fluorescence essentially describes the 0-0 vibronic transition explaining
the lack of Stokes shift in J-aggregates.

Above, we assumed an aggregate to consist of N monomers. But an exciton can potentially be hindered
to spread over the whole cluster due to static and dynamical disorder and the aggregate’s physical size
can be much bigger. Therefore, N rather describes the coherence length, that is the number of monomers
over which the exciton is delocalised. This coherence length strongly dependes on the temperature and
the chemical environment. It can be deduced from the transtions between the one-exciton band and the
two-exciton band in pump-probe experiments. For TDBC, coherence lengths of up to 45 monomers
were reported at 1.5K [84] and of around 15 monomers at room temperature [85].

The previous section presented the properties of J-aggregates in general and of TDBC in particular.
TDBC was used to investigate the coupling of excitons to plasmons on nanoparticles in Articles [-IV.
TDBC is a great emitter system to study the coupling thanks to the concentration of oscillator strength,
the extremely sharp resonance and the almost fully absent Stokes shift. These features were explained
above together with the red-shift accompanying aggregation. The following section will discuss the
modelling of the permittivity of such an excitonic system, as well as of the permittivity of gold.

3.4 Permittivity of Core and Shell

As discussed in Section 3.2, a nanoparticle’s reaction to electric fields is mainly determined by the
particle shape and the permittivity of the involved materials. Above, we have discussed the shapes’s
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influence while taking the values for the permittivity from literature. However, it is often desired to
base such simulations on purely theoretical models, either to gain a deeper understanding of a system
or to investigate the influences of parameters such as temperature. Moreover, changes in the chemical
environment can cause changes in the permittivity, as is for example the case in organic emitters [86].
In this case, experimental permittivity data in water are of no help when the emitters’ permittivity on
gold nanoparticles is required.

Gold nanoparticles form the basis of all articles constituting this dissertation. Additionally, Article IV
directly simulates the influence of heat on the core—shell nanoparticles via the temperature dependence
of the permittivity of gold. A deeper understanding of gold’s permittivity would therefore be beneficial
or is even necessary for Article IV. This shall be established in the first part of this section starting with
an explanation of the contribution of free electrons to the permittivity. Transitions between energy bands
will be introduced afterwards, first, using a simple harmonic oscillator approximation and subsequently
with a more precise model employing the joint density of states. This last model was directly used for
Article IV to model the influence of heat on the optical properties of core—shell particles.

For Articles I -1V, the gold nanoparticles were coated with a layer of the J-aggregate forming dye TDBC
presented in the previous section. Such an excitonic emitter can be modelled by a two-level system.
We can describe the permittivity of such a two-level system in different ways. As a first approximation,
we can model the system as a Lorentz oscillator. In this model, the two-level nature of the system is
ignored delivering satisfying results for emitters exposed to weak electric fields. Article Il shows that
in plasmonic nanoparticles, even vacuum fields can reach values where this model is no more sufficient
and a quantum mechanical approach is necessary. This approach was also utilised in Article IV and
shall be discussed in the second part of this section.

3.4.1 Gold

Evidently, gold is a metal. It’s optical properties at electromagnetic frequencies in the long wavelength
range are therefore determined by the electrons in the conduction band. The contributions of the
conduction electrons to the permittivity are referred to as Drude part and will be discussed in the
beginning of this section. At higher frequencies, transitions between electronic bands can be excited.
These so-called interband transitions strongly influence the permittivity. They can be approximated as
Lorentz oscillatiors. A more physical and precise approach was introduced by Renzo Rosei [87-90]
taking into account the actual shape of the electronic bands and their occupation probability. With this
approach, the influence of temperature on the permittivity can be modelled as was done for Article I'V.
After the introduction of the Drude part, we will discuss both approaches, the oscillator approximation
and the more precise model.

From this chapter’s first section, we know that the permittivity € and the susceptibility y connect the
polarisation P in a material and the electric field E via

P
e=1l+yx=14+—. 3.81
+2 +80E (3.81)
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An electric field causes a displacement of each charge carrier. Often, this displacement can be determined
via Newton’s law. The polarisation can be derived via the sum of dipole moments per unit volume
induced by charge displacements. Knowing this polarisation and the electric field eventually allows for
finding an expression for the permittivity of a material.

Contribution of free electrons: The contribition of the conduction electrons to the permittivity is
described by the Drude-Sommerfeld model. In this model, the electrons can move freely with an
effective mass me con. This free motion is only disturbed by scattering events at unspecified collision
centres. These collision centres can for example be lattice ions, other electrons, defects in the lattice
[91]. The effect of the scattering events can be expressed by a friction or damping I" as a material
constant.

We can describe an external light field as E = Ege’® with @ as the light’s frequency. For a conduction
electron at position r that is exposed to this field, the equation of motion writes as

2
2°r or it

me,conﬁ + me,conrg =q.Eoe™ (3.82)

Here, g, describes the elementary charge of an electron. With the ansatz r = rpe’®, we obtain an
expression for the dipole moment p = g,r. Assuming an isotropic metal, the electric field affects all
electrons in the same way. With the electron density n, the polarisation then reads as

ne*E
Me con(@? +iC®)

P—np—— (3.83)

In a bulk metal, surface effects are neglected. This also means that a displaced electron cloud in principle
is still in a stable state. Thus, in contrast to the metal nanoparticles discussed previously, the electron
cloud does not feel a restoring force. In that sense, we can regard the free electron contribution to the
polarisation as an oscillation with resonance at @y = 0.

Plugging the expression of the polarisation into Equation 3.81 gives the Drude contribution to the
permittivity:
o2
Eprude(®) = 1 — ——L——. 3.84
Drude( ) 2 +ilw ( )
Here, the definition of the volume plasma frequency @, = \/ne?/(me,con€) is used. The permittivity’s
real and imaginary parts are often expressed separately as € = £’ +ie”. For the Drude permittivity, this

means
o’
81/) d ((‘)) =1- £ — (3.85a)
rude 0)2 1—*2
Brude (@) = b 3.85b
€ 0)=——=. .
Drude o(0?+1?) ( )
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Figure 3.14: Measured (dashed blue line) and simulated (solid orange line) permittivity of gold.
The left panel depicts the imaginary part €” while the right panel depicts the real
part €. The simulation is the Drude model given by Equation 3.85 and fitted to the
experimental data [92].

To compare the presented model with reality, Figure 3.14 presents experimental data [92] and the model
from Equations 3.85. The parameters @, and I" were adjusted to fit best to the measured data. For low
frequencies and thus high wavelengths, the imaginary parts show an acceptable agreement. The real
part of the model reproduces the form of the experimental values quite nicely, too. There is just a small
offset that will be discussed later.

For wavelengths below 800 nm, however, the model fails to recreate the measured €”. This discrepancy
is rooted in the fact that not only the free electrons contribute to the permittivity. An electric field can
also excite transitions between two electronic bands. These transitions are called interband transitions
and are not taken into account in the Drude model. Metals like silver where interband transitions begin
to have an influence on the permittivity only in the UV-region are often well described as a Drude metal
in the visible. Therefore, simulations of the plasmon resonances of silver often only take into account
contributions of the conduction electrons [93, 94]. In gold however, transitions between electronic bands
are already excited by light in the visible. We therefore need to incorporate them into the model of the
permittivity.

Interband transitions as Lorentz oscillators: A transition between two bands can occur when three
conditions are met: A state in a lower energy band must be occupied while the state with the same
k-vector in a band with higher energy is unoccupied. Additionally, the light energy /@ must coincide
with the energy difference of the two involved states. Such interband transitions can be desribed via the
joint density of states between two energy bands [87]. We will do this later in this section. First, we will
discuss an approximation in the following referred to as the Drude—Lorentz model. This model utilises
the fact that the transition between two electronic states can be approximated by classical harmonic
oscillations of the involved electrons [95]. In that case, we can again formulate an equation of motion to

Mo 8721‘4'_ . ﬁ—l—(x — g.Epe it 3.86
e,int o2 me,mt’}/at Ir = qgeko€ . (3.86)
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Figure 3.15: Measured (dashed blue line) and simulated (solid orange line) permittivity of gold.
The left panel depicts the imaginary part €” while the right panel depicts the real
part £. The simulation is the Drude—Lorentz model given by Equation 3.88 and
fitted to the experimental data [92].

The effective mass of the electrons making the transition is represented by m. i, the damping by 7. In
contrast to the conduction electrons, the electrons in lower lying bands are bound to the atom cores. Thus,
a restoring force of ar acts on the displaced electrons. For each interband transition, an extra equation
with different constants needs to be formulated. In analogy to the treatment of the conduction electrons,
we can solve the equation of motion and subsequently calculate a contribution to the polarisation. For
one interband transition, we can find the contribution to the susceptibility y = P/&E as

(DQ

_ P
x(0) = (@) o (3.87)

Here, oy = /0t /me in; describes the resonance frequency of the transition while @, = +/7ie? /(g in€o)

represents a parameter analogous to the plasma frequency of the conduction electrons. 7 in this case
describes the density of electrons making the transition.

In reality, numerous interband transitions may occur also with resonances far away from the region of
interest. Evidently, not all of them can be incorporated into the model, but we still need to consider
their impact on the permittivity: An oscillator that is driven by an external force with a frequency far
below the resonance frequency can directly follow this force without a phase difference. Therefore,
this oscillation is loss free and only contributes to the real part of the polarisability. This is reflected
in Expression 3.87 which becomes (@, / @x)? for @ — 0. For frequencies far above the resonance, the
oscillator can no more follow the external force and both real and imaginary part become zero. We
also see this in the fact that ¥ — 0 for large frequencies. This means that interband transitions with
resonance frequency far above the region of interest contribute to the permittivity with a constant real
value &.. If there are any transitions with resonances on the red side of the region of interest, they do
not contribute to the permittivity. Note that in the case of gold, there are no interband transitions with
frequencies below the region of visible light.

The total polarisation is composed by the polarisation of the conduction electrons and that of the
electrons making the interband transition to Py = Ppryde + Pinter- Taking one interband transition into
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3.4 Permittivity of Core and Shell

account, all previous considerations lead to an expression for the permittivity €prude_Lorentz Of gold, as

? %
g (©) = €. — P+ > (3.88)
Drude-Lorentz ©0 (02 +iTo ((Dg — (1.)2) — zya) . .

The results of the interband correction with a single oscillation are presented in Figure 3.15 with
parameters fitted to the experimental data and again divided into real and imaginary part.

This model is already an acceptable extension to the pure Drude approach and expands the range at
which the permittivity can be described analytically to lower wavelengths of around 450nm. However, it
is a purely phenomenological model. It does not take into account the actual shape of the electron bands
that usually does not lead to one sharp resonance. It can for example cause a resonance of the form of
a step function with an onset at the position of minimal distance (of occupied and unoccupied states)
between the bands. Additionally, changes in the parameters like the temperature cannot be incorporated
in a reasonable fashion.

Interband transitions via the joint density of states: Renzo Rosei introduced a more physical way to
model the permittivity of gold [87-90]. His approach calculates the transition probability of a certain
interband transition. Multiplied with the oscillator strength, this probability is directly proportional to the
imaginary part of the permittivity [87]. Considering the interband transitions at optical photon energies
together with the Drude contribution, the imaginary part of the permittivity can be fitted to experimental
values. The real part can then be calculated from the imaginary part via the Kramers-Kronig relation.

We can identify the interband transitions with the lowest energies from the band structure of gold which
is depicted in Figure 3.16. In the visible region, three transitions can be excited [96]: The transition
from the d band to the p band at the X point of the Brillouin zone and the transitions from the d band to
the p band and from the p band to the s band at the L point of the Brillouin zone. Magnifications of the
regions of interest at those two points are presented at the sides of Figure 3.16.

The probability that an incoming photon with energy /@ can excite an interband transition is found
via the joint density of states (JDOS). It takes the number of pairs of points on the two involved bands
that are separated by the energy i@ with each pair weighted by the probability that the lower state is
occupied and the higher one is not.

The procedure shall be explained at the transition at the X point of the Brillouin zone. We obtain the
contributions of the other transitions similarly. For an analytical expression, we need to calculate the
energy of the two bands in the region of interest. Assuming, the energy depends quadratically on the
distance from X and assuming that from X to I', the energy only depends on the absolute value of k|| (i.e.
assuming rotational symmtetry around A), the energy fiwy of the d band yields directly from Figure 3.16
as [89]

o, m o,

71{“ . (3.89)

hay = —hoy — —k3 —
2mdL L 2de

The masses mq) and mq describe the effective masses in the different directions in k-space. Note that
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Figure 3.16: The central panel shows the band structure of gold, modified from Reference 97.
The plots on the sides are zooms into the regions of interest, that is the X point
(left) and the L point (right). At the X point, interband transitions in the visible
occur from the d band to the p band at the crossing of the Fermi edge. At the L
point, visible transitions occur from the d band to the p band and from the p band
to the s band.

the energy offset was chosen to set the Fermi energy to zero while the X point marks the zero of the
k-vector.

The energy of the p band around the X point reads similarly as

n? h?
hay = hog + —Kk; —
Wp = "oy + 2 L

> —ki
| .
2my|

(3.90)
A photon with energy A that induces a transition between the two bands does not change k of the state

due to the negligible k of visible light. In k-space, transitions are therefore restricted to a surface with
Qqp (k) =hw, —hog —ho = 0.

If the Fermi edge was sharp (at temperature 7 = 0K), we could retrieve the number of possible
transitions Jyq—p (7o) from the d to the p band from an integration [98]

Jaosp (h@) = (271?)3 / 8 (Qap (k) P’k (3.91)

where the integration is limited to k-vectors for which @y < 0 < i@,. This integral can be solved using
the definition of Qq, (k) and the expressions for the respective energies.

At finite temperature, the occupation probability around the Fermi energy smears out. To account for
this varying occupation probability, we need to apply the concept of the energy distribution of the joint
density of states (EDJDOS) [87]. The EDJDOS Dy, (hw, E) describes the number of transitions from
the d band to the p band with energy 7ie where the initial states on the d band possess the energy E. To
find all pairs of states that fulfil this condition, the integral in k-space is expanded by another d-function
to [87]

Dy_p (h®,E) = (2;)3/6 (Qap (k) 8 (E — hoyg) k. (3.92)

50



3.4 Permittivity of Core and Shell

The 6 functions force the integral to a line in k-space where hwg = E and Qg (k) = 0 which here
means /i@, = E + . This integral can be rewritten to [99]

dlgp

1
Daop (he0,E) = (2m)3 / Vi (hap) x Vi (hoa) |

(3.93)

Here, the dlyp are increments of the described line. Again, we can solve this integral analytically.
Expressions 3.89 and 3.90 yield

Vi (hap) x Vi (hog) | = h“Fdjpk”k | (3.94)

with

mq | My +my mp |
p )

Fyp= (3.95)

Mg, 1 My ||Mq, || Mp, |

We can make use of the cylindrical symmetry of the problem: Both constant energy surfaces, iw; = E
and h®, = E + h, possess cylinidrcal symmetry around k. Thus, the intersection of the two forms a
circle [88]. Therefore, we can rewrite dlq, = k| d6 and

1 T 40
Dysp (h@,E) = 5k /0 WL (3.96)

We retrieve k| directly from Expressions 3.89 and 3.90 and consequently, the EDJDOS reads as

2

1 hz —1/2
Dy p (h0,E) = —— F, '/ ( (hw, — E — ho) — (E+hwf)> (3.97)

8m2n 7P \2mg | mp |

To obtain the eventual JDOS for finite temperature, we have to weight each Dy_,, (7@, E) with the
probability that the initial state (with energy E) is occupied and the final state (with energy E + ii®) is
not. The occupation probability follows the Fermi—Dirac distribution f (E,T'). Then all possible E need
to be included via integration. That means

Jasp (he) = e Dy_p (h,E)[f (E,T) (1 — f(E+ho,T))]|dE . (3.98)

min

The upper integration limit is chosen such that all possible transitions from the d band to the p band are
included but that the integral can still be solved. This means that the upper limit is defined by the term
within the square root of Dy, (hw, E) being zero [87]. The lower limit can be chosen to be negative
infinity.
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Figure 3.17: Measured (dashed blue line) and simulated (solid orange line) permittivity of gold.
The left panel depicts the imaginary part €” while the right panel depicts the real
part €. The simulation is the Rosei model: Equation 3.99 is fitted to the measured
€” [92]. Subsequently, Equation 3.100 yields the simulated €.

An interband transition contributes to the permittivity via [87, 96]

471'2q2 2
e = &)Tg(gz |Pacsp|” Jasp (hO) . (3.99)

The total imaginary part of the permittivity is then the sum of all contributing interband transitions
added to the Drude contribution. In the visible range, the three interband transitions that were presented
in Figure 3.16 can be observed and thus

4r’q;

St 4e ‘2
gym2m?

2 2
€l () = Efge (@) + (1P T (@) [Pl (@) [P s (@) ) - 3u100)

The calculations for the JDOS of the two transitions at the L point of the Brillouin zone work the
same way as the one presented here for the X point. [87, 88]. The necessary parameters for a direct
caluculation can be extracted from the band structure [96] and the missing parameters like the transition
strength can be fitted to the measured data of €.

The temperature dependece of the Fermi—Dirac distribution reflects the temperature dependence of
the permittivity. Interestingly, the best fit for data at room temperature is obtained for a temperature
of 600K used in the Fermi—Dirac distribution. The temperature that is thus used in this model can be
regarded as effective temperature that also incorporates other smearing effects at the Fermi surface
[90]. The left panel of Figure 3.17 presents the best fit. The Rosei model completely reproduces the
measurement data of the permittivity’s imaginary part.

The real part of the permittivity arises directly from the Kramers—Kronig relation as [100]

(3.101)

2 (OB e (@) 2 [T @en(@)
T 2 o

/ /
(@) == do'"+—
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3.4 Permittivity of Core and Shell

with §,8" — 0. This yields the contributions of the incorporated interband transitions to €. In analogy
to the discussion of the Drude—Lorentz model, interband transitions of higher energy that have not been
taken into account for €” can be included via a constant &.. The result for the real part is plotted on in
the right panel of Figure 3.17. We see that the Rosei model also reproduces the permittivity’s real part
accurately. It is obviously the most precise of the three presented approaches.

Additionally, the Rosei model allows an investigation of the permittivity’s temperature dependence.
Article IV makes use of this feature and discusses the change in the spectrum of core—shell nanoparticles
induced by heat. The temperature influences both the Drude contribution and the interband transitions,
yet in two different manners. The motion of the free electrons is damped by electron—phonon scattering
as well by electron—electron scattering. While the latter becomes relevant only for very high temperatures
[101], the former is linear in the temperature of the lattice [102]. Hence, the temperature dependent
damping in the Drude part can be written as

T-T
(1) =To+To— 0. (3.102)
0

Here, Ty represents a reference temperature and Iy its respective damping. Strictly speaking, T describes
the phonon temperature here. It can be different from the temperature of the electron gas, in particular
right after the absorption of photons. The latter influences the interband transitions via the Fermi
distribution in the integral of the JDOS. Knowing both temperatures allows for a direct determination of
the permittivity. For static measurements, the ion lattice and the electrons are in thermal equilibrium
and thus, both temperatures are identical. In pump—probe measurements on the other hand, this is not
necessarily the case. In the first few picoseconds after excitation, the metal is not thermalised and
different subsystems can possess different temperatures. For a complete description of the permittivity,
a two-temperature model is then required. Details to this procedure are given in Article IV.

The previous part introduced a precise analytical description of the permittivity of gold. A complete ab
initio model for the optical properties of core—shell particles with a gold core and an excitonic shell
requires also a possibility to determine the shell’s permittivity. Articles IIl and IV utilised a model to
describe the permittivity of the emitters which will be discussed in the next section.

3.4.2 Two-Level Systems

An excitonic system can often be described as a two-level system with a ground state and an excited
state. Absorption takes place when the system makes a transition from the ground state and light is
emitted when the transition works in the other direction. Therefore, these systems are often referred
to as quantum emitters or quantum absorbers. Following the literature on plasmon—exciton coupling
[26, 62, 103], this section will mostly refer to excitonic systems as emitters.

Classical approach: Often, such a system is described by the the dynamics of a bound classical electron
in an external electric field [26] as shown in Figure 3.18. This electron motion determines the system’s
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dipole moment from which then the permittivity can be derived in analogy to the case of gold. With the
emitter irradiated by a plane wave with E = Eyexp(iwt) with a wavelength much larger than the emitter
dimensions, the equation of motion is

82

J 2. Yer ion
ﬁr—l—FEr—i— wyr = EEOe . (3.103)
Eoiwt

g
Figure 3.18: Sketch of the classical analogon to a two-level emitter exposed to light. An electron

is described as oscillator bound to a rest position leading to a resonance frequency
. The electron can oscillate in the classical electric light field.

With the ansatz r = rpexp(imt), we can calculate the emitter’s dipole moment to be

2

qe 1
— 3.104

m o} — 0> —il'w G109

For an ensemble of emitters with density N/V, the polarisation is P = N /V p yielding the ensemble’s

susceptibility as

Nq? 1

Vegm @ — * —il'o

XLorentz = (3.105)

A real quantum two-level system is not simply a bound electron. For example, the probability of
a transmission between the two levels depends on the transition dipole moment. We saw this for
example in the introduction of J-aggegates. This variation of transition probability is not respected in
Equation 3.105. To make the Lorentz model applicable, an additional material constant fj is simply
multiplied to the prefactor of the permittivity, that means [26]

Ng? Ng?
Qe *>f0 Qe .
Veom Veom

(3.106)

In the Lorentz model, fj is simply a phenomenological factor which is fitted to the data. Its connection to
the transition dipole moment and its calculability will become clear later in this section in the discussion
of a quantised two-level system. Often the dimensionless oscillator strength f is defined as [93]

jo o Nz
w3 Veom

(3.107)
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3.4 Permittivity of Core and Shell

It includes all material dependent prefactors reducing the expression of ) to only three parameters: the
oscillator strength itself, the resonance frequency @y and the linewidth I'.

The permittivity €] orent; 1s directly calculated from Equation 3.81. A real emitter does not only possess
one electron with two possible energy states. This means other resonances than that under consideration
exist with an impact on the permittivity. This impact is the same as that discussed for interband
transitions beyond the region of interest. Those with higher frequencies contribute to the permittivity
with a real constant €. Including this constant and the oscillator strength, the permittivity of a two-level
system that is approximated by a Lorentz oscillator reads as [93]

(0 — 0*)+iTw
(0 — )2 +T20?

2
Sy
0} —0?—ilo

(3.108)

2
ELorentz = €0 T =&+ f 05

This is the wide-spread expression for the permittivity of a system of emitters with an optical transition
at @y with a bandwidth I" and an emitter density N/V. For electric fields that are not too strong, it
provides a rather accurate description of reality. However, it does not really take into account the
quantum mechanical two-level nature of the system. The electrons here may oscillate with arbitrary
amplitudes. In contrast, a real two-level system can only be in the state "excited" or "not excited" or a
linear combination of the two. Different values for the amplitudes in the classical approach represent
different probabilities to be in the excited state in the two-level system, but in a real system, this
probability is limited.

Semi-classical approach: When the electric field grows so strong that the classical amplitude would
become too large, a more accurate description of the permittivity of two-levels systems is necessary. We
can achieve this by respecting the quantum nature of the matter while we may still describe the electric
field classically. This approach is usually referred to as the semi-classical approach. It can be found in
various books on quantum optics. The following discussion roughly follows the argumentation given by
Grynberg et al. [104]. A sketch of the situation is illustrated by Figure 3.19.

iwt
/__Q Eg®

— o>

Figure 3.19: Sketch illustrating the semi-classical approach for describing an emitter exposed to
a light field. The emitter is represented by a quantum mechanical two-level system
with ground state |g) and excited state |e). The light field is described by a classical
electric field.

The ground state and the excited state of a two-level system are described by |g) and |e), respectively.
Any linear combination of the two, |y) = ¢4 |g) + ¢, |e), represents a possible state of the system. The

55



3 Theoretical Background

density matrix of a state writes as

Pgg  Pge
= = . (3.109)
p=|v)(y| (peg pee)

Here, the matrix elements are not independent. p,,, can be regarded as the probability to find the system
in state |n) and thus, tr (p) = Paa + Pee = 1. The density matrix also needs to be Hermitian and therefore,
Peg = Peq- These off-diagonal elements describe the coherences between ground and excited state.

The Hamiltonian for a two-level system interacting with an electric field E is given by
H=Hy—pE(). (3.110)

Hy represents the Hamiltonian of the system without an electric field for which |g) and |e) are the
eigenvalues. We can understand the interaction term —uE(¢) as the potential energy of the transition
dipole with moment u in the electric field. The idea of this approach is now, to find the density matrix
for this system from which for the polarisability can be derived. From this polarisability, the permittivity
is obtained analogous to the previous situations.

In the basis of Hy (|g) and |e)), the Hamiltonian writes as

H= <_“EEg(t) _“EE(I)) . (3.111)

Here, E,; and E. represent the energies of the ground state and excited state, respectively.

The time evolution of a state p in the Schrédinger picture is given by
d
—p=——[H,p]. (3.112)

In the Liouville formalism, the equation is formed for each single matrix element, that means

d i
&pnm = - 7 ;an,klpkl (3.113)

where, each element L,,, x; is chosen to recreate Equation 3.112.

The advantage of this formalism is that we can easily incorporate damping and dephasing mechanisms
phenomenologically. In case of a closed two-level system (no transitions to other states than |g) and
le)) two damping mechanisms arise: spontaneous decay I'y, from the excited state to the ground state
and the dephasing of the off-diagonal elements y. Adding these to the time evolution and assuming an
oscillating electric field E = Ecos(mr), we obtain a differential equation for each matrix element of p
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as
%ng = —§ (Peg — Pec) (€ +€7") + CepPec »
GPe = (e e ) T,
%Pge = {0pPge — %(pee — Pee) (¢ + ) — YPge
%peg = —ipPeg + %pee — Peg) (€ +e7) — YPeg

(3.114a)

(3.114b)

(3.114¢)

(3.114d)

Here, nQ = —uEy and hay = E. — E;. These equations are usually referred to as the optical Bloch
equations. The common way to solve these equation is, to transfer the system to the rotating frame of

the exciting field. This transformation means

Isge = pgee_iwt )

Peg = Pegeiwt )

Pss = P »

ﬁee = Pee -

Substituting the new p into the Bloch equations yields

d . iQ _ N ; <
apgg = _7 [peg (1 te lZwt) — Pge (1 +612wt)] +Fsppee )
d . iQ _ ~ ; <
Spe= B o (14 67) — pre (1 67)] ~Tppc.

iQ

d : < < A . .
apge = l((DO - CO) Pge — 7(pee _pgg) (1 +e Za)t) — ¥VPge >

iQ

d . . ~
~Pge = —l((L)()—CO)Pge—I— 5

dr

(ﬁee - ﬁgg) (1 + ei2wt) - Yﬁeg .

(3.115a)
(3.115b)
(3.115¢)

(3.115d)

(3.116a)

(3.116b)

(3.116¢)

(3.116d)

There are two kinds of terms in these equations. One that is not oscillating in the rotating frame picture
and one that is proportional to exp(i2t) or exp(—i2@t), oscillating at twice the light frequency. After
integration (which is done to obtain mean values of operators), the contribution of the quickly oscillating

terms is negligibly small. We can therefore ignore them already in the differential equations. This is the
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rotating frame approximation. In this approximation, the differential equations read as

d iQ

&p‘gg = _j(ﬁeg - ﬁge) + Iﬁspﬁee s (3.117a)
d5 = s — Poe) — L'sp 0 (3.117b)
g Pee = 7(peg Pge) — TspPee » :

d . . N iQ - ~

&pge = (0 — ®)Pge — T(Pee —Pgg) — YPge ; (3.117¢c)
d . . N Q. - ~

&Peg = —i(@) — ®)Peg + T(Pee_pgg) — YPeg - (3.117d)

The right sides are now all time-independent. The solutions of interest are the steady state solutions in
the roatating frame [104]. We can find them by setting the derivatives to zero. This yields

1 Qi
Oee = = - 3.118
Pog =1 — Pec (3.118b)
L IQ  y—i(w— o)
= — , 3.118¢
P o ) G
Pes = Pye - (3.118d)

A back-transformation from p to p eventually yields the density matrix of a two-level system in an
oscillating electric field. We obtain the expectation value of the dipole moment p from (p) = (y|p|y) =
tr(pp). The dipole operator only has off-diagonal elements and reads as p = ule) (g| + u|g) (e|.
Consequently, (p) = U(Pge + Peg). With this dipole moment, we obtain the susceptibility of an ensemble
of emitters with density N /V analogous to the classical model as

2 W — O+ iy

@ — )+ 7+ Q2

_NHu (3.119)
Xtwo-level = v th ( .

This is the general permittivity for an ensemble of two-level systems. In contrast to the classical solution
it is the correct solution for all orders of light—matter interactions [26]. It is often justified to assume that
decoherence only occurs via spontaneous decay. In that case ¥ =I'sp/2 = I'/2 [104]. In real systems,
also higher energy states exist. Transitions to these higher states are incorporated into the model like in
the classical case via a constant €.. With these two considerations, the semi-classical permittivity reads

as
I
N ‘LLZ Q)O_a)"_lz
Etwo-level = € + V eoh ) 2 o (3.120)
((‘)0—(0) +Z+7
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A comparison with the classical result of a Lorentz oscillator (Equation 3.108) leads to the following
conclusion: If the oscillator strength in the classical case is defined to fit to the prefactor in the
semi-classical case, the forms of the two equations are rather similar. There are only two differences
that become apparent: First, in the denominator, the dependence on @ in the semi-classical case is
different from the classical case. Second, the term Q2 /2 does not appear in the classical soltution.
The first difference is rooted in the fact that the Schrédinger equation is a first order differential
equation whereas the Newton approach uses a second derivative in time. For not too strong damping
I' <« w and close to resonance however, we can rewrite the classical expression using the appoximation
(03 — ©?) ~ 2p(ap — ) [26], to

T
(0% — o) +iTo - fag Q- OTIS
(@ — )2+ 2 I

(@0 — )2+ -

ELorentz = € + fOF (3.121)

When setting f = 2Nu?/V ay&oh, this expression is already much closer to the correct semi-classical
solution. Only the dependence on £ is still missing. This is because this term accounts for the saturation
of a two-level system, an effect that is not incorporated in the classical approach since it allows arbitrary
amplitudes of the polarisation.

The fact that Q? causes saturation can be seen when defining a saturation parameter

QZ
5= 2 = (3.122)
(o0 — )2+ -7
4
With this term, the semi-classical susceptibility can be rewritten as
0
Tovortevst = T (3.123)

where ¥ describes the polarisability without external electric field, i.e. Q = 0.

For weak electric fields and consequently small Q2 < T, the saturation parameter becomes small and
the semi-classical and the classical solution approximately coincide. For large Q2 however, s becomes
larger until, in the extreme case Ywo-level — 0. This means the emitters can no more interact with the
light since they already are fully saturated.

Spectrally, the effect is seen in a lowering of the amplitude and a broadening of the resonance peak. It
is therefore also sometimes referred to as power broadening [104]. In most light-matter interactions,
the electric fields are small enough to neglect saturation. This explains the huge success of the Lorentz
oscillator model which is mostly used to describe emitters.

On the other hand, electric fields can be so strong that saturation can no more be negelcted. We can
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define a saturation intensity /g, above which saturation needs to be regarded as [36]

L = 71 & 72 ’ (3.124)
=-c ) . 124
sat 1 0= 7

Emitters in a field of this intensity have a halved susceptibility. Traditionally, these fields are generated
by intense laser beams. Article III argues that also the field fluctuations of the vacuum mode in plasmonic
nanoparticles can generate intensities in the region of Iy, Thus, a correct description needs to take
saturation into account. The article argues that Equation 3.120 is to be used in correct simulations of
core—shell nanoparticle spectra. However, in this form, the saturation would be zero for vanishing
external fields (since Q — 0). Therefore, to account for the vacuum fluctuations,  needs to be replaced
by the vacuum Rabi frequency which will be introduced in the following section.

The previous examination of two-level systems in strong electric fields marks the end of this section. It
established the understanding of the permittivity of gold and of two-level emitters. This can be used
to simulate the spectra of plasmon—exciton gold nanoparticles as is done in Articles III and IV. The
permittivities are there plugged into the expressions for the optical cross sections of core—shell particles
discussed in the first part of this chapter.

The section first discussed the permittivity of gold starting with the contribution of the free electrons, and
subsequently including interband transitions. In the second part the permittivity of two-level systems
was introduced, first using the model of a bound electron acting as a Lorentz oscillator and afterwards
respecting the actual two-level nature of the emitter. The two models together serve with an ab-initio
possibility to model the optical properties of plasmon—exciton core—shell particles.

In these particles, plasmons and excitons are directly coupled, in some cases so strongly that the
interaction exceeds all other decay channels. The consequences of this coupling is one of the main topics
in Articles [-1V. Therefore, this chapter’s last section will discuss the coupling between plasmons and
excitons.

3.5 Plasmon-Exciton Coupling

Articles -1V discuss the coupling of excitons in a J-aggregate forming dye with plasmons in gold
nanoparticles. The dye can be regarded as an ensemble of quantum emitters, whereas a plasmonic
nanoparticle in principle forms an electromagnetic cavity. A cavity can strongly alter an emitter’s
properties like its absorption and emission in regard to free space. The reason is the coupling, i.e. the
interaction between emitter and cavity. It enables an energy transfer from the emitter to the cavity and
vice versa.

Energy can also be dissipated from the emitter or the cavity to the environment. In case, the dissipation
is stronger than the coupling, the system is in the weak coupling regime. This situation is the basis of
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effects like the Purcell enhancement of emission and absoprtion [105], enhancement of light harvesting
e.g. in solar cells [17], surface enhanced Raman spectroscopy (SERS) [21].

If the coupling exceeds all other energy decay channels, the system is in the strong coupling regime. In
this case, the two components can no more be regarded as independent but a new hybrid entity emerges
with potentially new features. Various applications utilising this effect have been suggested. Examples
include ultrafast optical switches [24], thresholdless lasing [26], modifications of chemical landscapes
[25] or quantum networks [23], to name a few.

This work’s articles investigate core—shell systems that exhibit both strong and weak coupling and this
section introduces the general consequences of light—-matter coupling. It is structured as follows: The
first part will present a full quantum approach to describe the coupling between a quantum two-level
system and an electromagnetic cavity. A more general way to describe coupling between two systems is
represented by the system of classical harmonic coupled oscillators. This system also offers a more
intuitive approach to introduce energy dissipation to the environment. Therefore, we will discuss this
more general model and show the analogy to the more special cavity—emitter case. After the inclusion
of damping to the model the section will subsequently discuss the two regimes of strong and weak
coupling. In the end, the discussion will be generalised to the case of many emitters coupled to one
cavity.

Full quantum approach: This part can be regarded as the continuation of the previous section which
discussed a two-level system placed in a classical electric field. Now, the system is placed in a cavity and
the field is quantised as shown in Figure 3.20. In contrast to the semi-classical discussion above, we will
focus on the coupling between the two systems and not on a description of the emitter’s susceptibility.

Figure 3.20: Full quantum representation of an emitter in an electromagnetic cavity. The emitter
is represented by a two-level system with ground state |g) and excited state |e)
while the cavity mode is described by the quantised electric field with photon
number state |n). The interaction is mediated by the coupling energy —p - E.

The quantised field of a cavity is expressed by the operator E = & (a’ +a) [106] with the creation (a")
and annihilation (a) operators of the electromagnetic mode. For simplicity, we only consider one mode
with photon energy i@.,,. Like in the semi-classical case, the interaction between the field and an
emitter with resonance energy 7@y, is given by the energy of the transition dipole with dipole moment
pn=u(|g) (e|+|e)(g]) in the electric field. This is now expressed via the interaction Hamiltonian
Hin = —u- E.

The Hamiltonian describing the complete coupled system is composed of the undisturbed Hamiltonians
of the subsystems and the interaction Hamiltonian, that is H = Hcay + Hem + Hine. When including time
evolution, |g) (e| and a would oscillate in the same direction, as well as |e) (g| and a'. Therefore, |g) (¢|a
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and |e) (g|a’ would oscillate very quickly and average to zero. They can therefore be neglected in Hiy
[106]. This is exactly the rotating wave approximation that we already applied in the semi-classical case.
Without losses, the Hamiltonian then writes as [104]

H = heaya' a+ hen |e) (e] +1Q0(|g) (e|a’ + |e) (g]a) (3.125)

with the coupling energy 71y = —u&’. Note that the zero of energy was chosen such that it coincides
with the energy of the state |g,0). This Hamiltonian is often referred to as the Jaynes-Cummings
Hamiltonian.

For each value n of the number of photons in the cavity, the interaction couples the states |g,n+ 1) and
le,n) since only for (e,n|Hin |g,n+ 1) # 0 (and (g,n+ 1| Hiy |e,n) # 0). We can therefore write H as a
sum of Hamiltionians H, acting only on the manifold {|g,n+ 1) ,|e,n)} [106]. In this basis, H, writes
as [104]

(3.126)

o (1 Do VTR,
" Vn+1Qp  ncay + Oem '

We are interested in the eigenenergies i@, + of this Hamiltionian which can be experimentally recognised
as resonances in an optical spectrum. They are found from det(H, — i@, +) = 0 as

Wy + = N,y + +(n+1)Q3. (3.127)

Dcay + Dem \/ (Oecay — Oem)?
2 4
These eigenfrequencies are often referred to as the normal modes or polariton modes of the system. For
the articles of this work that investigate plasmon—exciton coupling, weak non-coherent light sources
were used. In this case, at most one excitation is found in the coupled system. Before the arrival of a
potentially second external photon, the energy is already decayed. This situation is described by setting
n = 0 referred to as low excitation limit. We will concentrate on this case. There, the eigenfrequencies
are

Ocay + O Ocay — Oem)?
Wy = cav‘z" emi\/( cav4 e ) _*_Q%. (3.128)

In the absence of coupling (9 = 0), w1 are identical to the original resonances of cavity and emitter.
For Qg # 0, the coupled resonances start to deviate from the original ones. Figure 3.21 illustrates
this by plotting the new resonances in respect to the detuning 6§ = @cay — Wem between the original
resonances. The emitter resonance is kept constant at i@, = 2eV while the cavity resonance is tuned.
The coupling is set to Q29 = 100meV. The values are chosen to be in the region of realistic values for
the plasmon—exciton systems of Articles [—1V. For a strong detuning, the new resonances are similar to
Mcay and @ep. For the detuning approaching zero, the deviation between normal modes and original
frequencies becomes larger, resulting in an anticrossing of the branches and an energy splitting of the
original resonances. At the position of zero detuning, the distance between w, and @_ is 2Q. This
means that the anticrossing of a coupled system directly yields the coupling energy 7€2y. This was used
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Figure 3.21: Illustration of the anticrossing of the coupled eigenmodes @... The solid orange
lines depict the eigenfrequencies resulting from Equation3.128. The emitter
resonance is fixed at im., = 2eV while the cavity resonance is tuned. The coupling
is 1y = 100meV. The dashed blue lines represent the original resonances of
cavity and emitter.

in Articles I and II which assess the coupling strength of plasmon—exciton core—shell nanoparticles via
their anticrossing.

Interestingly, a splitting for n = 0 implies that even in the absence of cavity excitations, the modes
are split up. The effect is referred to as vacuum Rabi splitting [26]. Its occurrence is attributed to the
vacuum fluctuations, that is the non-vanishing expectation value of the squared electric field in the
vacuum state. This expectation value calculates as

(0|E2|0) = (0| &(a’ +a)?|0) = |&)*. (3.129)

These vacuum fluctuations are also the root of other effects like spontaneous emission or the Lamb shift
[107]. They can even cause saturation of the emitter as discussed in Article III.

From the expression for the vacuum fluctuations, we see why & is usually referred to as vacuum electric
field. We can now also find a quantitative expression for this vacuum field. The vacuum energy is
restricted to a volume V. This volume is the so-called mode volume of the cavity. The total energy
of the vacuum state is i@,y /2. Consequently, the vacuum energy density multiplied with the mode
volume needs to match this value. Assuming that both electric and magnetic field contribute equally to
the energy, this means [108]

eg| &)V = —2, (3.130)

This yields an expression for the vacuum electric field as

ha)cav
& = . 3.131
\/ 2egyV ( )

Thus, in the low excitation limit, the coupling energy of an emitter coupled to an electromagnetic cavity
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is

hicqy 2
hQo =& = | . 3.132
0o=H 2eeyV ( )

This expression contains another interpretation, why plasmonic nanoparticles represent excellent cavities
for light—matter coupling: For a small nanoparticle, the mode volume is on the order of the particle’s
physical volume [109]. This small mode volume is the root of the high field strengths that were discussed
in Section 3.2. Therefore, the interaction between a plasmonic nanoparticle and an emitter can become
quite intense.

To gain a deeper understanding of the coupling, we want to investigate the new states that are generated
by the coupled Hamiltonian. The eigenstates to the respective eigenmodes of H are found to be

|[+) =sin6y|g, 1) +cos 6y |e,0) (3.133a)
and
|—) =cos6y|g,1) —sinBy|e,0) , (3.133b)

corresponding to @, and @_, respectively [106]. Here,

20
V(R —8)2+403
Ry— 8
V(R —8)2+403

sin 9() =

(3.134a)

cos Oy = (3.134b)

with Ry = 1/ 6% + 49(2) were used. Note that we, due to its exclusive relevance for this work, still only
discuss the case of n = 0. In the special case of no detuning (6 = 0), the eigenstates simplify to

1
|+>=%(\g,1>+le,0>) (3.1352)
and
1
|=) :ﬁ<\g,1> —le,0)) . (3.135b)

That means that in the case of no detuning, both subsystems are equally excited, once in phase (|+))
and once with a phase difference of w (|—)). Like in the case of J-aggregates where the exciton is
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delocalised over the whole aggregate, the excitation is here evenly distributed here. It is hence no
more possible to treat the systems independently. They form new hybridised states. In the case of
J-aggregates, it is easy to see, that the hybridised state shows new features that were not present in the
uncoupled subsystems (e.g. a new resonance). Similarly, other hybrid systems can exhibit comparable
manifestations of new properties. As an example from a different (light free) context, covalent chemical
bonds can be regarded as strong coupling between atoms. The atoms form hybrid states with completely
new chemical properties.

Let us now look at the temporal behaviour of a coupled system. In the Schrédinger picture, the temporal
evolution is found from |y (¢)) = e it |w(0)). Let us assume the emitter to be initially excited and the
cavity to be in the ground state. In the coupled eigenstates, this writes as

L

ﬂ(\+>—y—>). (3.136)

[w(0)) = |e,0) =

Thus, after time ¢, the state has evolved to

1 —i@,t _efia),t o
W) 25(6 +) =)

(3.137)
e (os( ) €.0) — sin(Qs) . 1)

with @y = @Wcay = @em. This time evolution directly yields the probability for the emitter to be in the
excited state P, which is given by [104]

P.(t) = | {e,0w(1)) |* = cos*(Qot) . (3.138)

That means, P, oscillates between 0 and 1. This oscillation is the famous Rabi oscillation.

Analogously, the probability for a photon to be in the cavity (and thus, the emitter to be in the ground
state) P, is

Py(1) = | (g, 1|y (1)) |* = sin®(Qo1) . (3.139)

Figure 3.22 illustrates the situation. It presents the occupation probability of ground and excited state
for a system with an uncoupled resonance at i@y = 2eV coupled with an energy Qo = 100meV.
Both occupation probabilities oscillate with a frequency 2€ and their sum is one. The excitation on
the emitter is thus emitted as a photon into the cavity and reabsorbed again. This means, the Rabi
oscillations describe a periodic exchange of energy between the emitter and the cavity. This energy
exchange occurs at twice the so-called Rabi frequency Qg [103].

For plasmonic cavities, the correct quantum mechanical description is conceptually challenging and
needs to be conducted within the framework of quasinormal modes [110, 111]. Therefore, the coupling
between plasmons and emitters is often described by the model system of classical coupled oscillators
[25, 54, 61] due to the model’s simplicity and intuitivity while at the same time, most features of a
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Figure 3.22: Time evolution of the occupation probability P; of the emitter’s ground (solid
orange line) and excited (dashed blue line) state. Both probabilities perform Rabi
oscillations at a frequency of 2€. P; is identical to the occupation probability of

the one photon state.

coupled light-matter system can be retrieved [112]. Also ArticleI uses classical harmonic oscillators to

explain the scattering and absorption spectra of core—shell nanoparticles.

Furthermore, especially in plasmonic cavities, energy dissipation cannot be neglected. To apprehend
the occurrence of weak and strong coupling regimes, we need to take these losses into account. In the
presented quantum model, we could do this phenomenologically as we did in the semi-classical case
(note, that this only works in the case of n = 0 [62]). But also here, classical oscillators already give a
good insight into the properties of lossy systems. The following part will therefore introduce the general

model of two coupled classical oscillators.

Classical coupled oscillators: First, the model is discussed without damping to show the analogy
between the resulting expressions and the quantum model. Afterwards, damping and its consequences
for the coupling regime will be introduced. Let us consider two masses (m4 and mp), each attached to
the ground with a spring with constant k4 and kg and both connected with a spring with constant k.

Figure 3.23 illustrates the situation.

Figure 3.23: Sketch of two classical coupled harmonic oscillators. Two massed m4 and mp are
connected to solid ground via springs with constants k4 and kg. The two masses

are coupled via another spring with constant k.

The equations of motion for this coupled system are then given by

(3.140a)

)

maxa +kaxa + K'(XA —XB) =0
0.

mpxp + kpxp + K(xg —x4) = (3.140Db)
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3.5 Plasmon—Exciton Coupling

The Fourier ansatz with x; = xo;exp(ir) leads to the eigenfrequencies w. of the system. With
®? = (ki + k) /m; and k/m; = 20;Q, the problem can be expressed in matrix form

1
02— 0> 204Q 0
A M =) (3.141)
2080 w5 —® XB 0
The definitions of @y, wg and Q are chosen to coincide with the values from the full quantum model.

We are are interested in the spectral region around the oscillator resonances that should not be detuned
too much. We can therefore assume that ® ~ w4 ~ @wg. Consequently, a)i2 — 0~ 20;(w; — w). With

this, the problem simplifies to
(mA e o > (xA> - <0> . (3.142)
Q wp— @ XB 0

The eigenfrequencies @4 are found by setting the determinant of the system of equations to zero:

+Q2. (3.143)

04+ O W4 — 0p)?
wi:A+Bi\/(A B)

2 4

A comparison with Equation 3.128 shows that these are exactly the same frequencies as in the full
quantum model in the case of n = 0. Thus, the anticrossing from Figure 3.21 is directly recovered in
both models.

Also the temporal evolution is the same as retrieved from the Jaynes-Cummings Hamiltonian. The
general solution is obtained by plugging the new modes into the Fourier ansatz.

xa(t) = XAy,em” —I—XA,Jre"w*’ +c.c, (3.144a)

xp(t) = XAy,ein — XAHre"w*’ +c.c. (3.144b)

When only mode w_ is excited, both masses oscillate in phase whereas when only the higher value w,
is excited, the masses oscillate out of phase. This is exactly the same phase relation as in the quantum
case. A slight difference is only that in the oscillator case, the in-phase motion has lower energy, since
there, the coupling spring is always in rest position, whereas a dipole oriented parallel to an electric field
possesses higher energy and consequently, in the emitter-in-cavity system, the in-phase is attributed to
the higher eigenenergy.

The situation of no detuning occurs when both oscillators possess the same resonance frequency . As
an example, oscillator A shall be at rest, but displaced from equilibrium by x( and oscillator B at rest at
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Figure 3.24: Temporal evolution of two identical coupled oscillators with i@y = 2eV with a
coupling energy of Q2 = 100meV. Initially, oscillator A (dashed blue line) is at
rest at xo, while oscillator B (solid orange line) rests at x = 0. The left panel depicts
the position of the respective oscillator. Both oscillate at a frequency wy multiplied
by an envelope cos(Q#) and sin(Q¢) for A and B, respectively. The right panel
shows the energy of both oscillators. The energy stored each oscillator oscillates at
a frequency of 2Q, with a mutual phase difference of 7.

xp = 0. The dynamics is then described as

xa(1) :%(cos(m,z) +cos(w,1)), (3.145)

xp(1) z%o(cos(a),t) —cos(wy1)). (3.145b)

Figure 3.24a presents the displacements x; for two oscillators with iy = 2eV and 72 = 100meV. The
pattern is the typical beating pattern of two similar oscillation frequencies, in this case @4 and @_.
Already here, an energy exchange becomes visible. At early times, mainly oscillator A is moving at
frequency @y. This motion is damped while oscillator B begins to oscillate with the same frequency
and increasing amplitude. After + = /2Q, oscillator A is almost completely at rest. Subsequently,
its amplitude rises again at the cost of B’s amplitude. In other words, the motion of each oscillator is
limited by an envelope function cos(Q¢) and sin(Qr) for oscillator A and B, respectively.

The analogy to the Rabi oscillations becomes more clear, when looking at the energy of each oscillator.
We can write the energy of each subsystem as

B D S TR B I
E; —Ekln7,+Ep0t7l = 2mx, + 2ma)0xi . (3.146)
For oscillator A, this yields
E : wxg | cos®(Qr) + Q sin(2apt ) sin(2Q¢) + o’ (sin(@, 1) — sin(w_t))? (3.147)
= —mayx, —si i —sin(@_ ) )
AT TR 2ay @ 40} "
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Figure 3.25: Temporal evolution of two identical coupled oscillators with @y = 2eV damped
by iy = 60meV. Initially, oscillator A (dashed blue line) is at rest at xg, while
oscillator B (solid orange line) rests at x = 0. The energy oscillations are of the
same form as for the uncoupled case. Only now, energy is additionally dissipated.
The left panel depicts the situation with 7Q = 200meV, the left panel that with
hQ =30meV. On the left side, energy can be passed back and forth a few cycles
before it is lost, while on the right side, no more energy is transferred back to
oscillator A.

For not too high couplings, that means as long as @y > €, the first term dominates the energy and
consequently

1
Ey= Emngg cos®(Q1). (3.148)

Analogously, the energy of oscillator B is

1
Ep= Emngg sin®(Qt) . (3.149)

Hence, just like in the full quantum case, the energy is passed between the two subsystems with a
frequency of 2Q. Figure 3.24b presents this situation for the same oscillators as used in Panel a.

We saw, that the model of coupled classical oscillators is able to reproduce the main features of the pure
quantum model in the low excitation limit (» = 0) and for couplings that are not too strong (wy > Q).
The anticrossing, the phase relation and the Rabi oscillations can be derived. This explains the model’s
success in discussions about coupled plasmon—exciton systems.

Now that the analogy between the two models is established, we can introduce damping to the discussion.
This is simply done by adding a friction term m;¥;%; to Equations 3.140. The coupled resonances are
then calculated as above to be

2
W+ o, 0 — @, —
0y — Aer B+i7AZVBi\/< A2 B+i7A4YB> +02. (3.150)

The temporal solution for the deflections is then found from inserting these resonances into the general
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Figure 3.26: Amplitudes of two coupled oscillators damped by iy = 60meV. The resonance
of oscillator B is kept constant at fimg = 2eV while the resonance of oscillator
A is tuned. The plots are found by assuming the coupled modes to be Lorentz
peaks with complex resonances .. The left panel depicts the situation with
7Q = 200meV, the right panel that with 7Q = 30meV. While on the left side, a
clear anticrossing is visible the branches seem to cross in the right panel.

solution given in Equation 3.144. The oscillations are now damped due to the non-vanishing imaginary
component in the frequencies .. For the case of identical oscillators with @y = 2eV, this is shown in
Figure 3.25. Again, the energies are shown for an initial condition of x4 (0) = xy and xg(0) = 0 with
both oscillators at rest. In both panels, a damping of 2y = 60meV is included. For the left panel, the
coupling was chosen to be #Q = 200meV, for the right, 7 = 30meV.

We can identify two different situations: In the left case, the energy can be passed back and forth
before it is lost, whereas in the overdamped case in the right panel, it decays so quickly that it is not
retransferred to oscillator A. These two situations are accounted to two regimes: the strong coupling
regime on the left and the weak coupling regime on the right.

Another interpretation of the two different regimes is found by looking at the anticrossings in Fig-
ure 3.26. The Figure exhibits the coupled resonances for the same situations as the energy oscillations
in Figure 3.25. In the presence of damping, the anticrossing is washed out due to the widening of
the resonances. If the coupling is too weak as in the right panel, the two branches can no more be
differentiated. Only when the splitting is wider than the linewidths, a clear anticrossing can be identified.
This can be regarded as another way to differentiate between weak and strong coupling [26].

For both interpretations of the strong coupling regime, the sufficiently wide splitting and the sufficiently
fast energy transfer, a good demand to the coupling strength is that

Q>%+%,

5 (3.151)

This criterion is found to be applicable not only for classical oscillators, but also for light-matter
interactions [25, 62, 113] and is also used in Articles I -III.

The model of classical coupled oscillators is widely used for describing plasmon—exciton systems. Here,
we discussed the case of a closed system without external forces. An external light field illuminating a
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Figure 3.27: Illustration of the effect of coupling. The two upper lines represent the amplitude
of two oscillator representing a plasmon (orange line) and an exciton (blue line).
The dashed orange-blue line shows the amplitudes that arise when a coupling
between the two systems is established.

plasmon—exciton system works like an external driving force on the oscillators. Also for this situation, a
coupled oscillator model can be used to describe the main features of the plasmon—exciton system as in
ArticleI.

Before moving on to the situation of many emitters coupled to a cavity, let us have a conclusive look at
the typical spectrum of a coupled plasmon—exciton system in comparison to the uncoupled situation.
Figure 3.27 shows the frequency dependent amplitudes of two single oscillators, one with a wider
linewidth representing the plasmon, one with a narrower linewidth, representing the exciton. As soon
as a coupling is established, the original peaks split up and two new resonances, one red-shifted, one
blue-shifted, arise. This model gives a good representation of real spectra of plasmon—exciton core-shell
particles. Examples will be presented in the next chapter.

Many emitters coupled to one cavity: Until now, we only discussed the coupling between a single
emitter and a single mode in a cavity. Articles -1V all treat the situation of core—shell particles with
shells consisting of many emitters. Fortunately, many emitter coupling can be described in terms of the
two models presented above.

For the quantum case, the Jaynes-Cummings Hamiltonian needs to be expanded to the situation of many
emitters. It then becomes

N N
H = h@ea a+ Zha)em le); (e]; + ZhQO(\g>i (e]l.aT +le); (gl;a) (3.152)
i—1 i=1

1
where |g); and |e); describe the ground and excited state of the i-th emitter. This Hamiltonian is often
called Dicke or Tavis-Cummings Hamiltonian [26]. This Hamiltonian can be solved analytically [114]
but the solution is rather complicated and does not serve with deeper insights for our purposes. In the
case of only a few excitations in the emitter system, the Hamiltonian can be simplified. The emitter
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system can then be described as one giant oscillator and
H = hieayad a+ e b+ 1Q0(a’b+ab’) . (3.153)

Here, b and b represent the creation and annihilation operators of the giant oscillator system.

In the following, we will again discuss the case of only one excitation in the system as we did in the
single emitter case. Several eigenstates can be found for the Hamiltonian, but only two of them couple
to external light fields [62]. These bright states have the resonance frequencies [115]

— a)cav "’ wem :|: \/(wcav - wem)2

5 1 +NQ3. (3.154)

0+

This is the same anticrossing as for the single emitter case in Equation 3.128, however with a wider
splitting with a minimum of 21/N€ at the point of no detuning. Thus, the energy exchange between
emitters and cavity can be increased by the number of emitters N and strong coupling for many emitters
can be reached also for systems that would not show strong coupling for single emitters. In fact, in
the plasmonic context, only very few systems with single emitter strong coupling have been reported
[54, 116]. In most other cases, like in this work, strong coupling is achieved by the coupling of several
emitters to one plasmonic cavity [117-119]. Note that also the case of N classical oscillators coupled
to another classical oscillator is analogous to the findings above [120]. Also in this classical case the
difference between the normal modes is proportional to v/N.

From the Tavis-Cummings Hamiltonian, Equation 3.153, the respective eigenstates to @, are found to
be
1 1 ¥

g 1) — ol lg.....2.0)]. 3.155
ﬂ[lg, .8 1) N;Ie>,<gl,lg, ,8,0)] (3.155)

In the excited state, the excitation on the emitters is evenly spread over the whole emitter system.

%)

This is the same situation as in the case of J-aggregates. It shows that a J-aggregate consists of N
strongly coupled monomers. This analogy is also consistent with the energy splitting above. From
Equation 3.154, we would obtain the same splitting for N weak emitters with transition dipole moment
u as for a single strong emitter with v/N-fold higher transition dipole moment. The latter describes
precisely the situation of a J-aggregate of N monomers.

Article III argues that the fact that an ensemble of emitters acts like one giant J-aggregate, allows
describing this ensemble as two-level system. Section 3.3 discussed the situation of a single exciton
delocalised over an aggregate. Due to Pauli exclusion, a potential second exciton cannot reside on the
same monomer as the first one [121]. This causes a blue-shift of the transition between one-exciton
state and two-exciton state [85]. Simply speaking, this blue shift is caused by the smaller effective space
in which the second exciton can reside [122]. As a consequence, the saturation of the transition from the
ground state to the one-exciton state (ground state bleaching) and the transition from the one-exciton
to the two-exciton state (excited state absorption) can be obeserved in pump—probe experiments at
different spectral positions [123]. In a monochromatic field, the detuning between the two transitions
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allows the descirption of a J-aggregate as two-level system as in Section 3.4.2. Article III argues that
this is the case also for a shell of emitters in a core—shell geometry. This assumption is supported by
transient measurements of J-aggegate—gold nanoshell complexes [124]. In such geometries, very similar
to the core—shell particles utilised for Articles -1V, both ground state bleaching and a spectrally shifted
excited state absorption has been observed. This indicates that the whole shell can be approximated by
a two-level system.

Conclusively, this section has established an understanding of plasmon—exciton coupling. It introduced
the full quantum description yielding the important anticrossing of the polariton modes and showed Rabi
oscillations. Both anticrossing and Rabi oscillations can also be derived in the framework of classical
coupled oscillators which we did before discussing energy decay and its influence on the coupling
regime. If the losses exceed the coupling, the system is in the weak coupling regime while it exhibits
strong coupling when the coupling dominates the losses. We eventually discussed the situation of many
emitters coupled to one cavity and how the coupling strength increases with the number of emitters.

This chapter has summarised the theoretical foundations for an understanding of the articles constituting
this thesis. We found that localised plasmons can occur on small nanoparticles of various shapes. The
plasmons’ properties depend on the particle material, the particle shape and the environment. Plasmons
can strongly enhance electric fields, a feature that is utilised in this thesis by the coupling of plasmons
to excitons on J-aggregates in a core—shell geometry. These aggregates were introduced and their main
properties were discussed. For precise simulations, we derived expressions for the permittivity of gold
and excitonic emitters with which spectra of core—shell particles can be modelled. At the end of the
chapter we took a closer look at plasmon—exciton coupling. We discussed that the coupling causes new
resonances to arise and a hybridisation of the subsystems.

The next chapter introduces the methods that were applied for the articles. It will document the route to
the sample fabrication and subsequently describe the different experimental set-ups.
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In order to understand the physics that is discussed in the articles, the necessary theoretical background
was introduced in the last chapter. The following chapter shall present the methods used for the articles.
This includes on one side sample fabrication and characterisation and on the other side the measurement
techniques.

The development of sample fabrication techniques was an important task during my time working on
this thesis. This development enabled the reproducible fabrication of samples with strongly coupled
core—shell nanoparticles on substrates covered with polyelectrolyte layers of various thickness. Due to
the simplicity in production and low experimental effort (the particles can be investigated at ambient
conditions), this system is a useful example system for fundamental strong coupling research.

The first section of this chapter presents the route from independent components to finished samples
that were used in different variations for ArticlesI-IV. I describe this route in detail to empower
succeeding students to fabricate the same or similar samples in the future. The section starts with a
characterisation of the bare gold nanoparticles and the J-aggregate forming dye TDBC. Subsequently,
the coating process is presented and characterised after which a splitting in the optical response indicates
the coupling between the excitonic shell and the plasmonic core. A short interlude presents the coating
of gold nanorods with another J-aggregate forming dye with the resonance in the infrared. An important
method for both particle deposition on substrates and covering of the particles with polyelectrolytes is
the layer-by-layer deposition. A general introduction into this technique is followed by a discussion how
particles can be immobilised on a substrate. The successful covering of particles with polyelectrolytes,
indicated by a red-shift of the optical resonances, is presented close to the end of the section, followed
by a short discussion about the systematic photobleaching of the dye to recover uncoupled plasmon
resonances.

Several measurement techniques were utilised for this thesis. These are the topic in this chapter’s
second section. Linear optical spectroscopy was the main tool used for Articles I-III. Here, one needs
to differentiate between extinction, absorption and scattering spectroscopy since the scattering cross
section of core—shell nanoparticles can strongly deviate from the absorption cross section as discussed
in Article I. Pump—probe spectroscopy is the tool of choice to investigate temporal changes in the
spectrum after optical excitation. This was done for Article IV and is the topic subsequent to the linear
techniques. A powerful method to measure the temperature of crystals is X-ray diffraction. It was
applied to measure the temperature of gold nanotriangles in Article VI. Combining this technique with
pump—probe methods enables a direct investigation of the cooling of nanoparticles on a picosecond
timescale as was done for Article V. Article VI uses surface enhanced Raman spectroscopy (SERS)
to investigate photochemical reactions on the particle surface and relates the spectra to the particle
temperature and melting behaviour. This chapter will therefore end with an introduction to SERS.
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4.1 Samples

Articles I-1V discuss the features and signatures of plasmon—exciton coupling. As seen in Section 3.5,
the coupling strength between a plasmonic cavity and an excitonic emitter is determined by the electric
vacuum field Ey,. of the plasmon and the emitter’s transition dipole moment y. Owing to the small
mode volume, strong field enhancements can be obtained in plasmonic cavitites and various geometries
supporting strong plasmon—exciton coupling have been presented in the recent years. Examples include
dye-covered metal thin films [125], grids [126] or particle arrays [127, 128], as well as semiconductor
quantum dots on silver nanoshells [129], nanoparticles on transition metal dichalcogenides [130, 131],
organic dyes [119, 132] or quantum dots [54, 116] in hot spots between metallic nanostructures and
many more.

This work focusses on the coupling between plasmons in gold nanoparticles and excitons in a J-
aggregate forming dye in a core—shell geometry. Such core—shell systems have proven to support high
coupling strengths with various core shapes and materials. Amongst others, silver nanorods [61], silver
nanotriangles [117], aluminum discs [133], gold nanoflowers [50] have been presented. In each of
the mentioned examples, J-aggregate forming dyes were used as shell material. As discussed in the
previous chapter, these dyes feature high transition dipole moments and very sharp resonances, two
helpful features on the way to achieve strong coupling. Core—shell systems are appealing due to their
structural simplicity and high symmetery. The metal that is easiest to handle is gold. In contrast to silver
or aluminum, oxidation hardly occurs making gold very stable to the environment. Also the control
of the shape seems to be explored better for gold, large-scale and high-quality production for example
is still a problem for silver nanorods. Therefore, gold is often the material of choice and coupling to
J-aggregates has been shown for gold nanospheres [134] and gold nanorods [118], too.

This section discusses the characteristics and fabrication of the samples used for this works articles.
Article I examines both dye-coated gold nanospheres and nanorods deposited on substrates and covered
with polyelectrolytes. Article II focusses on dye-coated rods on substrates only. For Articles III and
IV, coated gold nanorods were directly investigated in solution. Articles V and VI do not discuss
plasmon—exciton coupling, but the reaction of gold nanotriangles to optical excitation. For these two
articles, the sample fabrication was developed and conducted by my colleagues Radwan Sarhan and
Ferenc Liebig and will therefore not be discussed here.

The first part of this section introduces the components used for the core—shell geometries, that is the
cyanine dye TDBC and the gold particles that were used. In a next step, the coating process is presented
and the influence of various parameters like dye concentration or adsorption time is investigated.
Eventually, a procedure to coat gold nanorods with a J-aggregate forming dye whose resonance lies in
the infrared is presented.

The section’s second part introduces the technique of layer-by-layer deposition of polyelectrolytes. With
this process, substrates can be functionalised, so that nanoparticles can be immobilised. The technique
additionally enables the covering of the nanoparticles with thin polymer layers. The cover thickness can
be tuned with nm-precision providing precise control over the particles’ environment. As discussed
in the previous chapter, the plasmon resonance is very sensitive to the environment’s permittivity and
consequently layer-by-layer deposition permits an accurate modulation of the detuning between plasmon
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and exciton resonance.

The last part of this section discusses the deposition of the nanoparticles on glass substrates. Subse-
quently, the influence of polyelectrolyte covers on the plasmon resonance is examined with consequences
for coupled and uncoupled systems. To retrieve the original plasmon resonance position of coupled
core—shell particles, the dye was photobleached. Different bleaching processes are discussed at the
section’s end.

4.1.1 Coating Nanoparticles with TDBC

The following section introduces the procedure of coating different gold nanoparticles with the cyanine
dye TDBC. First, the pure components will be presented, then the coating process together with the
influence of dye concentration, adsorption time and centrifugation speed. The end of the section shortly
discusses the coating of gold nanorods with a different cyanine dye with exciton resonance in the
infrared.

Pure components: The particles used for the articles were gold nanoparticles of various sizes and
shapes. For the coupling investigations, the cyanine dye TDBC was used. Its correct chemical
name is 5, 5’, 6, 6 -tetrachloro-1-1’-diethyl-3, 3’-di (4-sulfobutyl)-benzimidazolocarbocyanine and it was
purchased from FEW-Chemicals. The molecules possess a broad resonance in absorption around 515 nm.
At sufficiently high concentrations, the dye forms J-aggregates indicated by the occurrence of a sharp
red-shifted resonance. This is exemplified in Figure 4.1. It shows the extinction (left) and fluorescence
(right) spectra of TDBC in water at room temperature. At a concentration of ¢ = 3 x 107> M, only
monomers can be identified in the extinction spectrum, their fluorescence is only very weak around
530nm. At a concentration of ¢ = 107*M a new peak emerges in both extinction and fluorescence
around 590nm. It becomes dominant at a concentration of ¢ = 3 x 10~*M. Note, that the aggregate
formation is strongly temperature dependent. Lower temperatures would support the aggregation already
at lower concentrations.
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Figure 4.1: Extinction (left) and fluorescence (right) spectrum of TDBC for different concen-
trations in water at room temperature. For increasing concentrations, J-aggregates
emerge with an extinction and emission peak around 590nm. The inset in the
left panel shows the chemical structure of TDBC. The fluorescence spectra were
recorded with the spectrometer Fluorolog from Horiba.

Tl



4 Methods

Extinction [arb.]
Extinction [arb.]

450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength [nm] Wavelength [nm]

N— , w7

Extinction [arb.]
Extinction [arb.]

450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength [nm] Wavelength [nm]

Figure 4.2: Extinction spectra of different gold nanoparticles in water. a) nanospheres with a
diameter of 100nm b) nanorods with a short axis diameter of 10nm, ¢) nanorods
with a short axis diameter of 40nm, both types of rods possess an aspect ratio of
approximately 2:1, d) nanoflowers with a diameter of around 70 nm.

To investigate the interaction between the excitons in excited aggregates and the plasmons of gold
nanoparticles, particles with a resonance close to the dye resonance were chosen. The plasmon resonance
of small gold nanospheres is actually around 520nm. Larger particles, however, show retardation effects,
scattering losses and higher dipole moments as discussed previously. Therefore, the resonance of
spheres with a diameter of 100nm was suitable for coupling experiments. Their extinction spectrum in
water is presented in Figure 4.2a. The extinction maximum is located around 580nm. The linewidth is
much broader than that theoretically predicted in the previous chapter. Besides the scattering losses,
that were already discussed, the broadening is caused by size dispersion, i.e. variations of the particle
size within one sample. Since the resonance position for particles beyond the dipole approximation
is size dependent, this polydispersity translates to various slightly shifted spectra. Their sum is, what
is actually recorded in the measurement and consequently seems wider than single particle spectra.
This effect is called inhomogeneous broadening. It can be avoided in single particle measurements

but not in ensemble measurements. The particles eventually used for the articles were purchased from
Sigma-Aldrich.

The spectral match between excitons and plasmons in gold spheres was induced by the large size of
100nm. Smaller spheres have a blue-shifted resonance in comparison to TDBC. To also investigate
the coupling with smaller nanoparticles, gold nanorods were utilised. As discussed in the previous
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chapter, nanorods possess two resonances. One for electric fields that are polarised along the short
particle axis (transverse resonance) and one for electric fields that are polarised along the long particles
axis (longitudinal resonance). The longitudinal resonance strongly depends on the aspect ratio, that
is the relation between long and short axis. Its position can therefore be easily tuned, also for small
particles. For the coupling to TDBC, particles with a longitudinal resonance around 600 nm were used.
Particles with various sizes were purchased from Nanopartz with an aspect ratio of approximately
2:1. As example, the spectra of nanorods in water with short axis diameters of 10nm and 40nm are
presented in Figure 4.2b and c, respectively. The two resonances can nicely be distinguished with a
transverse peak position around 525nm and the longitudinal resonance around 590nm (10 nm-rods)
and 610nm (40 nm-rods), respectively. Here, the linewidth is even more dominated by inhomogeneous
broadening since here not only size differences cause different resonance positions but also changes in
shape resulting in a variation of the aspect ratio. In comparison to theoretical predictions, the peak of
the transverse resonance is, especially for the smaller rods, quite high. The additional peak height can
be attributed to residual spheres which are present within the sample.

Another nanoparticle shape that was used to fabricate core—shell particles was that of gold nanostars.
When small enough, their plasmon resonance is dominated by the dipole mode. The extinction in water
is presented in Figure 4.2c with one resonance around 555 nm. The nanoflowers were produced by my
colleagues Radwan Sarhan and Qianling Cui [135] after a method developed by Xie et al. [136]. The
particle size was around 70nm. The linewidth is determined by inhomogeneities not only in size but
also in the distribution of the spikes.

Coating gold nanoparticles with TDBC: The electric field enhancement in metal nanoparticles is
strongest directly at the surface. To investigate the coupling between plasmons and excitations on
an emitter, it is therefore reasonable to bring the emitters as close to the surface as possible. This is
achieved by homogenously coating the particles with the dye to a core—shell geomtery. A simple method
for coating gold nanopartilces with a layer of TDBC was introduced by Lekeufack et al. [137]. This
procedure was taken as basis for the particle coating presented in this work. The starting point of the
technique were gold particles coated with a stabilisation layer of citrate ions. These were simply mixed
with an aqueous solution of TDBC and the dye would gradually replace the citrate ions.

The TDBC solution was prepared by suspending the TDBC powder in water with a small amount of
NaOH as buffer. The latter, with a concentration of 107> M, was added to keep the pH above 7. The
TDBC concentration was varied and will be discussed later. The solution was stirred for 5-10 minutes
and afterwards placed in an ultrasonic bath for 15 minutes. This procedure ensured the separation of
clusters with molecule orientations that did not support the exciton delocalisation that might exist in
powder. After preparation, the solution needed to be kept cold and in the dark to prevent bleaching.

The concentration of particles in colloidal solution was chosen to cause an optical density of OD=1. The
particles were mixed with the TDBC solution in a ratio of 1:1. After mixing, the solution was placed in
an ultrasonic bath for 15 minutes and subsequently left undisturbed in the dark to give the TDBC time
to homogeneously adsorb onto the gold surface. The adsorption time could vary as discussed below
without a big effect on the result. After adsorption the core—shell particles were separated from the
solution with residual TDBC by centrifugation.
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Figure 4.3: Extinction spectra of the same gold nanoparticles as in Figure 4.2, now with a

coating of TDBC. The plasmon resonances now show a splitting with a dip at the
original exciton position.

A successful coating was confirmed by the extinction spectrum after the process. In Figure 4.3, the
spectra in water are presented for the particle types presented in Figure 4.2. In all cases, a dip can now
be seen in the broad plasmon peak indicating a plasmon—exciton coupling. In case of high coupling
strengths, this dip can rather be identified as two new peaks emerging from the coupling similar to
the example spectra given in Figure 3.27. The real nature of the spectrum modifications can only be
identified by further experiments like anticrossing measurements. This was done for Article I where the
spectra of core—shell nanospheres were compared to those of smaller core—shell nanorods.

The width of the dip is strongly connected to the particle size since the field enhancement increases with
decreasing particle volumes. This is the main reason for the different widths of the dips/peak splittings.

A closer look at the connection between particle size and coupling strength was taken for Article II for
core—shell nanorods of different sizes.

The nanoflowers were eventually not used for the articles. The main reason was, that they represent a
more complicated system that can no more be described by Mie theory. Articles [Il and IV are based
on Mie descriptions of the particles making a use of nanoflowers impractical. Another reason was that
the particles could not so easily be deposited on substrates. This hindered deeper investigations like
anticrossing tests that were conducted for Articles I and II. Their spectra are shown here to give another

example of particles exhibiting plasmon—exciton coupling besides the spheres and rods that were used
for the articles.
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Figure 4.4: a) Dependence of the peak splitting on the dye concentration during the coating
process. For low concentrations, no splitting is visible, above a concentration of
¢ = 107*M, the splitting saturates and does not widen further for higher concentra-
tions. This indicates a complete coating for concentrations above ¢ = 10~ M. b)
Dependence of the peak splitting on the adsorption time of the coating process. In
all cases, the splitting is identical indicating a complete coating already after 2h. In
both panels, the spectra are shifted by different offsets for clarity.

TDBC concentration dependence: The TDBC concentration in the dye solution has an impact on the
coating quality. To optimise the process, different concentrations were tested. The result is presented in
Figure 4.4a which depicts the extinction spectra of TDBC-coated gold nanorods with a nominal short
axis diameter of 40nm in water. Low concentrations do not exhibit an effect at all. For a concentration
of ¢ = 107°M, a peak modification is visible, but the splitting is not at its maximum point. For
concentrations above ¢ = 10~#M the peak splitting saturates and does not widen any longer. For the
articles, the eventual concentration was chosen to be around ¢ = 1073 M or slightly below to ensure a
sufficient dye concentration.

Adsorption time dependence: The adsorption time in the original procedure presented by Lekeufack
et al. suggested an adsorption time of 24 hours. Figure 4.4b presents the spectra for different times
between mixing of the TDBC solution with the gold particles and the centrifugation. Apparently, the
adsorption is completed already after much shorter times and already after two hours, the splitting
reaches its maximum value. On the other hand, the splitting does not degrade with longer adsorption
times. Thus, to be sure, the coating is completed and for organisation reasons, the adsorption times used
for the articles varied between 2 and 5 days.

Influence of centrifugation speed: To separate the particles from residual TDBC after coating, the
solution was centrifuged after the dye adsorption. The centrifugation speed needed to be chosen with
care. For too slow rotaion speeds, not all particles would sediment at the bottom whereas too high
centrifugation speeds can cause clustering of the particles [138]. For each particle size, the slowest
possible speed was chosen at which all particles would separate from the solution. The centrifugation
time was chosen to be 30 minutes, enabling slower speeds than shorter times. The centrifuge in use was
an Eppendorf Mini spin with a centrifugation radius of 6cm. For larger particles like nanorods with a
short axis diameter of 40nm a centrifugation speed of 2500rpm was sufficient, for those with 10nm
short axis diameter 8000 rpm were necessary.
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Figure 4.5: TEM images of TDBC coated gold nanorods with a nominal transverse diameter of
10nm. A homogeneous coating is clearly visible with a thickness of approximately
3nm. The image was recorded by Zdravko Kochovski at Humboldt University of
Berlin.

The particles were centrifuged twice while being redispersed in water between the two centrifugation
steps. After the second centrifugation, the sample was again filled up with water. The amount of water
was chosen depending on the desired particle concentration. This amount varied between 20 % and
100 % of the original amount of solution.

A TEM image of a few core—shell nanorods with a nominal transverse diameter of 10nm is shown in
Figure 4.5. The homogeneous TDBC coating can nicely be seen around the particles with a thickness
of approximately 3nm. The image also illustrates the polydispersity in the sample causing the inho-
mogeneous broadening of the spectrum. It is typical that also a sphere can be seen which explains the
comparably high peak in the region around 520 nm, which is not only caused by transverse resonances
of the rods but also by nanospheres already present in the solution as bought from the manufacturer.

In comparison to many other J-aggregate forming dyes, TDBC is rather easy to handle when it comes to
coating of gold nanoparticles. The process is quite simple, robust and reproducible. It is therefore often
used in the research of plasmon—exciton coupling [62, 103]. For other dyes, the coating process can be
much more difficult. As an example, the following part presents the more complex procedure of coating
another J-aggregate forming dye onto gold nanorods.

Coating gold nanorods with S 2284: TDBC J-aggregates are resonant around 600nm. In the visible,
however, interband transitions cause huge losses in plasmonic excitations on gold nanoparticles. With
wavelengths around 800 nm, these interband transitions are no longer excited. This increases the lifetime
and reduces the losses of plasmons in this spectral range. Additionally, the majority of commercial
fs-lasers works in spectral regions around 800 nm. Both these facts raise interest in the plasmon—exciton
coupling in the infrared range.

Together with the undergraduate student Steffen Mittmann, I therefore tried to develop a method to
fabricate core—shell particles with gold nanorods as core material and a dye that forms J-aggregates
in the infrared. A coupled core—shell system with resonances around 800nm had been presented in
literature [139]. In this case, an emitter with several exciton resonances was used that all coupled to the
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Figure 4.6: Gold nanorods and J-aggregates with resonances in the infrared. The right side
depicts the chemical structure of S 2284 and the tubular structure of its J-aggregate.
The respective extinction spectrum is presented in the left panel by the dashed blue
line exhibiting a sharp J-aggregate peak around 800nm. The panel also shows the
extinction of gold nanorods with a nominal transverse resonance at 800 nm as orange
line. The spectra are shifted by an offset for clarity.

plasmon but none of them very strongly. After our experiments, another architecture with an infrared
dye dissolved in a solution around nandiscs was introduced [140].

We tried to fabricate a core—shell system with a structure already established for TDBC as shell
material. The phenol-substituted thiacarbocyanine Cy5 dye (5-chloro-2-[5-[5-chloro-3-(4-sulfobutyl)-
3H-benzothiazol-2-ylidene |-3-phenyl-penta- 1,3-dienyl ]-3-(4-sulfobutyl)-benzothiazol-3-ium hydroxide,
inner salt, triethylammonium salt) was purchased from FEW chmicals. Here, the dye shall be referred to
as §2284. Under addition of NaCl, the dye forms tubular J-aggregates with a resonance around 796 nm
[141]. The spectrum in aqueous solution with a NaCl concentration of 0.5M is shown in Figure 4.6.
The rods were chosen to 10nm wide and to possess a longitudinal resonance around 800 nm. Figure 4.6
also presents the rods’ extinction in solution.

The simple mixing of dye and rods did however not result in a successful coating. To account for the
negative charge of the dye, gold nanorods that were coated with the positively charged ligand PAH
(which will be introduced later) were purchased from Nanopartz. This way, the dye should be attracted
to the gold by Coulomb forces. Yet, simply mixing the solutions did still not show different features in
the spectrum than the simple sum of the two components. The spectrum is shown as dashed orange
line in Figure 4.7. There was still an energy barrier that needed to be overcome. This was eventually
achieved by heating the mixture to 65 °C for ten minutes. As seen in the blue line in Figure 4.7, there is
now a dip in the plasmon resonance at the position of the J-aggregate resonance.

The same feature could be obtained for shorter rods with a resonance position at 780nm. They, too, were
functionalised with PAH and the spectral modification was achieved by heating to 65 °C. In this case,
the peak is split in two equally intense parts and the detuning between plasmon and exciton resonance
seems to be close to zero.

The results have not beed published, yet, due to complications in confirming that the dip indeed is
caused by the same plasmon-exciton interaction as is the case for TDBC—gold particles. This is due
to the fact that we have not yet achieved to deposit the particles on substrate without forming clusters.
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Figure 4.7: Tllustration of coupling between gold nanorods and S 2284. Left panel: Coating of
nanorods with a transverse resonance of 800nm. The dashed orange line represents
the extinction after mixing of colloidal nanorod solution and dye solution. The
uncoupled resonances of both systems are visible. After heating the mixture at
65 °C, the typical spectrum of coupled core—shell particles emerges (blue line). The
right panel shows the coupled spectrum between S 2284 and gold nanorods with a
transverse resonance of 780 nm.

Besides representing a part of my unpublished work, the results are shown here here to first demonstrate
an alternative to TDBC as emitter material and second, to underline that indeed, the process of coating
TDBC around gold nanoparticles is comparably simple. The main reason for this simplicity is probably
the structure of J-aggregtes of TDBC. While for example S 2284 forms tubular aggegates [141] as
indicated in Figure 4.6, TDBC J-aggregates are found in the brick structure [74] presented in Figure 3.12.

The previous part established the process of coating gold nanoparticles with the cyanine dye TDBC.
Such core—shell systems were utilised in Articles[-IV. For Articles Il and IV, TDBC coated gold
nanorods were directly used in solution, for Articles I and II, the particles were deposited on substrates
and subsequently covered with polyelectrolytes. Both processes shall be discussed in the next sections.

4.1.2 Layer-by-Layer Deposition of Polyelectrolytes

A powerful method to produce charged substrates and to create layers of polymers with nm-thickness is
the layer-by-layer deposition of polyelectrolytes. Polyelectrolytes are polymers constituted by monomers
that possess an electrolyte group which dissolves in contact with water. In cationic polyelectrolytes,
the positively charged part is bound to the monomers, whereas the anion can dissolve. In anionic
polyelectrolytes, the cationic part can move freely while the negatively charged part is bound to the
molecules.

A monolayer can be formed when a polyelectrolyte is brought in contact with a surface of opposite charge.
The mechanism behind this effect is the maximisation of entropy [142]. Initially, all polyelectrolytes are
dissolved in NaCl solution. The NaCl ions serve as counterions located in the vicinity of the polymers.
Let now a cationic polyelectrolyte, surrounded by Cl™ ions, get close to an anionic polyelectrolyte,
surrounded by Na* ions: the entropy is maximised if the numerous Na and Cl ions dissolve in water
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Figure 4.8: Mechanism of layer formation of polyelectrolytes. When two oppositely charged
polyelectrolytes approach each other, entropy strongly increases when the counter
ions dissolve in water. The polymers are then directly attracted by Coulomb forces
and form a double layer.

becoming able to move freely while the two polyelectrolytes directly stick together. The process is
schematically shown in Figure 4.8. After washing away the liberated counterions, a firmly connected
double layer remains. For the polyelectrolytes used for this work, such a double layer is around 2.5nm
thick [47].

This process was utilised to create stable multilayer polymer films with defined charge and thickness
in the nanometer range. The layer formation can be obtained by immersing a substrate into a solution
of the respective polyelectrolyte and subsequently immersing the substrate in water. As a next step a
polyelectrolyte layer with an alternating charge can be formed on top by repeating the two previous
steps [142]. For this work however, the faster and less material consuming method of spin-coating
assisted layer-by-layer deposition was applied. The process is schematically illustrated by Figure 4.9:
The substrate is fixated on a rotatable table that rotates with a speed of 3000rpm. A few drops of
polyelectrolyte solution (5—10 drops) are deposited onto the substrate under rotation. The centrifugal
force evenly spreads the solution on the whole substrate. After 5— 10 seconds, the residual solution is

Cationic Washing with Anionic Washing with
Polyelectrolyte' Water b Polyelectrolyte' Water }
¢ ) ) )
¢ ¢ ) [
\G-’ 5-10s \‘ 30s \‘ 5-10s \-
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Figure 4.9: Scheme of layer-by-layer deposition. A few drops of a polyelectrolyte are deposited
onto the fast rotating sample. The residuals are washed away with water after a few
seconds. After approximately 30, the process can be repeated with a polyelectrolyte
of opposite charge. For the polyelectrolytes used for this work, one cycle lead to the
formation of a double layer with thickness of 2.5 nm.
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Figure 4.10: Chemical structures of the polyelectrolytes in use. The structures of PSS, PAH and
PEI are depicted from left to right.

washed away with water (again 5— 10 drops). After a short waiting time of around 30seconds, the water
has vanished and as result, a monolayer of the applied polyelectrolyte has formed. This process can be
repeated as often as desired with alternatingly charged polyelectrolytes.

Three different types of polyelectrolytes were employed: The cationic poly-allylamine hydrochloride
(PAH) and poly-ethyleneimine (PEI) together with the anionic poly-sodium 4-styrenesulfonate (PSS).
The chemical structures are given in Figure 4.10. All three polymers were purchased from Sigma-Aldrich.
PSS is a linear anionic polymer with a molecular weight of 206g/mol. Before use, the powder as
purchased from the manufacturer needed to be dialysed in order to remove chains consisting of only a
few monomers. PAH is a linear cationic polymer. It was also purchased as powder with a molecular
weight of 94 g/mol. PEI is a branched cationic polyelectrolyte. It was delivered as 50 wt% solution
with a molecular weight of 163 g/mol. All three polymers were dissolved NaCl solution with a polymer
concentration to 1 wt%. The NaCl concentration was ¢ = 0.7M for PAH and PSS and ¢ = 1 M in case
of PEL

Layer-by-layer deposition was used for Articles I and II to functionalise the substrates before the deposi-
tion of nanoparticles. Uncoated gold particles possess a negative surface charge and they could be well
deposited on substrates with a cationic polyelectrolyte as topmost layer, while TDBC coated particles
could be immobilised on negatively charged surfaces. Subsequently, the technique was used to cover
the particles with films of defined thickness to gradually change their dielectric environment. Like this,
the plasmon resonance could be tuned and the anticrossing discussed in the previous chapter could be
revealed. The details of this sample fabrication are discussed in the next section.

4.1.3 Deposition of Nanoparticles on a Substrate

The following part discusses the preparation of samples that were used for Articles I and II. Core—shell
particles were deposited on glass substrates and subsequently covered with polyelectrolytes utilising
layer-by-layer deposition. After the recording of spectra, the dye was photobleached in order to
determine the original plasmon resonance position, i.e. the resonance position of the particles without
TDBC shell under the polyelectrolyte cover.

Deposition of uncoated nanoparticles on a substrate: Gold nanospheres with a citrate layer as
stabiliser possess a slightly negative surface charge. This can be used to imobilise the particles on a
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Figure 4.11: Extinction spectrum of bare gold nanospheres on a substrate. The particles with
a diameter of 100nm were deposited on a functionalised substrate with PAH as
topmost layer.

substrate by funcionalising the substrate with layer-by-layer deposition. As a starting layer, a layer
of PEI is coated on a glass slide that was cleaned with ethanol and water before use. A double layer
of PSS/PAH is deposited on top of the PEI with PAH as topmost layer. This way, the substrate has a
positive surface charge on top and particles with negative surface charge can stick to it. Around 300 ul
of the particle solution is then deposited on the subtrate. After roughly 90 minutes adsorption time,
the solution is washed away with water. Simply letting the solution dry in is not possible because in
this case, the particle form clusters and only few stay isolated. But particles that lie too close to each
other can interact. This interaction can cause a shift in resonance, similar to the effect discussed for
J-aggregates in the previous chapter. Therefore, cluster formation should be avoided and the distance
between neighbouring particles should be larger than the particle size since this is the interaction range
of the plasmons [47]. The adsorption time was chosen to achieve maximum particle density on the
substrate without the formation of clusters. A spectrum of gold nanospheres with a diameter of 100nm
is presented in Figure 4.11. The plasmon resonance can nicely be seen. The deviation of the resonance
position compared to the extinction in water presented above can be attributed to the change in the
environment and its permittivity.

Deposition of core—shell nanoparticles on a substrate: One might expect that the deposition of core—
shell particles would work the same way as the deposition of bare gold particles. In first attempts
however, the extinction spectra did not resemble the spectra in solution. Often, hardly any features
were obeserved in the visible range. Sometimes, the samples exhibited spectra like that presented in
Figure 4.12. Besides the very weak feature that can be assigned to core—shell spheres, an equally strong
peak that could be assigned to uncoupled TDBC J-aggregates is visible. Additionally a wide peak
in the infrared is visible. One explanation was that the particles clustered, leading to new plasmon
resonances without overlap with the exciton peak. An SEM image of the sample on the right side of
Figure 4.12 supports this idea. Only very few particles are lying on their own while most of the others
are sticking together as clusters. Also, Lekeufack et al. who introduced the method of TDBC coating of
nanoparticles report formation of clusters in their systems [137].

By measuring the particles’ zeta potential via their electrophoretic mobility — this is in principle particle
mobility in solution under a constant applied electric fields —, the surface charge of the particles can
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Figure 4.12: Extinction spectrum (left) and SEM image (right) of a functionalised glass substrate
on which TDBC coated gold nanospheres were deposited. The spectrum contains
a peak at the resonance of uncoupled J-aggregates as well as a peak in the infrared
indicating the formation of clusters. The SEM image confirms this hypothesis
showing a very uneven and clustered distribution of particles on the substrate.

be determined. As previously mentioned, citrate capped gold nanoparticles possess a negative surface
charge as confirmed by the mobility measurements. On the other hand, the measurements indicated
that TDBC coated nanoparticles possess a positive surface charge. This difference suggests that cluster

formation might have occurred already during the TDBC coating process between not yet completely
coated particles.

A possible way to avoid the formation of clusters during the coating process, has been presented
by Aslan and Pérez-Luna [143]. They suggest to introduce the non-ionic surfactant Tween-20 in an
intermediate step. This surfactant encloses the particles and lowers their surface charge. The interaction
between Tween-20 and gold is weaker than that of TDBC since Tween-20 is only weakly physisorbed
on the gold surface. It can be gradually replaced by TDBC. Regions that are not yet coated with TDBC
would still be covered with Tween-20 lowering the attraction between not completely coated particles
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Figure 4.13: Scheme of the functionality of an intermediate Tween-20 coating. If the particles
are directly coated with TDBC, the diverging surface charge of partly coated
particles causes the formation of clusters. An intermediate coating with Tween-20
screens the charges and therefore hinders cluster formation. Illustration modified
from Reference 143.
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Figure 4.14: Extinction spectrum of TDBC-gold core—shell nanospheres on a glass substrate.
The smooth spectrum indicates a successful and homogeneous deposition of parti-
cles on the substrate with PSS as topmost layer.

and thus preventing cluster formation. The process is schematically depicted in Figure 4.13.

After using Tween-20 in an intermediate step and leaving the coating process otherwise unchanged as
described above, the TDBC coated particles could be immobilised just as the uncoated particles. Only
the topmost layer of the functionalised substrate needed to be PSS due to the positive surface charge of
the core—shell particles. Also, the particles needed to be given more time to adsorb on the substrate.
For spheres, the solution was left on the substrate for 4 hours before being washed away, for rods, the
adsorption time was 12 hours.

As an example for a successful deposition of TDBC coated gold nanoparticles, Figure 4.14 presents
the extinction spectrum of nanospheres with a diameter of 100nm on a substrate. The sample shows
a nice and well defined extinction and the two peaks can well be seen. Again, the difference to the
spectrum in solution shown above is caused by different media and consequently different plasmon
resonance positions. Possibly, there was no significant formation of clusters during the coating process.
The spectra in solution presented previously and in Articles IIl and IV do not show any resonances
in the infrared, a strong sign for clusters, but seem to mainly represent single particles. But before
using Tween-20, no TDBC-gold particles could not be deposited on any substrate, whereas after using
Tween-20, this problem did not occur. This is why all core—shell particles that were to be deposited on
substrates were pretreated with Tween-20.

Covering particles with polyelectrolytes: To reveal the anticrossing in the coupled systems, the
immobilised particles were covered with polyelectrolytes. This way, the environment of the particles
was changed and consequently, the plasmon resonance shifted. Each polyelectrolyte layer would replace
air in the particles’ vicinity and slightly shift the plasmon resonance. As an exemplification, Figure 4.15
depicts the extinction spectra of gold nanospheres with 100nm diameter under covers with various
thicknesses. All spectra stem from the same sample whose extinction was measured in between the
chosen covering steps. The red-shift can be recognised well for increasing cover thickness. The situation
is very similar to the example of nanoparticles with a silica shell depicted in Figure 3.10. Each additional
cover causes a smaller red-shift than the previous ones. In the picture of the oscillating electron cloud,
this fact can easily be understood phenomenologically: A compensating dipole that is located at larger
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Figure 4.15: Extinction spectra of bare gold nanospheres gradually covered with polyelec-
trolytes. Spheres with a diameter of 100nm were deposited onto a glass substrate
and gradually covered with polyelectrolytes. In between covering steps, the extinc-
tion spectra were recorded. The number of double layers covering the particles at
the time of measurement is indicated on the right with the abbreviation DL. The
spectra are shifted by an offset for clarity. A clear red-shift of the plasmon reso-
nances is visible for increasing cover thicknesses. This red-shift can be explained
by the increasing permittivity of the medium surrounding the particles.

distance from the particle has a lower impact on the restoring force and consequently contributes less to
the red-shift. With this technique, the plasmon resonance position can nicely be tuned and controlled.

For TDBC-gold core—shell particles, the process was expected to work as well. This is in principle
true, however, the dye showed signs of bleaching during the coating process. This is exemplified in
Figure 4.16a which depicts the spectra of TDBC coated gold nanorods with a short axis diameter of
25nm under covers of increasing thickness. Again, the spectra where all taken for one single sample.
The resonances show a red-shift that can be explained by a red-shift of the plasmon resonance. The
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Figure 4.16: a) Extinction spectra of TDBC coated gold nanorods gradually covered with
polyelectrolytes. The procedure and presentation is the same as for the bare
nanospheres shown in Figure4.15. For increasing cover thicknesses, the dip
becomes smaller indicating a bleaching of the dye. b) Extinction spectrum of TDBC
coated gold nanospheres directly coated with 6 double layers of polyelectrolytes
without intermediate recording of spectra. In this case, a clear peak splitting is still
visible.
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Figure 4.17: Extinction spectra of TDBC coated gold nanorods with polyelectrolyte covers of
varying thickness. For each spectrum, a new sample was produced and continuously
covered with a cover thickness indicated on the right side (DL again stands for
double layer). The spectra are shifted by an offset for clarity. A red shift of both
coupled peaks is visible while the peaks do not meet. This indicates an anticrossing
of the resonances.

transverse peak is only visible as a shoulder for thin covers. It is not as sensitive to the environment as
the longitudinal peak, as discussed in the precious chapter. Thus, for increasing cover thicknesses, the
longitudinal resonance shifts stronger and the transverse resonance becomes more and more visible.

The dip in the longitudinal resonance stays in the same position as the exciton resonance is not
affected by the polyelectrolyte cover. However, it becomes increasingly smaller for increasing cover
thicknesses. This might be an intrinsic feature of core-shell particles covered with thicker polyelectrolyte
covers. On the other hand, continuously coating 6 double layers without intermediate breaks for
extinction measurements resulted in a spectrum with a wide peak splitting. This indicates that the TDBC
bleaches during the covering process when spectra are recorded in between the deposition of two layers.
Fabricating a sample without recording spectra intermediately, but taking equally long breaks would
cause the same bleach, excluding the extinction measurement from possible sources for the bleaching.
This was again tested by measuring the extinction several times over a day on the same sample. The
spectra did not change. It was potentially the alternating exposure to water and air, that caused the
bleaching. As a consequence, a new sample was fabricated for each cover thickness. This way no
sample and consequently no spectrum for any cover thickness was affected by dye bleaching. The result
is presented in Figure 4.17, again for gold nanorods with a short axis diameter of 25nm. The spectra
look very similar to those in Figure 4.16a, but now the dip does not lose its depth for increasing cover
thicknesses. This means that now, there are two coupled resonances that show a red-shift separated by a
dip that does not change its position.

Photobleaching TDBC in core—shell particles: From the previous spectra, the resonance positions
of the coupled systems can be retrieved. For a complete anticrossing, also the detuning between the
resonances of the uncoupled original systems needs to be identified. Pure TDBC did not show any
shifts under polyelectrolyte covers. Its resonance can be assumed to be identical for all samples. Thus,
the knowledge of the original plasmon resonance would include the knowledge of the detuning, at
least up to an offset, since the precise exciton resonance might change on the gold surface. Despite
the larger amount of work, the necessity of preparing a new sample for each cover thickness came
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Figure 4.18: Photobleaching of the TDBC in core—shell particles. a) Attempt to bleach the dye

with a pulsed laser with a power of 5W at a repetition rate of 10 Hz with a pulse du-
ration of approximately 10ns. The gold particles with a former extinction spectrum
indicated by the dashed blue line seem to melt already after 2 seconds as shown by
the solid orange line. The spectrum looks now like that of gold nanospheres and
shows no more signs of transverse rod resonances. b) Photobleaching with a I0W
cw laser. The dashed blue line represents the extinction before illumination. After
1.5h, the dip is already smaller as seen in the solid orange line. The spectrum after
three hours illumination is represented by the dotted red line and shows that the
peak splitting has almost completely disappeared indicating a successful photo-
bleaching of the dye. The constance in the transverse plasmon resonance shows
that the gold is still unchanged. The spectra are shifted by an offset for clarity.

now as an advantage. In each sample, the TDBC could be photobleached under controlled conditions.
Subsequently, for each coupled spectrum, a respective pure plasmon spectrum could be recorded and
the spectra could directly be related to each other.

A suitable method to bleach the TDBC was yet to be found. An obvious way would be to expose the
samples alternatingly to water and air since this process already proved to bleach the dye. But this only
works for thin polyelectrolyte covers. Thicker covers stabilise the core—shell particles chemically. By
photobleaching this obstacle could be overcome without changing the medium itself. I tested different
methods to photobleach the particles under controlled conditions. Gold nanoparticles tend to melt very
easily [144] therefore, a light source was desired with enough intensity to bleach the dye but with low
enough intensity to not destroy the particle cores. An example of a light source that both bleached the
dye and melted the gold, is a laser that generated ns-laser pulses with a repetition rate of only 10Hz
at a total power of 5W. Consequently, the energy of 0.5J per pulse was huge in this case. Directing
the beam width a width of approximately 1cm onto a sample only a few seconds already caused a
change in the spectrum of core—shell rods that is presented in Figure 4.18. Apparently, all resonances
are reduced to one single resonance that looks like that of gold nanoparticles. The cause of this change
is that the rods melted and formed liquid droplets on the substrate that subsequently froze [145, 146].
The asymmetry of the rods was lost and only one resonance approximately at the sphere position was
left. I also tried to utilise other light sources like Xe lamps, a Hg lamp, various lasers and also the sun.
Non of them was able to reliably and reproducibly bleach the TDBC and at the same time leave the gold
particles unchanged.

In the end, a cw-laser with a wavelength of 532nm and a power of 10W did the job. Its beam was
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Figure 4.19: a) Extinction spectrum of the photobleached samples previously presented in
Figure 4.17. The peak splitting has now vanished and pure plasmon resonances
appear. The longitudinal plasmon resonance exhibits the expected red-shift for
thicker covers. b) Anticrossing of the TDBC—gold core—shell nanorods. The
maximum positions of the coupled peaks are plotted against the maximum positions
of longitudinal resonances of the bleached particles. The anticrossing is underlined
by a fit of Equation 3.128 as blue (upper polariton) and orange (lower polariton)
line.

widened to a waist width of 1cm. The advantage of such a wide beam is not only that the intensity is
reduced to a value below the particles’ damage threshold, but also that one sample could be completely
illuminated and thus be bleached at once. Yet, this took rather long as shown in Figure 4.18. It depicts
the evolution of the spectrum of core—shell nanorods under illumination. The dip becomes gradually
smaller until it has completely vanished after 3 hours. In some cases, the bleaching time was a bit longer.
Therefore, the samples were illuminated for 8 hours to make sure, no residual exciton resonances were
found. Tests with pure gold rods showed that the particles themselves were not affected by the laser
making this method the method of choice to reveal the original plasmon resonance of the samples.

After bleaching, the spectra of the samples that were presented in Figure 4.17 were recorded again.
Their extinction is shown on the left side of Figure 4.19. Now, only the plasmon resonance is visible.
The resonance position could then be read off. Assuming the the exciton position does not shift, these
resonance positions describe the detuning between plasmon and exciton except for a constant offset.
Thus, the maximum positions of the coupled resonances plotted against the maximum positions of
the bleached spectra directly yields the anticrossing of the coupling. It is depicted in the right plot of
Figure 4.19. Discussions and interpretations of the anticrossings are presented in Articles I and II.

The anticrossing of plasmon—exciton nanoparticles can be achieved not only by changing the dielectric
environment. The most common method to shift the plasmon resonance that is presented in literature, is
changing size or shape of the nanoparticles [118, 140, 147]. However, this seems to be a problematic
approach when trying to determine the coupling strength of the system because the coupling strength is
directly connected to the particle size as discussed in Article II. Therefore, changing the particle size
within one system might lead to erroneous conclusions.

This previous section gave an introduction of the samples used in the first four articles of this work. For
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Articles I and I, gold nanospheres and -rods were coated with TDBC, deposited on substrates, covered
with polyelectrolytes and eventually, the dye was photobleached. This way, the anticrossing could
be retrieved and the coupling regime could be assessed. For Articles IIl and IV, gold nanorods were
coated with TDBC and directly investigated in solution. The next section will introduce respective
measurement tools used in all articles.

4.2 Measurements

The plasmon resonances in gold nanoparticles fall into the visible range. Optical spectroscopy is
therefore an obvious method to investigate the properties of both coupled and uncoupled systems. For
this work, various variants of spectroscopic measurements were employed: Transmission, scattering,
absorption and Raman spectroscopy were conducted as well as pump—probe spectroscopy. Additionally
X-ray diffraction measurements, both with and without temporal resolution were conducted.

Transmission, scattering and absorption measurements can be regarded as linear spectroscopic tools
and will be discussed in the first part of this section. In all three cases, a system’s answer to a weak
incoherent light source is recorded. The difference in information that can be gained about plasmon—
exciton core—shell systems with these methods is discussed in ArticleI. Absorption spectroscopy
was also the measurement tool employed for Article Il whereas the results in Article III are based on
transmission spectroscopy.

Article IV discusses the particles’ behaviour in the short time after a pulsed optical excitation. This can
be investigated by time resolved pump—probe spectroscopy, a widespread method to assess processes
on timescales down to a few fs or even below. For this method, two laser pulses are guided onto the
sample with a defined temporal distance, the first pulse excites (pumps) the sample whereas the second
one probes the samples’ transmission (or reflection) after excitation. The basics of this time resolved
spectroscopy technique are introduced in the second part of the section.

The two subsequent parts discuss X-ray diffraction as a method to assess a crystal’s lattice structure,
first in a static regime and afterwards with temporal resolution applying the pump—probe technique.
Time resolved X-ray measurements were conducted for Article V, again to assess the temporal response
of gold nanotriangles after excitation. Article VI makes use of the strong connection between lattice
structure and temperature and employs X-ray diffraction as local thermometer.

With this local thermometer, the temperature of the nanotriangles used as plasmonic catalyser was di-
rectly measured. The yield of the catalysis was then controlled by surface enhanced Raman spectroscopy
(SERS). This technique will be presented in the end of this section.

4.2.1 Linear Spectroscopy

When a light beam hits a plasmonic nanoparticle, it can be modified in three different ways illustrated in
Figure 4.20: The light can simply pass the particle, it can be elastically scattered in an arbitrary direction
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Figure 4.20: Possible ways of influencing an incident light beam for a nanoparticle. Light can
be transmitted, scattered or absorbed.

or it can be absorbed. The efficiency of each process is determined by the respective cross section
introduced in Section 3.2.

To assess the different cross sections, different methods of spectroscopy need to be employed. The most
common and least complex method is transmission spectroscopy. Here, for each wavelength, the ratio
between transmitted light is directly measured. The transmitted light is the part of the incoming light
that was neither scattered nor absorbed. Transmission spectroscopy is therefore strongly connected to
the extinction cross section. The latter can directly be measured except for a proportionality factor. The
basic concept is presented in Figure 4.21.

Two different situations occurred: Measurements in solution and measurements of films with single
particle thickness. In solution, the amount of transmitted light follows the Beer-Lambert-Law. The
fraction of light I /Iy that passes the sample exponentially decays with the distance d it travels through
the solution, the particle density n and the extinction cross section Gey;.

Iy = e "% @.1)

I and It are directly measured in transmission spectroscopy and thus, the extinction cross section can
be determined to a proportionality factor nd via

1 I
= —In(=>). 42
Oext ndn<IT> (4.2)

The extinction spectrum E is defined as E = In(/p/It) and is sometimes referred to as absorbance of
the sample.

For particles on a substrate, the amount of light that can pass the sample is determined by the area that
is not covered with particles. The area that is covered with particles, or, to be more correct, the area in
which light would be scattered or absorbed is given by the areal particle density na multiplied with the
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Figure 4.21: Scheme of transmission spectroscopy of nanoparticles in solution or on substrate.
In both cases an incident beam with known intensity Iy is guided through the
samples and recorded by a detector. The transmitted light intensity is determined
by Equations4.1 and 4.3, respectively. The extinction cross section can then
directly be retrieved.

extinction cross section. This means that for the transmitted light,
IT :Io(l _nAo-ext) . (4.3)

This expression can also be derived as the first term of the Taylor series of Equation 4.1 with small d.
The extinction cross section for a particle on a substrate can be retrieved to the proportionality factor n4

1 I
Oext = — <1 - T> . “4.4)
na Iy

Here, the extinction spectrum is given by (1 — It/Iy) and is again directly proportional to the extinc-

as

tion cross section. For the articles, the transmission measurements were conducted with a Cary Se
spectrometer and a Cary 5000 spectrometer.

To measure the absorption and scattering cross sections, an integrating sphere needs to be used. This is
a hollow sphere with a strongly scattering white inside surface, with an entrance hole for the incoming
light and, if desired, an exit hole for the outgoing light. The sphere enables a measurement of all light
that is scattered by the sample while simultaneously being able to record the transmitted or specularly
reflected light.

For both scattering and absorption spectroscopy, two measurements must be conducted. In a scattering
measurement, first the forward scattered light is recorded. For this, the sample is fixated in front of the
entrance hole. The light that passes the sample is either absorbed, transmitted or scattered. The part of
the light that is scattered in forward direction is reflected by the sphere’s wall arbitrarily often with nearly
100 % reflection efficiency until it reaches the detector as signal Igg. Light that is transmitted through
the sample or absorbed does not reach the detector. Neither does backscattered light. To record the
latter, the sample is planely fixated at the exit hole in a second measurement. This time, only light that
is backscattered by the sample reaches the detector as signal Igs. The two measurements are illustrated
on the left side of Figure 4.22. The sum of the two intensities in relation to the incoming spectrum gives
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Figure 4.22: Scheme of scattering (left) and absorption (right) spectroscopy of nanoparticles
on substrate. In both cases, a measurement consists of two steps. The integrating
sphere is assumed to detect all light that reaches its walls. This way, the sphere is
able to detect all forward scattered light (upper left) and all backwards scattered
light (lower left) that can be summed to the scattering spectrum. In an absorption
measurement, the forward scattered spectrum is recorded together with the trans-
mission through the sample (upper right). In the second step, the sphere detects all
light that is scattered backwards by the sample and its specular reflection (lower
right). The absorption can be determined with Equation 4.6.

then the total scattering spectrum S of the sample, that is

_ Igs + Ins

S
Iy

(4.5)

Like in the case of extinction, this spectrum is directly proportional to the scattering cross section and to
the areal particle density n4.

The absorption of a sample is not directly measured but accessed by recording all other light paths. This
is again done in two steps. The first part is similar to the forward scattering measurement. This time
however, the exit hole is closed. By that, also the transmitted light is detected as /7. In the second step,
not only the backscattered light is recorded, but also the specularly reflected light Iz. This way, all light
that is not absorbed by the sample reaches the detector in one of the two measurements. The absorption
spectrum A, again proportional to the absorption cross section, is then retrieved by subtracting all
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measured relative signals from the incoming spectrum that is

_ It + Igs + Ir + Igs
Iy '

A=1

(4.6)

Obviously, correct absorption and scattering measurements demand a rather high experimental effort
in comparison to transmission or extinction spectroscopy. The extinction however is only made up
of scattering and absorption and cannot differentiate between those two. Complete information about
the optical properties of a sample is therefore only gained if absorption and scattering are recorded
independently. This is discussed in Article I. Article II presents pure absorption spectra of core—shell
rods on substrates with polyelectrolyte covers. For Article III, particle spectra were recorded in solution.
Thus, for simplicity, the extinction was measured which was then taken into account in the discussion.

4.2.2 Time Resolved Spectroscopy

For Article IV, a different kind of spectroscopy was applied. The article discusses the reaction of
the core—shell nanoparticles to optical heating. To record the spectrum of the particles shortly after
an external excitation, I reconstructed an optical pump—probe set-up for time resolved spectroscopy
measurements.

The method works as follows: A laser pulse excites the sample and short time later, a second pulse,
mostly a white light pulse, records the spectrum of the excited sample. The temporal distance between
the first (pump) and second (probe) pulse can be precisely adjusted by tuning the length of the optical
path of the pump pulse before hitting the sample. This way, time resolved spectra can be recorded with
a temporal resolution only restricted by the pulse length.

In detail, the set-up works as depicted in Figure 4.23: A titanium-sapphire (Ti:Sa) laser generates laser
pulses with a duration of approximately 150fs at a central wavelength of 795 nm with a repetition rate
of SkHz. Of the laser’s output, 20 % are used in the set-up. A beam splitter separates a small fraction of
the pulse energy to be used as probe pulse while allowing most of the light to pass as pump light. The
pump wavelength was chosen to be the second harmonic of the laser source around 400nm. The light
was frequency doubled by second harmonic generation in a B-Barium borate crystal (BBO). Before
the second harmonic generation, the beam passes a half-wave plate combined with a polariser. The
combination of the two allows precise control over the power and polarisaiton of the pump beam. After
the second harmonic generation, the beam is guided via a delay stage. The path length on the stage can
be adjusted by moving the backreflecting mirrors. After the delay stage, the light passes a chopper, that
alternatingliy lets the pump light pass or blocks it with a frequency of 125Hz. Then, the pump light is
directed onto the sample. The probe pulse is focussed on a saphhire crystal to generate a supercontinuum
[148] that means pulses consisting of wavelengths ranging from 450nm to 700nm. These white light
pulses are then also focussed onto the sample with a focal spot that is smaller than the pumped area to
make sure that the complete probed area has also been pumped. Behind the sample, the probe light is
guided to an AvaSpec multichannel spectrometer from Avantes .
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Figure 4.23: Sketch of the set-up for pump—probe spectroscopy. A Ti:Sa laser generates pulses
with a duration of 150fs at a wavelength of 795nm and a repetition rate of SkHz.
The light is split up into a pump and a probe path. The pump beam is frequency
doubled in a BBO, guided over the delay stage and through a chopper and focussed
onto the sample. The pump power that reaches the sample can be adjusted by
the combination of a A/2 plate and a polariser. The probe beam is guided over
an equal distance as the pump beam before it is focussed onto the sample. In its
path, it is focussed onto a sapphire plate to generate supercontinuum pulses. The
transmission of the pump pulse through the sample is eventually recorded by a
spectrometer.

The chopper enables alternating measurements of pumped and unpumped situations. The relative signal
between adjacent pumped and unpumped measurements can reduce noise for example from fluctuations
in the laser energy. The resulting relative transmission change

Tum ed — Tun umped
AT = pump! pump!

“4.7)
Tunpumped

is recorded simultaneously for the whole spectrum of the white light probe beam. The time delay
between pump and probe is then varied in the range of interest. The resulting data can be plotted as
heatmap as is done here exemplarily in the left panel of Figure 4.24. It shows the relative transmission
of TDBC-gold core—shell nanorods with a short axis diameter of 25 nm in solution.

Due to dispersion in optical components like lenses and polarisers, the white light pulse is strongly
chirped, that means different parts of the spectrum are temporally shifted relative to each other. Therfore,
different parts of the spectrum arive at different times. For further analysis, the data needs to be modified
in a sense that at all frequencies, the point of no delay between pump and probe is located at the same
time. This chirp correction is often conducted by characterising the probe pulse with a polarisation-gate
fregency resolved optical gating (FROG) [149] measurement from which time zero can be determined
for each wavelength. With these values, the data can be corrected for further analysis as plotted in the
right panel of Figure 4.24. The interpretation of the data is discussed in Article IV.
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Figure 4.24: Raw data (left) and FROG corrected data (right) of a typical pump—probe mea-
surement of TDBC coated gold nanorods. The chirp causes a temporal distortion
within the probe pulse. This shifts the moment of concurrent incidence with the
pump pulse for different wavelengths. The chirp can be measured by a frequency
resolved optical gating (FROG) measurement and the pump—probe data can be
corrected and a mutual time zero can be found for all wavelengths.

4.2.3 X-Ray Diffraction

As seen in the discussion about the photobleaching of the dye in core—shell particles, the heating and
melting behaviour of gold nanoparticles differs from that of bulk gold. A thorough understanding of
heated particles is indispensable for many applications using gold nanoparticles. A way to directly access
the temperature of nanoparticles is X-ray diffraction. It is based on Bragg’s condition for constructive
interference of electromagnetic waves reflected at crystal planes. The condition is schematically once
more illustrated in Figure 4.25.

Constructive interference occurs when the angle 6 between incoming wave and a crystal plane fulfils
the condition

2dsin@ = mA . (4.8)

Here, A is the wavelength of the incoming radiation, m a natural number and d the distance between
two lattice planes. This distance is temperature dependent according to the material’s thermal expansion

As = 2dsin(0)

Figure 4.25: Illustration of the Bragg condition. Waves whose optical path difference As —
determined by the lattice constant d and the scattering angle 6 — is a multiple of
the wavelength interfere constructively.
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coefficient enabling the use of X-ray diffraction as a material selective thermometer. With this technique
it is for example possible to directly determine the (lattice) temperature of gold nanoparticles under
optical excitation. For Article VI, the effect was utilised to monitor the temperature of gold nanotriangles
under continuous cw excitation with a high intensity infrared beam.

4.2.4 Time Resolved X-Ray Diffraction

In case the X-ray radiation is available in pulsed form, X-ray diffraction can be combined with the
methods of pump—probe spectroscopy to directly observe the crystal lattice in nanoparticles after
optical excitation. Our group, the UDKM, operates a laser-driven plasma X-ray source that generates
femtosecond X-ray pulses at copper K, energy [150, 151]. The X-ray pulses are generated in a thin
copper band by focussed 7mJ laser pulses emitted by a Coherent Legend Elite system. Using a 10 %
fraction of the system’s laser energy as optical pump beam, a set-up can be built that works in a similar
way as the optical pump—probe set-up depicted in Figure 4.23. In this case, the probe pulses are hard
X-rays instead of the white light pulses. The set-up was used to directly investigate the behaviour of
gold nanotriangles after optical excitation for Article V. The detection and data analysis is different
to that of optical spectroscopy. However, it was conducted by colleagues and shall therefore not be
discussed here.

4.2.5 SERS

Surface enhanced Raman spectroscopy (SERS) is the most developed application for localised plasmons.
It was used for Article VI to investigate the photocatalytic properties of gold nanotriangles under optical
heating. For preliminary measurements, I designed and constructed a homebuilt Raman microscope.
The measurements helped to assess the optimal parameters like laser power that were eventually used in
the actual experiment at the KMC3-XPP end station of the Berlin synchrotron radiation facility BESSY
IT which determined the lattice temperature of gold nanoparticles under laser excitation as explained in
Section 4.2.3. The basic principles of SERS shall briefly be summarised here.

Raman scattering is a well studied effect that was first discovered by V.C. Raman in 1928 [152]. It
describes inelastic scattering of incident light by transitions between different vibrational levels of a
molecule via a virtual state. The resulting state can be of higher (Stokes scattering) or lower (Antistokes
scattering) vibrational energy than the original state. The principle is depicted in Figure 4.26.

Each molecule possesses vibrational normal modes with a specific energy and has a specific Raman
spectrum defined by all (Raman active) vibrational resonances. This spectrum can thus be regarded as
unique fingerprint of a molecule. Therefore, Raman spectroscopy represents a highly precise detection
method for chemical compounds.

In free molecules, Raman scattering is rather weak is especially in comparison to ellastic Rayleigh
scattering. However, in direct vicinity of metal nanostructures, the high electric fields provided by
localised plasmons can strongly enhance Raman signals making the technique a highly sensitive tool
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Figure 4.26: Illustration of Raman scattering. Incident light can excite a molecule to a virtual
electronic energy level. This virtual state relaxes again to the initial electronic
level but to a different vibrational state. If the final state is at higher energy, the
Raman scattered light is red-shifted to the incident light (Stokes scattering on the
left), if the final state is at lower energy, the Raman scattered light is blue-shifted
(Antistokes scattering on the right).

for chemical analysis. The strong enhancement is rooted in the fact that both incoming and outgoing
light are enhanced by the plasmonic structure. The field Ej,. that excites the molecule at a surface is
the g times enhanced incident field Ey. This excitation induces a dipole moment u = orgEp in the
molecule with the Raman polarisability ar [153]. The field that is scattered by the dipole is again
enhanced by a factor g’ (which can be slightly different to g due to the difference in frequency). Thus,
the scattered field Esgrs = argg’Ey is enhanced by gg’ in comparison to a non-surface enhanced Raman
scattered field. The Raman intensity is therefore enhanced by |gg’|*> [153]. For small Raman shifts,
one can assume the enhancement factors to be equal [154]. This leads to a total enhancement of the
Raman intensity of g* [153]. Combined with the enhancement factors of localised plasmon resonances,
extremely large signals can be obtained and even single molecules can be detected [155, 156].

In the home-built Raman set-up, a small band cw-laser with a wavelength of 633 nm is coupled into the
objective via a longpass and a shortpass filter. The longpass filter only reflects light with wavelengths
below 640nm allowing a separation between the exciting laser and the Raman signal. The shortpass filter
transmits wavelengths below 550nm and allows an optical control over the sample without affecting the
Raman signal. The light that is scattered by the sample, including the Raman signal, is collected by
the objective and guided via the shortpass filter back to the longpass filter. The (Stokes) Raman signal
is red-shifted from the original laser wavelength and is therefore transmitted by the filter. Residual
laser light is filtered out by an additional notch filter before the signal is guided via an optical fibre
to the spectrometer consisting of an Acton 300i spectrograph and an Andor iDus CCD camera. For
optical control over the sample and the investigated region, the light of a halogen lamp illuminates the
sample after passing the shortpass filter. This light is collected by the objetive and is transmitted by the
shortpass filter on its way back from the sample. Via a beam splitter and a tube lens, the light is focussed
on a CMOS camera creating an image of the region of interest. A sketch of the set-up is depicted in
Figure 4.27.

The set-up was used to monitor the plasmon assisted dimerisation of 4—nitrothiophenol (4-NTP) into
4,4’—dimercaptoazobenzene (DMAB). 4-NTP was positioned on a monolayer of gold nanotriangles.
Especially in hot-spots the molecules reacted to DMAB under laser irradiation. The DMAB possess
a different Raman spectrum that can be used to monitor if the reaction took place. The right panel of
Figure 4.27 shows an example SERS spectrum with marked peaks that are only observed in the spectrum
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Figure 4.27: Left: Sketch of the homebuilt Raman microscope. Light of a HeNe laser is guided
via a longpass filter and a shortpass filter into an objective (20x magnification,
NA = 0.75) and focussed onto the sample. The backscattered light is collected by
the objective, reflected by the shortpass filter and transmitted by the longpass filter.
A notch filter discriminates residual laser light. A spectrometer then record the
(Stokes scattered) Raman spectrum. Additionally, a halogen lamp and a CMOS
camera allow the use as convenient microscope and enable optical control over
the investigated region. The white light to image the sample in the camera is
coupled in and out of the optical path through the shortpass filter which transmits
wavelengths below 550nm. Right: Typical SERS spectrum of 4-NTP of which
parts have reacted to DMAB. The marked peaks occur only in the DMAB spectrum
and indicate therefore a successful reaction.

of DMAB. These peaks indicate that dimerisation occurred under the given conditions.

This short section about SERS closes the chapter about the experimental methods that were utilised for
the articles that are presented in the next chapter. A detailed description of the TDBC-gold core—shell
particles that were used in Articles -1V was followed by the introduction of the method of layer-by-
layer deposition. This technique was used to immobilise the particles on a substrate and cover them
with polyelectrolyte covers a precisely adjustable thickness. Eventually, the dye was photobleached to
access the original plasmon resonances.

In the second part of the chapter, the experimental tools were described in detail. Extinction, scattering
and absorption spectroscopy —the main tools used in Articles I-III — were discussed as well as pump-
probe spectroscopy —the method used for ArticleIV. Articles V and VI relied on X-ray diffraction
with and without temporal resolution, respectively. Both methods were described followed by a brief
introduction of surface enhanced Raman spectroscopy used for Article VI.

At this point all necessary background should be given to understand the articles that constitute this
thesis. These articles are now presented in the following chapter representing the scientific main results
of my time as doctoral researcher.
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The following chapter presents the articles I worked on in the past years. They can be separated in
two topics: Articles -1V investigate the coupling between gold nanoparticles and organic dyes in a
core—shell geometry, Articles IV — VI discuss the reaction of gold nanoparticles to optical heating. The
following introduction into this chapter shall present the mutual connection between the articles and
additionally give insight into the scientific context in which the articles were created.

ArticleI was the first article of the UDKM published in the field of plasmon—exciton coupling. It
discusses the two example systems of gold nanospheres and gold nanorods both coated with a layer of
the J-aggregate forming organic dye TDBC. The main focus lies on the demonstration of strong coupling.
The most common method to assess the coupling strength is via the anticrossing of the system’s energy
levels. In core—shell nanoparticles, this anticrossing is revealed by tuning the plasmon resonance. This
can be done for example by changing the aspect ratio in nanorods [118], by changing the shell thickness
of nanoshells [147] or the size of nanodiscs [133]. This article introduces a new way of resonance
tuning in coupled plasmon—exciton system: The precise changing of the environment via layer-by-layer
deposition of polyelectrolytes. Details of the techinque were given in Section4.1.2. This technique
had been used previously for bare particles [47], but not yet in context of plasmon—exciton coupling.
Interestingly, while Article I was under review, a very similar way of revealing the anticrossing was
published using alumina instead of polyelectrolytes [131]. One great advantage of such external tuning
is that the particles themselves are not altered. As we saw in Section 3.5, the coupling strength changes
with the mode volume which again is strongly dependent on the particle volume [109]. Thus, changing
the size of a nanoparticle also changes the the coupling strength. This makes approaches of tuning the
plasmon resonance for example via the aspect ratio susceptible to errors.

Another topic of Articlel is the correct identification of strong coupling. Strong coupling between
plasmonic nanoparticles and excitonic emitters has been reported previously by several researchers
[49, 50, 117-119, 130, 133, 137, 139, 140, 147, 157-163]. However, in most cases, the strong coupling
regime was only identified via the particles’ extinction. Article I demonstrates experimentally, that this
method might lead to erroneous results. The extinction spectrum is composed of both scattering and
absorption. These two might have diverging features which are undiscernible under bare recording of
the extinction. Article I investigates two kinds of gold nanoparticles, in one case nanospheres, in the
other nanorods, both coated with TDBC. Both show similar features in their extinction and a similar
anticrossing. This similarity is annulled in the absorption spectra. In contrast to the rods, the spheres do
not exhibit an anticrossing. Such an effect had previously not been investigated experimentally. Only
a theoretical study predicted the splitting in the absorption to occur at weaker couplings than that in
absorption [93].

A third aspect of Articlel is a coupled oscillator model that directly explains the emergence of a
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peak splitting in the scattering at weaker coupling strength than in the absoprption. Classical coupled
oscillators have often been used to model coupled plasmon—exciton systems [61, 112, 120, 164]. Article]
is however the first to use this modelling to assign the respective contributions of the two subsystems to
absorption and scattering.

The technique of tuning the particle environment to determine the coupling strength which was intro-
duced in ArticleI forms the basis of ArticleII. The latter discusses the relationship between particle
size and coupling strength in core—shell nanorods with a gold core and a TDBC shell. Theoretical
studies have predicted a strong dependence of the coupling strength on the particle size [93], but this
connection had not been investigated experimentally. Article II closes this gap. It makes use of the fact
that the technique of layer-by-layer depsition of polyelectrolytes leaves the particles unchanged. In
contrast, techniques like the changing of the aspcet ratio to reveal an anticrossing cannot assess the size
dependence of the coupling strength as the particle size is changed within one set of experiments. Arti-
cle IT shows that the coupling becomes stronger for decreasing particle sizes. It also gives a qualitative
explanation using Equation 3.132. This equation determines the coupling strength via the transition
dipole moment of the emitters and the plasmonic mode volume. This mode volume had been shown to
be comparable to the physical particle volume [109, 165] for gold particles with a diameter below 50nm.
Using this insight and literature values for the transition dipole moment of TDBC, Article II is able to
explain the coupling strengths of four different nanorod sizes and predict that of any other nanoparticle.

One goal of light-matter coupling is the strong coupling between plasmonic cavities and single emitters
[62]. A few studies had previously reported the achivement of this mile stone [54, 116, 132, 166].
The reported systems demanded a comparably high effort. Article I argues that single emitter strong
coupling is even possible with simple gold nanoparticles. It predicts the possibility of strong coupling
between a single TDBC J-aggregate and a gold nanorod with short and long axis diameters of 6 nm and
12 nm, respectively.

Article III directly used the results of Article II. But it first discusses a very general phenomenon of
light-matter coupling: the saturation of an absorber due to the vacuum fluctuations in an electromagnetic
cavity. This effect had previously not been included in discussions about plasmon—exciton coupling
[26]. Article ITII demonstrates that it yet does play a role. Vacuum induced saturation had been known to
the community of cavity quantum electrodynamics before. There, strong light-matter coupling was
generated under tremendous effort in optical cavities [167] and vacuum induced saturation occurred
rather as a side effect. Article III shows, that in plasmonic cavities, vacuum induced saturation can occur
even under ambient conditions in simple core—shell geometries. It gives a criterion that connects the
emergence of saturation with the absorber linewidth and the coupling strength. It also shows that for
plasmonic cavities, vacuum induced saturation can occur independently of strong coupling.

The article gives an expression for the susceptibility that includes the effect. With this, it recreates
the spectra of the TDBC coated nanorods that were used for Article II. The coupling strength that was
extracted from the anticrossing is included in Article III to account for the saturation. The agreement
between the model and the experimental data is remarkable. Previously reported theoretical studies
based on Mie scattering or finite element modelling predicted an additional peak in the extinction that
was attributed to a mode whose energy is completely stored in the shell [93, 168]. This shell mode had
however not been observed experimentally. With the model in Article III, this redundant peak disappears
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naturally and theory and experiments can be reconciled.

Article IV connects the topic of plasmon—exciton coupling, which is discussed in the first three articles,
to optical heating of metal nanoparticles, which is analysed in the last three articles. The article discusses
the optical response of the plasmon—exciton core—shell nanorods to excitation by a short laser pulse.
The article presents qualitative simulations of the extinction of gold nanorods with a TDBC shell after
excitation with a femtosecond laser pulse. Previous publications have discussed similar scenarios
[169-172], but the measured spectra were only explained phenomenologically via oscillator models
[171] or approximations of the peaks as Lorentz resonances [170]. Article Il has introduced a correct
way to simulate static spectra. Article [V now makes use of theses new insights and combines them
with the model of Renzo Rosei which was introduced in Section 3.4.1. The model allows temperature
dependent simulations of gold’s permittivity and consequently enables the identification of the heat
contribution to the change in the spectra after excitation. Several studies have explained the spectral
changes of gold nanoparticles that are not strongly coupled to their environment with the change of
the electron and phonon temperature in the first picoseconds after excitation plugged into the Rosei
model [39, 96, 100, 173]. Article IV is the first one to transfer the well-established methods to coupled
plasmon—exciton systems.

Articles V and VI are two additional articles that I co-authored that also examine the reaction of plas-
monic nanoparticles to optical heating. Both discuss gold nanotriangles that are excited by either laser
pulses (Article V) or continuous wave laser light (Article VI). The acoustic response of nanoparticles to
femtosecond laser pulses has been investigated in previous publications also beyond the first picosec-
onds after excitation [102, 174]. Article V is however the first to probe this response with ultrashort
X-ray pulses. Due to the fast temperature increase after excitation by a femtosecond laser pulse that
rapidly raises electron and phonon pressure, the particle volume starts to oscillate with a period of a
few picoseconds. This breathing mode induces a change in the electron density and consequently in the
Drude contribution to the permittivity. This change can therefore be studied with optical spectroscopy.
However, this is actually only an indirect way to look at the particle expansion. X-ray diffraction
allows a direct investigation of the ion lattice and Article V demonstrates its applicability to plasmonic
nanoparticles.

Article VI discusses the response of the gold nanotriangles to continuous laser irradiation with a special
focus on their melting behaviour. Catalytic activity of plasmonic nanoparticles is often investigated
in microscopes with small laser foci to excite the structures [175]. On the other hand, industrial
applications require large scale excitations for high material yield. Article VI studies the effect of a
larger illumination area. It shows that even at lower intensities, larger excitation spots can cause particle
melting. It argues, that the induced heat can be transported in three dimensions if the laser spot is very
small. For large spots however, heat can only flow into the sample. Thus, higher temperatures can
accumulate inside nanoparticles in larger illumination areas leading to particle melting even at lower
intensities. This effect is of great importance when designing large scale plasmon assisted catalysis
set-ups.

After this overview, the articles are presented in the following. In the end, Chapter 6 will give a short
summary of this work and an outlook to future implications.
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coupling regime. We investigate the coupling of J-aggregate
excitons to the localized surface plasmon polaritons on gold
nanospheres and nanorods by fine-tuning the plasmon resonance
via layer-by-layer deposition of polyelectrolytes. While both structures show a characteristic anticrossing in extinction and
scattering experiments, the careful assessment of the systems’ light absorption reveals that strong coupling of the plasmon to the
exciton is not present in the nanosphere system. In a phenomenological model of two classical coupled oscillators, a Fano-like
regime causes only the resonance of the light-driven oscillator to split up, while the other one still dissipates energy at its original
frequency. Only in the strong-coupling limit do both oscillators split up the frequencies at which they dissipate energy,
qualitatively explaining our experimental finding.
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Figure 1. Sketches of the samples of polyelectrolyte-covered core—shell particles with a TDBC shell and a gold nanosphere (a) or nanorod (b) core.
The extinction spectra for different cover thicknesses are presented in (c) for the spheres and in (d) for the rods together with the extinction of
unaffected TDBC J-aggregates (black dashed line). A clear dip at the resonance position of the J-aggregates as well as a red-shift for thicker covers is
visible. Maximum positions are plotted against the maximum positions of photobleached samples to reveal an anticrossing for both spheres (e) and
rods (f). The red and blue lines are fits according to eq 1 with a small shift along the horizontal axis (see text).

literature."” " In several cases these claims have however been
challenged,””” as an unambiguous determination of the
coupling regime for hybrid nanoparticles is difficult. A clear
proof for the presence of strong coupling is obtained if  is
bigger than the spectral line width of both the plasmon and the
molecular resonance. For nanoparticles, however, the spectral
line widths are frequently masked by inhomogeneous broad-
ening, mostly caused by particle-size dispersion and local
variations in the chemical environment. Due to this broadening,
solely using the line width criterium to determine the coupling
regime for ensembles of hybrid nanoparticles can lead to
erroneous conclusions.

Because of the difficulties in determining the correct line
widths from the ensemble spectrum, the presence of strong
coupling is often claimed on the basis of observing a “dip” in
the extinction'”'®**** or scattering spectrum,"” which is
interpreted as the emergence of hybrid states. This incautious
use of extinction or scattering spectra for discussing the
coupling regime of hybrid particles can however easily lead to
erroneous conclusions.””** In particular, real strong coupling
can be confused with Fano-like interference effects, which
appear in the weak-coupling regime.”>*® This brings up the
question of how to prove the presence of strong coupling for an
ensemble of hybrid nanoparticles. Extensive numerical
simulations by Antosiewicz et al. showed that real absorption
measurements of the hybrid particles can be used to distinguish
between Fano interferences in the scattering sprectum and the
real strong-coupling regime.23 However, to date, no real
absorption measurements on hybrid nanoparticles have been
presented.

1670

As further evidence for the presence of strong coupling, data
showing a modulation of the extinction spectrum are often
supplemented by presenting an anticrossing in the functional
dependence of the observed resonance frequencies on the
uncoupled plasmon frequency wp.]7’20’21'25’27 For hybrid
nanoparticles these anticrossing relations are usually obtained
by changing the particle size.'”** This is a highly problematic
approach, as it is well known that the coupling strength changes
with the particle size.”®

This article presents an experimental approach to assess the
coupling regime of hybrid nanoparticles without knowledge of
the homogeneous line widths. It describes an experimental
procedure: (a) to measure the real absorption spectrum of
particle ensembles and (b) to determine the anticrossing
relation without nanoparticle size variation, but via shifting the
plasmon resonance by layer-by-layer deposition of polyelec-
trolytes.”® The different coupling regimes are exemplified by
two core—shell nanoparticle systems, gold nanorods and
nanospeheres, which are both coated with an excitonic
molecular shell. Both particle types have been claimed to
support strong coupling'®”® on grounds of an observed dip in
the extinction spectrum and a related anticrossing. However,
while for rods the presence of strong coupling has been
supported by fluorescence measurements,”””’ theory shows
that gold nanospheres cannot reach the strong coupling regime
for fundamental reasons.”® The absorption measurements
discussed in this article support this classification. Using a
classical coupled pendulum model with an appropriate coupling
to the periodic excitation, we discuss which information can be
obtained from scattering and absorption measurements and
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illustrate the underlying mechanism leading to the observed
differences in absorption, extinction, and scattering spectra.

B PLASMON TUNING

The samples used in the experiments were based on 100 nm
gold nanospheres and 25 nm X 57 nm gold nanorods, coated
with a shell of $5,5,6,6'-tetrachloro-1,1’-diethyl-3,3’-di(4-
sulfobutyl)benzimidazolocarbocyanine (TDBC) dyes. TDBC
is the most widely used dye in plasmon—exciton coupling
experiments due to its ability to organize in a J-aggregate
fashion on gold surfaces.'®*° The formation of these aggregates
is beneficial for reaching the strong-coupling regime, as J-
aggregate excitons possess transition dipole moments far higher
than the combined dipole moments of the constituting
molecules.’’

Equation 1 states that the resonance wavelengths of the
coupled system strongly depend on the exciton—plasmon
detuning 6 = @, — @,,. The essential parameter for discussing
the coupling regime is the resonance splitting Q = 2g, which
describes the peak splitting at 6 = 0. As assuring the spectral
coincidence of exciton and plasmon resonance is difficult, the
coupling regime is frequently discussed by plotting the
resonances of the coupled system @, as a function of w,.
This procedure is similar to the measurement of the dispersion
relation for coupled propagating plasmons and excitons, where
the observation of an avoided crossing (anticrossing) of the
plasmon and exciton dispersion relations is generally accepted
as proof for strong coupling.”*> Conversely, observing an
anticrossing of @, as a function of @, can be interzpreted as a
sign for strong coupling in nanoparticle systems.'””**"*>*7
The conventional way for tuning @, is changing the ;)article
size”® or, in the case of nanoshells, the shell thickness." Using
this approach to discuss the coupling strength has, however,
several drawbacks. On one hand, particles of only a few
different particle sizes are usually available, and hence the
curves obtained this way consist of only a few points.”> More
importantly, different particle sizes are predicted to support
different maximum coupling strengths.”> Therefore, we
consider the approach to change the particle size for discussing
the coupling regime to be questionable.

In contrast, our experimental approach consists of shifting
the plasmon resonance by adjusting the permittivity €4 of the
particles’ environment. The plasmon resonance is determined
by the (dipolez polarizability a of the particle in this

. 28,3
environment:

€mat ~ €med

€mat + f €med

a x

@

Here €., denotes the permittivity of the nanoparticle, while the
geometrical factor f takes into account the shape of the particle.
The plasmon resonance occurs at the wavelength for which the
denominator becomes minimal. To change €,,.4, we embedded
the particles in a polyelectrolyte—air matrix (see Figure 1a and
b). The particles were deposited on a polymer-covered glass
substrate and subsequently covered using layer-by-layer
deposition of polyelectrolytes. Due to the low thickness of
about 1.25 nm for each layer, the effective €,,.4 experienced by
the particle is the average of the permittivity of the polymer
cover and of the adjacent air. The stepwise addition of thin
polymer layers then leads to an increase of the effective €,,.4,
which in turn shifts the plasmon resonance.”®** We fabricated a
separate sample for each cover thickness. This method allows a
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very fine-tuning of the exciton—plasmon overlap, much more
precise and facile than the tuning by particle size variation.

B EXTINCTION ANTICROSSING

For nanoparticle systems the coupled resonances have been
investigated in the past by linear extinction or scattering
measurements.' 727225273035 I order to contrast these
measurements to an approach based on the real particle
absorption, we initially determined the extinction spectra of our
samples as a function of ). Extinction E is a measure for the
fraction of a light beam not transmitted through a sample. It
can be measured as E = 1 — T, where the transmission
coefficient T = I/]; is the ratio of transmitted versus incident
intensity. The extinction spectra recorded for both particle
types exhibit a dip at the spectral position of the J-aggregate
absorption (Figure lc and d). The rod spectra show an
additional shoulder on the blue spectral side originating from
the transverse localized surface plasmon resonance. However,
as it does not have a significant spectral overlap with the exciton
absorption, it is only weakly coupled to the exciton and of no
interest for the following discussion. Upon covering the hybrid
particles with polymer layers, the spectral weight of the coupled
extinction spectra shifts to longer wavelengths. This is a
consequence of the changing w,, which leads to shifts of @,
according to eq 1. For each cover thickness, the plasmon
resonance @,;, was measured after photobleaching the TDBC
in the same samples that were used to obtain the coupled
spectra. Compared to measuring @, on separate reference
samples, the advantage of this procedure is that inhomogene-
ities in the sample structure are reflected in the measurements
of both @, and w,, likewise. The maximum cover thickness
was chosen such that the plasmon resonance clearly shifted
across the exciton resonance.

Figure le and f present the energies A, describing the
maximum positions of the extinction peaks versus the
resonance energy fiw,, of the plasmon. This yields a
characteristic anticrossing curve typical of two strongly coupled
oscillators. The coupling frequency Q = 2g corresponds to the
minimum distance between the branches. The horizontal
dashed line indicates the exciton energy #Aw,, which is
independent of the cover layer thickness and represents an
asymptotic solution of eq 1 for @, — @, > Q. The tilted
dashed line describes the asymptote corresponding to w,,
which is slightly shifted with respect to @, ;. This is because the
chemical changes associated with TDBC photobleaching alter
the background refractive index of the layer. The resulting
change of the dye-shell permittivity in turn shifts the plasmon
resonance.® Taking into account this shift by assuming @, ~
@,}, — 40 meV, eq 1 for the undamped coupled oscillator yields
an excellent fit to the data in Figure le,f, and a splitting of 150
meV for rods and of 102 meV for spheres can be extracted. A
straightforward method to deduce the coupling regime would
be to compare the splitting to the line widths of the uncoupled
spectra. However, as no information concerning the inhomoge-
neous broadening is available, the true uncoupled line widths
cannot be measured. One might therefore be tempted to ignore
the line width argument for hybrid nanoparticle ensembles and
to conclude from the pure presence of an anticrossing relation
the presence of strong coupling.'””**"*” But, a spectral
splitting and a corresponding anticrossing relation can also be
observed in the weakly coupled regime as a result of Fano
interference.””*® In many cases, the difference between the
presence of a Fano antiresonance and of true strong coupling
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can be very well observed in the absorption spectrum of the
particles. The latter considers only the dissipation of energy in
the particle, while the extinction spectra also contain
information about the light scattered by the particles.”” These
combined spectra are difficult to interpret if the scattering and
absorption fractions differ considerably from each other, which
can be the case for nanoparticles.””**** In the following, we
therefore discuss the coupling regime on the basis of the
disentangled absorption and scattering spectra of the particles.

B ABSORPTION AND SCATTERING

Absorption and scattering spectra of nanoparticles can be
obtained using a spectrometer with an integrating sghere,
which captures the total light scattered by the particles.*® Two
measurements are necessary for each spectrum, as illustrated in
Figure 2. To obtain the absorption spectrum, the sum of the
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Figure 2. Configurations for measuring the absorption (a) and
scattering (b) of a sample using a spectrometer with an integrating
sphere.

forward scattered and directly transmitted light intensity Ig +
I is captured in a first measurement and the backscattered and
reflected light Iy + Iy in a second. The absorption is then A = 1
— (Igg + Iy + Iyg + Ix)/I, where I; denotes the intensity of the
incoming light. Similarly, the scattering spectrum § is
determined by measuring the forward and backward scattered
light fraction without the transmitted beam and without
specular reflection: S = (Igg + Igg)/I. We measured absorption
and scattering spectra for the same set of samples for which the
extinction spectra were obtained.

In Figure 3, we show the absorption A(hwpm) and scattering
S(hay,,) spectra of TDBC-coated gold nanospheres and -rods
with increasing polymer cover thicknesses in a 3D color plot,
where the horizontal axis labels the increasing polymer cover
thickness via the plasmon resonance position @,}. Note that
especially for large particles the absorption and scattering
maxima are shifted due to retardation effects.”>** Only in the
3D plots of the rods’ scattering spectra we have subtracted
contributions from clustered particles at near-infrared energies.
These contributions appeared for both coupled and bleached
samples and could be quantified by fitting the bleached
samples’ spectra.

The scattering spectra for both particle types are comparable
to the extinction spectra (spheres Figure 3a, rods Figure 3e).
They show a spectral dip at the exciton resonance wavelength,
while the spectral weights shift to lower energies for thicker
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Figure 3. Scattering and absorption spectra of TDBC-coated gold
nanospheres (top row) and gold nanorods (bottom row) covered with
polyelectrolyte layers of various thickness. For the spheres only the
scattering (a) shows an anticrossing, whereas in absorption (b) the
two branches do cross, indicating that the system is not strongly
coupled. The situation is exemplified for the sample with 30 nm cover
thickness for scattering (c) and absorption (d). For the rods both
scattering (e) and absorption (f) show an anticrossing, indicating that
this system indeed is strongly coupled.

polymer covers, caused by a shift of the plasmon resonance.
The rods exhibit somewhat smaller line widths and a deeper
modulation than the spheres, which is reflected in the wider
splitting of 173 meV for the rods compared to 140 meV for the
spheres. While the scattering spectra of both particles are
qualitatively similar, the absorption spectra differ markedly. For
the rods, also the absorption spectrum shows a behavior similar
to the extinction, a dip, and a corresponding anticrossing with a
splitting of 155 meV, as expected for a strongly coupled system.
In contrast, the absorption spectrum for the spheres does not
show a perceptible dip, but rather resembles a superposition of
the separated exciton and plasmon absorption spectra, a
behavior expected in the limit of weak coupling. To clarify this
behavior, Figure 3¢ and d present the scattering and absorption
spectra for the spheres with a 30 nm thick polyelectrolyte cover.

The differences between absorption and scattering spectra
can be understood by considering the different contributions of
core and shell to scattering and absorption spectra. Scattering is
in principle a collective property of the entire hybrid particle.
However, as the scattering cross-section of the plasmonic core
vastly exceeds that of the molecular shell, the contribution of
the latter can be neglected in the total scattering®* (see also
the Supporting Information). The absorption spectrum, on the
other hand, presents the total energy dissipation in all parts of
the particle. The situation in this case is different from
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scattering, because even if the direct interaction of the shell
with the incoming light is neglected, a large amount of light
energy is scattered from the plasmonic core to the weakly
absorbing excitonic shell by near-field coupling. This antenna
effect of plasmonic particles is well known and is, for example,
the mechanism underlying SERS." Thus, a considerable fraction
of the incoming light is transferred to and dissipated by the
molecular shell. In other words, the experimental scattering
spectrum illustrates the behavior of only the plasmonic
response, while the absorption spectrum includes the behavior
of b(;t};lplasmonic dissipation and dissipation in the TDBC
shell.”™

B COUPLED OSCILLATOR MODEL

The observed experimental spectra can be qualitatively
explained by means of a coupled oscillator model, in which
two classical oscillators are coupled by a linear coupling
constant.*” Of course the real system is more complex, as for a
full description the particle geometry and corresponding field
symmetry have to be taken into account. Numerical simulations
considering the full electromagnetic solution were performed,
e.g, by Antosiewicz et al.”® The oscillator model, on the other
hand, allows a deeper conceptual insight than numerical
simulations, as it provides direct access to the coupling strength
parameter. At the same time, it retains the ability to
qualitatively reproduce the behavior of the coupled sys-
tem,**'™* a5 long as only dipole coupling is involved and
no quantum mechanical effects have to be taken into account.

The coupled spring pendulum (Figure 4a) presents the
conceptually simplest mechanical equivalent to a system of
coupled dipoles.””*® Two pendula, X and Y, with resonance
frequencies @;, masses m;, and dampings ¥, represent the core

Feiwt
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Figure 4. Sketch of two coupled oscillators (a) and the respective
normalized absolute squares of the oscillator amplitudes Ay (b) and Ay
(¢) for increasing coupling strengths. The white dashed line marks the
limit of strong coupling. Cross-sections along the black dotted lines are
shown in the lower panels to exemplify the situation for weak (d) and
strong (e) coupling.
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and shell resonances. The coupling is quantified by G,
representing a third spring between both oscillators. For
simplicity, we discuss the case for which the oscillators are in
resonance (wy = @y = @,) and have the same masses (my = my
= m). The higher damping of the plasmon compared to the
excitons is taken into account by a 5 times higher damping yy
for X than the damping yy for Y. The system is driven by an
external force F with a frequency @. As discussed earlier, we
assume that only the oscillator X appreciably couples to the
light field. Therefore, only X is excited by F. Mathematically,
the coupled oscillators are described by their equations of
motion:

—iwt

F
5é+yx9'c+a)ozx+Gy=;e

ji+}/Y)'l+a)02y+Gx=0 (3)

Here x is the deflection of X and y the deflection of Y. The
Fourier—Ansatz x(t) = Ay e and y(t) = Ay e and
inversion of the resulting system of equations give the
corresponding complex amplitudes for both oscillators:

wo2 -’ - iy, F
A = 2 2. 2 2. 2
(wy" — o° = ipw)(w,” — @ — ip,w) — G m

4)

and

\ G E
7wy = 0 = i) (0, — @ — i) — G m

()

Absorption and scattering can then be calculated from the

complex oscillator amplitudes. The absorption Py for
oscillator X is given by the loss due to friction:*

- _ .2 mrx 2

Ploss = _Myxx = _T(wlel) (6)

The power, P, scattered by X, assuming the oscillators are
of dipolar character, is proportional to*®
P ?

4
satt X @ |IQX

™)

Analogous formulas hold for oscillator Y. As both quantities are
proportional to the absolute square of the oscillator amplitudes,
we will discuss only the latter in the remaining argument.

Figure 4b and c illustrate the absolute square of the oscillator
amplitudes for X and Y for different coupling strengths. As eqs
4 and § have the same denominators, one might expect similar
resonance behavior for both oscillators and in particular a
transistion from one to two resonances at the same coupling
strength. However, Figure 4b and c show that this is clearly not
the case. On the contrary, the driven oscillator X shows a
minimum at @, as soon as the coupling is turned on, while the
resonance for oscillator Y splits in two only for coupling higher
than approximately (yx + yy)/2, indicated by a dashed white
line. The latter is a criterium frequently applied in the literature
to determine the strong coupling regime.**™* Indeed, the
graphs in Figure 4 show that the transition to the strong
coupling regimes does not follow a sharp threshold behavior at
this criterium. Rather the change between the coupling regimes
occurs smoothly with increasing coupling strength.

The reason for the different behavior of both oscillators is
founded in the numerator of the driven oscillator X, which has a
dependence on w that causes a minimum at @ = @y, as soon as
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G > 0. While the presence of this minimum erroneously could
be interpreted as the occurrence of new resonances, it rather
presents an antiresonance caused by a Fano-like interference.
The second oscillator, on the other hand, has a constant
numerator, implying that no antiresonance is present. Thus, a
splitting of this oscillator corresponds indeed to the presence of
strong coupling. The different behavior of the two oscillators is
once more illustrated in Figure 4d and e. Above the strong
coupling condition both oscillators’ amplitude spectra show
two resonances, while below it Y has only one resonance.

The origin of the spectral splitting can be understood more
intuitively by considering the excitation transfer in the time
domain.***° Let us consider the situation where X is excited at
its resonance frequency @,: Due to the oscillator coupling, the
motion of X acts as an excitation force on Y. As the oscillators
have the same (individual) resonance frequencies, a phase shift
of /2 occurs between the oscillation of X and Y. The coupling
however works in both directions; hence the oscillator X
experiences also a feedback from Y. Since for Y the coupling is
stronger than all other decay channels, represented by yy, the
main part of the energy is transferred back to the first oscillator
X. The respective periodic force exerted by oscillator Y on
oscillator X again has a phase jump of 7/2. Thus, the total
phase difference between the oscillation on X induced by the
external force and the feedback from oscillator Y is exactly 7. In
other words, two out-of-phase oscillatory forces, which have
opposite directions, act on oscillator X. This reduces the total
oscillation amplitude of X to values below those of the
uncoupled oscillator, and possibly even to a complete
suppression of the oscillation at this frequency. As a result, a
dip occurs in the amplitude spectrum of X. This effect is
commonly known as Fano interference and occurs in the weak-
coupling regime already. The only prerequisite is that only one
oscillator is driven.

For the strong-coupling regime to occur, a second feedback,
this time from X to Y, has to be possible. This means that the
transfer from X to Y has to be faster than any other decay
channel. In this case, the two force components exerted from X
to Y have a phase shift of 7 and cancel each other out, such that
no energy is transferred to Y at all. Thus, in the strong-coupling
regime at least one oscillation period relative to both oscillators
has to be completed before the dissipation essentially destroys
the feedback.

The simplified coupled oscillator model discussed above is
not suitable to quantitatively reproduce the experimental
spectra we obtained for hybrid nanoparticles. However,
Antosiewicz et al. obtained analogous results from numerical
simulations on hybrid exciton—plasmon nanospheres. Their
simulations showed that a double resonance in the absorption
spectra of core and shell is a necessary condition for strong
coupling, which is consistent with the necessity for a splitting of
both oscillators to obtain strong coupling in the coupled
oscillator model. This similarity of the numerical results to
those discussed for the coupled oscillator model clearly shows
that the latter can be used to qualitatively understand the
observed experimental spectra.””

When comparing the oscillator amplitude functions to the
experimental spectra, one should keep in mind that the
scattering spectrum contains contributions only from the
plasmon, while the absorption has contribution from both. In
other words, the scattering spectrum corresponds to the
amplitude spectrum of the driven oscillator X. It therefore
shows an antiresonance as soon as a coupling between exciton
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and plasmon exists. Consequently, both particle types show a
double-peaked scattering spectrum. The absorption, on the
other hand, corresponds to a combination of both oscillators’
amplitudes. In the case of the spheres, by comparing the form
of the absorption spectrum to the oscillator amplitudes, it
becomes rather clear that the excitonic contribution has only a
single resonance, and thus the particles are in the weak-
coupling regime.

The previous insights also explain the differences in the
splitting values deduced from extinction, scattering, and
absorption for each particle type. Since the splitting in the
core contribution is always wider than that in the shell, the
splitting of the scattering is expected to be wider than that of
the absorption. Clearly this is the case for the spheres where the
absorption does not show a splitting at all. But also in case of
the rods the splitting of the scattering resonance is wider than
the splitting of the corresponding absorption (173 meV
compared to 155 meV). However, here both splitting values
are comparably large. The extinction as a sum of absorption
and scattering is expected to have a splitting value between
those of scattering and absorption. This is indeed the case for
the spheres where both scattering and absorption contribute
equally strong to the extinction. For the rods, in contrast, the
extinction is dominated by the absorption. Thus, also the
splitting value is on the order of that of the absorption. In fact it
is even slightly smaller but within a range of potential
measurement inaccuracies. It should be clear from this
discussion that the extinction spectra are not always the best
choice for discussing the coupling regime or strength.

B CONCLUSIONS

In conclusion, we presented an experimental assessment of the
coupling regimes for exciton—plasmon hybrid nanoparticles
and discussed the common experimental pitfalls in terms of
both the correct use of experimental spectra and the correct
method of obtaining an anticrossing relation. We discussed the
significance of the different experimental spectra by comparison
to a coupled harmonic oscillator model. We exemplified that
absorption spectra can reveal the difference between the
presence of a Fano antiresonance and the presence of two
resonances in a case where extinction spectra suggest wrong
conclusions. Thus, in ambiguous situations, in which the
splitting of the extinction is similar to or smaller than the line
width of the unmodulated plasmon peak, only an absorption
spectroscopy that accounts for the scattering appropriately can
conclusively rule out Fano effects. We reported an approach for
identifying the coupling strength by fine-tuning the resonances
of hybrid exciton—plasmon particles via layer-by-layer deposi-
tion of polyelectrolytes. We selected two similar nanoparticle
systems, TDBC-coated hybrid nanospheres and -rods, which
both exhibit extinction spectra with a pronounced dip and an
anticrossing behavior. Careful distinction of transmission,
reflection, and scattering allows for measuring the pure
absorption, which revealed that indeed in the sphere-like
particles’ plasmon resonance was only weakly coupled to the
excitons. To understand the physical mechanism for this
behavior we discussed the analog of a classical coupled
oscillator model, where only one oscillator is directly excited
by the driving light field. The model clarifies that the coupling
induces a feedback between the two oscillators. This leads to a
dip in the absorption spectrum, only if the excitation can
oscillate at least two times forth and back between the driven
and the dark oscillator, before the phase information is lost by
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dissipation. In contrast, the scattering spectrum of hybrid
particles is dominated by the plasmon contribution, and the
negative feedback already shows up for a weak coupling that
transfers the energy to the dark oscillator and back once. We
expect that these results will facilitate the further development
of strongly coupled plasmon—exciton hybrid nanoparticles by
assisting the community to assess respective coupling regimes.

B METHODS

TDBC was purchased from FEW Chemicals, the gold
nanospheres (diameter 100 nm, ligand citrate), polyallylamine
hydrochloride, poly(sodium 4-styrenesulfonate), poly-
(ethylenimine), and Tween-20 were purchased from Sigma-
Aldrich, and gold nanorods (res. 25-600, ligand citrate) came
from Nanopartz.

Coating of Nanoparticles with TDBC. The fabrication
process of TDBC-coated nanoparticles mainly followed the
approach by Lekeufack et al;'® however to prevent the
formation of clusters, an intermediate coating with a nonionic
surfactant was established.>’ The TDBC was dissolved in
aqueous NaOH solution (cy,on = 107° mol/L) to obtain a
concentration of ca. Caye R 1 mmol/L. The mixture was stirred
for 5 min and placed in an ultrasonic bath for 15 min.

The gold nanoparticles had a negative surface charge. To
prevent clustering with positively surface charged TDBC-
coated particles, 1 mL of particle solution was mixed with 20 yL
of the nonionic surfactant Tween-20 and left to rest for 2 h.
This mixture was then added to the TDBC solution. The ratio
between particle solution and TDBC solution was 1:1. After an
ultrasonic bath with a duration of 7 min the mixture was stored
for 48 h.

After the resting time the solutions were centrifuged twice at
3000 rpm for 30 min (rods) or 4000 rpm for 20 min (spheres).
After the second centrifugation and removal of the excess,
particles were redissolved in water: rods in 0.7 times the excess
volume and spheres in 0.25 times the excess volume.

Deposition of Particles on Substrate. For functionaliza-
tion of substrates and the creation of polyelectrolyte layers
polyethylenimine (PEI, cationic), poly(sodium 4-styrenesulfo-
nate) (PSS, anionic), and polyallylamine hydrochloride (PAH,
cationic) were used. The polymers were dissolved in a NaCl
solution with a polymer concentration of 1 wt % (PEI) or 0.1
wt % (PSS, PAH) and a salt concentration of 0.7 mol/L. Glass
substrates were cleaned in an ultrasonic methanol bath for 15
min and subsequently washed in an ultrasonic water bath for 15
min. They were then funcionalized by spin coating one layer of
PEI, followed by a layer of PSS. To create a homogeneous
monolayer, 5—7 drops of a polymer solution were deposited on
the substrate spinning at a rotation speed of 3000 rpm and after
a few seconds washed way with S—7 drops of water.
Subsequently 350 uL of TDBC-nanoparticles were deposited
on the substrate. After an adsorption time of 4 h for spheres
and 12 h for rods, excess particles were rinsed away with water
and the desired amount of alternating layers of PSS and PAH
(starting with PSS) was spin coated on top.

Photobleaching of TDBC. TDBC was photobleached with
a continuous-wave laser working at 532 nm at 10 W. The laser
beam was widened to an area of approximately 1 cm’ to
photobleach one whole sample simultaneously and not melt the
gold particles. The bleaching time was 8 h.

Measurements. Absorption and scattering spectra were
recorded in a Cary 5000 spectrometer; extinction measure-
ments were executed in a Cary Se spectrometer.

1675

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.7b00113.

Mie simulations of cross-sections of uncoupled particles
and TDBC shells (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: koopman@uni-potsdam.de. Phone: +49 (0)331 977
5723. Fax: +49 (0)331 977 5493.

ORCID

Wouter Koopman: 0000-0001-5402-345X
Matias Bargheer: 0000-0002-0952-6602

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

F.S. acknowledges financial support by the DFG via the
graduate school SALSA.

B REFERENCES

(1) Stiles, P. L.; Dieringer, J. A; Shah, N. C; van Duyne, R. P.
Surface-enhanced Raman spectroscopy. Annu. Rev. Anal. Chem. 2008,
1, 601-626.

(2) Kinkhabwala, A; Yu, Z.; Fan, S.; Avlasevich, Y.; Miillen, K;
Moerner, W. E. Large single-molecule fluorescence enhancements
produced by a bowtie nanoantenna. Nat. Photonics 2009, 3, 654—657.

(3) Neubrech, F.; Pucci, A; Cornelius, T. W.; Karim, S.; Garcia-
Etxarri, A.; Aizpurua, J. Resonant plasmonic and vibrational coupling
in a tailored nanoantenna for infrared detection. Phys. Rev. Lett. 2008,
101, 157403.

(4) Adato, R;; Yanik, A. A,; Amsden, J. J.; Kaplan, D. L.; Omenetto, F.
G.,; Hong, M. K; Erramilli, S.; Altug, H. Ultra-sensitive vibrational
spectroscopy of protein monolayers with plasmonic nanoantenna
arrays. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 19227—19232.

(5) Qi, J;; Dang, X.; Hammond, P. T.; Belcher, A. M. Highly efficient
plasmon-enhanced dye-sensitized solar cells through metal@oxide
core-shell nanostructure. ACS Nano 2011, S, 7108—7116.

(6) Noginov, M. A;; Zhu, G.; Belgrave, A. M.; Bakker, R.; Shalaev, V.
M.,; Narimanov, E. E.; Stout, S.; Herz, E.; Suteewong, T.; Wiesner, U.
Demonstration of a spaser-based nanolaser. Nature 2009, 460, 1110—
1112.

(7) Vasa, P, Wang, W.; Pomraenke, R.; Lammers, M.; Maiuri, M.;
Manzoni, C.; Cerullo, G.; Lienau, C. Real-time observation of ultrafast
Rabi oscillations between excitons and plasmons in metal nanostruc-
tures with J-aggregates. Nat. Photonics 2013, 7, 128—132.

(8) Tormd, P.; Barnes, W. L. Strong coupling between surface
plasmon polaritons and emitters: a review. Rep. Prog. Phys. 2015, 78,
13901.

(9) Reithmaier, J. P.; Sek, G.; Loffler, A; Hofmann, C.; Kuhn, S.;
Reitzenstein, S.; Keldysh, L. V.; Kulakovskii, V. D.; Reinecke, T. L.;
Forchel, A. Strong coupling in a single quantum dot-semiconductor
microcavity system. Nature 2004, 432, 197—200.

(10) Yoshie, T.; Scherer, A.; Hendrickson, J.; Khitrova, G.; Gibbs, H.
M,; Rupper, G; Ell, C.; Shchekin, O. B.; Deppe, D. G. Vacuum Rabi
splitting with a single quantum dot in a photonic crystal nanocavity.
Nature 2004, 432, 200—203.

(11) Zengin, G.; Wersill, M.; Nilsson, S.; Antosiewicz, T. J.; Kill, M.;
Shegai, T. Realizing Strong Light-Matter Interactions between Single-
Nanoparticle Plasmons and Molecular Excitons at Ambient Con-
ditions. Phys. Rev. Lett. 2018, 114, 157401.

DOI: 10.1021/acsphotonics.7b00113
ACS Photonics 2017, 4, 1669—1676

117



Article I

ACS Photonics

(12) Rudin, S.; Reinecke, T. L. Oscillator model for vacuum Rabi
splitting in microcavities. Phys. Rev. B: Condens. Matter Mater. Phys.
1999, 59, 10227—10233.

(13) Vasa, P,; Pomraenke, R; Cirmi, G; de Re, E; Wang, W,
Schwieger, S.; Leipold, D.; Runge, E.; Cerullo, G.; Lienau, C. Ultrafast
Manipulation of Strong Coupling in Metal—Molecular Aggregate
Hybrid Nanostructures. ACS Nano 2010, 4, 7559—7565.

(14) Hutchison, J. A.; Schwartz, T.; Genet, C.; Devaux, E.; Ebbesen,
T. W. Modifying Chemical Landscapes by Coupling to Vacuum Fields.
Angew. Chem,, Int. Ed. 2012, 51, 1592—1596.

(15) Hutchison, J. A;; Liscio, A.; Schwartz, T.; Canaguier-Durand, A;
Genet, C.; Palermo, V.; Samori, P.; Ebbesen, T. W. Tuning the Work-
Function Via Strong Coupling. Adv. Mater. 2013, 25, 2481—-2485.

(16) Imamoglu, A.; Awschalom, D. D.; Burkard, G.; DiVincenzo, D.
P,; Loss, D.; Sherwin, M.; Small, A. Quantum Information Processing
Using Quantum Dot Spins and Cavity QED. Phys. Rev. Lett. 1999, 83,
4204—4207.

(17) Fofang, N. T.; Park, T.-H; Neumann, O.; Mirin, N. A;
Nordlander, P.; Halas, N. J. Plexcitonic Nanoparticles: Plasmon—
Exciton Coupling in Nanoshell-J-Aggregate Complexes. Nano Lett.
2008, 8, 3481—3487.

(18) Djoumessi Lekeufack, D.; Brioude, A.; Coleman, A. W.; Miele,
P; Bellessa, J.; de Zeng, L.; Stadelmann, P. Core-shell gold J-aggregate
nanoparticles for highly efficient strong coupling applications. Appl.
Phys. Lett. 2010, 96, 253107.

(19) Uwada, T.; Toyota, R;; Masuhara, H.; Asahi, T. Single Particle
Spectroscopic Investigation on the Interaction between Exciton
Transition of Cyanine Dye J-Aggregates and Localized Surface
Plasmon Polarization of Gold Nanoparticles. J. Phys. Chem. C 2007,
111, 1549—1552.

(20) Baldi, S.; Kocabas, C.; Kiigiikdz, B.; Karatay, A.; Akhiiseyin, E.;
Gul Yaglioglu, H.; Elmali, A. Probing ultrafast energy transfer between
excitons and plasmons in the ultrastrong coupling regime. Appl. Phys.
Lett. 2014, 10S, S5110S.

(21) Ni, W,; Yang, Z,; Chen, H,; Li, L.; Wang, J. Coupling between
molecular and plasmonic resonances in freestanding dye-gold nanorod
hybrid nanostructures. J. Am. Chem. Soc. 2008, 130, 6692—6693.

(22) Zengin, G.; Gschneidtner, T.; Verre, R; Shao, L.; Antosiewicz,
T. J.; Moth-Poulsen, K.; Kill, M.; Shegai, T. Evaluating Conditions for
Strong Coupling between Nanoparticle Plasmons and Organic Dyes
Using Scattering and Absorption Spectroscopy. J. Phys. Chem. C 2016,
120, 20588—-20596.

(23) Antosiewicz, T. J.; Apell, S. P.; Shegai, T. Plasmon-Exciton
Interactions in a Core-Shell Geometry: From Enhanced Absorption to
Strong Coupling. ACS Photonics 2014, 1, 454—463.

(24) Fofang, N. T.; Grady, N. K;; Fan, Z.; Govorov, A. O.; Halas, N.
J. Plexciton Dynamics: Exciton—Plasmon Coupling in a J-Aggregate—
Au Nanoshell Complex Provides a Mechanism for Nonlinearity. Nano
Lett. 2011, 11, 1556—1560.

(25) Melnikau, D.; Esteban, R; Savateeva, D.; Sanchez-Iglesias, A.;
Grzelczak, M; Schmidt, M. K; Liz-Marzan, L. M,; Aizpurua, J;
Rakovich, Y. P. Rabi Splitting in Photoluminescence Spectra of Hybrid
Systems of Gold Nanorods and J-Aggregates. J. Phys. Chem. Lett. 2016,
7, 354—362.

(26) Faucheaux, J. A; Fu, J; Jain, P. K. Unified Theoretical
Framework for Realizing Diverse Regimes of Strong Coupling
between Plasmons and Electronic Transitions. J. Phys. Chem. C
2014, 118, 2710-2717.

(27) Cade, N. I; Ritman-Meer, T.; Richards, D. Strong coupling of
localized plasmons and molecular excitons in nanostructured silver
films. Phys. Rev. B: Condens. Matter Mater. Phys. 2009, 79, 241404.

(28) Mitzscherling, S.; Cui, Q; Koopman, W.; Bargheer, M.
Dielectric function of two-phase colloid-polymer nanocomposite.
Phys. Chem. Chem. Phys. 2018, 17, 29465—29474.

(29) Wersill, M.; Cuadra, J.; Antosiewicz, T. J.; Balci, S.; Shegai, T.
Observation of Mode Splitting in Photoluminescence of Individual
Plasmonic Nanoparticles Strongly Coupled to Molecular Excitons.
Nano Lett. 2017, 17, S51—558.

1676

(30) Zengin, G; Johansson, G.; Johansson, P.; Antosiewicz, T. J.;
Kill, M.; Shegai, T. Approaching the strong coupling limit in single
plasmonic nanorods interacting with J-aggregates. Sci. Rep. 2013, 3,
3074.

(31) Kobayashi, T. J-aggregates; World Scientific, 2012; Vol. 2.

(32) Novotny, L. Strong coupling, energy splitting, and level
crossings: A classical perspective. Am. J. Phys. 2010, 78, 1199.

(33) Bohren, C. F.,; Huffman, D. R. Absorption and Scattering of Light
by Small Particles; Wiley-VCH Verlag GmbH: Weinheim, Germany,
1998.

(34) Kiel, M.; Klétzer, M.; Mitzscherling, S.; Bargheer, M. Measuring
the range of plasmonic interaction. Langmuir 2012, 28, 4800—4804.

(35) DeLacy, B. G.; Qiu, W.; Soljagi¢, M.; Hsu, C. W.; Miller, O. D.;
Johnson, S. G.; Joannopoulos, J. D. Layer-by-layer self-assembly of
plexcitonic nanoparticles. Opt. Express 2013, 21, 19103—19112.

(36) Darby, B. L.; Auguié, B.; Meyer, M.; Pantoja, A. E.; Le Ry, E. C.
Modified optical absorption of molecules on metallic nanoparticles at
sub-monolayer coverage. Nat. Photonics 2016, 10, 40—45.

(37) Joe, Y. S.; Satanin, A. M.; Kim, C. S. Classical analogy of Fano
resonances. Phys. Scr. 2006, 74, 259.

(38) Miroshnichenko, A. E.; Flach, S.; Kivshar, Y. S. Fano resonances
in nanoscale structures. Rev. Mod. Phys. 2010, 82, 2257.

(39) Quinten, M. Optical Properties of Nanoparticle Systems; Wiley-
VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2011; Vol.
121.

(40) Jain, P. K; Lee, K. S.; El-Sayed, I. H.; El-Sayed, M. a. Calculated
absorption and scattering properties of gold nanoparticles of different
size, shape, and composition: applications in biological imaging and
biomedicine. J. Phys. Chem. B 2006, 110, 7238—7248.

(41) Lovera, A; Gallinet, B.; Nordlander, P.; Martin, O. J.
Mechanisms of Fano Resonances in Coupled Plasmonic Systems.
ACS Nano 2013, 7, 4527—4536.

(42) Wu, X; Gray, S. K; Pelton, M. Quantum-dot-induced
transparency in a nanoscale plasmonic resonator. Opt. Express 2010,
18, 23633—2364S.

(43) Liu, N.; Langguth, L; Weiss, T.; Kistel, J.; Fleischhauer, M.;
Pfau, T.; Giessen, H. Plasmonic analogue of electromagnetically
induced transparency at the Drude damping limit. Nat. Mater. 2009, 8,
758—762.

(44) Gallinet, B.; Martin, O. J. Ab initio theory of Fano resonances in
plasmonic nanostructures and metamaterials. Phys. Rev. B: Condens.
Matter Mater. Phys. 2011, 83, 235427.

(45) Kats, M. A;; Yu, N.; Genevet, P.; Gaburro, Z.; Capasso, F. Effect
of radiation damping on the spectral response of plasmonic
components. Opt. Express 2011, 19, 21748—21753.

(46) Khitrova, G.; Gibbs, H.; Kira, M.; Koch, S. W.; Scherer, A.
Vacuum Rabi splitting in semiconductors. Nat. Phys. 2006, 2, 81—90.

(47) Wang, W.; Vasa, P.; Pomraenke, R.; Vogelgesang, R.; De Sio, A.;
Sommer, E.; Maiuri, M.; Manzoni, C.; Cerullo, G.; Lienau, C. Interplay
between Strong Coupling and Radiative Damping of Excitons and
Surface Plasmon Polaritons in Hybrid Nanostructures. ACS Nano
2014, 8, 1056—1064.

(48) Rempe, G; Thompson, R; Kimble, H. Cavity quantum
electrodynamics with strong coupling in the optical domain. Phys. Scr.
1994, 1994, 67.

(49) Savona, V.; Andreani, L.; Schwendimann, P.; Quattropani, A.
Quantum well excitons in semiconductor microcavities: Unified
treatment of weak and strong coupling regimes. Solid State Commun.
1995, 93, 733—739.

(50) Yang, Z.J. Coherent Energy Transfers between Orthogonal
Radiant and Weakly Radiant Plasmonic Nanorod Resonators. J. Phys.
Chem. C 2018, 119, 26079—26085.

(51) Aslan, K.; Pérez-Luna, V. H. Surface Modification of Colloidal
Gold by Chemisorption of Alkanethiols in the Presence of a Nonionic
Surfactant. Langmuir 2002, 18, 6059—6065.

DOI: 10.1021/acsphotonics.7b00113
ACS Photonics 2017, 4, 1669—1676

118



Signatures of Strong Coupling

Supporting information for "Signatures of
strong coupling on nanoparticles: Revealing
absorption anticrossing by tuning the

dielectric environment"

F. Stete,f+ W. Koopman,*'T and M. Bargheerw

tInstitut fiir Physik & Astronomie, Universitit Potsdam, Karl-Liebknecht-Str. 24-25,
14476 Potsdam, Germany
T Humboldt- Universitat zu Berlin, School of Analytical Sciences Adlershof (SALSA), Unter
den Linden 6, 10999 Berlin, Germany

Y Helmholtz Zentrum Berlin, Albert-Einstein-Str. 15, 12489 Berlin, Germany

E-mail: koopman®@uni-potsdam.de

Phone: +49 (0)331 977 5723. Fax: +49 (0)331 977 5493

Cross sections of uncoupled components

The aim of this supporting information is to underline the fact that the direct interaction
of the dye shell with the light field can be neglected in the coupled oscillator model. For
this we approximate the scattering and absorption cross sections of a pure gold particle and
a dye shell. For particle dimensions far below the light’s wavelength the polarisability a a

spherical gold particle can be described by!
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€Au — €med
Qogre = Ampr? 2410 1
core €Ay T+ 2€med ( )
where r describes the particle radius, €4, the dielectric function of gold and €,,.q the
dielectric function of the surrounding medium.

The polarisability of a dye shell can be approximated as?

3 (Edye - 6med)('gmed + 2€dye) + f(emed - 6ulye)(emed + 2€dye) (2>
out (edye + 26med)(emed + 2€dye) + f(2€dye - 2€med)(€med - Edye)

Qghery = 47T

Here f is given by f =13 /r3 . where 1, and 4, describe the inner and outer radius of
the shell. €4, represents the dielectric function of the shell while €,,.4 describes that of the
medium inside and outside of the shell. For this study we assumed a shell thickness of 2nm

The dielectric function for gold is taken from literature?, the dielectric function of the

shell can be approximated by?

2
Wo
2 —iyow

(3)

€dye = €oc + fowg —
We assumed a relative oscillator strength of f; = 0.05, a resonance width of Ay, =
50meV, and a high-frequency background constant of e, = 1.69, which are reasonable

values for realistic dye shells®.

The cross-sections are then given by

Ko
— 4
Oscatt = 67'("04 ( )
Oabs = kIm(a) (5)

For a gold particle with a diameter of 100nm we found a maximum scattering cross

section of 2.12 - 1071 m? and a maximum absorption cross section of 4.42 - 10~ m?. A shell

2

with its resonance at 589 nm only has a maximum absorption of 6.56 - 107** m? and a far

120



Signatures of Strong Coupling

only the plasmon oscillator seems as reasonable as neglecting the shell contribution to the

total scattering.
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ABSTRACT: Owing to their ability of concentrating electro- _ | polecilic %
magnetic fields to subwavelength mode volumes, plasmonic ? ’ s arying thicknes <250
nanoparticles foster extremely high light—matter coupling %22l e gold nanorod ) g e
strengths reaching far into the strong-coupling regime of ¢ | ** G 2ao )
light—matter interaction. In this article, we present an £* e & IO
experimental investigation on the dependence of coupling ¢, s g’m ’o
strength on the geometrical size of the nanoparticle. The 3 Y oo 4o
coupling strength for differently sized hybrid plasmon—core 1'%

1.90 1.95 20 2.05 210 03 04 05 06 07 08

exciton—shell nanorods was extracted from the typical Plasmon maximum position [eV] \/I omo
resonance anticrossing of these systems, obtained by L

controlled modification of the environment permittivity

using layer-by-layer deposition of polyelectrolytes. The observed size dependence of the coupling strength can be explained
by a simple model approximating the electromagnetic mode volume by the geometrical volume of the particle. On the basis of
this model, the coupling strength for particles of arbitrary size can be predicted, including the particle size necessary to support
single-emitter strong coupling.

Bl INTRODUCTION systems,” and the coherent control of chemical reactions™"° to
name a few. The most advanced applications envision the use
of strongly coupled systems in quantum communication and
quantum information processing.'"'> Here, the controllable
strong coupling of a single emitter to a cavity would, for
example, allow one to map the quantum state of the localized
emitter qubit to a traveling photon qubit." For this type of
applications, it is paramount to achieve strong coupling of a
single emitter to a cavity.

The coupling strength between N emitters equally coupled
to an electromagnetic cavity is quantified by the coupling
parameter, g, via' ¥

The optical properties of an emitter are not intrinsic to the
material, but depend rather strongly on its electromagnetic
environment. In particular, the presence of a cavity changes the
ability of absorbing or emitting light by modification of the
local electromagnetic mode density. Depending on whether
the cavity increases or decreases the emitter-resonant mode
density, the emitter possesses a higher or lower probability of
absorbing or emitting photons.

Modification of optical properties of an emitter in the
presence of a cavity has been utilized for various applications.
Examples include the Purcell enhancement of absorption and
emission," suppression of spontaneous emission,” enhance- 1
ment of nonlinear optical properties,” surface-enhanced Raman g= —JN HE .
spectroscopy,” or plasmon-enhanced nanolasing.” All of these h
effects have in common that they occur in the regime of weak
light—matter coupling. The excitations are lost from the
emitter—cavity system faster than the characteristic interaction
time between the emitter and the cavity.

An even more interesting regime occurs if the coupling T
between the cavity and the emitter is high enough that the E,.=
characteristic interaction time exceeds all other decay channels. 2ee,V
In this strong-coupling regime, photon and matter excitations
hybridize to form a new type of quasi-particle. These so-called

(1

Here, u denotes the transition-dipole moment of one emitter,

whereas E,,. represents the vacuum electric field present in the

'vac
. 15,16
cavity. The latter can be expressed as

@)

Hence, the coupling strength is proportional to the inverse

polaritons are revealed by two new, energetically shifted, square root of the mode volume of the cavity, V.
optical resonances. They possess both light- and matterlike
characteristics, which make them interesting candidates for a Received: May 3, 2018
whole range of applications. Progosals include the control of Revised:  July 12, 2018
intermolecular energy transfer,”” biological quantum optical Published: July 13, 2018
ACS Publications  © 2018 American Chemical Society 17976 DOI: 10.1021/acs jpcc.8b04204
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In macroscopic cavities, the mode volume is rather large,
resulting in low light—matter coupling strengths. To observe
strong light—matter coupling in these systems, decoherence
caused by cavity losses and thermal excitations must be
prevented. Cavities with extremely high quality factors and the
use of cryogenic temperatures of some milli-kelvins are
required in this approach.'” ™" Owing to these tremendous
experimental efforts, these systems cannot easily be scaled up
for practical purposes. Hence, although many fundamental
quantum optical experiments in the single-emitter limit have
been realized with such systems,* they are unsuitable from an
applied technological perspective.

Higher coupling strengths, and thus less strict requirements
on the prevention of decoherence, can be achieved by reducing
the mode volume. A reduction to the micrometer scale was
realized by employing semiconductor Bragg-mirror cav-
ities.'®”' The possible size reduction, and therefore the
achievable coupling strength, of these photonic cavities is
ultimately limited by diffraction. Hence, although the very high
demands on the cavity quality could be somewhat reduced this
way, most semiconductor microcavities still require cryogenic
temperatures to reach the strong-coupling regime.

The use of plasmonic instead of photonic cavities can
overcome this limitation. As plasmons effectively are a form of
matter-bound electromagnetic fields, their size is not limited by
the optical diffraction limit, but rather by the geometrical size
of the plasmonic structure. As a result, they can concentrate
optical fields to regions much smaller than the vacuum
wavelength. This way, extremely high coupling strengths can
be realized. Moreover, although plasmon cavities are very lossy,
the strong-coupling regime can be reached—even at ambient
temperatures.

In recent years, plasmon-based strong-coupling has been
demonstrated for various systems.**””>’ Among the most
promising are those based on core—shell nanoparticles,
consisting of a plasmonic core and an excitonic shell.**** On
the one hand, these systems can easily be mass fabricated by
simple wet-chemical methods.*®>' On the other hand, their
extremely small sizes, down to some nanometers, potentially
allow for very high coupling strengths.

Considering these advantages of strong coupling in
plasmon—exciton systems over traditional macro- and micro-
scopic cavities, it is of no surprise that the realization of strong
coupling of a single emitter to a plasmonic cavity has been a
long-standing goal in the plasmonics community.'* Recently,
first claims of single-emitter strong coupling with plasmonic
nanoparticles have been reported.*”*® Both approaches to
reach single-emitter strong coupling rely on the use of
nanostructures with sharp edges to locally enhance the mode
density. For those structures, the correct calculation of the
mode volume is difficult, and both claims have been challenged
on the basis of a wrong method for calculating the effective
mode volume.*® Realizing single-emitter strong coupling with
geometrically much simpler gold nanorods (GNRs) would
enormously simplify the interpretation of the experimental
data.

For single GNRs, the mode volume can be reduced
straightforward by reducing their geometrical size. Theoreti-
cal®*** and experimental®”~® investigations have demonstrated
the possibility of achieving strong coupling with GNRs and
organic molecules. Here, we report an experimental inves-
tigation on the size dependence of the coupling strength in
hybrid GNRs. We demonstrate a simple relationship between

geometrical size and coupling strength experimentally and
show that remarkably high coupling strengths far in the strong-
coupling regime can be realized for ultrasmall particles. To our
knowledge, such studies have only been conducted theoret-
ically.”” The lack of prior measurements on the size
dependence of the coupling strength is closely related to the
experimental difficulty in correctly determining the coupling
strength for core—shell particles. The coupling strength can, in
principle, be extracted from the energetic difference between
the newly formed polaritons if the employed plasmons and
excitons are resonant. However, this condition is very difficult
to realize in practice. The common workaround is to tune the
plasmon resonance relative to the exciton resonance and
subsequently deduce the coupling strength from the resulting
anticrossing relation.*® However, the plasmon tuning is mostly
realized by tuning the particle dimensions.”*** This way, the
actual size dependence cannot be investigated; on the contrary,
the size dependence even has to be neglected to deduce a
constant value for the coupling.

We recently introduced a technique to reveal the
anticrossing relation in core—shell systems without changing
the size or shape of the particles.”® In this technique, the
plasmon resonance is tuned over the exciton resonance by
controlled modification of the permittivity of the particles’
environment™® via layer-by-layer deposition of polyelectrolytes.
The coupling strength is then extracted from the position of
the polariton bands relative to the plasmon detuning.

In this study, we utilized this technique to compare the
coupling strengths of four differently sized hybrid nanorods.
The observed size dependence can be quantitatively modeled
by taking into account the plasmon mode volume and the
number of contributing molecules. A comparison of the
coupling strength to the line width showed that the smallest
particles are indeed strongly coupled. On the basis of the found
relation between coupling strength and particle size, we predict
that single-exciton strong coupling can be reached for
nanorods with a transversal diameter around 6 nm, a realistic
value for the size of GNRs.

B METHODS

Hybrid core—shell nanoparticles were realized on the basis of
gold nanorods (GNRs), as several reports claim strong-
couplin§ and polariton formation for systems involving
GNRs.”**" For investigating the size dependence, we used
rods with four different transversal diameters of 10, 25, 40, and
50 nm (Nanopartz). The longitudinal length was chosen such
that the aspect ratios and therefore the plasmon resonances of
all rods were approximately 2 for all rods. It was specified as 19,
57, 67, and 100 nm, respectively. The rods were coated with an
approximately 2 nm-thick excitonic shell consisting of a
monolayer of 5,5',6,6'-tetrachloro-1,1’-diethyl-3,3'-di(4-
sulfobutyl)benzimidazolocarbocyanine (TDBC, FEW Chem-
icals). TDBC is a cyanine dye that is known to form J-
aggregates with particularly high transition-dipole moments 4,
which is favorable to reach high coupling strengths. In the rest
of the article, we will refer to the different rods by the short-
axis diameter of their gold core.

In the limit of low losses, the newly formed resonances of
the coupled system are related to the resonances of the

. . 14,41
uncoupled exciton, @,,, and plasmon, @, according to e

1 1 2 2
w, = E(wp + w,) + Z(mp —w,) +¢g )
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Figure 1. (a) Sketch of a typical sample. TDBC-coated gold nanoparticles are covered by polyelectrolyte layers of varying thicknesses. (b)
Absorption spectra of particles with a short-axis diameter of 25 nm for various cover thicknesses. A clear splitting and a red-shift for increasing cover
thicknesses are visible. (c) Absorption spectra of the same samples after photobleaching. The splitting disappears and the resonances of the

uncoupled plasmons become visible.

g
w

@0 =50nm

N
N

CD o =250m

Maximum position [meV]
N N
o =

=
©

]

1.95 2.0 2.05 2.10
Plasmon maximum position [eV]

190 195 20 205 210
Plasmon maximum position [eV]

1.95 2.0 2.05
Plasmon maximum position [eV]

2.10 2.05 2.10 2.15

Plasmon maximum position [eV]

Figure 2. Absorption anticrossings for core—shell particles with short-axis diameters of 50, 40, 25, and 10 nm (from left to right). The splitting

increases for decreasing particle sizes.

These polariton resonances display a characteristic anticrossing
relation with a minimum separation of A = (w, — w_) when
the frequencies of the uncoupled system are resonant. The
energy splitting yields in this case: AAl,_, = 2#Ag. The
coupling could therefore theoretically be extracted from the
spectrum of a perfectly resonance-matched plasmon—exciton
system. However, the exact match of w. and w, is
experimentally difficult to establish and verify. We tune the
resonance of the uncoupled plasmon across that of the exciton
by layer-by-layer deposition of polyelectrolytes.**** The
coupling strength is then extracted by fitting eq 3 to the
measured anticrossing relation.

It should be noted that eq 3 does not take into account the
damping of plasmon 7, and exciton y.,. Including the dampings
in eq 3 leads to the expression

hA =y, = hlag® — (yp - }/ex)z for the energy splitting. In

principle, the additional term caused by damping lowers the
spectral splitting for a given coupling strength. Thus, coupling
strengths extracted by neglecting the damping present a lower
limit for the actual g. We did not consider the damping term as
the experimentally observed plasmon line widths are subject to
inhomogeneous broadening, which leads to an overestimation
of the damping frequencies and hence an overestimation of the
actual g. However, one should keep in mind that the actual
coupling strength is likely larger than the g discussed in the
following.

We realized the tuning of the plasmon resonance by
successively increasing the permittivity of the environment of
the particles, €,,.q, which shifts the plasmon resonance to lower
energies.”” To modify the permittivity, the particles were
covered with double layers of the polyelectrolytes poly-sodium
4-styrenesulfonate and poly-allylamine hydrochloride (see

17978

Figure la). The plasmon resonance can then be obtained
from the nanoparticle polarizability, a,

€

mat ~ Cmed
€mat + femed (4)

Here, €, describes the permittivity of the particle material
and f is a form factor accounting for the particle shape. The
plasmon resonance occurs at wavelength A for which the
denominator becomes minimal (€,,,(4) = fénea(4)). For each
particle size, we fabricated a series of samples with various
cover thicknesses. The thickness of a single cover layer is about
1.25 nm. Each additional cover layer replaces air in the direct
environment, leading to an increase of €,,.4 that causes a red-
shift of the plasmon resonance.

We determined the spectral splitting from the pure
absorption spectrum. In general, the extinction spectra of
nanoparticles, recorded by simple transmission measurements,
contain contributions from scattering and absorption pro-
cesses. The relative weight of these contributions changes with
particle size. Thus, to guarantee comparability between the
coupling strengths obtained from differently sized particles, the
spectral splitting must be determined from either the
disentangled scattering or absorption spectra and not from
the extinction. Both spectra can be measured separately using a
spectrometer equipped with an integrating sphere.’® The
scattering efficiency of the smallest nanoparticles in our study
(10 nm core-diameter) was too low to measure the spectral
splitting. Hence, we determined the coupling strength for all
particle sizes from the pure absorption spectra.

As an example, we present the absorption spectra of the rods
with a transversal diameter of 25 nm for different cover
thicknesses in Figure 1b. A clear dip can be seen at the position
of the exciton accompanied by two new resonances resulting

a X

DOI: 10.1021/acs.jpcc.8b04204
J. Phys. Chem. C 2018, 122, 17976—17982

127



Article IT

The Journal of Physical Chemistry C

from a coupling between the exciton and the longitudinal
plasmon mode. For thicker covers, a red-shift of the plasmon
resonances occurs, as expected from eq 4. An additional peak
around 520 nm marks the transversal plasmon resonance.
Owing to a strong detuning between the latter and the exciton
resonance, the coupling is very weak and can be neglected. We
obtained the resonance frequency of the uncoupled GNRs by
measuring the absorption of the same samples after photo-
bleaching the TDBC shell by a continuous-wave laser (Figure
1c).

We determined the resonance energy from the maximum
spectral positions. Before extracting the maximum position, a
Savitzky—Golay filter (4th order)® was used to smooth the
data. The resonance anticrossing (Figure 2), typical of two
coupled systems,® results from plotting the coupled resonance
positions against the uncoupled plasmon resonance positions.
The measured positions of the uncoupled plasmons are slightly
red-shifted with regard to the real plasmon resonances, caused
by chemical changes in the photobleached TDBC shell.*®
Taking this shift into account, the coupling strength was
obtained by fitting eq 3 to the data shown in Figure 2.

B RESULTS

The coupled versus uncoupled resonance positions for all four
particle sizes are depicted in Figure 2. The resonances, Aw,, of
the coupled particles are plotted against the resonances, hw,,,
of the bleached samples with the same cover thickness. The
uncoupled exciton resonance, Aw,, is independent of the
cover thickness. It is represented by a horizontal dashed black
line in all plots. The uncoupled plasmon resonances are
indicated by the diagonal dashed black lines. As expected, all
particles show an anticrossing of the upper (blue) and lower
(red) polariton branches. Solid lines indicate a fitting of the
measured values according to eq 3.

The coupling is given by the energy splitting between the
two branches, that is, AAl = 2hg. The results are

presented in Table 1. The biggest particles exhibit the smallest

Wp=Wex

Table 1. Energy Splitting for the Differently Sized Rods”

short-axis diameter (nm) long axis diameter (nm) energy splitting (meV)

10 19 232+ 8
25 S7 156 £ 8
40 67 145+ 7
NY 100 107 £ 9

“The size variation in all dimensions is specified as 10% by the
manufacturer.

energy splitting of 107 meV. For decreasing particle sizes, the
coupling becomes stronger (145 meV for the 40 nm particles
and 156 meV for the 25 nm particles) and culminates in the
largest energy splitting of 232 meV for the smallest particles
with a transversal diameter of 10 nm.

M DISCUSSION

The results can be explained quantitatively by a rather simple
model. Changing the particles’ size affects essentially two
factors: the mode volume, V, and the number of emitters
contributing to the coupling, N. We assume N to be
proportional to the particle surface, A. This assumption is
rooted in the observation that the dye forms a monolayer
coating irrespective of the particle size.’’ Realistically, we

expect on{zf the emitters in the hotspots to contribute to the
coupling.** However, as long as the fraction of emitters in the
hotspots remains constant, the proportionality between N and
A remains valid. An accurate description of the mode volume
in nanoparticles is difficult. The mode volume is strictly
defined only for closed, lossless cavities. Nanoparticles, on the
contrary, are intrinsically open systems with a high degree of
radiative and absorption losses in the form of scattered and
absorbed light. The correct description of the mode density
and volume under these circumstances is therefore a topic of
ongoing research.**® Fortunately, for small spherical particles
with a diameter below 50 nm, the mode of a nanoparticle is
dominated by the energy deposited inside the metal and hence
the mode volume approximately equals its physical volume,
Vphy.44’47 We assume that this is also the case for small
nanorods with similar dimensions and therefore V = V;,,. With
these two assumptions, eqs 1 and 2 can be used to predict the
size dependence of the coupling strength

gx |——
Vihy (s)

Figure 3 presents a plot of the energy splittings against the
square root of the surface-to-volume ratio, A/V, where we, as
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Figure 3. Coupling strength plotted against the square root of the
surface-to-volume ratio (diamonds). The dashed line represents the
proportionality predicted in eq 5. The close agreement to the data
suggests that the equation indeed describes the correct relation
between coupling strength and particle shape.

for the rest of this report, assumed an ellipsoidal shape for the
particles. The dashed line represents the proportionality
according to eq S. Indeed, the measured values for the
coupling strength agree surprisingly well with the theoretical
prediction, despite the rough assumptions on the mode volume
and the number of emitters. In particular, the good agreement
for the largest particles is remarkable, as the approximation of
the mode volume by the physical volume is assumed to break
down at large sizes."”

In the strong-coupling regime, energy transfer between the
coupling partners is more probable than dissipation via other
decay channels. This is equivalent to the requirement that the
coupling strength exceeds all other decay channels.'* The
standard procedure for evaluating the coupling regime is to
compare g to the full width at half maximum line widths y, and
Yex Of the uncoupled components. This approach is only strictly
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valid if the observed line widths are the homogeneous line
widths of plasmon and exciton. In the presence of
inhomogeneous broadening, the strong-coupling regime
might already be reached if g does not fulfill the criterion for
strong coupling.

As a criterion for evaluating the coupling regime of the
hybrid nanorods, we used 2g/y = 4g/()/P + 7)) > 1.7 We
determined y, for the plasmon cavities from the spectra of the
bleached samples,”*® whereas 7., = 47 meV was determined
from the J-aggregate line width in water.

The only particles that fulfill the criterion using the
inhomogeneous line width and that are therefore unquestion-
ably in the strong-coupling regime are those with a transversal
diameter of 10 nm. With a plasmon line width of y,, = 320 meV
and a coupling-to-line width ratio of 2g/y = 1.12, these
particles are indeed far in the strong-coupling regime.

The 25 nm particles show an inhomogeneous plasmon line
width of 7, = 309 meV. With a resulting 2g/y = 0.88, the
particles fail to fulfill the criterion for strong coupling.
However, nanoparticles tend to show a large dispersion
around their nominal size, and therefore the plasmon line
width is strongly inhomogeneously broadened. Hence, we can
assume that also these particles are at least very close to the
strong-coupling regime.

The lesson that can be learned from these measurements is
that the coupling strength can be increased by simply
increasing the surface-to-volume ratio of the particles. In
principle, two strategies can be employed: on the one hand, the
shape of nanoparticles can be altered such that the surface
increases with minimal increase of volume, for example, as for
nanostars or nanoflowers.*” However, the mode volume in this
case is even more complex and cannot necessarily be
approximated simply by the particle volume. Moreover,
increasing the surface area to increase the coupling strength
at the same time increases the number of emitters. Although
this might not be an issue in some cases, it is not a useful
strategy for reaching single-emitter strong coupling, necessary
for quantum information applications.

On the other hand, the surface-to-volume ratio can be
increased by simply shrinking the particles further. This
approach has the advantage that whereas the coupling strength
increases, also less emitters are involved. A similar strategy of
shrinking the mode volume was employed in recent claims of
single-emitter strong coupling.’>** The basic idea in this case
was to reduce the effective mode volume by strongly
concentrating the electric field to sharp features of the
nanostructures. This approach to reach single-emitter strong
coupling has been challenged on the basis that the energy
dissipated within the metal has not been considered
correctly.”® Indeed, following the work of Koenderink,*” it
can be argued that the mode volume of plasmonic nano-
particles is generally dominated by energy stored within the
particle.

Our experimental data suggest that the approximation of the
mode volume for small nanorods by its physical volume is
correct. Determining the mode volume is therefore straightfor-
ward in this case. Using eqs 1 and 2, we can deduce the
approximate amount of emitters contributing to the coupling.
With a transition-dipole moment of g = 20.5 D** for TDBC-J-
aggregates, we determine a value of N = 6.65 for the smallest
particles. With a similar calculation, we can also asses the mode
volume of hybrid TDBC—GNRs necessary to support single-
exciton strong coupling. If we assume a plasmon line width of

Yp1 = 320 meV, as for the smallest of our particles, the strong-
coupling criterion would require a mode (and thus physical)
volume of 242 nm®. For rods with an aspect ratio of 2:1, this
translates to a transversal diameter of 6 nm.

Although this is not much smaller than the particles available
in this study, several points have to be considered for the
practical implementation of such a system. First, particles with
less than 10 nm transversal diameter are difficult to fabricate as
the common “seed-based” synthesis cannot be used for such
small particles;° however, the plasmon damping in such
particles might differ strongly from the damping in particles
fabricated with traditional methods.®" Second, at very small
particle sizes, surface damping of the plasmon resonance has an
increasing influence. This might prevent the system from
reaching the strong-coupling limit. For spherical particles, an
increase of the plasmon width is observed starting at a particle
diameter of approximately 10 nm.** As the necessary particle
length for the envisioned GNR in the longitudinal direction is
about 12 nm (assuming a ratio of 2:1), surface damping might
still be low enough. Finally, third, the estimation above
assumes that the emitter is located at the point of the highest
electric-field strength, in the case of GNRs that is at the tips of
the rod. The deterministic positioning of TDBC aggregates at
the tips might prove difficult. Hence, one should rely on
finding suitable single particles by microscopic techniques.

Clearly, in our calculation, we employed the inhomoge-
neously broadened plasmon line width. The calculated particle
size thus presents only a lower limit necessary to achieve
single-emitter strong coupling. Thus, despite the difficulties
discussed earlier, we are confident that an unambiguous
realization of single-exciton strong coupling is in principle
possible using the simple gold nanorods provided small
enough particles are available.

B CONCLUSIONS

In this article, we have experimentally investigated the
dependence of the exciton—plasmon coupling strength on
the geometrical size of the particle and demonstrated a simple
relationship between both. We investigated dye-coated gold
nanorods of four different sizes. Their coupling strengths were
determined from the typical resonance anticrossing relation of
coupled emitter—cavity systems. We tuned the nanoparticle-
cavity resonance across the exciton resonance employing a
recently introduced method based on modifying the environ-
ment permittivity via layer-by-layer deposition of polyelec-
trolytes. Using this method, no tuning of the particle size or
shape is necessary to obtain the anticrossing relation. The
maximum observed coupling strength was 235 meV, which is
well above the value necessary to reach the strong-coupling
regime.

The data can be explained quantitatively assuming that the
mode volume is proportional to the physical volume of the
particle, whereas the number of excitons involved scales with
the particle surface. With these assumptions, the measured
coupling strength is proportional to the square root of the
surface-to-volume ratio of particles. This clear proportionality
between the coupling strength and the surface-to-volume ratio
of the particles shows that the coupling strength necessary to
reach single-molecule strong-coupling can be achieved by
reducing the particle size to GNRs with a transversal diameter
of 6 nm. Thus, the facile realization of single-exciton strong-
coupling using simple gold nanorods is within reach.
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Vacuum fluctuations are a fundamental feature of quantized fields. It is usually assumed that observations

connected to vacuum fluctuations require a system well isolated from other influences.

In this work we

demonstrate that effects of the quantum vacuum can already occur in simple colloidal nano-assemblies pre-
pared by wet chemistry. We claim that the electromagnetic field fluctuations at the zero-point level saturate
the absorption of dye molecules self-assembled at the surface of plasmonic nano-resonators. For this effect to
occur, reaching the strong coupling regime between the plasmonic and excitonic excitations is not required.
This intriguing effect of vacuum-induced saturation (VISA) is discussed within a simple quantum optics pic-
ture and demonstrated by comparing the optical spectra of gold-dye core-shell nanorods to electromagnetic

simulations.

In recent years, advances in the fabrication of plasmonic
nanostructures have pushed the limits of photonics to the
sub-diffraction scale. Plasmonic structures are character-
ized by intense near fields that effectively localize elec-
tromagnetic (EM) radiation to nanoscale volumes. This
concentrated optical energy is at the heart of ground-
breaking applications like surface enhanced Raman scat-
tering for single molecule spectroscopy,! nano-lasing®? or
plasmon-driven chemistry.*"® Even more, plasmons are a
route to the facile realization of quantum cavity systems,”
which are in demand for future quantum technologies.®
In contrast to more traditional quantum cavities that uti-
lize high quality-factors at cryogenic temperatures, plas-
monic cavities allow the observation of quantum electro-
dynamic (QED) effects at ambient conditions and in the
bad cavity limit.” Conversely, QED effects must be con-
sidered in the majority of plasmon-molecule experiments.

One of the most intriguing results of QED is the pres-
ence of an EM vacuum state with a fluctuating inten-
sity. These vacuum fluctuations cause non-classical be-
haviours such as the Lamb shift,® the Purcell effect,!?
or vacuum Rabi splitting,'! all of which have also been
studied on plasmonic nanoparticles.!>™'* In this article,
we discuss a further way in which empty plasmon-mode
fluctuations affect adsorbates: the vacuum-induced satu-
ration (VISA) of the adsorbate resonance. In traditional
QED experiments this effect is discussed in terms of a
critical photon number below unity,'®> but to our knowl-
edge it has not yet been studied in the plasmonic context.
Here, we demonstrate that VISA plays a role even in sim-
ple colloidal metal-dye core—shell nanoparticles at room
temperature.

The saturation of a two-level absorber is schematically
shown in Fig. 1. Strong EM fields diminish the absorber
polarizability and consequently lower the probability of
a transition between ground and excited state. Conven-
tionally, high intensity laser fields with a large number
of photons are necessary to achieve a notable saturation.
Plasmonic nanoparticles, on the other hand, can concen-

High intensity laser field

Saturation

Two-level absorber

Vacuum fluctuations at nanoparticle

FIG. 1. Sketch of the phenomenon. A two-level absorber
is saturated by high intensities. These can be reached by
a high intensity laser or by the vacuum field fluctuations in
ultrasmall cavities.

trate EM fields to ultrasmall volumes to achieve similar
intensities with only a few photons, down to the limit
where on average less than one photon is necessary to
cause absorber saturation. In this limit, the saturation is
a result of vacuum fluctuations. Note that this does not
mean that energy is actually shifted from the vacuum to
the absorber but that the vacuum lowers the absorption
probability for a photon probing the system.

We motivate the occurrence of VISA with well-known
quantum mechanical arguments and present a modified
expression for the susceptibility of quantum absorbers.
On the example of Au-TDBC core-shell nanorods we
demonstrate that for high plasmon—exciton coupling
strengths, inclusion of saturation effects is necessary for
a correct simulation of the optical nanoparticle spectra.
Indeed, the inclusion of VISA removes the discrepancy
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between experiments'®!” and previously published sim-

ulations based on non-saturating models.'®'? The latter
predict a mode which is purely localized in the shell, that
is not observed experimentally. Inclusion of saturation
into the model removes this rogue resonance and allows
the simulation of extinction spectra with a remarkable ac-
curacy. The saturation approach is shown to hold well for
changing particle size and, as expected, its influence be-
comes weaker for increasing mode volumes. These results
show that VISA cannot only change a system’s features
quantitatively but can also alter them qualitatively. It is
therefore not only a fascinating aspect from a fundamen-
tal physics point of view but of interest for all plasmonic
nanoparticle systems with high coupling strength.

VACUUM SATURATION

In most cases, the optical properties of atoms or
molecules can be approximated by those of a quantum
mechanical two-level system. Contrary to classical oscil-
lators, the absorption of a two-level system can be satu-
rated. This nonlinear effect becomes relevant when the
intensity of the EM mode I exceeds the saturation inten-
sity Isa of the absorber defined as?°

1 h%y?
10607 . (1)

Isat =
It relates to the bare absorber’s linewidth v and transi-
tion dipole moment pu: for I = Ig,y, its resonant polariz-
ability is halved compared to the weak-field limit?! and
it approaches zero for I > Igu.

In the classical field description, saturation disappears
for a vanishing electric field. In a full quantum picture,
however, the absorber is always exposed to field fluctu-
ations, even in the vacuum state. This suggests that we
relate the vacuum fluctuations to the saturation intensity
so that for Iy, > Isat, the absorber shows saturation even
in the absence of photons.

The vacuum state |0) of a cavity is defined by the ab-
sence of fundamental EM cavity excitations (photons).
The expectation value of the electric field vanishes in this
state, as (E) = (0| E'|0) = 0. However, the intensity has
the non-vanishing average?!

hweme
4Vem

1
Ivac = ECEO <0‘ E2 |0> =

2)
Here, Venm represents the cavity’s EM mode volume and
wgM is the mode frequency. The intensity of the vacuum
fluctuations is thus largely determined by the geometri-
cal confinement of the EM mode, as quantified by Vgum.
Thus, plasmonic cavities featuring sub-diffraction limit
mode volumes possess very high vacuum intensity fluc-
tuations.

It is a fundamental finding of QED that the non-
vanishing vacuum intensity allows an empty EM mode
to interact with an absorber, even in the absence of pho-
tons. This interaction is expressed in a non-vanishing

coupling energy of

21 vac
"o = py/ —— . 3)

(&)

between the states |0, e) and |1, g) involving the excited
and ground states of the absorber (within the singly-
excited manifold of the Jaynes-Cummings ladder.?!)
Here, )y denotes the vacuum Rabi frequency and p the
absorber’s dipole moment. Comparing the expressions
for the coupling strength and the saturation intensity,
we find the criterion for VISA to be

Qo>%. (4)

That is, the absorber’s polarizability at resonance is re-
duced to 1/2 by vacuum fluctuations when the vacuum
Rabi frequency Qg reaches 70% of the system’s linewidth
~. In other words, VISA becomes relevant when the vac-
uum Rabi frequency makes the system flop between the
states |1,¢) and |0,e) with a period comparable to the
excited state lifetime.

VISA has the same roots as vacuum Rabi splitting,
also referred to as the regime of strong coupling. How-
ever, these two effects are not identical. While strong
coupling implies the emergence of new light-matter hy-
brid modes, saturation only relates to the properties of
the absorber. This is reflected in the formal criteria for
the effects: for strong coupling, €y needs to exceed the
mean of absorber linewidth « and cavity linewidth x,%2:23
while VISA does not depend on cavity losses according
to equation (4). In systems coupled to plasmons, cavity
losses often dominate the total energy decay and x > 7.
So even in such bad-cavity set-ups, the vacuum fluctua-
tions can diminish the probability to absorb an external
photon although the systems do not exhibit full mode
hybridisation. We can therefore identify VISA as an in-
termediate coupling regime that is reached before strong
coupling is established.

SUSCEPTIBILITY OF SATURATED ABSORBERS

Investigating the implications of VISA in principle re-
quires a full QED treatment of the plasmon—absorber
system, which includes both vacuum fluctuations and
the two-level nature of the absorber. However, due
to the strong radiative and dissipative losses, model-
ing a plasmonic system in a full quantum approach is
challenging.?* Hence, plasmonic systems are mostly de-
scribed by classical electromagnetic fields.'® Absorbers
can be included in such a model through their suscepti-
bility x. In the following, we will discuss how to modify
the expression for x in order to consider the two-level
nature of the absorber and include VISA.

Commonly, an absorber is approximated as a Lorentz
oscillator with resonance frequency wgy. For an ensem-
ble of oscillators, a macroscopic material model can be
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derived, represented by a susceptibility Yciass as2®

_ fuw? _fwg wo—w+i3
wa — w? + iyw 2 (wofw)2+“r£

(5)

Xclass (w) -

where the dimensionless oscillator strength f is propor-
tional to the absorber density. The approximation is
valid for w > =, close to resonance.

Within this linear response model, no saturation can
occur. Non-linearities are included in the more precise
semi-classical approach that treats the absorbers as two-
level systems in an oscillating classical electric field F =
Eycoswt. In this case, the susceptibility can be derived
from the optical Bloch equations and reads?!:2%
_ Jwo

@) wo —w+i3
x(w) = .
2 (wo-w?+L+%

(6)

where Q = pEy/h is the Rabi frequency. It is instructive
to write y in terms of a saturation parameter s:

o Xclass (L«J) (7)

X(w) = 1+ s(w)

PP, S S )
(wo —w)? + % Loat (wo — w)2 + 772 .

When s is small, x is not different from the classical
solution. As soon as s becomes non-negligible (around
I = Ii4), x is diminished according to equation 7 and
for extremely high intensities pushed towards zero.

Traditionally, the high field intensities that are re-
quired for saturation are generated by a large number of
photons, for example in intense laser beams.?% Hence, the
saturation parameter is often thought to be negligible in
the low excitation regime.?® However, in plasmonic cavi-
ties Iyae can be in the region of Ig,;. We therefore argue
that these fluctuations need to be taken into account in
the low excitation regime. We do so by replacing ) with
the non-vanishing vacuum coupling €y in equation (6).
For small mode volumes and the concomitant high vac-
uum intensities, the absorber susceptibility is thus altered
even without additional excitation.

In general, the effect of VISA is difficult to detect ex-
perimentally since it mainly causes the susceptibility to
broaden. As the oscillator strength f and the linewidth ~
are often adjustable to fit a model to experimental data,
saturation effects can easily be overseen. We do however
speculate that VISA may have hindered the realization of
experiments in which researchers aimed at coupling ex-
tremely narrow-linewidth emitters to plasmonic nanopar-
ticle resonators:27 the narrower the excitonic linewidth =,
the quicker it will saturate due to a reduction of the sat-
uration intensity.

Here, we discuss another manifestation of VISA, which
shows a clear qualitative effect: the suppression of a shell-
mode caused by excitonic absorbers coupled to plasmonic
nanoparticles in a core-shell geometry.

SATURATION IN HYBRID NANORODS

Plasmonic nanoparticles form ultrasmall cavities for EM
modes which are usually modeled by classical EM ap-
proaches. In the highly symmetric case of (layered)
spherical nanoparticles, Mie theory and simplifications
like the quasi static approximation®® as well as and the
elliptical generalization by Gans provide an analytical
solution. For more irregular particle shapes different
numerical approaches such as finite difference time do-
main (FDTD) and finite element method (FEM) are
employed.2?:39

Here, we show the influence of VISA on the modeled
spectra of plasmon—exciton core—shell nanoparticles. We
first use Mie—Gans theory to simulate the extinction spec-
trum of a nanorod consisting of a gold core and a few-nm
thin shell of the J-aggregate forming dye TDBC and com-
pare this model to measured extinction data. To verify
that the results are not an artefact of the highly sym-
metrical geometry used in Maxwell-Garnet theory, we
later model the extinction spectra with an FEM solver
for Maxwell’s equations (JCMsuite).

Mie—Gans theory provides an expression for the polar-
izability «aj of a core—shell nanospheroid along the long
(k = a) or short (k = b) axis. From this polarizability,
the calculation of the extinction cross section is straight-
forward by accounting for the finite particle size within
the modified wavelength approximation,®! adding scat-
tering and absorption cross sections and averaging over
the orientation of the spheroids.?®32 With the permittiv-
ities of the core (e7), the shell (e2) and the surrounding
medium (e3), the polarizability reads as?®32

(e2 — €3)eq + gea(er — €2)

o = 1% .
(e3 + Lgf)(eg —€3))en + ngf)eg(q — €2)

Here, €, = €2 + (€1 — 63)([/}9) - gL,(f)) with the depo-
larization factors L,(Cl’z) for the inner (1) and outer (2)
spheroid and g as the inner spheroid’s volume fraction of
the total volume V.

Fig. 2a presents the simulated extinction spectrum for
a bare gold nanorod (dash-dotted blue line) as calculated
by Mie-Gans theory in comparison to an experimentally
measured spectrum of an aqueous colloidal nanorod so-
lution (orange line). The data were collected in the low
excitation limit, that means the average time between
two consecutive photons reaching a particle exceeded by
far the average lifetime of the plasmon and a lowering of
probe light intensity had no influence on the spectrum.
The two resonances correspond to the transverse (520 nm
- short axis) and the longitudinal mode (600 nm - long
axis) of the rod. The short axis diameter of the parti-
cles was determined by transmission electron microscopy
(TEM) to be 18nm, the long axis is left adjustable to
fit the plasmon resonance. A 1nm citrate capping layer
is included in the simulation as shell.?® The simulation
reproduces the measurement data very well when using
literature values for the dielectric function of gold.?* The
discrepancy in the magnitude of the transverse resonance
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FIG. 2. a) Extinction spectrum of gold nanorods as mea-
sured (solid orange line) and simulated with Mie-Gans the-
ory (dash-dotted blue line). b) Extinction spectrum of gold
nanorods coated with TDBC as measured (solid orange line),
simulated with a classical shell susceptibility (dashed red line)
and a shell susceptibility including VISA (dash-dotted blue
line).

is a known issue in EM nanorod simulations.??:3° We
mainly attribute the differences between theory and ex-
periment in the height of the transverse peak to agglom-
erations of rods in solutions and secondary particles like
spheres in the ensemble spectrum.

The extinction spectrum changes considerably when
the particles are coated with TDBC (orange line in
Fig.2b). The coupling between core and shell causes
a splitting in the longitudinal plasmon resonance.” In a
simulation that does not take VISA into account, the
shell permittivity in equation (9) is €2 = € + Xclass
with e, as correction for off-resonant absorber transi-
tions of higher energy. We assume the parameters to
be €s = 1.7,'% Ay = 47meV,?% and a shell thickness of
3nm®7, an absorber resonance fiwg = 2.0eV (612nm)
and an oscillator strength of f = 0.08. All of these
parameters were chosen to be in agreement with liter-
ature values for TDBC and such that the observed mode
splitting could be reproduced. Indeed, the simulation
reproduces the splitting of longitudinal mode (dashed

red line in Fig.2b). However, the simulation shows a
striking difference compared to the measurement: an
additional third peak emerges close to the uncoupled
absorber resonance frequency. Altering the parameters
cannot remove this peak while keeping the experimen-
tally observed mode separation. This phenomenon has
been described theoretically and has been attributed to a
mode whose field intensity is geometrically concentrated
on the absorber shell.'®1? However, to our knowledge, it
was never observed experimentally for plasmon—absorber
core—shell particles.

The presented model can be reconciled with the ex-
perimental data when including VISA. For high coupling
strengths between an ensemble of emitters and a cav-
ity, the emitters act like one giant J-aggregate.?® The
spectral shift of the two-exciton state and the occurrence
of ground state bleaching® allow the approximation of
the shell as two-level system. We therefore replace the
susceptibility with y(w) of equation (6) and insert the
vacuum Rabi frequency Qy. An ab initio determination
of Qy via Vgu and g is in principle possible within the
framework of quasi normal modes.?**? However, for an
exact calculation, all parameters for the emitter in the
respective chemical environment need to be known pre-
cisely, a requirement that is usually not met. Therefore,
we use measured values for 4. To determine g, we de-
posited the particles on substrates and subsequently cov-
ered the samples with thin layers of polyelectrolytes.*!
The anticrossing resulting from a change of plasmon res-
onance directly yielded €2 for the particles investigated
here.36

The resulting simulation of the extinction spectra in-
cluding VISA reproduces the experimental spectrum al-
most perfectly (dash-dotted blue line in Fig.2b) except
for the previously mentioned issue with the magnitude
of the transverse resonance. We used the same set of
parameters as for the unsaturated oscillator, except for
a slightly higher oscillator strength of f = 0.1137 and a
vacuum Rabi frequency of 72y = 85 meV. The striking
agreement between simulation and experiment in Fig. 2b
indicates that indeed, VISA must and can be taken into
account in the presented way.

We further tested the saturation model by simulating the
spectra of rods with four different volumes, but similar
aspect ratios. Different particle sizes support different
coupling energies.>® Consequently, if the model is cor-
rect, the saturation parameter should vary from size to
size while all other dye parameters should remain the
same for all spectra. We simulated the spectra not only
with the presented Mie-Gans model but also with a nu-
merical FEM solver using the same saturated shell sus-
ceptibility from equation (6). For all sizes, TEM images
provided the particle dimensions which were used to fit
the bare particle spectra. The model for the coupled
spectra used the same parameters for TDBC mentioned
earlier while varying €y according to the measured mode
splittings. The upper row in Fig.3 presents measure-
ment and simulations for particles with a transverse di-
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FIG. 3. The upper row shows the extinction spectra of TDBC-coated gold nanorods of different sizes as measured (orange solid
lines) and simulated with to the Mie-Gans model (dash-dotted blue lines) and FEM (dashed dark blue lines). Both models
include VISA. All particles have the same aspect ratio but a varying transverse diameter of 11 nm, 18 nm, 34 nm, and 37 nm
(from left to right). The simulations included VISA. The lower row presents the same measured spectra for the same particles
(orange lines) with Mie—Gans-simulated (dashed red lines) and FEM-simulated (dotted dark red lines) that did not include

saturation.

ameter of 11 nm, 18 nm, 34nm, and 37nm. Experimen-
tally, we obtained h€)y for the four particle sizes to be
116 meV, 78 meV, 73meV, and 54meV (from smallest
to largest particles, respectively).36 For a perfect fit, we
used values of 100 meV, 85meV, 77meV, and 65 meV
in the simulations. The difference in these values can
easily be explained by the difference of chemical envi-
ronments in the two sets of experiments. The agree-
ment between measured spectra and model is remark-
able. Mie-Gans and FEM simulations are consistent, no
shell resonances appear at the positions of the uncoupled
resonances and the split resonance in all cases fits very
well to the experimental spectra. Only for the smallest
particles, there is a slight deviation between simulation
and measurement. This can most likely be explained by
size dependent modifications of €.#? To show the con-
trast between a model including VISA and a classical
model, the lower row in Fig.3 presents Mie-Gans and
FEM simulations for the same particles using the same
parameters as above only with a saturation parameter set
to zero. In all cases, additional peaks emerge that do not
reflect the measured spectra. We emphasize that indeed,
saturation occurs even for systems that do not fulfill the
strong coupling criterion since only the smallest particles
exhibit full mode hybridisation whereas for all particles,
the coupling strength is on the order of or higher than
the exciton linewidth.

These spectra show that the description of core—shell
nanoparticles needs to incorporate VISA and that using
equation (6) with the vacuum Rabi frequency account-

ing for saturation leads to correct results. The model
is coherent for all particle sizes for both analytical and
numerical approaches. Note again that all spectra were
recorded in a conventional transmission spectrometer in
the low excitation limit. This means that a single pho-
ton in the spectrometer can already probe the saturation.
This is similar to the situation of vacuum Rabi splitting,
where the spectrometer photon already ”sees” the mode
splitting of the coupled modes.

CONCLUSION

In conclusion, we presented the vacuum-induced satura-
tion (VISA) of absorbers in a plasmonic cavity by the
example of a simple Au-dye core-shell nanorod and pro-
vided a criterion to examine the relevance of the effect.
VISA is caused by the intensity fluctuations of an elec-
tromagnetic mode, which are inversely proportional to
its mode volume. Plasmonic modes with sub-diffraction
volumes hence possess extreme vacuum intensity fluctu-
ations. These cause a polarization of the absorber that
reduces the absorption probability and effectively satu-
rates its resonance.

We make our predictions accessible to numerical mod-
eling by including VISA into the susceptibility, which is
the essential parameter in the context of Mie scatter-
ing. In our experimental system of core-shell nanorods
with a plasmonic core and an excitonic absorber shell,
classical models predict a resonant mode of the particle
shell that has never been observed in experiments. This
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mode is indeed suppressed when VISA is included in the
model. We take the fact that the inconsistencies of ex-
periment and theory can be removed elegantly with a
single parameter, the coupling strength, as a strong ev-
idence that VISA occurs in plasmon absorber systems
and can be incorporated into the modeling as specified.
The evidence is further supported by the fact that only
the coupling strength has to be adjusted for simulating
differently sized rods.

The presented insights suggest that QED effects can
be relevant in plasmonic systems well outside the strong-
coupling regime and at least a part of the rich physics
of quantum non-linearties,*> such as large single photon
phase shifts, strongly non-classical photon statistics of
scattered light or applications such as single photon log-
ical gates,** might be accessible with less effort in sim-
ple and cost-effective systems. Moreover, the extremely
short lifetimes of plasmonic excitations can be a poten-
tial benefit for ultrafast photon routing or switching in
high-rate quantum information processing.

METHODS

Here we give a concise summary of the relevant exper-
imental methods.36-4!

Coating of Nanorods with TDBC: TDBC (from FEW
Chemicals) was dissolved in NaOH (cnaom = 107° mol/1)
to a concentration of crppc ~ 1 mmol/l. Gold nanorods
with a citrate ligand (from Nanopartz) were added with
a ratio of 1:1. After 48h, the TDBC coated nanorods
were washed by centrifugation.

Measurement of Vacuum Rabi Frequency: Glass sub-
strates were modified by spin-coating a layer of poly-
electrolyte layers poly-ethyleneimine (PEI) and a layer
of poly-sodium 4-styrenesulfonate (PSS). The TDBC
coated nanorods were drop-cast onto the substrates and
given 12h time for adsorption before residuals were
washed away with purified water. A series of samples
with different thicknesses of spin coated multilayers of
PSS and poly-allylamine hydrochloride (PAH) on top
of the particles was created. All mentioned chemicals
were purchased form Sigma Aldrich. For each sample,
an absorption spectrum was recorded. In order to sep-
arately assess the shift of the plasmon spectrum in the
absence of TDBC, each sample was photobleached with
a continuous-wave laser working at 532 nm with a power
of 10W. Again, a spectrum was recorded of each sam-
ple after the bleaching process to determine the spectral
position of the 'bare’ plasmon resonance. The (longitu-
dinal) maximum positions of the coupled spectra were
eventually plotted against the (longitudinal) maximum
positions of the bleached spectra. The resulting anti-
crossing could be fitted36:41 by

(wpl — Wem)

_ Wpl + Wex
2

with wy as upper and lower branch of the anticrossing
and w; as resonance of plasmon (i = pl) or exciton (i =

2
Wt + + Q2 (10)

ex). The fit directly yields the vacuum Rabi frequency
Qo.

Analytical Stmulations: The analytical simulation was
performed according to the established procedure by Mie-
Gans as detailed by Bohren & Huffmann.2® The calcula-
tions were implemented in Python code using the numpy
package. The particle dimensions were obtained from
SEM microscopy. The resulting simulation of the uncou-
pled spectra fitted the experimental spectra reasonably
well without further optimization.

Numerical Simulations: We used the commercial finite
element method (FEM) solver for Maxwell’s equations
JCMSuite and applied cylindrical coordinates. Instead
of ellipsoids, we used cylinders with rounded edges to
model the rods. Rod dimensions and curvatures were re-
trieved from TEM images. The other parameters (shell
thickness, permittivities) were identical to those used in
the analytical simulations as described in the text. Cross
sections were calculated as the mean from three plane
wave light sources, one propagating parallel and two or-
thogonal to the long axis of the rod, respectively. The
latter two are either polarized along the short or the long
axis of the rod. This average was tested to yield the same
results as a significantly more time consuming average
over all possible angles of incidence that must be used
in principle for non-spherical particles with larger aspect
ratios.
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Abstract: Strong coupling between plasmons and excitons gives rise to new hybrid polariton states with
various fields of potential applications. Despite a plethora of research on plasmon—exciton systems, their
transient behaviour is not yet fully understood. Besides Rabi oscillations in the first femtoseconds after an
optical excitation, coupled systems show interesting non-linear features on the picosecond time scale. Here,
we conclusively show that the source of these features is heat that is generated inside the particles. Until now,
this hypothesis was only based on phenomenological arguments. We investigate the role of heat by recording
transient spectra of plasmon—exciton core-shell nanoparticles with excitation off the polariton resonance.
We present analytical simulations that precisely recreate the measurements solely by assuming an initial
temperature rise of the electron gas inside the particles. The simulations combine established strategies for
describing uncoupled plasmonic particles with a recently published model for static spectra. The simulations
are consistent for various excitation powers confirming that indeed heating of the particles is the root of the

changes in the transient signals.

The small mode volume of localized surface plasmons
on gold nanoparticles greatly enhances external electric
fields. This enhancement enables high coupling strengths
with excitonic emitters on the particle surface. In the
so-called strong coupling regime, new hybrid resonances
emerge, an upper and a lower polariton. These polaritons
possess both plasmonic and excitonic characteristics, a
feature that is of interest for applications like quantum
networks,! parametric optical signal amplification,? ma-
nipulation of chemical reactions®, thresholdless lasing*
and many more.

Strong coupling between excitonic emitters and metal
nanoparticles has been realized for various particle types.
Examples are silver rods,® silver triangles,® silver shells,”
gold rods,® aluminum discs®. When excited, the energy
oscillates between purely plasmonic and purely excitonic
modes at the Rabi frequency. For metal nanoparticles,
this frequency is on the order of a few fs making a direct
observation difficult. Additionally, the short life time of
plasmons on the order of 10fs hinders a long coherent
oscillation between excitonic and plasmonic parts. The
strongly damped Rabi oscillations have been observed
for surface plasmon polariton systems'® but not yet for
localized plasmons on nanoparticles.

Also on longer time scales after an initial excitation,
strongly coupled plasmon-exciton nanoparticles show in-
teresting non-linear features that can be of great im-
portance for future applications. Several studies have
discussed the transient behaviour of coupled plasmon—
exciton systems on a time for scale beyond the polariton
life time.'’"!3 The main source for changes in the tran-
sient spectra at the polariton resonances was argued to be
heat in the metal cores. But the arguments were rather
phenomenological than rigid.

For bare nanoparticles, ab initio simulations have suc-
cessfully been introduced to explain changes of optical

properties upon heating or the transient behaviour af-
ter an initial excitation.!* 16 Their main approach is to
model the metal’s permittivity depending on the electron
and lattice temperature in the particle since for bare par-
ticles, heat is the source of changes in the transient spec-
tra. This model has not yet been applied to the situation
of plasmon—exciton particles to precisely discuss the role
of heat in the metal.

We want to close this gap with this study by pre-
senting simulations of the transient spectra of coupled
plasmon—exciton nanoparticles which are exited off the
polariton resonance. We combine, on the one hand, the
well-established method of reproducing the transient be-
haviour of gold nanoparticles via Rosei’s model’®!7 and,
on the other hand, a recently presented expansion of the
Mie—Gans model to describe the static extinction of cou-
pled core—shell particles taking into account saturation
of the absorption by the quantum fluctuations of the
vacuum field.'® The simulations essentially model how
the increased electron temperature changes the occupied
electronic states according to the Fermi-distribution and
the lattice temperature adds a correction to the free elec-
tron damping. We calibrate the simulations by com-
parison to static spectra of the bare gold particles and
core—shell particles. Finally, we model the electron and
phonon temperatures in a two-temperature model and
compare the simulated spectra to the results of pump—
probe measurements of coupled plasmon—exciton core—
shell nanorods. Our model system consists of a gold core
and shell of the cyanine dye TDBC. The particles show
strong coupling or at least verge on the strong coupling
regime.!?20 The comparison between simulations and
measurements for various pump powers demonstrates
good agreement supporting previous studies which had
to argue phenomenologically.!2
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FIG. 1. Sketch of the experimental setting: TDBC coated
gold nanorods were dissolved in water and excited by a 400 nm
pump pulse. A white light probe pulse detected the change in
transmission after excitation. A magnified particle is shown
on the left with the parameters used later in the simulations.

EXPERIMENTAL METHODS

We measured the change in transmission of white light
laser pulses through a solution of dye coated gold
nanorods for various delay times after excitation with
a fs-pump pulse at 400 nm (Figure 1).

TDBC-coated gold nanorods: The cyanine dye
5,5, 6, 6-tetrachloro-1-1’-diethyl-3, 3’-di (4-sulfobutyl)-
benzimidazolocarbocyanine (TDBC) was obtained from
FEW chemicals and used as received. It was dissolved in
an aqueous NaOH solution (cnxaon = 107°mol/1) with
a concentration of crppc = 1mmol/l, stirred for 5min
and placed in an ultrasonic bath for 15min. Citrate
stabilized gold nanorods with a nominal transverse
diameter of 25 nm and a longitudinal plasmon resonance
at 600nm were purchased from Nanopartz. Contrary
to CTAB ligands, conventionally used for stabilizing
gold nanorods, citrate ligands can easily be exchanged
by TDBC. Particle and dye solution were mixed in a
ratio of 1:1, placed in an ultrasonic bath for 15min and
left undisturbed for 48h. After this resting time, the
unadsorbed TDBC was removed by centrifuging twice
for 30 min at 3000 rpm and refilling with purified water.
During the measurements, the particle solution was
filled into cuvettes with a path length of 1 mm.

Static measurements: Static transmission spectra
were recorded with a Cary 5e spectrometer.

Pump-probe measurements: Laser pulses with
a pulse length of 140fs at a central wavelength of
795nm and a repetition rate of 5kHz were generated
in a Tiisapphire laser system (MaiTai/Spitfire Pro by
Spectra-Physics). A part of the light was frequency dou-
bled and focussed on the particle solution as pump beam
with a focal spot size of approximately 300 pm. The
power was varied between 1mW and 4.5mW. A small
part of the output of the laser system was used to gener-
ate super continuum (white light) pulses in a 1 mm thick
sapphire plate. These white light pulses were used to
probe the transmission through the sample with an arbi-
trary delay to the pump excitation. After correction for
the chirp of the white light as measured by polarisation-
gated frequency-resolved optical gating (PG-FROG) the
white light conserves the time resolution of the pump
pulse. The time delay ¢ between pump and probe could

be controlled with a delay stage. The pump beam was
chopped at rate of 125 Hz to measure the relative change
in transmission between the pumped (T + AT') and the
unpumped (7Tp) sample. The change in transmission is
directly connected to the change in extinction Aogeyy of
the particles via AT (t) &~ nLAoeyx(t) with n represent-
ing the particle density and L the sample thickness!”.

SIMULATIONS

This study discusses simulations of transient spectra
of core—shell nanoparticles based on the heat-induced
change of the core’s permittivity e.. For simplicity, we
assume here that the excitonic shell permittivity €. is not
affected by the excitation.

The simulation procedure was perfomed as follows: In
a first step, we simulated the static spectra at room
temperature by combining the theoretical description of
the gold permittivity at room temperature by Rosei?!—24
with the Mie-Gans model for core-shell nanospheroids.'®
Transient spectra were then obtained by modeling the
effect of the transient temperature rise on the Rosei-
permittivity. The single steps on this route are described
in detail below.

Static spectra: We simulated the static spectrum of
our particles based on the Mie-Gans model.'® The extinc-
tion cross section oeyy of a nanoparticle can be obtained
by calculating its polarisability a. In a dipolar approxi-
mation, the polarisability ap ; along the long (j = z) or
the short (j = x,y) axis of a spheroid is given by?5:26

(65 - Em)‘ga + ges(ec - 6s)
(ém + L§-2)(eS — €m))€a + gL§2)€S(eC —€s)

Qg5 = \%4

)

Here, €, = €5+ (€c — em)(Lgl) fgL§-2)) with e, € and €,
representing the permittivity of the core, the shell or the
surrounding medium, respectively (Figure 1). g describes
the volume fraction of the core and L"? the geometrical
factors of the inner (1) and outer (2) spheroid.

To account for the finite particle size, we applied the

modified long wavelength approzimation (MLWA) as®’

_ ﬂkj)_l (2)

47r€0 Sj

. Q5
Q5 = Qg j 1-— Z—Jkg
67eq
where k is the wave vector in the medium and s; the
respective semiaxis. Subsequently, an expression for the
particle extinction was derived as

K* k
=l + =
€0

5 In(ay) ®)

Oext,j
For this study, the particles were dissolved in water and
thus randomly oriented in reference to the light polarisa-
tion. This is taken into account by weighing the contri-
bution of each main axis with a factor of 1/3.
Apparently, the extinction is directly related to the
permittivities €; of the involved materials. In the follow-
ing, we want to present the models for ¢ and e..
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FIG. 2. Band structure of gold at the X (a) and L (b) point
in the Brillouin zone and the corresponding occupation prob-
ability given by the Fermi distribution f(E,T) (c). Vertical
arrows indicate the interband transitions (IB) with transition
energies in the visible. The Fermi distribution is plotted for
T = 300K (solid orange line) and 7" = 1000 K (dashed blue
line) to illustrate the smearing of the Fermi edge.

For a correct simulation of the shell permittivity e,
the saturation of the molecular transition by the strong
electric fields at the particle surface has to be taken into
account. The saturated permittivity of a two-level sys-
tem in a cavity is given by'8

e

Here, f, v and wp represent the system’s oscillator
strength, linewidth and resonance position, respectively
while 0y denotes the vacuum Rabi frequency, quantifying
the molecule-particle coupling.

A theoretical model for the temperature-dependence
of the Au-permittivity was established by Rosei and
colleagues?' 24 and has successfully been used to describe
the transient behaviour of gold nanoparticles.'®'7 It in-
cludes the contribution of the conduction electrons ep,
via the Drude model as well as the contribution of inter-
band transitions e;g via the joint density of states. Com-
bining the different contributions allows the calculation
of the imaginary part Im(e). The real part of the per-
mittivity Re(e) is then obtained via the Kramers-Kronig
integral.

The optical response of the quasi-free electrons at the
Fermi edge is described by the Drude contribution to the
permittivity as

2
(W) =1+ ——2 (5)
br w? + i’YDrw '

To correctly describe the permittivity of gold in the
visible region down to 400 nm, three interband transi-
tions need to be taken into account in addition to the
Drude contribution: The transition from the d band to

the p band close to the X point of the Brillouin zone
(Figure 2a) and the transitions from the d band to the p
band and from the p band to the s band in the vicinity
of the L point of the Brillouin zone'” (Figure 2b). The
basis for the contribution of the transition from band ¢
to band j is the energy distribution of the joint density
of states D;_,;(E, hw).?! It describes the density of tran-
sitions with energy hw and initial energy E. To find the
probability of a transition this term needs to weighted
with the probability that the initial state is occupied
while the final state is not. This occupation probability
is determined by the Fermi distribution f(E,T) whose
edge at the Fermi energy changes with temperature (Fig-
ure 2¢). The transition probability from band i to band
j with energy Aw is then!”

Emax

Tioos) = [ Dy (8.1 "

< [F(E,T)(1 = f(E + hw,T))dE .

Each interband transition is weighted with an oscilla-
tor strength A;,;2! to model the imaginary part of the
permittivity. Considering the contribution of the three
relevant transitions, e;g then reads!”

Arq2 . x X
Im(es (w)) ZW(Ad—de—m(w)

+ Alc-ll—m‘]gld—m(w) + A%—m‘];;—»s(w)) .

Combining Drude and interband contributions, we ob-
tain an ab initio expression for the imaginary part of the
permittivity of gold. The real part is then directly re-
trieved via Kramers-Kronig integration. The necessary
parameters for the model can be retrieved from the de-
tailed calculated band structure of gold.!” However, for
simplicity and higher precision, they are usually found by
fitting the permittivity model to the experimental data.
For this study, we used the values provided by Ref 28.

Temperature dependent spectra: The Rosei
model allows simulating the temperature dependence of
the permittivity. Heating causes a smearing of the Fermi
edge (Figure 2c) and thus affects J;_,;(fw) as calculated
in eq 6. In other words, heating alters the occupation
probability of the final or initial state and thus affects
the different interband transitions. The Drude part is
affected by heating via a change in the scattering rate
Ypr- For weak and moderate excitation, the change in
electron—electron scattering can be negelcted and ~p,
is purely modified by a change in the electron—phonon
scattering?® i.e. by the phonon temperature Tp.

To simulate the effect of transient gold heating, we
need to find expressions for the time dependent electron
and phonon temperatures, T¢(t) and Tpn(t), which are
incorporated into the Rosei model to determine the time
dependent permittivity €core(t) of the gold. Subsequently,
Aovexi(t) is calculated via Equations 1-3 and compared
to the measured data.

In metals, the energy of an incoming laser pulse is ab-
sorbed only by the electrons. They thermalize within

(7)
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a few tens of femtoseconds. Due to the fast thermali-
sation (in comparison to the temporal resolution of the
set-up), we can assume here that directly after the ex-
citation, all electrons are described by a Fermi distribu-
tion with temperature Tt o. This temperature is derived
from the absorbed pulse energy and the particle’s ab-
sorption cross section. Since the interaction between the
lattice and light can be neglected, the electrons and the
lattice need to be described with two different tempera-
tures which equilibrate via electron—phonon coupling in
the first few picoseconds after excitation. Since both sub-
sytems contribute to the permittivity (the electron tem-
perature to the interband transitions, the phonon tem-
perature to the Drude part), a two-temperature model
is required to describe the transient behaviour of metal
nanoparticles. The temperatures T;(t), where i repre-
sents the electron (e) or lattice (1) system, are connected

via the system of coupled differential equations'®
T,
Ce(Te) ot = 7Ge—ph(Te - ﬂ) P (83')
T
Ci(T) %, = Gepn(Te = T (8b)

The two-temperature model is parametrized by the elec-
tron and lattice heat capacities C;(T;), as well as the
electron-phonon coupling constant Ge pn. Coupling to
the environment has been neglected in this expression
since it occurs on longer times scales than the ones dis-
cussed here. The heat capacity of the gold lattice is
C) = 3kgn with kg as Boltzmann constant and n =
5.9 x 1072 m=3.16 The electron heat capacity is tem-
perature dependent via C, = 7.7, with a Sommerfeld
constant of v, = 71.5Jm 3K~2.16 As electron phonon
coupling, we use Ge pn = 2.1 x 1016 W /m?3.30

The solution of these equations yields the two temper-
atures and consequently allows for a calculation of the
permittivity at any time after excitation. The electron
temperature determines the form of the Fermi distribu-
tion while the phonon temperature affects the free elec-

tron scattering rate yp, as'?
A’YD!‘ _ AT‘[;)h (9)
Dr,0 Ty

In conclusion, this model allows the simulation of the
permittivity of gold and consequently of the strongly cou-
pled plasmon—exciton system after an initial excitation.
In the following section, we will present the results of
both measurement and simulation and their remarkable
match.

RESULTS AND DISCUSSION

The static extinction spectrum of the dye coated
nanorods shows three peaks (upper, dark blue line in Fig-
ure 3). The transverse plasmon peak is located around
520 nm while around 570 nm and 630 nm, the hybrid res-
onances of the coupled plasmon—exciton system become

Extinction [arb.]

Measurement
l Simulation

p—

500 550 600 650 700
Wavelength [nm]

FIG. 3. Measured and simulated static extinction spectra of
bare and TDBC-coated gold nanorods. The solid blue lines
represent the experimental data, the dashed orange lines rep-
resent the simulations. The two lower lines describe the bare
particles whereas the two upper lines describe the coupled
situation.

visible. For comparison, the extinction spectrum of bare
gold nanorods (lower, bright blue line in Figure 3) shows
a longitudinal resonance around 600 nm. The splitting in
the plasmon-exciton spectrum originates from the strong
coupling of this longitudinal plasmon resonance to the
exciton resonance of TDBC around 600 nm. The hybrid
coupled excitations are known as the upper and lower
polariton peak.

The static simulations are represented by the dashed
orange lines in Figure 3. The parameters used here are
identical to those in Reference 18. However, for this
study, the gold permittivity is now not directly taken
from measured data?® but simulated via the Rosei model
that fully reproduces this measured permittivity. The
simulations of the extinction of the bare and coupled
systems agree quite well with the data. Just the inten-
sity of the transverse resonance is not fully recovered.
This is a well known problem in simulations of nanorod
spectra.?132 In this case, nanospheres in the sample as
well as particle clusters that can both be observed in
SEM images seem to be the main reason for a higher
peak in the measured data. In the region of interest i.e.
the region of the coupled resonances, the model fits the
data very well. We hence conclude that our model is
suitable to further investigate the transient behavior of
the coupled system.

In the following, we discuss the transient spectra of
the same particles. The relative change in transmission
AT/Ty after excitation with a 400 nm pump pulse at a
pump power of 2mW is presented in Figure 4a for vari-
ous time delays. At the position of the static resonances,
long lasting signal changes can be observed. The change
at the transverse resonance can directly be attributed to
the heating of the particles and effectively describes a
broadening of the resonance.!” The two polariton reso-
nances possess similar features with the same lifetime.
On a first glance, two possible explanations seem appro-
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FIG. 4. Measured and simulated transient pump—probe spec-
tra of gold-TDBC core—shell nanorods pumped with 2mW at
400nm. a) heatmap of the measured signal and b) heatmap
of the simulated signal. c) transient signal at the position
of the upper (blue) and lower (orange) polariton. The dots
represent the measured signals, the solid lines the simulation.

priate. On the one hand, the excitation of polaritons has
been suggested previously.?® On the other hand, the sig-
nal change directly translates to a widening of the peaks.
Therefore, a higher damping of the resonances caused by
particle heating has been proposed to be the source of
the signal change also at the polariton resonances.!!>!2

To calculate the influence of the transient heating, we
inserted time dependent temperatures, obtained from the
two-temperature model, into the simulation of the gold
permittivity. This permittivity is then used in the Mie—
Gans model. The initial conditions for solving eq 8 are
given by the electron and phonon temperatures at ¢t = 0.
The lattice is initially at room temperature 7}oom Since
the light is absorbed only by the electrons. Assuming
that all absorbed light energy uniformly raises the tem-
perature of the thermalized electron gas,'” the electron
temperature at t = 0 is3*

[2A0Q
Too= | 2% 412 1
70 V’Y + room ( 0)

where V' represents the particle volume. The energy AQ
deposited inside the particle is obtained from the laser
fluence and the particle’s absorption cross section. For
an ensemble measurement in solution, determining 7t o

\ Pump power
1 mw

e

Pump power
4.5 mW

Time Delay [ps]

FIG. 5. Measured and simulated transient signals at
the polariton resonances of gold-TDBC core—shell nanorods
pumped with 1 mW, 3mW and 4.5 mW (from top to bottom).
Dots mark the experimental results while solid lines represent
the simulations. The signal along the upper polariton indi-
cated by blue marks, the signal along the lower polariton by
orange ones.

is however not necessarily practicable due to variations
in spot size and optical attenuation by the solution which
lead to an uncertainty in AQ'6. In a first simulation, we
therefore leave the electron temperature after excitation
variable. We will however later make use of eq 10 to
compare the transient spectra of various pump fluences.

Figure 4 presents both measured and simulated data
for a pump power of 2mW. For the simulation (Figure
4a), the only fitting parameter was T, o (and a normali-
sation parameter). With Tt o = 1000 K, the model repro-
duces the measurement (Figure 4b) quite well. While the
simulation closely resembles the measurements at the po-
lariton resonances, it somewhat underestimates the mag-
nitude at the transverse plasmon resonance, due to the
underestimation of the transverse peaks as discussed ear-
lier. The agreement can be verified by taking a closer
look at the behaviour at the polariton wavelengths (Fig-
ure 4¢). The simulation at these resonances agrees with
the measurements reasonably well.

To further strengthen the hypothesis of a purely
thermal origin of the transient signal as suspected in
literature,''? we additionally investigated the temporal
behaviour for pump powers of 1 mW, 3mW and 4.5 mW.
We can safely assume that the energy deposited inside
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a particle AQ is proportional to the pump power. Con-
sequently, using Tc o = 1000K for 2mW pump power,
eq 10 predicts initial electron temperatures of 738K,
1206 K and 1462 K for the pump powers of 1 mW, 3mW
and 4.5 mW, respectively. Figure 5 presents the simula-
tions using these initial temperatures in comparison to
the measured data. The characteristic crossover from an
exponential to an almost linear decay®* is nicely repro-
duced. Note that for the two higher pump powers, the
ratio between the two signals (at upper and lower po-
lariton position) was not ideal for the simulations. We
therefore had to normalise the two signals separately to
account for the higher measured change of the lower po-
lariton. This discrepancy might be rooted in bleaching
of the dye for higher pump powers which is not incorpo-
rated in our model. Yet, this consistency of the model
for different pump powers clearly supports the hypothe-
sis of heat as the main source of transient signal also for
strongly coupled nanoparticles. The high fluence tran-
sients can surely be fitted better if one allows for an ad-
justment of the various parameters entering the model.
We think, however, that this consistent fit for several flu-
ences demonstrates that the gold heating is at the origin
of the observed dynamics.

Although the signal change arises mainly at the polari-
ton positions, it is unlikely that excited coupled states
induce this change. On the one hand, the particles were
pumped with 400 nm, a wavelength at which polaritons
are not directly excited, on the other hand, the lifetime
of such plasmon-exciton states is in the order of a few
tens of femtoseconds, a timescale far below the lifetime
of the signals in our measurements.

CONCLUSION

In conclusion, we presented a method for the simula-
tion of the full transient spectra of coupled plasmon-dye
core-shell nanorods excited off the polariton resonance.
To this end, we combined a well-established method for
the transient description of bare gold nanoparticles with a
method to simulate spectra of strongly coupled metal-dye
particles that includes the dye saturation by the strong
plasmon fields. The remarkable agreement between mea-
sured and simulated data in the present work confirms
the suggestion of earlier studies that the ps-dynamics
of these hybrid nanoparticles is dominated by transient
heating effects.
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ABSTRACT: We study the vibrations of ultrathin gold nanotriangles upon optical
excitation of the electron gas by ultrafast X-ray diffraction. We quantitatively measure the
strain evolution in these highly asymmetric nano-objects, providing a direct estimation of
the amplitude and phase of the excited vibrational motion. The maximal strain value is
well reproduced by calculations addressing pump absorption by the nanotriangles and
their resulting thermal expansion. The amplitude and phase of the out-of-plane vibration
mode with 3.6 ps period dominating the observed oscillations are related to two distinct
excitation mechanisms. Electronic and phonon pressures impose stresses with different
time dependences. The nanosecond relaxation of the expansion yields a direct
temperature sensing of the nano-object. The presence of a thin organic molecular
layer at the nanotriangle/substrate interfaces drastically reduces the thermal conductance

x-ray

probe pulse

optical
pump pulse

e

to the substrate.

B INTRODUCTION

Metallic nanoparticles have been in the focus of intensive
research over decades,' in part because they may potentially
help to realize large bandwidth optical nanoelectromechanical
systems or similar small and fast devices.” From the perspective
of physical chemistry, colloidal particles present versatile and
accessible nano-objects, which can be grown as spheres, rods,
cubes, pyramids, platelets, or prisms, just to name a few
examples. Special shapes are useful for tailoring the plasmon-
resonance and catalytic activity of the particles or to optimize
them for surface-enhanced Raman scattering. Investigations of
the ultrafast thermal and vibrational dynamics of such
nanostructures®® are often justified by applications like
photothermal therapy or catalysis.” The strong interest in
these phenomena also lies in the fundamental questions of how
heat transport and vibrational response are altered on the
nanoscale, when surface effects may start to play a role, makin
the validity of continuum descriptions questionable.®™"
Recently the focus of ultrafast studies has shifted from spherical
particles over nanorods toward truly asymmetric structures
such as prisms.”>™"° These particles often exhibit special
crystalline structures with well-defined orientation,'® which
influence not only the growth and stability but also the optical
and acoustic properties.l7

The vibrational dynamics of nano-objects have been studied
by a myriad of ultrafast optical pump—probe experiments
looking at absorption, reflection, or scattering of ensembles.>*°
Because the polydispersity of the samples leads to a dephasing

A4 ACS Publications  © 2016 American Chemical Society

of the observed vibrations, more recently such experiments
were carried out on individual nano-objects.'®'” Although
much has been learned by optical techniques and the
simulations using continuum mechanics or molecular dynamics,
a thorough discussion of purely optical measurements is
required to obtain information about the amplitude and phase
with which individual vibrational modes are excited.””*%*!
Ultrafast structural tools such as ultrafast X-ray or electron
diffraction are the most direct ways to study changes of the
crystal lattice induced by laser excitation. Although diffraction
on the femtosecond time scale started to become available 20
years ago, only very few studies of nanoparticle dynamics with
dynamics faster than 100 ps have been reported.”> ** An
experiment at the free-electron laser has monitored the
breathing® and melting® of a single few hundred nanometers
large ellipsoidal nanocrystal. Studying asymmetric and much
thinner objects has, however, remained a challenge, and, in
general, ultrafast single-particle studies using X-rays can
exclusively be performed at free-electron laser facilities.'’
Demonstrating the possibility to use a laser-based femtosecond
X-ray source for ultrafast structural measurements on
ensembles of nanoparticles is therefore a major breakthrough.

We present such ultrafast X-ray diffraction (UXRD)
experiments that precisely determine the average out-of-plane
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strain £(t) of an ensemble of <111> oriented gold nanotriangles
(NTs) as a function of the time delay ¢ after the excitation. On
the basis of the sound velocity v;;; = 3.528 nm/ps along the
[111] direction,”” the oscillation period of T = 3.6 ps
corresponding to the fastest out-of-plane vibration mode yields
a particle thickness dy = v;;*T/2 = 6.4 nm, consistent with
particle shape characterized by thorough TEM measurements.
The amplitude of the first oscillation and the maximal
expansion &, = 3 X 107> of the particle after ~20 ps are
consistent with a 1D acoustic model, where the expansion
mode of the film is excited by a time-dependent pressure o(t)
imposed by hot electrons and phonons. The pump—pulse
absorption is calculated by a complete 3D numerical optical
model.'****? A careful analysis by electron microscopy is used
to prove that the NTs shape is robust under the experimental
conditions. From the measured lattice strain, €, one can directly
read the temperature change AT, via

Ty+AT,
€= a, (T)dT
/To l(T) "

using the expansion coefficient a,,(T) measured in thermal
equilibrium. The cooling on the nanosecond time scale
evidences the rather good thermal insulation given by the ~1
nm thick organic layer that was used for functionalizing the
surface of the silicon substrate.

B EXPERIMENTAL SECTION

Very thin gold NTs were prepared in a one-step synthesis in
the presence of mixed AOT/phospholipid vesicles via a process
that can be described by an Ostwald ripening growth
mechanism.”’ To reduce the polydispersity of the product,
the anisotropic nanoparticles were separated by using a
combined polyelectrolyte/AOT micelle depletion floccula-
tion.”" The NTs were deposited on a silicon wafer function-
alized by 3-mercaptopropyltrimethoxysilane (3-MPTMS).*”
The NTs were attached to the thiol group at a distance of
~1 nm above the Si surface. AFM investigations of >40
nanoplatelets reveal an average thickness of 8.5 + 1.5 nm.
Subtracting 1 nm of the 3-MPTMS layer, this is in full
agreement with the 6.4 nm platelet thickness derived from the
UXRD data. Figure 1 shows a thorough characterization of the
sample by electron microscopy. The sideview (Figure 1la) of
two individual NTs with 6.7 and 8.2 nm thickness illustrates the
thickness of ~7.5 + 1.5 nm. While the base length of the NTs is
~150 nm with a large size distribution (Figure 1d), the
distribution of the platelet-thickness is rather sharp. The zoom
into the NTs (Figure 1b)) can be Fourier-transformed to
determine the periodicity of the lattice structure. Figure Ic
proves the <111> orientation of the entire triangle.”® Figure le
confirms that the NTs are intact after UXRD experiments
performed at a base temperature T, = 24 K with a pump
wavelength of 400 nm and a fluence of F = 2.9 mJ/cm”. Figure
1f,g shows the permanent deformation of the NTs under
similar fluence conditions at room temperature. The UXRD
experiments™ > subsequently discussed in this paper were
conducted under the nondestructive conditions T, = 24 K and
F =2.9 mJ/cm® The pump pulses had a duration of ~80 fs, and
the pulse length of the hard X-ray probe pulses at 8 keV derived
from a laser-driven plasma source reduced the time resolution
of the setup to ~200 fs.>*** Figure 2 illustrates the static XRD
characterization of the sample in the geometry of the UXRD
setup.>* Figure 2b shows the reciprocal space map of the

180 nm

100 nm

Figure 1. TEM and SEM pictures of the gold nanotriangle sample. (a)
TEM sideview of gold-NTs. (b) High-resolution TEM and (c) its
Fourier transform show 1/3{422} and {220} reflections characteristic
of NTs with <111> orientation.”® (d) SEM micrograph showing the
polydisperse nature of the nanoplatelets. (¢) SEM micrograph of the
sample after the pump—probe experiment at T, = 24 K with F = 2.9
mJ/cm? (f) SEM micrograph of the sample after treatment with F = 3
mJ/cm? at room temperature. (g) Same for F = § mJ/cm?”. Triangles
deform or melt together and reshape to spheres.

pristine sample, whereas the integrated X-ray diffraction
intensity as a function of the Bragg angle @ in Figure 2a also
reports a comparison to the diffraction from a sample after
excessive irradiation with optical pump-pulses at 300 K. The
reshaping of the Bragg peak indicating the permanent
deformation of the gold particles at high fluence excitation at
room temperature is clearly visible also in the reciprocal space
map (not shown). The very weak and broad reflection from the
gold (1 1 1) lattice planes (Figure 2b) renders the UXRD data
acquisition extremely difficult, especially because the fluence
must be reduced such that no sample damage occurs during
several hours of optical pumping. Figure 2c compares the
shifted Bragg peaks after 2.1 and 19 ps in the UXRD
experiment with the Bragg peak at negative pump—probe
delay. At low temperature and with the applied fluence the
shape of these peaks is unchanged during the acquisition of the
UXRD data.

DOI: 10.1021/acs.jpcc.6b11651
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Figure 2. (a) Integrated X-ray intensity as a function of the Bragg angle 6 for the pristine sample (black) and for a sample spot that was excessively
irradiated at room temperature (red). Inset: Schematic of the ideal situation where all gold-NTs are attached to the surface with equally long organic
spacer molecules. (b) Reciprocal space map showing the sharp Si substrate peak and the very weak and broad reflection of the gold NTs. The
diffraction does not correspond to a Debye—Scherrer ring but to a single-crystal diffraction with a large mosaic spread of about +5° originating from
the nonperfect sample that also contains stacked NTs. (c) Integrated X-ray diffraction intensity for three different time delays at a fluence of 2.9 mJ/
cm? that does not permanently modify the sample. We essentially observe a peak shift to smaller angles, indicating the ultrafast out-of-plane

expansion.

B RESULTS AND DISCUSSION

Figure 3 shows the lattice strain &(t) as a function of the time
delay t after excitation of the gold NTs at T, = 24 K with 400
nm pulses. The fluence F = 2.9 mJ/cm’ is given by the light
intensity on the sample surface at the incidence angle of 40°.
The femtosecond pulse excitation leads to an oscillation of the
measured out-of-plane strain with a period of T = 3.6 ps, which
is consistent with the fundamental breathing mode of a film
with thickness 6.4 nm. The strain reaches a first maximum of &
=2.3 + 0.3 X 1073 after ~2 ps. The signal oscillates and reaches
a maximum of &, = 3 £ 0.3 X 107° after ~20 ps. The lattice
slowly contracts on a nanosecond time scale as the heat flows
out of the nanoparticle.

To interpret the observed maximum expansion &, we
calculated the temperature rise of a gold NT originating from
the absorption of 400 nm pulses under 40° incidence. We
computed the absorption cross-section using a finite-element
approach accounting for the inhomogeneous nano-object
environment induced by its deposition on a silicon
substrate,'*%%° yielding 6., = 1200 nm* for NTs with 6.4
nm thickness and 150 nm side length. Neglecting heat transfer
to the environment on short time scale, the temperature rise of
a thermalized gold NT AT, = 285 K at T, = 24 K is calculated
by numerical integration of

Ty+AT,
gabsF/(pAuV) = /1: CAu(T) dT (2)

where py, = 19.3 g/cm® is the density, ¢, (T) is the strongly
temperature-dependent heat capacity of gold, and V is the
volume of the particle. From eq 1 we calculate an expansion of

28896

€% = 3 X 1073, in excellent agreement with the data. For room
temperature, the calculation yields the same result. This can be
understood by invoking the Griineisen parameter of gold, y,
which is a temperature-independent®®*” measure of the thermal
stress ¢ = y-Q upon deposition of an energy density Q.”” The
heat expansion coefficient a(T) and heat capacity ¢(T) share
the same temperature dependence, both for the electronic
contribution and for the phonon contribution, which are given
by their quantum nature. Therefore, the electronic and
phononic Griineisen parameters of gold y, ~ @.(T)/c.(T)
and y, ~ aP(T) / cP(T) are independent of temperature.

To quantitatively describe the oscillation of the signal at
short times, we have to account for the fact that the optical
excitation first heats up the electron gas, yielding a
corresponding electron stress o, driving the out-of-plane
expansion of the NT. We estimate an electronic temperature
rise of T,(100 fs) = 4000 K from the electronic specific heat of
c(T) = 7, T, where 7, = 3.7 x 107/(gK) is the Sommerfeld-
coefficient of gold.*® The electron pressure 6,(t) = 7.Q.(f) =
YeQ e /™ relaxes with the characteristic electron—phonon
coupling time 7. With the same time constant, the phonon
pressure o, (t) = v Qb (1 — e™%) rises until the electron and
phonon temperatures have equilibrated. The electron—phonon
coupling time in gold in the low perturbation limit is 1 ps at
room temperature and 0.6 ps at 24 K.**** However, under
strong excitation conditions, the electronic heat capacity c, rises
with temperature, and equilibration times can exceed S ps
under our conditions.***"** At t = 20 ps, we can safely assume
that the electron and phonon system have reached a mutual

DOI: 10.1021/acs.jpcc.6b11651
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Figure 3. (a) Time-dependent strain measured by UXRD (open
circles) together with the best fits from the models (red lines). The
time axis is split according to the two models. The small dots represent
the difference of the data and the simulation indicating only little
contributions from additional vibrational modes. The relative error 3 X
107 of the strain measurement is estimated from the variation of data
for t < 0 and around the maximum. (b) Model simulation according to
eq 4 with a single oscillator driven by the phononic and electronic
stresses according to eq 3. r = y./y, is ratio of the electronic and
phononic Griineisen parameters. (c) Results from the 3D heat-
transport simulations. The thin lines are obtained for a single Au
triangle separated from Si by a layer with a thermal interface
conductance Gy, in MW/(m?* K). The fat red line indicates the best fit
that is reproduced in panel a. The dashed lines are cross-checks for
heat transport out of three stacked NTs (see the text).

thermal equilibrium so that a single temperature suffices to
describe both systems.

The UXRD data provide a unique access to the phase and
amplitude of the oscillations, which are both sensitive to the
exact form of the total driving stress, which is given by the
following functional form*~**

o(t) = qt) + o(t) = o H(H)|1 + L _

%

1 e—t/re

®)
where H(t) denotes the Heaviside function. The maximum
stress 64, = C.4€(20 ps) can be deduced from the measured
strain and the effective elastic modulus C. along the [111]
direction. To model the early time vibrations (Figure 3a), we
consider the homogeneous increase of the particle thickness
d(t) as the only relevant vibrational mode with frequency w,
and damping rate 7. It is excited by the time-dependent stress
o(t) stated in eq 3. The explicit differential equation used to

describe the time-dependent out-of-plane strain &(t) = @
of the particles is then

d’e de )

— + 21— + wye = Po(t

a T T 2 ©)

The constant prefactor P on the right-hand side is due to
dimensional reasons as it relates the driving stress o(f) to an
acceleration of the strain. The equation of motion can be solved
using the Green’s function of the damped harmonic oscillator

G(t, t') = H(t — t’)iw l_w (ei“’*(tft/) - e"w’(tft’)), where

@, = in = \Jwg — i*. The time-dependent strain can then

si;nply be found via integration

e = [ "G, )o(t) dt’ o / "G, )o(t) dt

©)
The magnitude of the prefactor P is dictated by the strain that is
attained after the oscillations are damped out. We vary P-o,, to
match the signal at t = 20 ps and adjust the ratio r of the
Griineisen parameters to r = y./y, = 0.3 and the damping
constant # = 0.15 ps~' to match the amplitude of the first
oscillations. The time constant 7, = 6.5 ps is found to be close
to those previously measured in similar strong perturbation
conditions.*® Figure 3a shows the measured data (open circles)
together with the fit according to this model (red line) up to 20
ps. The black dots in Figure 3 represent the difference eexp(t) -
€4m(t) of the data and the simulation. They give an estimate of
how much vibrational modes with lower frequency contribute
to the out-of-plane expansion of the NTs. Because of the lateral
size distribution, we expect that contributions by low-frequency
modes rapidly dephase and thus are below the noise level. The
left panel of Figure 3b shows simulations with a ratio r = y./7,
varied from 0 to 0.6. The best fit is obtained for r = 0.3, a value
that is smaller than the theoretical ratio expected for bulk gold r
= 0.5" but consistent with other experiments performed on
acoustic vibrations of small noble-metal nanoparticles.”’ We
note that for 0 < r < 1 the phase of the oscillation is delayed
more and more as r approaches zero. For r > 1 the oscillations
would start somewhat earlier. Therefore, both the amplitude
and the phase of the observed UXRD signal allow us to assess
the temporal form of the driving stress o(¢).

For larger time delays (right panel), we plot the data on a
logarithmic time axis and the red line represents the results of a
3D finite-element model of NT cooling, accounting for both
3D heat diffusion and thermal resistance at the triangle/
substrate interface. We simulated a 6.4 nm thick gold triangle
with initial temperature T; = T + AT, which is attached to a Si
substrate with a fixed temperature of T, = 24 K at the backside.
Initial heating of the absorbing substrate was neglected as it
weakly affects the cooling dynamics of the triangle due to the
high thermal conductivity of silicon. We take the temperature-
dependent bulk values™ " of the heat capacity ¢y, and
thermal conductivity k,, /g for Si and Au and account for the 1
nm thick organic layer by imposing a thermal interface
conductance of Gy, = 2 MW/(m?> K) between Au and Si.
This numerical value yields the best fit to the data in the model
where a single gold particle is separated from the Si surface by
an organic layer. For an epitaxial Au film on Si, one would
expect an interface conductance of 50 to 150 MW/(m?* K),
which would lead to a much faster cooling.48 For convenience,
heat diffusion simulations with varying interface conductance
are shown in Figure 3c for ¢ > 20 ps as thin solid lines. The best
fit Gy, = 2 MW/(m? K) is shown as a thick line. To estimate the
systematic error originating from the model, we also simulated
the heat flow out of a “stack” of three gold NTs, which, in
addition to the finite Au/Si thermal interface conductance Gy,
have the same interface conductance between each gold
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particle. As a further crosscheck, we have plotted results for
“thick” NTs with a triple thickness and with only one interface
with Gy, from the gold to Si. All three models require the heat
flow out of the particles to be strongly reduced by the 1 nm
organic layer in comparison with a direct contact of Au on Si to
achieve a good fit. The interface conductance is considerably
lower than the values above 50 MW/(m? K) derived for Au—
water interfaces with various surface functionalizations® and
for the interface conductance of Au to Quartz across a self-
assembled monolayer.’”>' The attempt to rationalize the
reduced heat flow by a low thermal conductivity of the 1 nm
thick 3-MPTMS layer would require a value of 2 X 107°W/mK
typical of dilute gases. We can therefore conclude that the slow
cooling dynamics observed experimentally mostly originates
from a low thermal conductance at the Au—Si interface.

B CONCLUSIONS

Ultrafast X-ray diffraction measurements on an ensemble of 6.4
nm thick gold NTs directly and quantitatively measure the out-
of plane expansion dynamics after optical excitation at 400 nm.
The primary oscillatory motion can be explained by a single
damped out-of-plane breathing mode with a period of T = 3.6
ps. The phase and amplitude of the UXRD signal are sensitive
measures of the functional form o(t) of the time-dependent
stress from hot electrons and phonons. The cooling time of
several nanoseconds is dictated by the 1 nm thin organic layer
that connects the gold-NTs to the silicon substrate. We can
rationalize the observations by numerical models. In compar-
ison with the situation expected for a thin gold layer on Si, our
experiments demonstrate a slight modification of the relative
ratio of the electronic and phononic Griineisen parameters and
a surprisingly strong reduction of heat conduction by a thin
organic functional layer. Future UXRD studies on mono-
disperse asymmetric Au nanoparticles might also be able to
quantify the contributions of other vibrational modes and can
finally lead to a microscopic understanding of their reshaping
under laser excitation. We believe that this pioneering
experiment studying the dynamics of nanoparticles with a
laser-based femtosecond X-ray source may trigger a broad range
of novel experiments, for example, studying the nanoparticle
temperature in photocatalytic experiments or during the
magnetic heating of nanoparticles for catalysis. We emphasize
that the heat-transport characteristics can be obtained by our
method via synchrotron-based time-resolved X-ray diffraction,
which is accessible for users from any field of natural sciences.
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ABSTRACT: Nanoscale heating by optical excitation of plasmonic

High Intensity - Small Spot  Low Intensity - Large Spot

nanoparticles offers a new perspective of controlling chemical reactions,

where heat is not spatially uniform as in conventional macroscopic
heating but strong temperature gradients exist around microscopic hot
spots. In nanoplasmonics, metal particles act as a nanosource of light, 3
heat, and energetic electrons driven by resonant excitation of their
localized surface plasmon resonance. As an example of the coupling
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reaction of 4-nitrothiophenol into 4,4’-dimercaptoazobenzene, we show

that besides the nanoscopic heat distribution at hot spots, the microscopic distribution of heat dictated by the spot size of the
light focus also plays a crucial role in the design of plasmonic nanoreactors. Small sizes of laser spots enable high intensities to
drive plasmon-assisted catalysis. This facilitates the observation of such reactions by surface-enhanced Raman scattering, but it
challenges attempts to scale nanoplasmonic chemistry up to large areas, where the excess heat must be dissipated by one-

dimensional heat transport.

H INTRODUCTION

Thermoplasmonics is a recently developed field of research,
which started in 2002 for medical purposes.’ Metal nano-
particles (NPs) have been used as a nanosource of heat for
several applications such as photothermal cancer therapy,”™>
bioimaging,’ and nanosurgery.” Likewise, chemistry can benefit
from nanoplasmonics, since many chemical reactions are
heavily influenced by heat.*™"'

Plasmonic metal nanostructures can be tuned to efliciently
interact with light, converting the photons’ energy into
energetic charge carriers and heat. This allows noble metal
nanoparticles to act as nanoreactors.'” Chemical trans-
formations of molecules attached to the particles’ surfaces
are fostered by the enhanced electromagnetic field at the
particle surface along with generated energetic charge carriers
and heat. As a result, plasmonic NPs present a unique
playground for steering chemical transformation by light at the
nanoscale.

The first indications of nanoplasmonic chemistry were
discovered in investigations using a micro-Raman apparatus to
study surface enhanced Raman scattering (SERS) activity on
nanoparticle templates."*™*¢ In several microscope-based
SERS experiments, the photons used for the Raman spectros-
copy happen to also drive a catalytic reaction.'””'® Recently,
several important reaction types have been reported to be
driven or catalyzed by plasmonic NPs such as the
decomposition of organic molecules,”>*" dissociation of

22,23 . . . . 24,25
hydrogen,””” and oxidation—reduction reactions.”™

A 4 ACS Publications  © 2019 American Chemical Society

In the current understanding, these chemical transforma-
tions are initialized by photogenerated energetic electrons. In
addition, several studies have shown that the heat deposited in
the particles by optical excitation enhances the reactions.”*™>’
Heating by optical excitation of NPs is different from the
conventional macroscopic heating because the heated volume
is confined to certain hot spots or to the nanoparticle size. This
may be exploited for controlling reactions at the nanometer
scale and at specific locations. Around hot spots the cooling is
generally three-dimensional (3D) and hence for low NP
concentrations the heat can be quickly dissipated. Studying this
nanoparticle heating is however rather difficult, as nanoscale
thermometers are required.

In this article, we provide experimental evidence that
removal of excess heat from the nanoscopic reaction site is a
crucial factor for successful plasmonic chemistry, more
importantly, for scaling up the plasmonic catalysis. In
particular, the cooling geometry and the heat conductivity of
the structure limits the maximum area of the plasmon-driven
reaction, given by the spot size of the optical excitation. On the
one hand, the light intensity (power per unit area) must have a
minimum value to trigger plasmon-assisted catalytic reaction,
but at the same time, the maximum power (not intensity) is
limited by NP melting and/or destruction of the reactant or
product molecules by excessive laser-driven static heating.
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We investigated the static heating imposed on gold
nanotriangles (NTs) by optical excitation by monitoring the
shift of the nanoparticles’ Bragg reflection via synchrotron-
based X-ray diffraction (XRD). Subsequently, we verified, by
SERS microscopy at very low light intensity, whether the
plasmon-assisted reaction took place. Our measurements show
that for small laser excitation spot sizes, the product formation
could proceed, whereas for large spot sizes for the same light
intensities, the SERS spectrum completely vanished. We
reason that for microscopic excitation spot sizes, the deposited
heat can be dissipated into a half sphere of the substrate in all
three dimensions. In contrast, for very large excitation areas,
the heat transport into the substrate is only in one dimension
and therefore less effective. Therefore, the heat is trapped in
the substrate for a much longer time, which enables melting of
the plasmonic particles (the reaction platform). XRD measure-
ments of the nanotriangles’ lattice constant confirm that small
laser excitation spot sizes lead to a lower temperature increase
compared to the large spots for the same incident intensity.
The faster rate of the 3D heat dissipation in a small excitation
spot allows the excitation of the system with high light
intensities necessary for the formation of the reaction product.
In contrast, slower one-dimensional (1D) heat dissipation
perpendicular to the substrate plane occurs for large spots
sizes. The less efficient heat removal leads to higher
temperatures and melting of the nanotriangles, as confirmed
by scanning electron microscopy (SEM).

This phenomenon does not only explain the great success of
observing plasmon-driven chemical reaction in SERS micro-
scopes but also simultaneous absence of experiments
evidencing plasmon-driven reactions over large surface areas.
It also hints at the main advantage of nanoplasmonics for
controlling chemical reactions, since unprecedented large heat
dissipation rates can be found in a narrow spatial region of the
hot spots.

B MATERIALS AND EXPERIMENTAL METHODS

We used the plasmon-driven dimerization of 4-nitrothiophenol
(4-NTP) into 4,4'-dimercaptoazobenzene (DMAB) as a model
reaction.’®™*> This reaction is known to occur only in the
presence of a plasmonic platform such as gold, silver, and
copper nanoparticles.>>** The reaction is reasoned to occur as
a result of the hot electrons generated upon the plasmon
excitation,”> 7 whereas the influence of the plasmon-
generated heat is a point of debate.’”*® Here, we used a
homogeneous large-scale monolayer of approximately 7 nm
thick gold nanotriangles (NTs) deposited on substrates as the
plasmonic platform.”” The gold NTs were prepared using a
one-step method in a mixed dioctyl sodium sulfo-succinate
(AOT)/phospholipon vesicle phase in the presence of
poly(N,N’-diallyl-N,N’-dimethylammonium-alt-3,5-bis-carbox-
yphenylmaleamic carboxylate (PalPhBisCarb) as a structure-
directing agent and separated from spherical gold nanoparticles
by depletion flocculation in the presence of AOT micelles.*’
The monolayer was formed at the liquid/air interface using a
mixture of ethanol and toluene,* and it was then deposited on
glass and silicon substrates after controlled evaporation of the
solvents (compare Figure 1a). The extinction spectrum of the
monolayer displayed a broad plasmon band located in the
range of 500—2000 nm (inset in Figure 1), where it is in a
good resonance with the excitation wavelengths. 4-NTP
molecules were self-assembled on the gold NTs monolayer.
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Figure 1. (a) SEM images of the gold NTs monolayer. The upper
inset shows the X-ray reflectometry (XRR) data confirming a large-
scale monolayer of approximately 7 nm thickness. The lower inset
shows the optical extinction of a NT monolayer. (b) Time-dependent
SERS spectra of 4-NTP assembled on the monolayer. Dashed lines
indicate the three main product vibrational bands of DMAB.

The reaction was studied by SERS microscopy. Pronounced
differences in the Raman spectra of the reactant (NTP) and
product (DMAB) allowed us to assess the formation of
DMAB. The heat expansion of the nanotriangles induced by
continuous laser irradiation was measured by static X-ray
diffraction at the KMC3-XPP end station of the Berlin
synchrotron radiation facility BESSY II. A flat monolayer
ordering of the nanotriangle SERS platform guaranteed that
the lattice constant perpendicular to the triangles was oriented
out of the substrate plane for all particles, which allows for low-
intensity X-ray diffraction measurements in the symmetric
Bragg configuration in any conventional XRD device.*”*" The
out-of-plane lattice expansion of the gold nanotriangles was
calibrated by a careful measurement of the particles’ lattice
temperature. We conducted all experiments on different
irradiated spots with varying sizes using different focusing
conditions.

B RESULTS AND DISCUSSION

We start our explanation by showing spectra of the 4-NTP
molecules chemisorbed on our gold nanotriangle template in a
typical SERS microscope with a S ym spot size (full width at
half maximum, FWHM) using a continuous wave laser of 785
nm wavelength with a power of 30 mW. Figure la shows the
transmission electron microscopy images of the well-ordered
template and the X-ray reflectometry (XRR) results (inset)
confirming that the platform indeed consists of a large area
monolayer of gold nanotriangles with a thickness of 7 + 2 nm
on silicon. In this experiment, the laser light is simultaneously
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Figure 2. Low-intensity SERS spectra of 4-NTP assembled on gold NTs deposited on silicon and glass substrate probed after the sample was
irradiated with different laser powers with S mm spot size for S min. Dashed lines show the frequencies, where the DMAB product would be
expected. SEM images show the melting of the gold NTs on glass substrate for S W (lower image) and for 10 W (upper image).

responsible for SERS detection and for triggering the plasmon-
assisted reaction. The time-dependent SERS spectra in Figure
1b confirm the transformation of 4-NTP to DMAB. The 4-
NTP spectrum at 0 s displays main vibrational modes at 1082,
1332, and 1575 cm™}, assigned to the C—H bending, NO,
symmetric stretching, and C=C stretching modes of the 4-
NTP,** respectively. After few seconds, new Raman peaks
appear at 1134, 1387, and 1434 cm™, which are assigned to
the C—N symmetric stretching and the N=N stretching
vibrational modes of the DMAB confirming the coexistence of
both molecules.”** The light intensity in these experiments
attains a very high value of 10 kW/cm? In the rest of the
paper, we use far less intensity for SERS sensing to avoid
driving the chemical reaction with the SERS laser.

In a first naive attempt to drive the same reaction across an
area that was larger than typically investigated in a microscope,
we used a high-power diode laser module operating at 920 nm
with a power up to 25 W. We increased the irradiated area by a
factor of 10° to 5 mm spot diameter (FWHM), varying the
irradiation power from 1 to 10 W, ie, a 30- to 300-fold
increase of the laser power. After irradiation for 5 min, the
irradiated spots were investigated using the Raman microscope
with very low laser power and short integration time (0.5 mW
and 1 s). The SERS spectra of such spots are displayed in
Figure 2 for the NTs deposited on silicon and glass substrates.
The reaction clearly did not occur (no bands at the dashed
lines, which indicate where product bands are expected). No
signature of DMAB molecules was observed because we in fact
decreased the intensity I = P/A by a factor of 3000 to 30 000
compared to the microscopic irradiation. The Raman spectrum
of the sample on glass changes at S W, acquiring a large
background contribution, and the Raman peaks become hardly
visible for 10 W irradiation. Melting of the NTs was found to
be the reason as confirmed by SEM images (Figure 2), despite
the very low laser intensity. Similar damage and no DMAB was
observed for the silicon substrate after irradiating the sample

9354

with 15 W. The melting at higher laser power is related to the
thermal conductivity of the glass, which is 2 orders of
magnitude smaller than that for the silicon substrate.
Therefore, the heating of the gold induced by light is
dissipated more quickly by the substrate to avoid melting of
the NPs.

The fact that the particles already melt at the intensity of
400 mW/cm? under the large spot really makes it surprising
that in a microscope focus the intensity can be easily increased
by 3 orders of magnitude above this intensity without any signs
of melting. It illustrates at the same time the great
opportunities of nanoscale heating.

To check the role of the focusing conditions, the laser
driving the reaction was focused through different plano-
convex lenses onto the sample irradiating spots of different
sizes. The laser power was tuned to obtain approximately the
same final laser intensity.

Figure 3 shows the Raman spectra taken from spots
irradiated with an intensity of about 50 kW/cm?. The SERS
spectra recorded on the spots with 70 and 115 gm diameter
generated by 30 and 50 mm focusing lenses show the
characteristic DMAB Raman peaks, which indicate the
plasmon-driven coupling reaction. The intensity of the
DMAB peak decreases relative to the 4-NTP peak with
increasing spot size. For the 175 yum spots (75 mm lens), the
peaks are hardly discernible and for the 230 ym spots (100
mm lens), the Raman spectrum only consists of a noisy
electronic background from the hot and molten NPs, which is
confirmed by SEM images similar to the ones shown in Figure
2. The hot spots of the plasmonic platform, which provide the
largest SERS enhancement and the largest reaction yield, melts
first and therefore the excessive heating deteriorates the
reaction rate.

The heat dissipation, excluding light absorption, was
numerically calculated solving the 3D heat equation by
means of a numerical finite elements (FEM) solver (COMSOL

DOI: 10.1021/acs.jpcc.8b12574
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Figure 3. SERS spectra of 4-NTP assembled on gold NTs and probed
with different laser spot sizes of 70, 115, 175, and 230 pm diameter.
The intensity of the exciting laser beam in all four measurements is
identical.

Multiphysics) using the temperature-dependent heat capacity
and heat conductivity for gold,**” silicon,*™** and glass.*”*"
In our model, the laser heating was simulated using a
homogeneous heating of an area of the size of the laser spot
(von Neumann boundary condition), whereas the lower
substrate interface was kept at a constant temperature of T =
288.15 K. Indeed, the irradiated spot size strongly influences
the rate of heat dissipation. Small spots demonstrate a three-
dimensional temperature gradient (Figure 4a), indicative of a
three-dimensional heat flow. On the other hand, in the center
portions of the larger spots with the same excitation intensity,
the heat mainly dissipates along the temperature gradient
perpendicular to the substrate (Figure 4b), resulting in less
efficient one-dimensional heat transport for a large fraction of
the spot. Therefore, small spots cool faster and can absorb and
dissipate much larger intensities without NP melting. Such
high level of absorbed and dissipated energy enables the
formation of DMAB molecules. Attempts to flow the same
amount of energy per unit area through a large spot inevitably
leads to melting of the NPs.

Irradiating the NP continuously with different laser
intensities on different spot sizes (100, 250, and S00 um),
we measured their temperatures by XRD via lattice heat
expansion. The analysis is based on the detection of the shifts

in the (222) Bragg reflection of the gold NTs in ®—20 scans.
This shift was then transformed to the temperature change of
the NTs based on Bragg’s law and the linear thermal expansion

cot A = & = —aAT
c

Here, Af is the shift of the Bragg peak, Ac/c is the relative
change of the out-of-plane lattice constant, and a = 1.49 X
1075 1/K is the thermal expansion coefficient of the gold
nanotriangles previously measured by X-ray diffraction using
conventional heating, which is slightly increased compared to
bulk gold.’' To perform the Bragg-angle-based temperature
measurement during laser irradiation, the sample was glued
with silver paste onto a Peltier cooled sample holder with an
active feedback loop stabilized to 288.15 K.

Figure 4c shows the temperature of the gold NTs measured
for different spot sizes on a 0.5 mm thick Si substrate, which
increases linearly with the laser intensity. For a large spot of
500 pum, a laser intensity of approximately 10 kW/cm? is
sufficient to increase the particle temperature to 96 K. For a
small spot of 100 ym, a 10 times larger intensity leads to less
heating of only 70 K. For glass substrates, the heating is even
more dominant, and Figure 4c compares the 500 ym spot on
Si to a glass substrate. The silicon substrate has considerably
higher thermal conductivity. For high laser intensities, a Bragg
peak sharpening is observed that is related to an increase of the
gold NTs thickness due a particle coalescence (for more
information, see the Supporting Information).

FEM simulations of the temperature increases using the
model described earlier confirm that the temperature changes
can be fully explained by the different spot sizes (solid lines in
Figure 4c,d). The simulated temperature increases indeed
match the measured temperature increases very well. It should
be noted that a phenomenological absorption factor was used
to adapt the simulation to the measurements. It reduced the
total power entering the simulation to take into account both
the optical absorption coefficient of the sample and the
possible heat resistances at the gold—substrate interface. The
same absorption factor was used for each substrate material.

140

100 pm spot 80

2]
=]
T

Temperature increase (K)
»
=]
T

N
(=]
T

100um 500 pm spot

(=]
T

A 500 pm Si (d) A 500 pm Si
200 pm Si | @ 500 pm Glass
M 100 pm Si

0 K 0

50
Intensity (kW/cm?)

100 0.00 0.75 1.50 2.25 3.00 3.75
Intensity (kW/cm?)

Figure 4. (a, b) FEM simulation of the temperature gradient in the substrate for an excitation intensity of 100 kW/cm?* with two different spot
sizes. The temperature change of the gold NTs as determined from the Bragg-reflection shift (c) as a function of the laser intensity due to
irradiation with different laser spot sizes on silicon and (d) on different substrates for the same spot size of 500 ym. The solid lines represent the
result of a FEM simulation of the temperature increase. The unfilled symbols in (c) and (d) represent intensities at which a Bragg peak sharpening

was observed. The model does not consider the light absorption.
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B CONCLUSIONS

In conclusion, we have shown that driving a plasmonic
chemical reaction on a SERS template structure with a fixed
light intensity is only possible up to a certain maximum area of
the laser focus because the heat transport turns from 3D to 1D
and the excessive heating destroys the sample structure. The
silicon substrate turns out to be more suited for plasmonic
chemistry than conventional glass substrates, since its high
thermal conductivity improves the dissipation of heat and
therefore a higher light intensity can be used with more
photons triggering the reaction and without melting the
plasmonic template structure. This is true, although additional
photons are absorbed in the substrate. With laser wavelength
above the silicon band gap and by appropriate thermal
engineering, the substrate heating could be further reduced.

These microscopic findings underline the importance of heat
transport at the nanoscale for a profound understanding of
nanoplasmonic chemistry. Although time-resolved measure-
ments of the gold NT’s lattice temperature rise with sub-
picosecond time resolution has been recently reported, there is
so far no report on driving plasmon-assisted chemistry with
femtosecond laser pulses.
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DAMAGE CAUSED BY IRRADIATION

We confirmed by SEM (Figure S1) that the degradation of the Raman spectra presented in Figure 3 of the
manuscript were caused by damages to the nanoparticle substrate. As the high total power of the excitation laser
beam could not dissipate quickly enough, a partial melting of the particles occurred.

O s R

v

FIG. S1. SEM 175 pm spot: 8 pm x 5.5 pm SEM image of from the center of the irradiated spot with a diameter of 175 pm.
The damage due to the melting of the nanotriangles is clearly visible.

X-RAY REFLECTIVITY OF GOLD NANO TRIANGLES

X-ray reflectivity (XRR) is a technique that allows the surface-sensitive characterization of thin layers by inter-
ference of specular reflections of the bottom and top interfaces of the layer that give rise to characteristic minima
and maxima as function of the energy transfer, @ = 4/\ sin®, with ¥ being the incidence angle of the X-rays
with wavelength A onto the sample. We measured a monolayer of gold nano triangles (NTs) on a Silicon substrate
at the XPP-KMC-3 endstation at the synchrotron BESSY II. The incidence angle of the X-rays on the sample
was scanned between 0 and 3° incidence angle, which corresponds to @ = 0 to 4nm™~! in reciprocal space. The
corresponding dataset shown in the inset of Fig. 1a) contains a dominant oscillation frequency that corresponds to
a wavelength of A = 0.9nm™~! determined by a Fourier-transformation. This wavelength corresponds to a layer-
thickness of 7+ 2nm. The absence of higher frequencies in the signal proofs that our sample contains a negligible
part of stacked gold-nano-triangles over the X-ray spot size of approximately 0.5 x 10 mm?2.

X-RAY DIFFRACTION (XRD)

We measured at the XPP-KMC-3 endstation at the synchrotron source BESSY II the 222 Bragg reflection of
the [111] oriented gold NTs at the X-ray energy of 8 keV. We selected the 2nd order Bragg reflection to minimize
the X-ray footprint. The sample was mounted on Peltier-cooled sample mount, which results in a stable substrate
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Atrticle VI — Supplemental Material

temperature of 15°C that was attached with silver paint to the Peltier cooler. In Figure S2a) and b) we show
the Bragg peaks of the gold NTs on Si and glass substrates for different Laser intensities, respectively. For every
measured laser intensity, a new spot on the sample was selected and measured before illumination (black thick
curves) and during illumination. For every measurement we waited 60s for thermal equilibration between gold
NTs.
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FIG. S2. XRD results: Bragg peak shift of gold NTs on a) a silicon substrate and b) glass substrate for different intensities.
The Bragg peak shift to smaller angles due to heating of the gold NTs. On the glass substrate a sharpened peak is observed
for high intensities.

We note a peak sharpening at high intensities. For very thin layer we can neglect typical Bragg broadening effects
and the width of the Bragg peak is approximately given by the thickness. In our case the peak width is slightly
smaller as theoretical values for 7nm layers, which indicates a small amount of stacked gold NTs (5-10%). After
illumination of the sample with glass substrate with high intensities we observe a sharpened Bragg peak that is
related to thicker nano particles. This indicates a particle coalescence of the gold NTs.

DETERMINATION OF THE LINEAR EXPANSION COEFFICIENT

The temperature-dependent shift of the Bragg peak allows us to calculate the linear expansion coefficient for
gold NTs along the [111] direction. It is measured with a closed-cycle cryostat setup available at the XPP-KMC-3
endstation at the synchrotron source BESSY II that allows the variation of the sample temperature from 20 to
350 K. From the Bragg Peak position the out-of-plane lattice constant in [111] direction is extracted and shown in
Figure S3. A linear fit yields the linear expansion coefficient of o = 1.49 - 1075 1/K.
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FIG. S3. The Temperature-dependent lattice constant is measured from 20 to 350 K and fitted to extract the linear
expansion coefficient a.
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6 | Conclusion and Outlook

In this dissertation, I presented my contributions to the fields of plasmon—exciton coupling and optical
excitation of gold nanoparticles from my time in the group of ultrafast dynamics of condensed matter
(UDKM) at the University of Potsdam.

The main findings and achievements can be summarised as follows:

e The vacuum fluctuations in plasmonic nanocavitites can become so strong that they can saturate
two-level systems.

* Saturation is directly connected to the coupling strength between plasmonic cavities and excitonic
two-level systems and becomes relevant when the coupling strength is on the order of the exciton
linewidth. In that case, the susceptibility of the two-level systems cannot be described via a
Lorentz oscillator. The work presents a modified expression that includes saturation.

 For small nanoparticles in a core—shell geometry with a plasmonic core and an excitonic shell,
the coupling strength is proportional to the square root of the surface to volume ratio. Thus, it
increases for decreasing particle sizes inducing for example stronger saturation effects.

* Sufficiently small nanoparticles can support strong coupling to single quantum emitters.

* A new way to tune the the plasmon resonance in coupled core—shell systems via layer-by-layer
deposition of polyelectrolytes enables precise control over the particles’ dielectric environment
and a direct revelation of the anticrossing.

* A model to precisely simulate transient spectra of gold—dye core—shell nanoparticles confirms
that the source of changes in the spectra after a pulsed optical excitation is heat that is generated
within the gold cores.

» Care must be taken when changing the size of an illumination spot to excite gold nanoparticles. An
increase of spot size can cause particle melting despite a contemporaneous decrease of excitation
intensity. This fact is rooted in the transition from three dimensional to one dimensional heat
diffusion for growing spot sizes.

Along with these highlighted findings, the thesis showed that recording extinction spectra of plasmon—
exciton systems to assess the coupling regime is potentially not sufficient. Separate measurements of
absorption and scattering spectra allow higher reliability since the two can exhibit different features. A
simple model of classical coupled oscillators was introduced to explain these differences. Moreover,
the thesis documents the direct observation of the breathing modes of gold nanoparticles after optical
excitation with time resolved X-ray diffraction measurements.
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6 Conclusion and Outlook

These findings were presented in six scientific articles which constitute the work’s scientific core. In
order to make the work better accessible for researchers which are new to this field or future students
in the UDKM, the articles were accompanied by a comprehensive introduction into their theoretical
and methodological fundamentals. The work provided a thorough description of localised plasmons,
excitons in J-aggregates and the coupling between the two. Localised plasmons and their features were
discussed for metal nanospheres, nanoellipsopds and core—shell systems that are small compared to the
wavelength. For larger particles, the modified long wavelength approximation was discussed. Localised
plasmons were identified as collective oscillations of the free electrons in metal nanoparticles with
resonances in the visible range. These resonances are accompanied by strong electric field enhancements
and are localised to the direct vicinity of the particles. The resonances can be tuned via the environment,
the particle material or its shape. The work introduced J-aggregates and their properties generated
by the delocalisation of the electric excitations. The emission and absorption of J-aggregates are
red-shifted, very sharp and exhibit hardly any Stokes shift. Their enhanced transition dipole moment
makes J-aggregates excellent candidates for strong plasmon—exciton coupling systems. The nature of
this kind of light-matter coupling was explained including features like energy level splitting and Rabi
oscillations. For accurate simulations of the spectra of plasmon—exciton core—shell systems, precise
models of the permittivity were presented.

The theoretical introduction was followed by a presentation of the experimental methods that were
employed for the articles. This method part presented technical details of nanoparticle coating with
TDBC together with techniques of particle deposition on substrates. Layer-by-layer deposition of
polyelectrolytes also allows the tuning of the plasmon resonance and hence enables the revelation of
the anticrossing of coupled core—shell particles. The samples were eventually investigated by linear
spectroscopy methods, pump-probe spectroscopy, X-ray diffraction and surface enhanced Raman
spectroscopy. These techniques were introduced in the last part of the methods section.

Future prospects: The core—shell nanoparticles bear great potential for future experiments. The
simplicity in the fabrication process, the tunability of the plasmon resonance thanks to layer-by-layer
deposition, the control of the particles on substrate and the tunability of the coupling strength via the
particle size, all these features make the gold—-TDBC core—shell particles a great model system for
fundamental research of light—matter coupling on the nanoscale.

With its main focus on ultrafast dynamics of condensed matter, the UDKM’s natural next steps are
deeper invesigations of the transient behaviour of the particles, also at time scales below 100fs. For
this work, I investigated the effects of optical heating in strongly coupled core—shell nanoparticles.
The coupling gives rise to Rabi oscillations on a time scale around 10fs and it would be an interesting
challenge to resolve these and investigate for example their dependence on the particle size. As a
first step, we recently constructed a nonlinear optical parametric amplifier (NOPA) [176] generating
broadband laser pulses with durations around 10fs. In near future, we hope to be able to conduct
pump—probe experiments that allow the observation of Rabi oscllations. Furthermore, the core—shell
particles with resonances in the infrared presented in Chapter 4 might come handy for such experiments
at the octave spanning ultrafast laser FEMTOSOURCE rainbow that generates infrared laser pulses with
pulse lengths of 7fs. Also there, pump—probe experiments bear the potential of intriguing results.
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The discovery of vacuum induced saturation (VISA) gives rise to further questions and investigations.
Article III argued that the shell mode that was predicted in previous publications [93, 168] does not
occur (at our conditions) since it has not been observed experimentally. But the mode might as well
not be optically active or hidden beneath the polariton modes. We would like to exclude these options
by electron energy loss spectroscopy (EELS) which enables highly localised spectral investigations of
the core—shell particles. First tests have been conducted and EELS will hopefully be able to support
our hypotheses. VISA also implies non-linearities in two photon experiments even in the absence of
strong coupling. Such non-linearities could for example be investigated in single particle pump—probe
experiments combining ultrafast laser pulses with microscopy techniques.

Also the field of optical heating in plasmonic nanostructures is filled with open questions. A very
interesting one is that of the role of heat in plasmon assisted catalysis. There is an ongoing debate if
chemical reactions on gold nanoparticles are heat induced or driven by plasmon generated hot electrons
and holes [177-179]. Plasmonic nanostructures could be equipped with appropriate marker molecules
via etching, DNA origami or colloidal techniques. Surface enhanced Stokes and Antistokes Raman
spectroscopy would then allow selective temperature measurements [180] of the marker molecules to
assess the role of heat in plasmon assisted catalysis.

These are a few of many ideas how research on plasmon—exciton coupling and optical heating in gold
nanoparticles can be pursued. In general, gold nanoparticles have proven to be versatile building blocks
in forthcoming technologies in various fields of applications. Currently, gold nanoparticles are mostly
investigated for fundamental research to which also this work is intended to contribute its share. Yet,
in the near future, more and more application based studies will pave the way to a potentially golden
future.
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