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Abstract

This thesis covers two topics of the still emergent field of plasmonics. On the one hand
we make use of the interaction of particle plasmon resonances to create 2D as well as 3D
complex plasmonic structures which show radically different optical properties than the
individual building blocks do. On the other hand we utilize the strongly enhanced local
electric field associated with plasmonic nanostructures for nonlinear optical processes.

In particular, we study the formation of Fano resonances in complex nanoparticles ar-
rangements. So-called plasmonic oligomers, that are highly symmetric arrangements of
metallic nanoparticles, are discussed in detail. These clusters support dark modes which
lead to pronounced scattering minima in their otherwise broad dipolar scatting peaks.
We demonstrate the amazing tunability of these clusters and the formation of higher
order dark modes. Moreover, we discuss the plasmonic analogue of electromagnetically
induced transparency (EIT) in 2D as well as 3D arrangements of metallic nano-bars.
We show that such 3D particle groupings are capable of encoding their 3D arrangement
in well pronounced and unique optical spectra. We thus envision that our structure
can serve as a three-dimensional plasmon ruler enabling the optically determination of
three-dimensional arrangements on the nanoscale. Taking the concept of plasmonic EIT
one step further, we demonstrate that the destructive interference between normal plas-
monic modes, which leads to plasmonic EIT and decreased absorbance in the structure,
can be switch to constructive interference and thus enhanced absorbance. It can be
argued that this phenomenon is the plasmonic analogue of electromagnetically induced
absorbance (EIA).

What is more, we discuss the formation of optical chirality in 3D arrangements of metallic
nanoparticles which vastly outperform any naturally occurring chiral substances in the
strength of their interaction with an external light field. We deduce the prerequisites
for this strong response and demonstrate that only configurational chirality, that is
a handed arrangement of equally sized particles, leads to a strong plasmonic chiral
optical response. Compositional chirality, that is the use of different sized particles in
an unhanded arrangement, is not favourable. This finding is in contrast to chemistry
and molecular physics where a so-called chiral center, a carbon atom dressed with four
different ligands, is the archetype chiral building block. Moreover, we show that it is
possible to optically deduce the spatial arrangements of individual particles in these
structures, as chirality is an inherently 3D property. Furthermore, we will demonstrate
the formation of a strong and broadband chiral optical response upon the formation
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of charge transfer modes, that is, due to ohmic contact of the clusters constituents.
Finally, we demonstrate the plasmonic analogue of diastereomers, structures possessing
several chiral centers. We thus construct plasmonic composite structures consisting of
two different handed sub-units. We show that the optical response, in striking contrast to
their molecular counterparts, can be described in terms of fundamental building blocks.
The chiral optical response of such complex structures can thus be traced back to the
optical properties of the constituting elements.

Finally, we investiagte nonlinear optical processes in plasmonic and plasmonic-dielectric-
hybrid systems. In particular, we investigate third harmonic generation from dimer
nanoantennas and show that the nonlinear optical response, in contrast to common
belief, is not governed by gap nonlinearities but fully described by the linear optical
properties of the antenna. A simple nonlinear harmonic oscillator model is shown to
reproduce all experimental features. Moreover, we will discuss the selective filling of
bowtie nanoantennas with the χ(2) active material LiNbO3 and the nonlinear optical
response of this hybrid system. As an outlook we discuss the role of symmetries in
nonlinear optics and the perceived implications for nonlinear plasmon optics.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit zwei Aspekten der Plasmonik. Zum einen
machen wir uns die starke Wechselwirkung zwischen Partikel Plasmon Resonanzen in
benachbarten Metall Nanopartikeln für die Konstruktion von komplexen zwei- und drei-
dimensionalen Nanostrukturen zunutze. Diese plasmonischen Moleküle weisen kollektive
Eigenschaften auf, die sich massiv von den Eigenschaften ihrer Bestanteile unterschei-
den. Zum anderen nutzen wir die mit den Resonanzen verbundenen stark überhöhten
Nahfelder für nicht-linear optische Prozesse.

Wir untersuchen die Entstehung von Fano-Resonanzen in den Spektren so genannter
Plamonischer Oligomere. Diese Strukturen bestehen aus hoch symmetrischen dicht
gepackten Anordnungen einzelner Nanopartikel. Die entstehenden Partikelgruppierun-
gen unterstützen dunkle Moden, d.h. Moden die nicht direkt an ein externes Licht-
feld ankoppeln. Die Wechselwirkung dieser dunkeln Moden mit den direkt anregbaren
Moden der Oligomere führt zu Streu-Minima in den vormals deutlich ausgeprägten dipo-
laren Streu-Maxima. Des Weiteren demonstrieren wir die Formierung dunkler Moden
höherer Ordnung in komplexeren Oligomeren, so wie deren spektrale und strukturelle
Manipulation. Darüber hinaus diskutieren wir das plasmonische Analogon zur elektro-
magnetisch induzierenden Transparenz (EIT) in zwei- und dreidimensionalen Strukturen
aus individuellen Metall Nanodrähten. Wir zeigen, dass solche dreidimensionalen Grup-
pierungen in der Lage sind, ihre genaue räumliche Anordnung in ihre spektrale Antwort
einzuschreiben. Diese dreidimensionalen ”Plasmonenlineale” erlauben daher das optis-
che Auslesen von dreidimensionale Anordnung auf der Nanoskala. Wir zeigen, dass sich
das Konzept der plasmonischen EIT durch gezielte Manipulation der Kopplungsphase
erweitern lässt. Im Falle der EIT führt die destruktive Interferenz von Normalmoden
zu einer deutlichen Reduzierung der Absorption im System. Durch Manipulation der
Phasenlage zwischen diesen Moden lässt sich die destruktive in konstruktive Interferenz
verwandeln und man beobachtet eine verstärkte Absorption im System. Diese Struktur
kann daher als das plasmonische Analog der elektromagnetisch induzierenden Absorp-
tion (EIA) angesehen werden.

Darüber hinaus diskutieren wir die Formation einer ausgeprägten chiral optischen Antwort
in dreidimensionalen Anordnungen von Metall Nanopartikeln. Wir zeigen, dass nur
eine händige Anordnung gleicher Partikel zu einer chiral optischen Antwort führt. Die
Anordnung unterschiedlicher Partikel an einem nicht-händigen Gerüst zeigt im besten
Falle eine schwache chiral optische Antwort. Dieses Verhalten ist überraschend, da
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dies die vorherrschende Bauvorschrift für molekulare chirale Strukturen ist. In einem
so genannten asymmetrischen Zentrum sind an ein zentrales Kohlenstoffatom vier un-
terschiedle molekulare Gruppen gebunden. Diese asymmetrischen Zentren bilden das
Fundament der Mehrheit aller chiralen Moleküle und deren chiral optischen Antwort.
Weiterhin zeigen wir, dass sich chirale Partikel-Gruppierungen hervorragend eigenen,
um die räumliche Position einzelner Bestandteile optisch abzufragen. Die Formation
von so genanten Ladungstransfer-Moden in komplexen chiralen Anordnungen führt zu
einer breitbandigen und extrem starken chiral optischen Antwort. Weiterhin diskutieren
wir komplexe plasmonische Strukturen mit mehreren chiralen Zentren. Die chiral op-
tische Antwort der Strukturen lässt sich aus elementaren Bausteinen zusammensetzten,
d.h., die komplexe Antwort kann auf die Antwort der Bausteine zurückgeführt werden.
Dieses Verhalten steht im starken Widerspruch zur Molekülphysik, da die chiral optis-
chen Eigenschaften der analogen Molekülesysteme, die aus mehreren asymmetrischen
Kohlenstoffatomen bestehen, nicht auseinander vorhergesagt werden können.

Der letzte Teil der Arbeit widmet sich nichtlinarer optischer Prozesse in plasmonis-
chen und plasmonisch-dielektrischen Hybridsystemen. Im Speziellen untersuchen wir
die Erzeugung der dritten Harmonischen von Dimer Nanoantennen. Da diese Systeme
eine starke Feldüberhöhung zwischen den Partikeln zeigen, wird im Allgemeinen er-
wartet, dass die nichtlineare Antwort von den Feldern zwischen den Partikeln dominiert
wird. Im Widerspruch zu dieser Erwartung beschreibt ein einfaches harmonisches Oszil-
latormodell mit kubischer Störung das dritte Harmonische Signal in spektraler Position,
Form und Amplitude einzig aus der Kenntnis der linearen Antwort. Darüber hinaus
diskutieren wir das selektive Einfüllen von LiNbO3 Nanokristallen in den Zwischen-
raum von Dimer Nanoantennen und untersuchen die nichtlinear optische Antwort dieses
Hybrid-Systems. Als Ausblick diskutieren wir den Einfluss von Symmetrien auf nicht-
linear optische Phänomene und die mögliche Konsequenzen für die nichtlinare Plasmon
Optik.
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1. Introduction

1.1. A Brief Histrory & Introduction to Plasmonics

If light impinges on a noble metal nanoparticle it will excite harmonic oscillations of the
quasi-free conduction electrons with respect to the fixed ionic background. The periodic
charge displacement will give rise to local electric fields, see figure 1.1. The main benefit
afforded by such a plasmonic nanoparticle is its astonishing ability to confine far-field
energy into deep subwavelength volumes, which can not be achieved with dielectrics
due the fundamental laws of diffraction. The local electric fields can thus significantly
surpass the incoming field strength.

The first detailed study on the optical properties of metal nanoparticles and thin films
was performed by Michael Faraday and published in 1857 [1]. An astonishing insight was
already gained at the time, yet not all conclusions withstood time & further research.
As it makes a fascinating reading experience, here is an excerpt from the abstract of the
manuscript:

”Conveiving it very possible that some experimental evidence of value might
result from the introduction into a ray of separate particles having great power
of action on light, the particles being at the same time very small as compared
to the wave-lengths, I sought amongst the metals for such. Gold seemed espe-
cially fitted for experiments of this nature, because of its comparative opacity
amongst bodies, and yet possession of a real transparency; because of its de-
velopment of colour both in reflected and transmitted ray; because of the state
of tenuity and division which it permitted with the preservation of its integrity
as a metallic body; because of its supposed simplicity of character; and because
known phenomena appeared to indicate that a mere variation in the size of
its particles gave rise to a variety of resulting colours. Besides, the waves of
light are so large compared to the dimensions of the particles of gold which
in various conditions can be subjected to a ray, that it seemed probable the
particles might come into effective relations to the much smaller vibrations
of the ether particles; in which case, if reflexion, refraction, absorption, &c.
depended upon such relations, there was reason to expect that these functions
would change sensibly by the substitution of different-sized particles of this
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Figure 1.1.: If an external light field with electric field ~E and wavevector ~k is incident on a
noble metal particle collective oscillations of the quasi-free conduction electrons can be excited.
The periodic displacement of the electron cloud with respect to the fixed ionic background of
the particle will cause local electric fields in the vicinity of the particle. This confinement of
energy into deep subwavelength volumes leads to a significant local field strength which can,
at least potentially, exceed the incoming one by orders of magnitude.

metal for each other. At one time I hoped that I had altered one coloured ray
into another by means of gold, which would have been equivalent to a change
in the number of undulations; and though I have not confirmed that result as
yet, still those I have obtained seem to me to present a useful experimental
entrance into a certain physical investigation respecting the nature and action
of a ray of light. I do not pretend that they are of great value in their present
state, but they are very suggestive, and they may save much trouble to any
experimentalists inclined to pursue and extend this line of investigation.”

Robert Wood discovered another intriguing plasmonic phenomenon in 1902 [2]. In study-
ing reflections from metallic gratings he found spectral features he could not explain,
later turning out to be surface plasmon resonances excited in the gratings [3]. In 1904
James C. Maxwell Garnett developed a model to describe the colours of metal doped
glasses based on the Drude theory of metals [4]. Further pushing the field, Gustav Mie,
inspired by Faraday’s earlier work, derived analytical solutions for light scattering from
small spherical particles in 1908, a description which is not restricted to metals [5]. R.
Gans generalized Mie’s work in 1912 to elliptically shaped particles [6]. The excitation
of collective oscillations of conduction electrons, excited by fast electrons passing trough
a thin metal film, was first discussed by David Pines [7] and Rufus Ritchie [8], being
termed a plasmon. In 1970 Uwe Kreibig and Peter Zacharias reported the exciation
of particle plasmon resonances in spherical gold and silver nanoparticles, measured by
electron energy loss spectroscopy (EELS) [9]. Another important breakthrough was re-
ported by Andreas Otto [10] as well as Erich Kretschmann and Heinz Raether [11] in
demonstrating the ability to excite the non-radiative surface plasma waves optically. The
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first application, which has by no means diminished in its potential and the fascination
it evokes, is surface enhanced Raman scattering driven by plasmon excitations on rough
surfaces [12], a process not fully understood to date.

Even so this concept appears to be fairly obvious, the optics of metal nanoparticles, or
plasmonics, has proven to be a fascinating field of research. The strong local fields allow
for a multitude of applications (each of which could easily fill an entire thesis, thus, only
a brief introduction and a number of references are given, original research articles as
well as reviews, for further reading):

• One of the first and most intuitive applications is plasmonic sensing. Due to the
strong field confinement [13,14], the particle plasmon resonance is very sensitive to
the local refractive index of the surrounding medium. A change in the refractive
index can be traced by a spectral shift of the resonance position, accompanied by a
potential modification of the resonance line shape [15–22] . Obviously, a plasmon
sensor is only sensitive to a change in refractive index and is thus ”blind” to the
actual cause. For specific sensing, e.g. for glucose sensing, it is thus necessary
to functionalize the system in order to be only sensitive to the desired analyte .
However, this problem has been tackled in numerous publications and amazing
progress has been made in terms of sensitivity as well as specificity [23–28], even
going towards single particle based sensing strategies [29], and molecular finger-
print vibrational spectroscopy [30–32].

• Another major research area is connected to material design. A plasmonic reso-
nance in a particle can be manipulated by the particles size and shape. It has been
demonstrated that, e.g., a U-shaped structure, called a split ring resonator (SRR),
can support a plasmonic mode associated with a ring current and thus an induced
magnetic dipole moment [33]. This magnetic dipole moment will oscillate at light
frequencies, far outperforming any naturally occurring magnetic phenomena which
are no longer relevant at these high frequencies [34]. The ability to structure ma-
terials at subwavelength scales and create resonances at nearly arbitrary spectral
positions has let to the theoretical predication as well as experimental realization
of materials with unique properties. Many so called effective media with arbitrarily
designable permeability and permittivity have been suggested to create materials
with, e.g., negative refractive index [35–45]. Another field within this context is
transformation optics [46–48]. Here, one again makes use of designable permeabil-
ity and permittivity in order to create materials with certain unique functionalities.
Instead of creating a lens by changing the shape of a piece of glass, one can struc-
ture the refractive index in order to guide the light through the materials as if it
would have passed an ordinary lens [49]. This concept allows to nearly arbitrarily
guide the flow of light. The most prominent and compelling example, after all,
might be optical cloaking [46,47,50–63].
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• Plasmonics allows to draw compelling analogies to molecular physics. The proper-
ties of molecules are determined by their composition as well as their configuration,
that is, by the number and kind of atoms as well as by their spatial arrangement.
Both determine how the electron wavefunctions mix and hybridize giving rise to
new, collective molecular orbitals [64]. In case of plasmonics, the local electric
fields take the role of the electron wavefunctions in mediating the coupling be-
tween adjacent plasmonic nanoparticles. If two or more plasmonic nanoparticles
are brought into close proximity, the modes of the individual particles will mix and
hybridize giving rise to new collective modes, thus forming plasmonic molecules.
The concept of plasmon hybridization has been introduced by Nordlander and co-
workers in 2003 and has stimulated a tremendous amount of research interest [65].
In contrast to molecular physics, the coupling strength can be easily manipulated
by the interparticle distance. Similarly, the spatial arrangement of the particles
can be chosen at will to create any plasmonic molecule imaginable [66–86], even
as metallic strands in photonic crystal fibers [87].

1.2. Outline

This thesis will mainly cover two topics of the still emergent field of plasmonics. On
the one hand we will make use of the interaction of particle plasmon resonances to
create 2D as well as 3D complex plasmonic structures which show radically different
optical properties than the individual building blocks do. In particular, we will study
the formation of Fano resonances in complex nanoparticles arrangements as well as
plasmonic chirality, which vastly outperforms any naturally occurring chiral substance
in the strength of its interaction with an external light field. Moreover, we will make
use of the strongly enhanced near-fields for a number of nonlinear optical processes, in
particular third harmonic generation from dimer nanoantennas and second and third
harmonic generation from composite structures of gold antennas and nonlinear optically
active dielectrics.

Due to their rather different nature, each of the three main experimental chapters, which
are chapter 3 on Plasmonic Oligomers, chapter 4 on Plasmonic Chirality, and chapter 5
on Nonlinear Plasmon Optics, will feature its own ”Introduction” as well as ”Conclusions,
Summary & Outlook” sections.

The main outline is as follows:

• Chapter 2 will give a basic introduction to the utilized fabrication techniques,
which have been an indispensable prerequisite for the conducted experiments.

• Chapter 3 will introduce the concept of plasmon hybridization and discuss plas-
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monic coupling in simple geometries. Subsequently, plasmonic oligomers, that
are highly symmetric arrangements of metallic nanoparticles, will be discussed in
detail. It will be shown that they support dark modes which lead to pronounced
scattering minima in their otherwise broad dipolar scatting peaks. We will demon-
strate the amazing tunability of these clusters and the formation of higher order
dark modes. Moreover the chapter will discuss the plasmonic analogue of elec-
tromagnetically induced transparency (EIT) in 2D as well as 3D arrangements of
metallic nano-bars. It will be shown, that such 3D particle groupings are capable
of encoding their 3D arrangement in well pronounced and unique optical spec-
tra making them ideal candidates for so-called 3D plasmon rulers. Taking this
concept one step further, we will demonstrate that the destructive interference
between normal plasmonic modes, which leads to plasmonic EIT and decreased
absorbance in the structure, can be switch to constructive interference and thus
enhanced absorbance. It can be argued that this phenomenon is the plasmonic
analogue of electromagnetically induced absorbance (EIA).

• Chapter 4 will discuss the formation of strong optical chirality in 3D arrangements
of metallic nanoparticles and deduce the prerequisites for this strong response.
What is more, it is possible to optically deduce the spatial arrangements of in-
dividual particles in these structures, as chirality is an inherently 3D property.
Furthermore, we will demonstrate the formation of a strong and broadband chiral
optical response upon the formation of charge transfer modes, that is, due to ohmic
contact of the clusters constituents. Finally, we will draw the plasmonic analogue
of the chemical concept of diastereomers, structures possessing several so-called
chiral centers. We will thus introduce plasmonic structures with multiple chiral
centers and study their optical properties.

• Chapter 5 will discuss in detail nonlinear optical processes in plasmonic nanos-
tructures. In particular, we will investigate third harmonic generation from dimer
nanoantennas and show that the nonlinear optical response, in contrast to com-
mon belief, is not governed by gap nonlinearities but fully described by the linear
optical properties of the antenna. A simple nonlinear harmonic oscillator model is
shown to reproduce all experimental features. Moreover, we will discuss the selec-
tive filling of bowtie nanoantennas with the χ(2) active material LiNbO3 and the
nonlinear optical response of this hybrid system. As an outlook we will discuss the
role of symmetries in nonlinear optics and the perceived implications for nonlinear
plasmon optics.
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2. Fabrication Techniques

2.1. Introduction

Electron-beam lithography based techniques allow fabrication of nearly arbitrarily shaped
structures in two dimensions, utilizing layer-by-layer fabrication techniques it is as well
possible to realize quasi-three-dimensional systems. Hence, the technique is highly ver-
satile and has proven to be an indispensable prerequisite for the studies presented in
this thesis. The availability of high quality samples with high resolution features and
reliable and reproducible parameters has enabled the studies presented here.

Figure 1 depicts a selection of possible geometries fabricated using the techniques de-
scribed below. The panels (a) to (h) show two-dimensional structures typically made
of gold. Panels (i) to (o) show structures fabricated in multi-layer exposures. The
Structures of panesl (i) and (j) are as well two-dimensional, yet the structures consist of
two different materials (gold and aluminium in (i) and gold and palladium in (j)). The
structures of panels (k) to (o) are three-dimensional ones, the individual layers being
separated by a dielectric spacer. Overall, figure 2.1 shows the nearly limitless structuring
capabilities of electron-beam lithography (please note: all scale bars are 100 nm). For
more examples please see Appendix A.

The following chapter will give a short overview of electron beam lithography based
fabrication techniques. All samples studied in this thesis have been fabricated utilizing
the techniques described below.

2.2. Single-Layer Fabrication

The fabrication process is sketched in figure 2.2. After cleaning of the substrate (Suprasil,
Heraeus) a double resist layer (PMMA (Poly methyl methacrylate) 250 K, 2,5% & 950 K
1,5%, Allresit) is spin coated (5 s at 3000 rpm, 30 s at 8000 rpm) with intermediate and
final backing (5 min at 160°C). In order to ensure conductivity of the substrate we make
use of a conductive polymer that can be spin-coated and dissolves in water (Espacer,
Showa Denko, spin-coated at 5000 rpm for 1min, no baking). It is as well possible to use
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Figure 2.1.: Collection of SEM micrographs of structures fabricated by electron beam lithog-
raphy. All scale bars are 100 nm. Panels (a) to (j) depict planar structures, panels (k) to (o)
are stacked quasi-three dimensional structures. (a) Bowtie nanoantenna [88] (b) Split ring res-
onator dimer (c) Densely packed array of gold dots (d) Split ring resonator (e) Complex plas-
monic oligomer [78] (f) Three coupled plasmonic dipoles (g) Complex plasmonic oligomer (h)
Hepatmer with defect [89] (i) Split ring resonator material hetereodimer (made from gold and
aluminium) (j) Antenna structure for nanoantenna enhanced sensing (material hetereodimer
of gold and palladium) [29] (k) Chiral structure consisting of four different sized dots [90] (l)
Twisted spilt ring resonators (m) Four-layered structure of twisted L-shapes [91] (n) Complex
chiral plasmonic structure (o) Three-layered plasmonic analogue of double electromagnetically
induced transparency. [92]
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Figure 2.2.: Single layer electron-beam lithography processing. The main fabrication steps
involve the actual exposure of a double layered PMMA resist, development, metal evaporation,
and lift-off. For details please refer to the main text.

substrate coated with a thin film (∼10 nm, deposited by the Institut für Bildschirmtech-
nik) of indium tin oxide (ITO). Judging from experience, the results are overall of higher
quality, however, the high refractive index of the ITO (∼1.76 at 850 nm) is not benefi-
cial for the plasmonic performance of the nanostructures due to the associated resonance
red-shift. As a third possibility chromium can be evaporated on top of the resist layer
(∼2-5 nm), yet being rather time consuming. The chromium can be dissolved with com-
mercial chromium etching solutions, making it, however, incompatible with a number of
processes. The sample is afterwards exposed (Raith e Line, 20 kV acceleration voltage,
20µm aperture (∼130 pA current), curved elements step size 6 nm, curved elements dose
325 µC/cm2, area step size 6 nm, area dose 325 µC/cm2, line step size 2 nm, line dose
1500 pC/cm, settling time 1 ms, write field size 100× 100 µm2; these values are subject
to change and are only supposed to give a rough idea). After removal of the conduc-
tive layer (either the Espacer or the chromium) the samples are developed for 90 s in
a MIBK solution (Methyl isobutyl ketone, diluted 1:5 in isopropanol), the development
is stopped by placing the sample for 30 s in isopropanol. Evaporation of typically a
chromium adhesion layer and the gold film is performed by thermal evaporation. The
remaining resist and metal films are removed in a lift-off process (commercial remover
based on NEP (N-Ethyl-2-pyrrolidone), Allresist, 65°C, 2 h).

2.3. Multi-Layer Fabrication

Figure 2.3 depicts the main steps of multi layer processing for the fabrication of quasi
three dimensional structures. In order to prevent the structures of different layers to be
in ohmic contact and to be able to tailor the vertical distance between these layers, spin-
coatable dielectrics are utilized (PC403, JCR or IC1-200, Futurex). The substrate is first
coated with a dielectric spacer layer. The reason is twofold: Firstly, the refractive index
of the polymers are slightly different than the one of glass (nP C403 = 1.55, nglass = 1.5).
Secondly, experience has shown that the exposure parameters slightly vary depending
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whether or not the spacer layer is present, which might lead to different results for
the first and second layers. After spincoating of the first spacer layer (PC403: 5 s at
2000 rpm, 20 s at 4000 rpm, pre-bake by increase of the baking temperature from 90°C
to 130°C, hard-bake 30 min at 180°C) the first layer is exposed. A second spacer layer
is applied. In most cases it is crucial to ensure the ideal coupling distance between the
individual layers. This distance can be varied by varying the spacer layer thickness. The
thickness is mainly determined by two factors, which are the dilution of the polymer
in the solvent and the rotation speed during spin-coating. Adjusting both parameters,
and cross checking the results using a profilometer, allows for a reproducible tuning. In
order for the second layer to be positioned correctly with respect to the first layer, the
exact coordinate system of the first layer has to be re-found. However, this requieres
the alignment of three independent coordinate systems: The system in which the laser
interferometer stage is moving, the coordinate system in which the electron beam is
deflected, and the sample coordinate system. All these coordinate systems might have
shifts in the origin and exhibit angles between the main axes. Additionally, the electron
beam needs to be calibrated in magnification with respect to the length on the sample
surface. Note that the only reliable coordinate system is the one in which the laser stage
moves, thus it is the reference of all others. The procedure is now roughly as follows:
The electron beam is adjusted using the stage, ideally rendering both coordinate systems
identical. Now, the beam can be used to align the sample coordinate system, which
afterwards is ideally identical to the stage coordinate system. However, experience
has shown that this procedure is not reliable enough, mainly due to the inability of
the systems to reliably align stage and sample coordinate system down the required
accuracy of 10 nm. Therefore, we make use of a two-step marker system. Firstly, large
markers are used to determine the sample coordinate system, with a maximum error of
500 nm. Figure 2.4 (a) and (b) shows SEM micrographs of these cross-shaped marks
and (d) depicts an optical micrograph showing the individual write fields surrounded
by the large alignment marks. Each writing field is now equipped with inter-write-field
alignment marks, see figure 2.4 (c). The stage moves to the designated write field and is
not moved anymore before the exposure. Now, the inter-write-field alignment marks are
scanned, aligning the beam coordinate system with the sample coordinate system. Note,
there might be a misalignment between stage and sample, however, as the stage does
not move anymore before exposure, this is of no concern. Thus, we have eliminated the
need of aligning all three systems perfectly. Beam and sample, however, can be aligned
nearly perfectly by scanning the inter-write-field alignment marks. The accuracy of the
alignment between stage and sample coordinate system only needs to be good enough
to find the inter-write-field alignment marks (in the order of a few 100 nm). The second
layer is now exposed, developed, evaporated, and lift-off. A final PC403 layer is applied.
For additional layers, the procedure is repeated until the desired number of layers is
reached.
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Figure 2.3.: Multi layer electron-beam lithography processing. The main fabrication steps
involve the application of a spacer layer (here PC403), exposure of a double layered PMMA
resist, development, metal evaporation, and lift-off, application of a spacer layer, repetition of
exposure, development, metal evaporation, lift-off, and application of a final spacer layer. For
details please refer to the main text.
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Figure 2.4.: SEM and optical micrographs depicting the alignment marks used for multi layer
processing: (a) & (b) Large markers are used to roughly align the stage and sample coordinate
systems. (c) Each write-field is equipped with inter-write-field alignment marks enabling the
alignment of the electron beam and sample coordinate systems, eliminating the need for a
perfect alignment with respect to the stage. Two marks have been used for the exposure of the
second and third layer and are therefore covered by a layer of gold. A third one as not been
used and shows its double squared shape. The smaller structures on the right hand side are the
actual three-layered nanostructures. (d) Optical overview micrograph showing the individual
write fields with the inter-write field alignment marks (the small features in the corners) as
well as the large markers arranged around the write fields.
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3. Plasmonic Oligomers

3.1. Plasmon Hybridization & Plasmon Coupling in
Simple Geometries

If two or more metallic nanoparticles are brought into close proximity to one another,
the optical spectra of the composite structure can be radically altered. An intuitive and
straightforward concept of understanding the optical properties and deriving, at least
to first order, the resulting plasmonic modes is plasmon hybridization [65]. Figure 3.1
depicts the plasmon hybridization scheme for a nanoparticle dimer consisting of two
equally sized metallic nanorods. When brought into close proximity, the energetically
degenerate modes of the two individual nanorods mix and hybridize giving rise to two
new hybrid modes. One mode shows a parallel orientation of the dipole moments and
is termed the symmetric mode. This mode is lowered in resonance energy due to the
attractive interaction between the two induced dipole moments in the nanorods. The
other mode displays an antiparallel alignment of the dipole moments, thus being termed
the asymmetric mode. As the induced dipole moments repel each other, the mode is
raised in resonance energy. If the two particles are identical, only the symmetric mode
will be visible in the optical spectrum. In contrast to this mode, the asymmetric one
retains no dipole moment and is thus not optically excitable. Such modes are termed
dark modes, in contrast to bright modes. Note, however, that dark modes as well do
not radiate into the far-field, which significantly increases the life time of the resonance
and thus reduces its line width to the contributions of intrinsic damping, such as ohmic
losses [93].

Thus, when studying the gap-depended optical response of such a dimer, as shown
in figure 3.2, the spectrum will always, independent of the gap size, exhibit a single
resonance (when disregarding higher order modes). In case of well separated particles
no coupling takes place and the individual modes are excited and will, as they are
energetically degenerate, manifest themselves as a single resonance. When approaching
the particles, the coupling strength will increase, increasing the energetical separation
between the newly formed hybrid modes. However, still only one mode is visible, being
the symmetric one. This mode will red-shift for decreasing gap size, which is particularly
obvious for the structures with the smallest gap sizes. In the experiment shown in figure
3.2, already the structure with the largest gap exhibits significant near-field coupling,
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Figure 3.1.: Plasmon hybridization scheme for a nanoparticle dimer. When brought into
close proximity, the energetically degenerate modes of the two individual nanorods mix and
hybridize giving rise to two new hybrid modes. One mode shows a parallel orientation of the
dipole moments, termed the symmetric mode, the other exhibits an antiparallel alignment,
thus being termed the asymmetric mode. Due to attractive interaction between the induced
dipoles the symmetric mode is lowered in resonance energy, the asymmetric is raised due to
repulsive interaction.
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Figure 3.2.: Gap-size dependent experimental 1-transmittance spectra for a arrays of plas-
monic nano-rod dimers. When successively decreasing the separation, the coupling strength
increases, leading to a significant red-shift of the observed symmetric hybrid plasmon mode.
The antisymmetric mode does not manifest itself optically as it retains no resonance dipole-
moment. The spectra are shifted upwards for clarity. The scale bar is 100 nm.
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which can be seen as the resonance is re-shifted compared to the single rod. Note, that
the resonance amplitude has roughly doubled, as two particles are present.

For the experimental observation of the asymmetric mode, one needs to break either the
energetical and dipole moment degeneracy of the two initial modes, that is to construct a
hetereodimer [94], or utilize total internal reflection excitation, similarly to the excitation
of dark surface plasmon modes [95].

The plasmon hybridization scheme is not restricted to simple geometries such as plas-
monic dimers, but can as well be utilized for more complex structures, where the resulting
modes might no longer be as intuitive [80,85,96].

Figure 3.3 depicts experimental results for a more complex structure, that is, a chain of
individual nanoparticles with increasing length. Each of the particles supports two ener-
getically degenerate plasmon modes within the sample plan. A third mode is supported
vertically inside the particle, which is, however, strongly blue-shifted in comparison and
can thus be disregarded. When bringing the particles into close proximity collective
modes will form, depending on the length of the chain. Again, the symmetric mode is
the only one which is optically excitable. Note, that the chains theoretically support
a number of modes. Apart from the symmetric one, the dipole moments can alternate
along the chain. However, most of these modes are optically inactive as they do not
retain a dipolemoment. When increasing the length of the particle chain the excitable
mode for excitation along the particle chain (right column) will red-shift due to an in-
creased number of attractively interacting dipoles, see mode sketch at the bottom of
the Figure. The red-shift is nicely visible in the experimental spectra. However, ap-
proximately starting from a chain length of ten particles, the resonance does no longer
red-shift by addition of another particle, only the modulation of the resonance increases.
This behaviour indicates that the ”coupling length” of plasmonic near-field coupling is
limited. At one point, the particles at both ends will no longer communicate, adding
another particle at one end will not alter the spectral properties anymore, other than
increasing the overall dipole moment of the resonance. This behaviour has recently been
studied in detail for self-assembled particle chains from monomers to hexamers by an-
other group, indicating the same behaviour [97]. However, the saturation has only been
observed in theory and simulation. In the experiment only the onset of saturation is
visible as the particle chains reach a maximum length of six particles. When exciting the
particle chain perpendicular to its axis (right column of figure 3.3) the spectra show less
dependence on the chain length. The mode excited is again a dipolar one, however, now
the dipole moments within the particles are aligned in parallel, leading to a repulsive
interaction. Thus, the plasmon mode will undergo a blue-shift, which, however, is much
less pronounced.

A straightforward idea for a modification of the above experiment is shown in figure
3.4. Here, the chain has been ”bend up” to a circle, infinitely continuing the chain.
On first sight it is obvious that the spectral behaviour is significantly different for all
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Figure 3.3.: Experimental 1-transmittance spectra for arrays of particle chains of increasing
length from one to twelve particles, for excitation along (left column) and perpendicular (right
column) to the chain axis. The results demonstrate that plasmonic near-field coupling shows
a maximum interaction length as the red-shift of the dipolar modes saturates starting from
a chain length of ten particles. Literally speaking, the particles at the two chain ends do no
longer communicate with one another, thus it is of no consequence whether or not another
particle is added, only the modulation depth increases due to increased dipolemoment.
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Figure 3.4.: Experimental 1-transmittance spectra for arrays of nanoparticle rings with in-
creasing length (unpolarized excitation). In contrast to the particle chains no saturation effects
can be observed. The reason is the poor match of the symmetry of the excitation with the
high rotational symmetry of the rings.
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Figure 3.5.: (a) The energetic ground state of the circularly arranged particles and the
particle chain is a head-to-tail orientation of the individual dipoles. However, in contrast to
the chain mode, the mode of ring structure can not be excited by linearly polarized light. (b)
Representation of so-called cylindrical vector beams. One distinguishes two cases: For radially
polarized light the electric field is pointing radially outwards (or inwards, respectively). For
azimuthally polarized light electric field direction is lying on a circle.

shown structures, no saturation effects can be observed. In principle is not surprising
as the modes excited in the structure are defined by the geometrical arrangement of
the particles as well as by the symmetry of the exciting light field. In the limit of an
infinitely large circle, the circle will appear to consist of four chains of particles and
only in this case, saturation is to be expected. For smaller circles the mode will depend
on the relative orientation of the ”local chain axis” with respect to the external light
field. Thus, by increasing the number of particles, the near-field distribution will change.
The behaviour of such rings has been studied in a resent publication, with the authors
reporting very similar results [98].

The previous experiment shows that the exciation should match the structure in order
to observe best coupling. Figure 3.5 (a) depicts such a scenario. The energetical ground
state of the parcticle chain is the symmetric mode in which all dipole moments are aligned
in a head-to-tail sequence. Fundamentally, this is the reason for the fast saturation of
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the mode under increase of the chain length. For the circular arrangement the energetic
ground state is as well the head-to-tail configuration. However, this mode does not
retain any dipole moment and will thus not be excited. In order to excite the ground
state of the circular arrangement one can make use of so-called cylindrical vector beams
[99–103], which were utilized in plasmoncis [104,105], and are a key component for STED
(stimulated emission and depletion) microscopy [106]. In the focus of such the beam, the
state of light polarization is a function of position. One distinguishes two cases, radially
and azimuthally polarized light fields, cf. Figure 3.5 (b). In the first case the electric
field is pointing radially outwards (or inwards, respectively), in the latter the electric
field direction is lying on a circle. The azimuthally polarized light beam will excite the
fundamental mode of the ring, whereas the radially polarized light field will excite the
energetically highest dipolar mode (all dipole will repel each other, disregarding higher
order modes in the individual disks, such as quadrupolar excitations). Therefore, the
optical response of the circular structures should saturate much faster under excitation
with these light fields, similarly to the excitation of the particle chains with linearly
polarized light.

As discussed earlier, the observation of the antisymmetric mode in a plasmonic dimer
requires lifting the energetically degeneracy of the two initial mode, and in particular
different dipole strength, such that the antisymmetric mode retains dipole strength. Sev-
eral possibilities can be envisioned. One particular intriguing one is the use of different
materials and construct a material heterodimer. In particular in chemical synthesis it
is extremely challenging to assembly particles of different materials, and only very re-
cently first results have been reported [107]. However, other fabrication techniques allow
to manufacture such structures [108,109], for multi-layer electron beam lithography the
usage of different materials is even straightforward. Figure 3.6 depicts the experimental
results for split ring resonator (SRR) dimers with various relative orientations made from
gold (left column) and made of gold and aluminium (right column). When inspecting
the gold-gold structures one only observes a single resonance. In all cases the antisym-
metric mode retains no dipole moment and can not be observed optically. The different
energetical positions of the resonances are linked to the different coupling strength and
mechanisms with sensitively depend on the relative orientation of the SRRs. However,
the detailed analysis of this behaviour has been studied in detail earlier and is beyond
the scope of this section [96,110,111].

Due to the significantly lower density and atomic number of aluminium its secondary
electron emission is drastically lower than for gold. Hence, the tilted and normal view
SEM micrographs depicted in figure 3.6 show an excellently visible contrast between
the two materials, revealing the structure of the material heterodimers. Note that the
structures are nominally of same size, the apparent size difference most likely stems
from different penetration depths of the primary electron beam in the SEM. The optical
spectra clearly exhibit two resonances, the energetically lower one originates from the
symmetric, the higher one from the antisymmetric mode. In using structures of similar
size, yet made from materials with different plasma frequencies, the energetically degen-
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Figure 3.6.: Experimental spectra and SEM micrographs of SRR dimers, made from gold
(left column) and made from gold and aluminium (right column). The material heterodimers
show excellent material contrast in the SEM micrographs. The spectra of the gold-gold struc-
tures only exhibit a single resonance, originating from the symmetric mode. In breaking the
energetical degeneracy by using materials with similar size yet made from materials with dif-
ferent plasma frequencies, both modes appear in the far field spectra. The scale bars in the
insets are 100 nm, for the overview 500 nm.
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Figure 3.7.: Transmittance spectra for an open ring of nanoparticles with decreasing sep-
aration between the particles. The optical response changes dramatically with decreasing
separation. For the smallest separation the optical response resembles the response of a split
ring resonator, as shown in (b). (c) Sketches of the four fundamental modes of a split ring
resonator and the corresponding modes of the open ring structure. The open ring structure
does not support the lowest energy mode well, as no conductive coupling between the particles
is present. The higher order modes, with increasing number of current nodes, in contrast are
better supported. This behaviour explains the poor modulation of the first order mode in the
open ring structure. The scale bars are 100 nm.

eracy of the initial modes is lifted allowing for the far-field optical observation of the
symmetric and anitsymmetic mode.

All so far observed collective modes, that is, modes shared between several nanoparticles,
had quite similar character as the initial modes. However, coupling several nanoparticles
can lead to significantly modified optical spectra, as is demonstrated in figure 3.7. Five
nanoparticles are arranged in an open ring. Only a single dipolar resonance is observable
for a particle separation of ∼60 nm. It is caused by the dipolar plasmon mode of the in-
dividual disks. However, the optical response of the cluster is already anisotropic, as the
spectra are not identical for horizontally and vertically polarized excitation, indicating
that there is already some plasmonic coupling between the disks. When decreasing the
distance further, the spectra change dramatically. A strong broadening of the resonances
can be observed accompanied by the formation of several additional mode signatures.
For the smallest separation of ∼25 nm one clearly observes four plasmonic modes within
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the spectral window shown, two for horizontal and two for vertical excitation. The en-
ergetically lowest mode is excited for light polarized along the opening in the ring. The
second order mode, however, is exited for light polarized perpendicular to the gap, the
third one again for the polarization set along the gap and the highest energy mode for
excitation perpendicular to the gap.

The observed mode behaviour, in sequences of the modes and roughly as well for the
modulation depth of the resonances, is well know from a split ring resonator. The spec-
trum and an SEM micrograph of such a split ring resonator are shown in the figure 3.7
(b). Note that only the three lowest order modes can be seen, the fourth is outside of
the wavelength range, only the onset of the mode can be seen at the leftmost side. As
one can see, the five particles do indeed approximate the shape of a split ring resonator.
However, as no conductive connection is present between the individual nanoparticles,
the coupling and formation of the split ring resonator like modes is solely enabled by the
plasmonic near-fields and the associated displacement currents. This behaviour demon-
strates that the optical modes of an object as complex as a split ring resonator can be
constructed from individual and simple building blocks. These building blocks arranged
in an appropriate fashion, will couple and form collective modes. The nanoparticle ar-
rangement thus has properties which the individual elements do not have, thus showing
true collective behaviour.

When expecting the spectra closely, one finds that the lowest energy mode of the particle
ring is significantly weaker modulated than in case of the split ring resonator. This mode
in a split ring resonator is characterized by a strong magnetic moment which is induced
by a current flowing in the ring, see mode sketches in figure 3.7 (c). For the case at
hand, this ring current is significantly decreased in magnitude as there is no real current
in between the particles but only displacement currents. The higher order modes in
contrast are characterized by more complex mode structures. The first order one has no
current node, the second order has one, the third order two, and the fourth order mode
finally has three nodes, as shown in the mode sketches. These modes are thus better
approximated by the course geometrical approximation of a split ring resonator by only
five particles. One would expect that the modulation of the first order mode will be
increased when the ”meshing” is increased, that is, if more particles are used to from
the split ring resonator.

We would like to note that the results shown in figure 3.7 are the experimental analogue of
the so-called discrete dipole approximation [112–114]. Here, one theoretically describes
the response of a complex plasmonic object by replacing it with individual dipoles, for
which analytical solution for its radiative properties are known. In our case these dipoles
are the individual nanoparticles which as well only support dipolar modes, in contrast to
the split ring resonator. In both cases, for the experiment as for the theoretical model,
the results increase in quality with increasing number of dipoles.
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3.2. Plasmonic Heptamers & Oligomers

The above section as demonstrated that groupings of individual metal nanoparticles can
have intriguing optical properties which can be extremely different from the response
of the individual building blocks. Such structures have thus been termed plasmonic
molecules. In molecular physics the constitution as well as the configuration of the
molecules determines their properties. In contrast to molecular physics plasmonics allows
us to investigate nearly every possible arrangement of nearly arbitrarily shaped particles.
One particular arrangement has stimulated a plethora, in the true sense of its meaning,
of theoretical and experimental studies, the so-called plasmonic heptamer. It consists of
seven particles, one in the center, the other six placed around it in a hexagonal fashion.
Such a cluster supports a Fano resonance. Such a Fano resonance in general is caused
by the interaction of a continuum of states with a narrow resonance. In the plasmonic
case, a spectrally broad dipolar plasmonic resonance serves as the continuum of states,
whereas a plasmonic dark mode, that is a mode that does not couple to external light
fields, serves as the narrow resonance.

In order to investigate the evolution of the coupling behaviour in such a plasmonic hep-
tamer, the optical response of a series of nanoparticle oligomers with various interparticle
gap distances was evaluated. The interparticle gap distance g was decreased from 130
to 20 nm. For excitation of the structures, we used normal incident light with linear
polarization as shown in figure 3.8. The experimental spectra of the samples and their
corresponding SEM images are displayed in the same figure. The spectrum of the gold
monomer is plotted as a green curve in the bottom row. A single dipolar resonance is ob-
served around 700 nm (the curve is magnified by a factor of 5 for better comparability).
Turning toward the heptamer with a large interparticle gap distance (g = 130 nm), the
spectrum shows approximately the same behavior as the isolated nanoparticle due to the
well-separated nanoparticle configuration. As the interparticle gap distance is reduced
(g = 60 nm), a second peak starts to form around 800 nm. The two peaks are separated
by a pronounced dip. As the interparticle gap distance is further reduced toward g =
20 nm, the spectral features red shift successively. In the ringlike hexamer (g = 40 nm),
which we display for comparison (see the top black spectrum), the shorter-wavelength
peak around 700 nm is also present. In contrast to the heptamers, no pronounced dip is
visible in the hexamer. We rather observe a long and unstructured tail toward the long
wavelength region.

In order to analyze the underlying physics of the observed resonant coupling transition,
simulations were performed using a multiple multipole method, which is a semi-analytical
simulation theory based on Mie scattering [115]. The simulated field distribution is
described by a sum of distributed expansions, which are analytical solutions of Maxwell’s
equations, and the coefficients of the expansions are solved at the boundaries. Currently,
we cannot calculate truncated cones or consider the glass substrate within our multiple
multipole simulation. In the calculations, we therefore used gold nanospheres with a
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Figure 3.8.: Extinction spectra of a gold monomer, a gold hexamer, and gold hepatmers with
different interparticle gap separations. Spectra are shifted upward for clarity. (left column) The
experimental extinction spectra. (middle column) SEM images of the corresponding samples
with indicated interparticle gap distances. The scale bar dimension is 500 nm. (right column)
Simulated extinction cross-section spectra using the multiple multipole method. The gold
structures are embedded in air. The difference between the experimental and simulated spectra
is due to the presence of the glass substrate in the experiment and it is also partially due to the
assumption of a nanosphere shape for the trapezoidal nanoparticles in the simulation. In the
gold monomer and hexamer, dipolar plasmon resonances are observed. The transition from
isolated to collective modes is clearly visible in the different heptamers when decreasing the
interparticle gap distance. Specifically, a pronounced Fano resonance is formed as characterized
by the distinct resonance dip when the interparticle gap distance is below 60 nm. The presence
or absence of the central nanoparticle can switch on or off the formation of the Fano resonance.
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Figure 3.9.: Plasmon hybridization scheme for a heptamer. The structure can be decomposed
into two distinct subsystems, namely the center particle and the outer ring. Both support a
dipolar resonance each, which will mix and hybridize giving rise to two new collective modes.
The symmetric mode is characterized by an extremely large dipole moment due to the in
phase oscillation of seven individual dipoles, thus being termed the superradiant mode. The
antisymmetric mode possesses only a very small dipole moment, in the ideal case it even
vanishes completely, thus being termed the subradiant mode. Due to the huge spectral width
of the superradient mode, both modes spectrally overlap and their mutual interaction leads to
the formation of a Fano resonance in the spectrum of the heptamer.

diameter of 160 nm for the central particle and 150 nm for the six satellite particles.
The gold nanostructures were surrounded by air. An experimentally measured dielectric
function of gold was utilized in the simulations. Figure 3.8 as well presents the simulated
extinction spectra for different structures. It is apparent that the experimental results
show a good qualitative agreement with the numerical predictions. The overall red shift
of the experimental spectra with respect to the simulated spectra is due to the presence
of the glass substrate in the experiment. The difference between the experimental and
simulated results is also partially due to the assumption of a nanosphere shape for the
trapezoidal nanoparticles in the simulation. Nevertheless, all the main spectral features
including the distinct resonance dip are clearly predicted.

The plasmon hybridization model can again help us to understand the physics behind
the observed phenomenon. From a symmetry point of view the heptamer structure
can be decomposed into two separate systems. No symmetry operation allows for an
interchange of the middle particle with one of the ring particles, whereas the ring particles
are all degenerate as the can be transferred into one other by rotations around an axis
pointing out of the surface plane. Thus, for the optical properties the ring and the middle

46



particle can be viewed as individual subsystems. Both these systems support dipolar
type plasmonic resonances (we only need to consider these modes, as higher order modes
do not retain a resonance dipole and thus do not couple to the external light field). These
modes are sketched as the two initial modes of the composite heptamer in the energy level
diagram in figure 3.9. As there is significant attractive interaction between the dipole
moments induced in the ring, this mode is lower in resonance energy as compared to the
individual particle (please note that the sketch is only schematic. In reality the dipoles
will follow the ring shape of the particle arrangement and might even be split in direction
in the left- and right-most particles. However, for the fundamental working principle this
is of no concern.) If the two subsystems are brought together two new collective modes
will from. The net-dipole moment of the ring mode can either be in parallel (that is in
phase) or antiparallel (that is out of phase) with the dipole moment of the center dot.
The first one is lowered in resonance energy and retains a huge resonance dipole moment
as seven individual particles join together in an in phase oscillation. As a consequence,
the mode couples extremely well to an external light field and hence it is spectrally very
broad. Thus, the mode is termed the superradiant mode. The latter mode is raised
in resonance energy and the resonance dipole moment is significantly decreased in the
ideal case it the net dipole moment of the ring is even completely cancelled by the dipole
moment of the middle particle. This mode is therefore termed the subradiant mode. It is
spectrally narrow as its dephasing time is strongly prolonged due to its small resonance
dipole moment. The superradiant mode appears as a continuum of states, whereas the
subradiant mode is spectrally narrow. The superradiant mode is spectrally so broad
that it will overlap with the subradiant mode, causing a Fano resonance due to their
mutual interaction. This Fano resonance can be observed in the spectra of the composite
heptamer as the pronounced dip in the broad extinction peak caused by the superradiant
mode.

In order to gain further insight into the character of the resonances and to supstainate
the intuitive picture given above, field distributions at respective spectral positions are
shown in figure 3.10. In the hexamer structure, at spectral positions 1, 2, and 3, the
currents in the six nanoparticles always oscillate in-phase, manifesting the excitation of
the collective dipolar plasmon resonance in the ringlike hexamer. This mode is one of the
initial modes and the one sketched in figure 3.9. In inspecting the current distributions
(as given by the blue arrows) one sees that the sketch is indeed to schematic. Never-
theless, it catches the essence of the mode. For the heptamer structure, one observes
the formation of a bright superradiant collective mode and a dark subradiant collective
mode. For the superradiant mode, the oscillating plasmons in the seven nanoparticles
are in-phase (see field distributions at spectral positions 4 and 6), exhibiting significant
mode broadening due to radiative damping, whereas they are out of phase at spectral
position 5. These simulated near-field distributions have recently been experimentally
measured by scattering-type near-field optical microscopy [116].

It is worth mentioning that the peak position of the superradiant mode cannot be exactly
determined from the spectrum due to the presence of the resonance dip. Nevertheless,
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Figure 3.10.: Simulated field distributions for the gold hexamer and heptamer at the respec-
tive spectral positions (as indicated by the arrows in figure 3.9) using the multiple multipole
method. The blue arrows denote the current density, the colour bar in the background displays
the absolute value of the local electric field. It is notable that at spectral position 5 in the
heptamer, similar yet opposite oscillating plasmons are excited in the central nanoparticle and
the ringlike hexamer, thus leading to a subradiant mode. The destructive interference between
the subradiant mode and the broad superradiant mode results in the Fano resonance. In the
absence of the central nanoparticle, the nanoparticles in the hexamer always oscillate in phase,
leading to a collective dipolar mode.

48



the resonant behavior at positions 4 and 6 is a good indication for the superradiant mode.
For the subradiant mode, the net sum of the plasmon polarizations of the six satellite
nanoparticles oscillates oppositely with respect to the plasmon polarization in the cen-
tral nanoparticle (see field distribution at spectral position 5). The unique symmetry of
the heptamer allows for similar yet opposite dipole moments of the central nanoparticle
and the ringlike hexamer, thus leading to a narrow mode. The formation of the distinct
dip in the spectrum is due to the destructive interference between the narrow subradi-
ant mode and the broad superradiant mode, which is called a Fano resonance. Such a
Fano resonance is only observable in the presence of the central nanoparticle. In other
words, the central nanoparticle can be utilized to switch on and off the Fano resonance.
In the weak coupling region at g = 110 nm, the nanoparticles are relatively well sepa-
rated and the single resonance does not show an obvious spectral shift when decreasing
g. At 60 nm < g < 110 nm, the coupling between the nanoparticles becomes stronger
and the signature of the Fano resonance comes into existence. The dipolar plasmons of
the central nanoparticle start to hybridize with the plasmons of the ringlike hexamer,
leading to the formation of the subradiant and superradiant modes. Nevertheless, in
this intermediate coupling region, the superradiant mode, which is at a shorter wave-
length compared to the subradiant mode, does not have a broad enough line width to
substantially overlap with the narrow subradiant mode. As a result, the Fano resonance
manifests itself as an asymmetric kink at the right shoulder of the superradiant mode
(for example see g = 90 nm). At 20 nm < g < 60 nm, the nanoparticles in the heptamer
experience strong coupling and form collective plasmonic modes. Due to the strong in-
phase plasmon oscillation in the seven nanopaticles, the superradiant mode undergoes a
significant broadening and a spectral red shift, while the subradiant mode remains nar-
row. Consequently, the superradiant mode has a broad enough spectral profile to overlap
with the subradiant mode. The conditions of the destructive interference effects are thus
sufficiently fulfilled, giving rise to amore pronounced Fano resonance (for example see g
= 20 nm). In essence, the interparticle gap distance substantially dictates the transition
from isolated to collective modes and plays a crucial role for the formation of the Fano
resonance in the plasmonic heptamer. It is noteworthy that the line width of the Fano
resonance is essentially determined by the intrinsic damping in the metal and the net
dipole moment of the subradiant mode. Reducing losses in the metal and optimizing
the structural parameters to obtain a reduced net dipole moment are the keys to achieve
darker Fano resonances all the way toward electromagnetically induced transparency
(EIT)-like resonances. In particular, the field distribution at spectral position 5 (at the
Fano dip) reveals significantly enhanced near-fields as compared to spectral positions 4
and 6 [117]. These strongly enhanced near-fields open a number of applications utilizing
heptamer and oligomer structures, such as plasmonic sensing [76], SERS [118], or ma-
nipulation of the modes with dielectric particles placed inside the regions of enhanced
field strength [119].

It is noteworthy, that all of the above discussion has focussed on only a fraction of the
modes that are excitable in a heptamer. Each of the seven individual particles supports
two energetically degenerate modes in the substrate plane (for our dots the vertical one
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Figure 3.11.: Symmetry adapted basis functions of heptamer planar dipoles generated by
using the D6h point group. Only the E1u panels contain modes with finite dipole moments.
Adapted from reference [120].

mode is strongly blue-shifted), which should lead to a multitude of modes. However,
it is already intuitively clear that quite a number of these modes do not retain dipole
moments and are thus optically inactive, rendering them not interesting for experimental
studies. From a theoretical standpoint they are extremely interesting and a number of
theoretical publications have focused on these modes. The concept of heptamers has
been introduced by Nordlander and co-workers in 2009 [120]. Already in this very first
publication the modes of the cluster, or rather one of the irreducible representations of
the basic mode set [121–123], were given. Figure 3.11 depicts these modes for the ring
structure as well as for the central particle. The modes have been deduced considering
the symmetries of the cluster (rotations by 60°, 120°, 360°, etc.). For each symmetry
operation a mode can be found, as indicated by the symmetry group given in the corners
of the mode images. Only a very limited number of these modes have a dipole moment
and can hence directly couple to an external light field.

So far we have only considered the fully symmetric heptamer and have found that the
heptamer shows truly collective behaviour. However, one can now ask oneself what is
the influence of the individual nanoparticle on this collective response.

We first study the contribution of an individual nanoparticle in the outer ring to the
collective behavior of a plasmonic heptamer. One of the satellite nanoparticles is suc-
cessively decreased in size until it diminishes completely. The experimental extinction
spectra and corresponding SEM images of the structures are shown in figure 3.12. The
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Figure 3.12.: Experimental extinction spectra of the defective heptamer structures in depen-
dence on the defect particle size. The spectra are shifted vertically for clarity. The measured
extinction spectra are characterized by red and black curves for the horizontal and vertical
polarizations, respectively. Right: Normal-view SEM images of the corresponding structures
with indicated defect particle sizes. The scale bar is 400 nm. A successive overall blue-shift of
the spectra can be observed for both polarizations. The blue-shift in the vertical polarization
is stronger than that in the horizontal polarization.
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diameter of the target satellite particle is given below each SEM image. The introduction
of the defect nanoparticle gives rise to the drastic reduction of the structural symmetry.
The undisturbed heptamer belongs to the symmetry group D6h (C6v if the substrate is
considered), whereas the defective heptamer is of D1h = C2v symmetry (C1v = C1h = Cs

if considering the substrate). The defective heptamer has only one symmetry axis, which
is along the center and the defect particles. The experimental extinction spectra were
taken with the electric polarization parallel or perpendicular to this symmetry axis at
normal incidence. In the case of the perfect plasmonic heptamer (see the topmost struc-
ture in figure 3.12), the extinction spectra for the two orthogonal polarizations are nearly
identical, as is expected from the symmetry considerations. The slight deviations be-
tween the two spectra are likely due to fabrication tolerances in the experiment. The
distinct dip in extinction for each polarization, i.e., the Fano resonance, is due to the de-
structive interference between the superradiant and subradiant modes in the plasmonic
heptamer. More specifically, the dipolar plasmons in the center particle hybridize with
the dipolar plasmons in the outer ring nanoparticles, giving rise to a bright superradiant
and a dark subradiant mode. In the superradiant mode, all nanoparticles oscillate in
phase, leading to significant spectral broadening due to strong radiative damping. In the
subradiant mode, the plasmons in the outer ring nanoparticles and the center particle
oscillate anti-phase. The unique symmetry of the perfect heptamer allows for similar yet
opposite dipole moments in the outer ring and the center particle, hence leading to a
spectrally narrow dark subradiant mode. If the super- and subradiant modes spectrally
overlap, they can destructively interfere and form a Fano resonance. Its linewidth is
determined by the sharpness of the subradiant mode.

By subsequently introducing the defect, i.e., decreasing the size of one satellite nanopar-
ticle, a significant suppression of the superradiant profile linewidth is observable for both
polarization directions. This behavior can be related to the reduced dipole moment of the
superradiant mode due to the successive reduction of the target ring particle size. This
effect is polarization independent and can hence be observed in both spectra. Addition-
ally a blue shift of the Fano resonance can be observed. The shift for vertical polarization
is stronger than for the horizontal one. In order to understand the spectral character-
istics, the near-field distributions at the respective spectral positions of the structure
in which the defect nanoparticle is completely absent are presented in figure 3.13. We
use finite integration techniques to calculate the extinction spectra and the near-field
distributions at the respective spectral positions (CST Microwave Studio, Darmstadt,
Germany). The dielectric function of gold was taken from measured data [124]. In
order to account for the quartz substrate in the fabricated structure, the structure is
embedded in a homogeneous background material with effective refractive index n =
1.25. Since only in-plane modes are studied, the assumption of a homogeneous medium
is justified. For vertical modes the symmetry breaking due to the quartz air interface
would significantly alter the optical modes, which is not the case for laterally polarized
modes. For the excitation polarization along the defect line, the near-field distributions
display the horizontal mirror symmetry imposed by the geometry of the structure and
closely resemble the field-distributions of the undisturbed heptamer. The removal of the
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Figure 3.13.: Simulated electric-field distributions (z-component, normalized to the incom-
ing field strength) and extinction cross-section spectra of the structure without the leftmost
particle. Horizontal polarization: (A) Anti-phase plasmons are excited in the center particle
and the outer particles, in close resemblance to that of the fully symmetric heptamer structure
at the Fano resonance. (B) All nanoparticles oscillate in phase. Vertical polarization: (C)
Quadrupolar field distributions are observed in the center nanoparticle, effectively reducing
the attractive interaction and leading to the blue-shift of the Fano resonance with respect to
the symmetric case. (D) All nanoparticles oscillate in phase.

ring particle leads to reduced attractive interaction, explaining the observed blue shift.
As the local electric fields associated with the two ring particles along the excitation di-
rection are weak compared to the other five nanoparticles (compare figure 3.13 (A)), the
influence of its removal is minor. The observed decreased modulation depth of the Fano
resonance is due to the reduced dipole moment of the ring mode upon shrinking of the
defect satellite nanoparticle. In essence, removing an outer particle along the symmetry
axis at this polarization does not strongly influence the formation of the Fano resonance
as long as the net dipole moment of the outer ring can be effectively compensated by the
dipole moment of the center nano particle. For the excitation perpendicular to the defect
axis, the field distributions do not show any structural symmetry associated with this
axis. Interestingly, at spectral position C quadrupolar field distributions are observed
in the center nanoparticle as a result of the broken symmetry in the system. This leads
to a reduction of the attractive interaction, which effectively raises the resonance energy
and explains the observed strong blue-shift of the Fano resonance.

Our experiment shows that the broken symmetry crucially influences the optical response
of the plasmonic heptamer. Depending on the position of the defect relative to the light
polarization, the optical response of the oligomers strongly differs, validating the different
roles of individual particles on the collective behavior of plasmonic aggregates.

Next, we study the influence of the number of nanoparticles in the outer ring on the
optical properties of plasmonic oligomers. Figure 3.14 shows the experimental extinction
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Figure 3.14.: Experimental extinction spectra of the plasmonic oligomers in dependence on
the number of particles in the outer ring for horizontal polarization. The spectra are shifted
vertically for clarity. Right: Corresponding SEM images. The scale bar is 400 nm. The center
and ring particle diameters are 160 nm and 150 nm, respectively. The particle height is 80 nm.
A Fano resonance emerges when the number of ring nanoparticles is increased to three. By
further adding ring particles, its modulation depth increases and the resonance shape becomes
more symmetric.
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spectra and the corresponding SEM images of the plasmonic oligomers with different
numbers of particles in the outer rings. The ring and center particle diameters are
150 nm and 160 nm, respectively. The number of particles in the outer ring is varied
from two to six. The constituting particles are equally spaced for each structure. As
a result, the inter-particle distance decreases in the outer ring when more particles are
added.

In the case of the single center particle, a dipolar resonance can be excited. When
adding two parallel particles to the center particle, there is still a single resonance visible
which exhibits a broader linewidth due to a stronger dipole moment. When adding
a third particle, the signature of a Fano resonance comes into existence. By further
adding particles, the modulation depth of the Fano resonance remarkably increases
together with a slight resonance red-shift. In other words, the strength of the Fano
resonance can be manipulated by controlling the number of particles in the outer ring. By
changing the number of particles in the ring the coupling strength between the particles
becomes stronger and the overall number of interacting particles rises. Consequently
the dipolar mode of the outer ring is red shifting. As a result the hybridized super-
and subradiant modes formed by the red sifted ring mode and the central particle mode
are red shifted as well. This readily explains the overall shift of the spectra. The red
shift of the superradiant mode is stronger then the one of the subradiant mode, hence
decreasing the spectral detuning between the two. This manifests itself in an increasing
symmetry of the spectrum. The Fano dip is observed right in the center of the broad
superradiant mode when there is no detuning. Additionally the dipole moment of the
mode in the outer ring is increasing, making it comparable to the one of the center
particle. Matching the dipole moments of the outer ring and the center particle is the
key to generate a pronounced Fano resonance in the extinction spectrum. Evidently, by
carefully designing the structural symmetry, a Fano resonance can be already established
in a simple oligomer consisting of only four particles [75, 125, 126]. behaviour can be
ascribed to the interaction of two doubly degenerate E-modes, belonging to the C∞v

symmetry of the center particle and the C3v symmetry of the triangular ring, which
ensures both group theoretical and geometrical compatibility.

In order to gain further insight about the formation of a Fano resonance in the quadrumer
cluster we fabricated a distance dependent series. The experimental extinction spectra
and corresponding SEM images are shown in the left column of figure 3.15. The ring and
center particle diameters are 150 nm and 160 nm, respectively. The distance between
the center particle and the ring particles is varied between 25 nm and 115 nm. For large
gap sizes single-particle-like spectra are observed as the particles are not or only very
weakly coupled via the near-field to one another. For a gap size of 55 nm the signature of
a Fano resonance comes into existence. Its modulation depth is increasing for decreasing
distance. Strikingly, the Fano resonance vanishes completely when removing the center
particle from the 25 nm gap structure. The resulting trimer spectrum closely resembles
an isolated particle spectrum, indicating that the particles are only very weakly coupled.
The formation of a Fano resonance is hence only possible due to the coupling of the three
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Figure 3.15.: Left column: Experimental extinction spectra of quadrumers in dependence
on the interparticle separation and a reference trimer. The spectra are shifted vertically for
clarity. Middle column: SEM images of the corresponding structures, the gap between ring and
center particle is indicated below. For the largest distances one observes isolated particle-like
spectra. Below a gap size of 55 nm (green curve) the signature of a Fano resonance is clearly
observable. Its modulation depth increases with decreasing gap size. By removing the center
particle the Fano resonance vanishes. Right column: Simulated spectra for the experimentally
realized structures.
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Figure 3.16.: Simulated electric-field distributions (z-component, normalized to the incoming
field strength, horizontal polarization) and extinction cross-section spectra of a 20 nm gap
quadrumer as well as for the trimer obtained by removing the center particle of the quadrumer.
The simulated spectra agree very well with the experimentally obtained spectra of figure 3.15.
(A) The field distribution shows an out of phase oscillation of the center particle and the three
ring particles which is the signature of the subradiant mode. (B) All plasmons oscillate in
phase. Strong coupling between the particles is observed, as is expected for the signature of
the superradiant mode. (C) and (D) Only isolated plasmons are visible in the field distribution.
All plasmons oscillate in phase with no observable coupling.

ring particles to the center one. The ring particles are too far apart from one another to
efficiently interact via their respective near fields. This is in contrast to the heptamer
structure where the six ring particles can efficiently couple to one another. Upon removal
of the center particle the hexamer spectrum still shows evidence of coupling as it does
not resemble a single-particle-like spectrum. The right column of figure 3.15 shows the
simulated results of the experimentally realized structures. There is overall excellent
agreement between simulation and experiment.

Our interpretation is confirmed by extinction cross section and electric field distribution
simulations for a 20 nm gap size quadrumer as well as for a trimer which are shown in
figure 3.16. For the strongly coupled quadrumer one observes a well modulated Fano
resonance. The near field distribution at spectral position A shows a pronounced anti-
phase oscillation of the plasmons in the ring particles with respect to the center one
(subradiant mode). At the long wavelength extinction peak (spectral position B) all
particles oscillate in phase as is expected for the superradiant mode. In case of the
trimer all particles oscillate in phase and show only very weak mutual coupling (spectral
positions C and D). These observations confirm our finding that the collective behavior
of the quadrumer cluster is indeed mediated by the center particle alone. Removing it
leaves isolated particles showing nearly no near field coupling.

The center nanoparticle also plays a key role in determining the resonant behavior of
plasmonic oligomers. Figure 3.17 shows the experimental extinction spectra of a series
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Figure 3.17.: Experimental extinction spectra of the plasmonic octamers in dependence on
the center particle diameter for vertical (left column) and horizontal (right column) polariza-
tions. The center particle diameter is indicated in the corresponding SEM images. The scale
bar is 400 nm. The signature of the Fano resonance appears when the center particle diameter
is increased to 150 nm. The modulation depth is improved with increasing the center particle
diameter. The Fano resonance becomes more symmetric and the superradiant mode profile is
significantly broadened.
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of plasmonic octamers, where seven nanoparticles form the outer ring. The diameter of
the center particle is subsequently enlarged from 110 nm to 230 nm as shown in the cor-
responding SEM images. For the octamer with a missing center particle, one can observe
a broad resonance with a long and unstructured tail towards the longer-wavelength side.
A Fano resonance emerges as a kink on the right spectral slope when the center particle
diameter is increased to 150 nm. By further enlarging the center particle diameter, the
modulation strength of the Fano resonance becomes more pronounced, and the Fano
resonance gradually shifts to the red. Also, the resonance profile of the superradiant
mode is significantly broadened.

In fact, by increasing the center particle diameter, several structural parameters of the
octamer are changed simultaneously. First, due to the decrease of the interparticle dis-
tance, the coupling strength between the center particle and the ring particles increases,
rendering the formation of the super- and subradiant modes possible. For the cases
with center particle diameters smaller than 150 nm, the spectra closely resemble that of
the structure without the center particle. Starting from a center particle size of about
150 nm the signature of the Fano resonance comes into existence. This behavior shows
that the collective super- and subradiant modes have formed. The poor modulation
depth of the Fano resonance is hence caused by dipole moment mismatch between cen-
ter particle and the dipolar ring mode rather than by insufficient near field coupling.
Further increasing the center particle diameter and hence its oscillator strength leads to
a better match of the dipole moments. This increases the modulation depth of the Fano
resonance. In contrast to the heptamer, the dipole moments are no longer matched in
the octamer with equally-sized nanoparticles (see the green curve in figure 3.17). Sec-
ond, the resonance position of the center particle shifts to the red due to the increase
of the center nanoparticle diameter. This partially accounts for the overall red-shift of
the spectrum. Additionally, the red-shift of the center particle resonance reduces the
position detuning between the super- and subradiant modes, leading to a more sym-
metric Fano resonance in the spectrum. The strong spectral broadening is due to the
significantly increased overall dipole moment of the superradiant mode upon growth of
the center particle. The spectral differences between the two excitation polarizations
can be attributed to fabrication tolerances.

Finally, we show that breaking the symmetry of the heptamer by displacing the center
particle from its center position enables intriguing resonant behavior [120, 127, 128].
Essentially, using this scheme, one can study the consequence of symmetry breaking as
well as the formation of a true defect by physically bridging the center particle and one
ring particle. Figure 3.18 displays the experimental extinction spectra and 30°tilted view
SEM images. The nominal displacement d is indicated below each SEM image. When
the displacement is enlarged (the center nanoparticle is gradually displaced to the right,
see figure 3.18), more and more center particles within an oligomer array (100×100µm2

size) touch their adjacent ring particles.

For the incident polarization parallel to the displacement axis, a new pronounced reso-
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Figure 3.18.: Experimental extinction spectra of the plasmonic heptamer structures in de-
pendence on the lateral displacement of the center nanoparticle to the right for vertical (left
column) and horizontal (right column) polarizations. The nominal displacement d of the mid-
dle particle from its center position is given below the corresponding SEM images (middle
column). The scale bar is 400 nm. For the horizontal polarization, a strong new resonance
mode appears at a long wavelength and it gains in strength with increasing displacement. This
is due to the formation of a conductive bridge between the center particle and the adjacent
rightmost particle, which are clearly visible in the SEM images. The Fano resonance disappears
in the process. For the vertical polarization, the overall spectra are nearly unchanged.
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Figure 3.19.: Simulated electric-field distributions (z-component, normalized to the incom-
ing field strength) and extinction cross-section spectra of the heptamer structure, in which the
center particle is displaced by 10 nm towards the rightmost particle. Horizontal polarization:
(A) Dipolar plasmons excited in the dumbbell-like structure oscillate anti-phase compared to
those in the outer ring nanoparticles. Due to the strong mismatch of the resonance positions
as well as the dipole moments of the dumbbell-like structures and the outer ring, the Fano
resonance cannot be formed. (B) Fields are mostly confined in the dumbbell-like structure and
the plasmons oscillate in-phase with those in the outer ring nanoparticles. Vertical polariza-
tions: (C) Similar plasmon oscillations as those in a perfect heptamer at the Fano resonance
are observed. (D) All particles oscillate in phase.
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nance is visible at a long wavelength around 1250 nm. In order to elucidate the spectral
characteristics, field distributions at the respective spectral positions are presented in
figure 3.19. It is apparent that at resonance B strong dipolar plasmons are excited in the
dumbbell-like structure formed by the two touching particles. The neighboring isolated
particles mostly oscillate in phase. At this resonance, the spectral response is dominated
by the dipolar plasmons in the dumbbell-like particle, which exhibits strong local electric
fields as shown in Figure 3.19 B. The amplitude of resonance B increases with enlarging
the displacement due to the fact that more and more dumbbell-like structures are formed
in the array. SEM examination of the sample reveals that in the biggest displacement
case (see the topmost spectrum in figure 3.18), the dumbbell-like structure is formed
in nearly every heptamer in the array. The increasing displacement decreases the effec-
tive length of the dumbbell-like structure, thus giving rise to the observed blue-shift of
resonance B. The Fano resonance is subsequently smeared out by this long wavelength
mode and vanishes completely.

Interestingly, the field distributions at the extinction dip (see spectral position A in figure
3.19) still exhibit an anti-phase plasmon oscillation in the remaining five ring particles
and the dumbbell-like defect structure. Nevertheless, due to the strong spectral position
detuning and dipole moment mismatch between the defect particle and the ring particles,
no Fano resonance is established in this case. In contrast, for the incident polarization
perpendicular to the displacement axis, the spectra are mainly unchanged. Even though
the center and ring particle touch each other, nearly identical spectral features at the
original spectral positions are observed. The corresponding field distributions as shown
in figure 3.19 C and D validate that the plasmon configurations are nearly the same as
those of an undisturbed heptamer. Dark-field measurements based on single plasmonic
heptamers will be greatly helpful to reveal the effects of the conductive bridge [129–132]
by measuring individual structures with different touching junctions.

We have demonstrated the amazing tunability offered by the oligomeric design strat-
egy. However, the concept can be further extended. The heptamer is basically the
fundamental building block of a hexagonally densly packed array of particles. It is thus
straightforward to enlarge the cluster by adding particles according to the hexagonal
lattice.

In figure 3.20 we investigate the influence of adding a second outer particle ring to the
heptamer configuration. The scanning electron micrographs show the heptamer and
the two larger clusters belonging to the same symmetry group D6h. We compare the
measured 1-transmittance spectra (left column in figure 3.20) to calculated extinction
spectra obtained with Finite Integration Techniques (right column in figure 3.20, for
further technical details see Method Section).

The Fano dip in the heptamer spectrum (number of particles N = 7) resulting from
the interference of the spectrally broad superradiant and the narrow subradiant mode is
clearly visible (blue curve). The formation of the two collective modes is mediated via
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Figure 3.20.: Experimental 1-transmittance spectra (left panel) and simulated extinction
spectra (right panel) of the clusters (green and red curves) compared to the spectra of a
heptamer (blue curves). By adding a second ring to the heptamer the clusters support a 2nd

order Fano resonance (red arrows) as well as the fundamental Fano resonance (black arrows).
Only the fundamental dark mode is well modulated in the experimental spectra.
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the plasmonic near-fields, leading to in-phase oscillations of the plasmonic nanoparticles
(superradiant mode) and out-of-phase oscillation of center particle and ring particles
(subradiant mode). With increasing number of particles in the clusters (N = 13 and
N = 19) the overall dipole moment of the superradiant mode increases, resulting in an
increased radiative damping and thus a spectral broadening. In the experimental spectra
just one Fano dip is observable (indicated by the black arrows) which gradually shifts to
lower energies for the larger clusters. This results in a spectral detuning of superradiant
and subradiant modes, which is nicely confirmed by simulations.

In simulations, besides the fundamental Fano dip, a second Fano resonance is present
for the N = 13 and N = 19 clusters (red arrows). A second blue-shifted subradiant mode
interferes with the broad superradiant mode. The modulation depth of this resonance
is low, especially in the case of the N = 19 cluster, which makes it impossible to observe
it experimentally in our system. Only a slight kink is visible in the experiments. Us-
ing single crystalline instead of thermally evaporated gold would decrease the intrinsic
damping in the material and lead to a better modulation of the Fano resonances. [133]
Furthermore, decreasing the interparticle distance leads to an increased near-field cou-
pling and hence more pronounced resonances. Recent experiments show the realization
of sub-10-nm gap sizes employing new fabrication processes. [134]

In order to explain the appearance of higher-order Fano resonances [83, 135–137] in
the larger clusters we plot the near-field distributions at the spectral positions of the
Fano resonances in figure 3.21. We use plane-wave incidence with linear polarization
as indicated by the white arrow. For the N = 13 and N = 19 clusters two ring modes
are supported. Similarly to the heptamer case the particle plasmon mode of the center
particle hybridizes with the ring mode of the adjacent six nanoparticles, giving rise
to in-phase and out-of-phase collective modes. The outer ring, formed by the added
nanoparticles, supports a second ring mode. From the electric near-field distribution at
the Fano resonances we infer that hybridization of the outer ring mode with the dark
mode of the heptamer configuration leads to a lower energy 1st order and higher energy
2nd order dark mode. This corresponds to in-phase oscillation (top row in figure 3.20)
and out-of-phase oscillation of the two ring modes (bottom row in figure 3.21). These
two dark modes are shifted to lower and higher energy, respectively, due to attractive
and repulsive near-field interaction. Due to its large overall dipole moment the bright
mode is spectrally very broad, hence overlapping with both supported dark modes that
cause the two Fano dips.

By adding more particles to the outer ring (N = 19 versus N = 13 cluster) the 1st

order and 2nd order Fano resonances shift to lower energies, since the energy of the
outer ring mode is lowered due to attractive electric dipole interaction between adjacent
nanoparticles. Consequently, the hybridized 1st and 2nd dark modes are lowered in
energy which results in a spectral red shift. Also, the linewidth of the 1st order Fano
dip increases and the modulation depth decreases for the larger cluster, which can again
be understood by inspecting the field-distributions. The net dipole moment in the N =
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Figure 3.21.: Simulated electric near-field distribution (E-field component perpendicular to
the substrate plane normalized to the amplitude of the incident plane wave) of the clusters of
the fundamental dark modes (black boxes) and the 2nd order dark modes (red boxes). The
spectral positions are indicated by the arrows in figure 3.20. For all cases the center particle
oscillates out-of-phase with the adjacent particles building up the inner ring. For the 2nd order
dark mode also the outer ring oscillates out-of-phase with respect to the inner ring which is
not the case for the fundamental mode where all ring particles oscillate in-phase.
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13 cluster at the 1st order Fano resonance is lower than for the N = 19 cluster, where
the dipole moment of the in-phase oscillating ring particles dominates the out-of-phase
dipole moment of the center particle.

On the high energy side of the theory spectra we observe even higher-order excitations.
At these energies quadrupolar excitations in the nanoparticles become important. These
modes can no longer be easily understood in the dipolar model which we employed so
far.

We have seen that the addition of nanoparticles to a heptamer leads to the formation of
new collective modes that modify its spectra. Another possibility to enlarge the clusters
while keeping a high degree of structural symmetry is to elongate the cluster along one
of its axes, or, to phrase it differently, surround a chain of center particles with a ring of
outer particles. [138,139] Therefore we add 3, 6, 9, and 12 nanoparticles to the heptamer
configuration, hence elongating the cluster gradually in one direction. The structures
are depicted in figure 3.22. We calculate the extinction spectra for incident polarization
along the two symmetry axes as shown in figure 3.22.

For incident polarization along the long axis of the cluster (blue curves), no additional
Fano dip arises with increasing chain length. Surprisingly, the Fano resonance only shows
minor shifts in its spectral position by elongating the cluster. Hybridization of the ring
mode and the center particle chain mode leads to the formation of a superradiant mode
where all particle plasmons are in-phase and a subradiant mode where the center particle
plasmons are out-of-phase with respect to the ring particle plasmons (see figure 3.23).
Interference of these modes leads to the asymmetric dip in the blue spectra. For the
superradiant mode two spectral changes are observed for larger clusters. First, the width
of the superradiant mode is significantly broadened since the sum of the dipole moments
of all in-phase oscillating particle plasmons is increasing. Second, the mode shifts to
lower energies as the attractive electric dipole forces increase with adding particles to
the cluster.

When the incident light is polarized along the short axes of the clusters (green curves),
higher-order Fano resonances are observed. In figure 3.22 we label them with arrows and
denote them as 1st (black arrows), 2nd (red arrows), and 3rd (blue arrows) order. The
spectral position of the same-order Fano dips is shifted to lower energies for increasing
number of center particles. Compared to the perpendicular polarization the superradiant
mode is not significantly broadened and no energy shift is observed, indicating that
radiation damping and coupling forces in the collective bright mode are not largely
altered for incident polarization along the short axes of the plasmonic oligomer clusters.
It is noteworthy that an additional Fano resonance is only observed if the number of
center particles is uneven. In the case of the heptamer and the cluster with 2 center
particles, only one Fano dip is present, whereas for the clusters with 3 center particles a
second Fano dip is formed and for 5 center particles even a third Fano dip is observed.
The 1st and 2nd order dark modes are increasingly detuned from the bright mode in
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Figure 3.22.: Simulated extinction spectra of the elongated oligomers for horizontal (blue
curves) and vertical (green curves) incident polarization. The spectra are shifted for clarity by
an offset. For vertical polarization, with increasing number of particles the elongated oligomers
support besides the fundamental dark mode (black arrows) higher-order dark modes (2nd and
3rd order dark modes indicated by red arrows and blue arrow respectively). Changing the
polarization can switch on or off and tune the spectral position of the narrow Fano resonances.
For horizontal polarization higher-order subradiant modes are not observed.
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Figure 3.23.: Simulated extinction spectrum of the elongated oligomer with 3 center particles
for horizontal incident polarization. The black arrow indicates the spectral position of the
calculated near-field distribution at the Fano resonance. The center particle plasmons are
out-of-phase with respect to the ring particle plasmons. Only the fundamental dark mode
is supported for horizontal polarization. Similar field distributions are obtained at the Fano
resonance for the oligomers with 2, 4, and 5 center particles.
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Figure 3.24.: Simulated near-field distributions of the elongated oligomers for vertical polar-
ization at the spectral positions labeled in figure 3.22. Oligomers with A) three center particles
and B) four center particles supporting fundamental (1A and 1B) and 2nd order (2A and 2B)
subradiant modes. C) Oligomer with five center particles exhibits three subradiant modes.

larger clusters which makes the fundamental Fano dip barely visible in this case.

The difference in geometry of the clusters along their two symmetry axes causes a pro-
nounced anisotropy in the spectral response. Depending on the polarization direction
it is possible to switch Fano resonances on and off within the spectrum of the same
plasmonic system. In the case of the cluster with three center particles at the spec-
tral position of the Fano resonances (figure 3.24 A) the three center particles oscillate
out-of-phase with respect to each other. The low energy fundamental dark mode is an
in-phase oscillation of this mode supported by the center particles with the ring mode,
whereas the ring mode oscillates out-of-phase for the high energy 2nd dark mode. The
higher attractive forces in the case of the in-phase oscillation of the ring mode and the
mode supported by the center particles (1st dark mode) leads to a lowering of energy
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when compared to the out-of-phase oscillation in the case of the 2nd dark mode. The
situation is similar for the cluster with four center particles (figure 3.24 B). There, due
to mirror symmetry, the two innermost center particles form a synchronous pair which
oscillates out-of-phase with respect to the next left and right middle row particle. Again,
hybridization of this mode with the outer ring mode results in the formation of a fun-
damental and a 2nd order dark mode. The situation changes by adding a fifth center
particle. In figure 3.24 C, the field distributions of the three dark modes are depicted.
In the 1st and 2nd order mode the two left and two right middle row particles pair and
oscillate out-of-phase with respect to the center particle. This mode hybridizes with the
outer ring mode and results in the two collective dark modes shifted to lower and higher
energy due to attractive and repulsive near-field interaction. At the spectral position of
the 3rd order mode, the mode supported by the center particles is an out-of-phase oscil-
lation of all particles with respect to each other. It is remarkable that an antisymmetric
oscillation in the laterally aligned center particle chain can be excited without breaking
the symmetry and introducing any retardation into the system.

In the electric near-field distribution we observe that the contribution to the overall ring
dipole moment is dominated by the three left- and three rightmost ring particles. The
residual ring particles are only weakly contributing to the formation of the collective
dark modes. Therefore, in the following we consider plasmonic oligomers where we leave
out the residual ring particles. This strategy opens up the possibility to increase the
modulation depth and to shift the spectral position of the narrow Fano resonances. In
figure 3.25 we compare the spectra of the elongated chain oligomers (green curves) with
the oligomer clusters where we remove the upper and lower ring particles (red curves).
The modulation depth of the low-energy Fano resonance is very poor. It shifts to the red
upon increasing number of center particles and vanishes completely for the large cluster
with four central nanoparticles. Strikingly, the 2nd Fano resonance that first appears
for the cluster with 3 center particles is strongly modulated compared to the oligomer
chain cluster. Good cancellation of the net dipole moment and spectral overlap of dark
and bright mode is achieved in this case. Furthermore the Fano dip is shifted to higher
energies by removing ring particles compared to the Fano feature in the plasmonic chain
oligomer. This behavior is also observed for the cluster with 4 center particles, though
the 2nd order Fano resonance is broadened compared to the 3 center particle cluster.

In figure 3.26 we plot the simulated spectrum and near-field distributions of the cluster
with three center particles. The spectral positions of the first lower-energy and second
higher-energy dark modes are indicated with a black and red arrow, respectively. The
excited modes are similar to the two dark modes of the elongated chain cluster with
all ring particles (see figure 3.24 A), resulting from hybridization of the ring particle
mode with the center particles mode. Energetically, the two modes are shifted to higher
energies by removing ring particles. This is due to less attractive interaction via near-
field coupling between the plasmonic nanoparticles. The spectral feature of the 1st order
dark mode is nearly absent in the spectrum. The 8 in-phase oscillating particles create
a dipole moment which is only very weakly reduced by the out-of-phase oscillation of
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Figure 3.25.: Simulated extinction spectra for elongated oligomers with removed ring parti-
cles compared to extinction spectra of the chain oligomers. Leaving out certain ring particles
leads to higher modulation depth of the Fano resonance in the extinction spectra (red curves)
than for the elongated oligomers (green curves). Also, the spectral position is shifted to shorter
wavelengths.
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Figure 3.26.: Electric near-field distribution of the oligomer with three center particles and
missing ring particles. The spectral positions are labeled in the extinction spectrum. The 2nd

order subradiant mode is very pronounced since the overall dipole moment of the in-phase and
the overall dipole moment of the out-of-phase oscillating particles are matched. Contrarily,
the first order dark mode is barely visible in the spectrum since the absolute dipole moment
of the outer particles is overdominating the out-of-phase dipole moment of the center particle.

the center particle which makes the dipole moment comparable to the dipole moment
of the bright mode. Therefore, an asymmetric dip in the spectrum is barely visible at
this energy. In case of the unchanged chain oligomers the additional particles in the ring
further reduce the dipole moment (cf. the field distribution of figure 3.24 A) leading to
the Fano dip in the green spectrum. Yet, a very pronounced modulation of the 2nd order
Fano resonance is achieved by removing these upper and lower ring particles. This is due
to a very efficient reduction of the net dipole moment in this particle configuration at
this energy. Comparing the electric near-fields of the 2nd order dark mode in figure 3.26
with the field distribution in figure 3.24 A we deduce that the additional ring particles
tend to increase the overall dipole moment, which explains the lower modulation depth
of the Fano dip in the green curve compared to the Fano dip in the red curve of figure
3.25. Hence, leaving out certain ring particles leads to a shift in energy of the Fano
resonances and a tremendous increase of the modulation depth of the 2nd order Fano
resonance. We also would like to point out that by adding one particle to the two-center
particle cluster a narrow extinction dip at 800 nm opens up in the previously broad
extinction peak.

We have fabricated a series of clusters and compare them to the oligomer spectrum with
the polarization set along the short axes of the clusters. The experimental results are
shown in figure 3.27. The fundamental dark mode is only observed in the heptamer
spectrum (blue curve) due to dipole moment mismatch of in-phase and out-of-phase
oscillating nanoparticles and energy detuning of bright and dark mode in the case of the
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Figure 3.27.: Experimental 1-transmittance spectra of the elongated oligomers with missing
ring particles. Only the 1st order subradiant mode is existent in the heptamer (blue curve) and
the oligomer with two center particles (green curve). Adding one or two more particle leads
to a formation of a 2nd order Fano resonance (red arrows in the red and cyan spectrum). The
fundamental dark modes are not observable in the spectra due to dipole moments mismatch.

bigger clusters. Symmetry forbids the existence of a 2nd dark mode for the cluster with
two center particles. In the case of three center particles we identify the Fano lineshape
as the 2nd order dark mode since it is clearly shifted to higher energies, when compared
with the Fano resonance in the heptamer. Adding a further center particle shifts the
2nd dark mode to lower energies and decreases the modulation depth just as predicted
by simulations (see figure 3.25). Due to the reduction of the net dipole moment of the
2nd dark mode in this cluster configuration we can now clearly observe experimentally
the higher-order Fano resonance in our oligomer cluster.
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3.3. Plasmonic Analogue of Electromagnetically Induced
Transparency (EIT)

3.3.1. EIT in Planar Geometries

The coupling of bright and dark modes and the formation of a Fano resonance can
be viewed in the framework of a plasmonic analogue of electromagnetically induced
transparency (EIT). EIT [82,140,141] is an effect which originates from the interference
of two different excitation pathways. [142] The coupling of a bright and a dark resonance
can lead to destructive interference of the excitation pathways giving rise to a sharp peak
of nearly perfect transmission within a broad transmittance dip. Even though EIT is
an inherently quantum mechanical effect, it is possible to observe EIT-like effects in
systems of classical oscillators [143–145] and particularly for optical oscillators such
as high-Q microresonators [146–149] as well as metamaterial [150–152] and plasmonic
structures [83, 92, 135, 153, 154], where it emerges from the interference of the normal
modes rather than from quantum interference of excitation probabilities. EIT is very
useful to enhance nonlinear interaction in optical media [155]. It can be harnessed
for dispersion engineering, in particular the realization of slow light [146, 148, 156] or
delay lines [152], reduction of losses [151], or plasmonic sensing with narrow linewidths
[25,26,76].

Figure 3.28 (a) depicts a planar structure which can be viewed as a plasmonic analogue
of EIT, often referred to as a dolmen type or π shaped structure. The structure consists
of three individual nano wires. When suggestively decreasing the distance between the
wire pair and the single center wire, the dipolar resonance feature observed in the spectra
starts to broaden. Starting from a separation of ∼60 nm, a small kink forms within the
broad dipolar resonance feature. Further decreasing the distance the kink increases in
strength until a window of increased transmittance has formed within the former broad
transmittance dip.

This behavior can be understood when examine the schematic energy level diagram
in figure 3.28 (b). The energy level |1〉 is coupled to the ground state |0〉 by a bright
dipole-allowed transition with resonance frequency ω0. This dipolar plasmonic resonance
is supported by the single wire. At the same time, it is coupled to a dark state |2〉
which might be detuned by a shift δ. This dark, or in this case quadrupolar, mode is
supported by the combined modes of the wire pair. The direct excitation |0〉 → |2〉
is dipole-forbidden, therefore its decay rate γ2 is smaller than the bright transition
rate γ1. However, the coupling of the levels |1〉 and |2〉, described by the coupling
constant κ, allows for a population of state |2〉 which will cause a back action and
an excitation of level |1〉. Overall this level scheme allows for two different excitation
pathways leading to an occupation of the dipole allowed state |1〉: the direct transition
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Figure 3.28.: (a) Experimental transmittance spectra for a set of a dolmen type plasmonic
EIT structure with decreasing particle separation. (b) Due to destructive interference between
a bright and a dark mode a window of enhanced transmittance forms at the position of the
former transmittance dip. (c) The spectra can as well be understood in terms of plasmon
hybridization between a dipolar mode in the nanorod and a quadrupolar mode supported by
the wire pair, leading to a hybridization induced mode splitting between the symmetric and
antisymmetric hybrid modes around their common resonance frequency. The figure as well
shows sketches of the hybrid modes. As the modes spectrally overlap, the normal modes will
interfere and at the spectral position of the transparency window only the signature of the
dark quadrupolar mode will be visible in the nearfield.
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|0〉 → |0〉 and the indirect one |0〉 → |1〉 → |2〉 → |1〉. The two excitation pathways
will interfere, modifying the actual population of level |1〉. This coupling will lead to
destructive interference and is called EIT and causes a vanishing excitation probability
of level |1〉. This vanishing excitation probability of level |1〉 will lead to significantly
reduced interaction of the dipolar mode with an external light field causing a window of
transparency within the former broad dipolar transmittance dip.

One can as well view the phenomenon in terms of plasmon hybridization, as shwon in
figure 3.28 (c). The dipolar resonance can be excited from far field radiation polarized
along the axis of the single nanowire. The charge distribution of the dipole will induce
charge distributions of opposite sign in the wire pair. The combination of two dipolar
charge distributions, however with opposite sign, will give rise to a quadrupolar field
distribution. Thus, one effectively couples a dipolar to a quadrupolar mode, as indicated
by the initial modes. (Note that indeed the dipoles of the wire pair cannot oscillate in
phase due to their arrangement next to the dipolar wire, only out of phase oscillations
are possible.) According to plasmon hybridization one will obtain the symmetric and the
antisymetric combination of these two initial modes. Due to attractive interaction, one is
raised in resonance energy, the other is lowered due to repulsive interaction. When closely
examining these modes, one realizes that their superposition will lead to vanishing field
strength at the dipole. This is exactly what takes place at the transmittance peak: The
two new modes spectrally overlap, and the field at the dipolar oscillator vanishes, leading
to vanishing oscillation amplitude. Therefore, one can term this behavior interference
of normal modes. The new hybrid modes can as well be seen as two polarition branches
in the interplay of the dipolar and quadrupolar modes. For vanishing coupling only the
dipolar mode is observable, the quadrupolar mode is truly dark. Therefore, the linewidth
of the two modes are extremely different, the dipolar one I dominated by radiative losses,
whereas the spectral width of the dark mode is given by the intrinsic losses, mainly losses
in the metal. As soon as the modes couple, the hybrid modes will inherent properties
of both modes. Interestingly, one of the modes will be more quadrupolar like whereas
the other is more dipole like. Therefore, one often observes different linewidth for the
two modes visible in the spectra. In particular in the case shown in figure 3.28 the lower
energy mode exhibits a significantly smaller linewidth. When examining the sketches of
the modes in figure 3.28 (c) one clearly sees that the higher energy mode has an overall
much stronger dipolar character as compared to the lower energy mode. This behaviour
has already been discussed in plasmon-waveguide hybrid systems where one can track
the two initial and the hybrid modes when tuning coupling strength and relative spectral
position of the plasmon and waveguide mode [157–160]. The plasmon serves as the bright
and spectrally broad mode, the waveguide is, due to its extremely small intrinsic losses,
spectrally narrow. In this case, one of the polarition branches is as well more ”plasmon
mode like”, the other more ”waveguide mode like”. Note that this is of course only a
manner of speaking as the polarition branches are hybrid states of both initial modes,
as in the case of the purely plasmonic system. For the energetically degenerate case,
the mode mixing is ”total” and a linewidth difference can indeed no longer be found,
both modes have equal contributions of the bright and dark modes. This is as well the
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reason why in the experiment of Liu et al. [141] the two mode branches show identical
linewidth, as compared to the in figure 3.28 discussed case of the planar EIT.

Interestingly, the very same behavior can be observed with two coupled classical har-
monic oscillators of which only one is externally driven [144]. One will observe a splitting
of the modes around the common resonance frequency, in particular the externally driven
oscillator will be at rest at its former peak oscillation amplitude. This phenomenon is
utilized in a dashpot. Note that effectively it is just a reshuffling of the overall oscillation
amplitude. Instead of a single strong resonance one will obtain two new modes, yet with
decreased peak amplitude, which is beneficial for the systems mechanical life time.

Both discussed pictures are equally valid. However, the first quantum mechanically
inspired picture is somewhat more intuitive. One is compelled to immediately agree
on the concept of a vanishing exaction amplitude. The notion of a driven mechanical
oscillator, being at complete rest due to the coupling to a non-driven oscillator, which
will oscillate, is somewhat harder to except.

3.3.2. EIT in Three-Dimensional Arrangements

Lateral plasmonic coupling is weak. The reason is fairly obvious when considering a
simple dipole-dipole interaction scheme: When two metallic nanoparticles, e.g., two
disks, are placed next to each other their mutual interaction can, to first order, be
approximated by two dipoles residing in the center of mass of the two particles. The
lateral distance is then given by the particles diameter and the surface to surface distance.
If these same two disks are stacked on top of each other, the vertical coupling distance
is only given by the thickness of the particle plus the vertical gap. Thus, the same two
disks will show significantly increased interaction strength when stacked on top than for
side by side arrangement. Obviously, this is not true for two spheres, as thickness and
diameter are identical here. However, it is still beneficial to stack them on top, as it
allows for the observation of the antisymmetric mode. Due to retardation effects, that
is the finite speed of light, the two particles are not excited simultaneously, therefore
the resulting antisymmetric mode will show a slight phase lack between the two dipoles
leading to an non-vanishing overall dipolemoment, hence making the mode observable
in the spectra.

Overall, it therefore seems beneficial to study EIT in a three-dimensional system where
the dipole is stacked on top of the quadrupolar wire pair. An additional benefit afforded
by a three-dimensional geometry is an increased geometrical tunability of the system.

Figure 3.29 depicts the geometry of a double electromagnetically induced transparency
coupling scheme where two quadrupolar resonances are coupled to one dipolar one. The
middle nanorod (in red) is perpendicularly stacked between two parallel rod-pairs (in
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Figure 3.29.: (A) Schematic diagram double EIT system. The arrows denote the displace-
ment of the central red bar which is to be measured with respect to the upper and lower bars.
Inset: definitions of the geometrical parameters. The red rod is displaced from the symmetry
axis of the bottom green rod-pair by S. The lengths of the top yellow and bottom green rods
are L1 and L2, respectively. The vertical distance between the red rod and the yellow (green)
rod-pair is H1 (H2). (B) SEM image of a typical sample fabricated by electron beam lithog-
raphy. The structure is on a glass substrate. The gold rods are embedded in a photopolymer
(PC403), which serves as a dielectric spacer. All the gold rods have the same thickness and
width, which are 40 nm and 80 nm, respectively. S = 40 nm, H1 = H2 = 30 nm, L1 = 340 nm,
and L2 = 270 nm. The length of the middle rod is 260 nm. The periods in both the x and y
directions are 700 nm. The in-plane distance between the two rods in each rod-pair is 150 nm.
(C) Level scheme for two quadrupolar resonances that are coupled to a dipole in a four-level
system. Resonance I results from destructive interference between pathways |0〉 → |1〉 and
|0〉 → |1〉 → |2〉 → |1〉. Resonance II results from destructive interference between pathways
|0〉 → |0〉 and |0〉 → |1〉 → |3〉 → |1〉.
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Figure 3.30.: Experimental and calculated transmittance spectra of the double EIT system
in dependence on structural tuning. Spectra are shifted upwards for clarity. Bottom curves: S
= 0 nm, L1 = 310 nm, and L2 = 310 nm (∆L = L1 - L2 = 0 nm). Middle curves: S = 40 nm,
L1 = 310 nm, and L2 = 300 nm (∆L = 10 nm). Top curves: S = 40 nm, L1 = 340 nm, and L2
= 270 nm (∆L = 70 nm). One and two transmittance peaks develop inside the broad dipolar
absorption dip, depending on the degree of structural symmetry breaking.

yellow and green). The lengths of the top yellow and bottom green rod-pairs are L1 and
L2, respectively. The middle rod is displaced from the symmetry axis of the bottom
green rod-pair by S. The vertical distance between the red rod and the yellow (green)
rod-pair is H1 (H2). An overview of one typical sample is shown in figure 3.29 (b).
The near-infrared transmittance, reflectance, and absorbance spectra of the samples
at normal incidence were measured by a Fourier-transform infrared spectrometer with
electric field polarization parallel to the middle red rod, as illustrated in figure 3.29
(a).

The optical properties of this complex structure can be understood by first starting with
the highest symmetry configuration (the bottom curve in Figure 3.30 (a)), in which
the yellow and green rod- pairs are of equal length (∆L = L1 - L2 = 0 nm), and the
central dipole-coupled red rod sits along the symmetry axis of the two quadrupole-
coupled rod-pairs (S = 0 nm). In this case, there is only a single broad resonance visible
from the excitation of the dipolar plasmons in the single nanorod. Excitation of the
quadrupolar modes can occur only when the system symmetry is reduced, giving rise to
near-field coupling between the dipolar and quadrupolar resonances. For example, when
a displacement of the middle rod is introduced (S = 40 nm), a transparency window
appears inside the broad outer resonance profile as characterized by the middle curve
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Figure 3.31.: Calculated current distributions at resonances I and II, as indicated in figure
3.30. At resonance I (II), antisymmetric charge oscillations are excited in the top (bottom)
rod-pair while the middle rod contains nearly no current.

in Figure 31. Furthermore, by introducing a length difference between the two rod-
pairs (∆L = L1 - L2 = 70 nm) while keeping the displacement S = 40 nm, a dip in
the transmittance emerges in the middle of the transparency window, giving rise to two
transmittance peaks as shown by the top curve in figure 3.30. The corresponding SEM
images of the structures are shown in figure 3.30 to the left of the spectra. Simulations
for the optical spectra were performed based on a Finite Integration Time Domain
algorithm as well as the Fourier modal method. The permittivity of the gold is described
by the Drude model with plasma frequency ωpl = 1.37× 1016s−1 and damping constant
ωc = 1.22× 1014s−1. The refractive indices of the glass substrate and PC403 are taken
as 1.5 and 1.55, respectively. Figure 3.30 presents the calculated transmittance spectra
of the samples based on the Fourier modal method. The experimental results show an
excellent overall agreement with the numerical predictions.

Calculated current distributions at the respective spectral positions I and II as indicated
in figure 3.30 are presented below the spectra in figure 3.31. In particular, a quadrupolar
current distribution in the longer top rod-pair is observed at the spectral position of
transmittance peak I, and likewise a quadrupolar current distribution in the bottom
shorter rod-pair is visible at the spectral position of transmittance peak II.

Figure 3.29 (c) shows a prototype four-level system, which can be used to interpret the
above phenomena. In our structure, the red middle rod is strongly coupled to light,
giving rise to a broad dipolar (bright) resonance due to significant radiative losses. This
can be correlated with the dipole-allowed transition from |0〉 → |1〉 in figure 3.30 (c).
The green and yellow rod-pairs can support quadrupolar modes, which are subradiant
(dark). They can be correlated with the two dipole-forbidden transitions from |0〉 → |2〉
and |0〉 → |3〉, respectively. The two quadrupolar modes are associated with very narrow
resonances, whose linewidths are solely determined by the nonradiative damping in the
metal. In the presence of a nonzero displacement S, the two dark quadrupoles can be
strongly coupled to the middle dipole due to near-field coupling. As a result, destructive
interference of two excitation pathways, namely the direct excitation of the dipolar
mode in the red rod (|0〉 → |1〉) and the indirect excitation due to its interactions
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Figure 3.32.: Structural optimization for spatial tuning. Experimental and calculated spec-
tra of the 3D plasmonic structure in dependence on length difference ∆L = L1 - L2. S is
40 nm. The sum of the lengths of the two rod-pairs is kept constant as L1 + L2 = 610 nm.
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Figure 3.33.: Experimental (left) and calculated (right) transmittance spectra of the double
EIT system in dependence on lateral displacement S. Spectra are shifted upwards for clarity.
The geometrical parameters: L1 = 340 nm and L2 = 270 nm. The length of the middle rod is
260 nm. The weight of the two quadrupolar transmittance peaks is strongly dependent on the
lateral displacement of the dipolar rod.

with the quadrupolar modes in the yellow (|0〉 → |1〉 → |2〉 → |1〉) and green (|0〉 →
|1〉 → |3〉 → |1〉) rod-pairs, results in transmittance peaks at resonances I and II,
respectively. Consequently, due to this destructive interference, currents are nearly
absent in the middle rod at these two resonances. This is evident from the current
distributions in Figure 3.31. It is worth mentioning that the middle curve in figure 3.30
is correlated with the degenerate case, where the two quadrupoles have approximately
identical resonance energies. A more complete structural tuning to optimize the double
quadrupolar resonances is shown in figure 3.32. Please note the excellent agreement
between simulation and experiments for all shown geometries.

Next, we study the response of the optical to a minute lateral displacement change within
the 3D plasmonic structure and show that they can give rise to a significant variation of
the transmittance spectra. We start with the structural configuration (∆L = L1 - L2 =
70 nm) of figure 3.30. Figure 3.33 shows the experimental spectra, in which the lateral

82



displacement S is successively decreased from 40 nm to 0 nm. The calculated spectra
in figure 3.33 show an excellent agreement with the experimental results. Examining
the intensities of the resonances. It is evident that as S decreases, the two quadrupolar
resonances are both suppressed due to the reduced structural asymmetry. The higher-
energy quadrupolar resonance (resonance II) subsides much faster than the lower-energy
one (resonance I). This is due to the fact that resonance II is associated with the bottom
shorter rod-pair. A slight lateral detuning of the middle rod has a larger influence on
this shorter rod-pair than on the top longer rod-pair due to the asymmetric structural
configuration. Subsequently, resonance II vanishes when the single middle rod is placed
overlapping with the symmetry axis of the bottom shorter rod-pair, i.e., S = 0 nm.
In this case, resonance I is still visible since the middle rod has a finite displacement
with respect to the symmetry axis of the longer rod-pair. In essence, a minute spatial
change within the 3D plasmonic structure can give rise to distinct shape and intensity
variations in the spectra. These effects might be exploitable for developing sensitive
3D plasmon rulers, which are not solely based on the colorimetric detection scheme
but rather on the full high resolution plasmonic spectral behavior. In principle, using
differential spectroscopy, even smaller displacements should be detectabale.

Figure 3.34 depicts a set of experimental spectra for another geometrical variation of
the double EIT system. All dimensions are kept fixed and only the upper quadrupole
wire pair is sifted relatively to the two lower layers, from large negative to large positive
displacements. The spectra number three and four do thus only display the signature of
the lower layer quadrupole as the upper quadrupole is not displacement relative to the
dipole (as can be seen in the SEM images), hence the upper layer quadrupole does not
couple to the dipolar resonance. In all other cases coupling takes places between both
quadrupolar wire pairs and the dipole, thus the corresponding spectra show the signature
of both quadrupoles, the lower energy mode corresponds to the upper layer quadrupole,
the higher energy mode to the lower layer quadrupole. Note that the coupling to the
lower layer quadrupole is weak due to a small offset of dipole and quadrupole, thus
the spectral feature, being a transparency window, is weak as well. For the upper
layer quadrupole the coupling becomes strong for the largest displacements and a more
pronounced transparency window and be observed. It is interesting that all spectra
are distinctively different with respect to the strength of the lower energy quadrupole
resonance strength, making it possible to conclude on its position solely from the optical
spectra. Note that there are slight deviations in the strength of the resonance associated
with the lower layer quadrupole. However, from design the offset of this quadrupole wire
relative to the dipole is kept fixed and thus the strength of the resonance should stay fixed
as well. The spectral changes are thus caused by unintentional shifts which are within
the experimental tolerances; these deviations are in the order of 10 nm and yet show
noticeable spectral changes as well. This high sensitivity is as well caused by the overall
weak coupling strength of the lower layer quadrupole to the dipole, its displacement is
small, thus already a small relative shift will significantly alter the coupling strength.

Intuitively, one would expect the spectra to diminish significantly in quality and spectral
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Figure 3.34.: Keeping the lower layer quadrupole wire pair and the dipole wire fixed in their
respective positions, the relative displacement of the upper layer quadrupole has been varied.
For large positive and negative displacement the signatures of both quadrupolar modes are
visible. For displacements in between these extremes, the relative displacement of the upper
layer quadrupole to the dipole is zero, thus the coupling vanishes and only a single resonance
is transparency window is visible, origination form the coupling to the lower layer quadrupole.
The scale bar is 200 nm.
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Figure 3.35.: Experimental spectra for a set of rotations of the upper layer quadrupole.
Rotating the quadrupole leads to a successive vanishing of the quadrupolar mode and leads
to the formation of two energetically degenerate dipolar modes for a rotation angel of 90°.
Thus, one losses one of the spectrally narrow features in the optical spectra. Nevertheless,
all spectra show distinct differences, making it possible to deduce the rotation angle of the
quadrupole from the spectra. As the rotation axis is around the dipole which is displaced from
the quadrupole, 0°and 180°rotation angle are not equivalent. The scale bar is 200 nm.
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sharpness of the features as soon as the spectrally narrow quadrupole resonances are lost.
If one would rotate one of the quadrupole wire pairs the quadrupolar modes successively
vanishes and transforms into two bright energetically degenerate dipolar modes as soon
as they are aligned parallel to the dipole. Figure 3.35 depicts such an experimental series
where the upper layer quadrupole has been rotated in steps of 15° from 0° to 180°. The
rotation axis is centred on the dipole, therefore, as the quadrupole is offset from the
dipole, 0° and 180° are geometrical not equivalent. Despite the complex geometrical
tuning the spectra still exhibit significant modulation and narrow and well pronounced
spectral features. All 14 spectra show distinct differences, making it feasible to deduce
the rotation angel of the upper layer quadrupole solely from the optical response.

3.3.3. Double EIT as Three-Dimensional Plasmon Ruler

In the last paragraph we have demonstrated that the double EIT nanoparticle arrange-
ment is capable of encoding its three-dimensional arrangement in well modulated spectra
with sharp and well pronounced features. Moreover, we have shown that the spectra
are not only very robust against three-dimensional variations and distortions, but show
distinct differences in changing the arrangement. We thus envision that our structure
can serve as a three-dimensional plasmon ruler enabling the optically determination of
three-dimensional arrangements on the nanoscale.

It has already been demonstrated that the coupling between two metallic nanoparti-
cles generates a light-scattering spectrum that depends strongly on the interparticle
distance. This effect has been used to create plasmon rulers which can be used to
measure nanoscale distances in one dimension [161]. Plasmon rulers based on sensitive
colorimetric schemes have been developed for monitoring DNA hybridization [162] and
biological activities in living cells [163, 164]. Compared to molecular rulers based on
dye-pair fluorescence resonance energy transfer [165], plasmon rulers offer exceptional
photostability and brightness because of the use of noble metal nanoparticles. Beyond
dimers, multiple nanoparticles can be placed in proximity to each other. In the re-
sulting assemblies, plasmonic coupling would lead to lightscattering spectra that are
sensitive to a complete set of three-dimensional (3D) motions. Such a 3D ruler would
have great impact in many fields of biology and soft materials science by providing a
complete picture of time-dependent nanoscale motions and rearrangements. However,
typical dipolar plasmon resonances are broad because of radiative damping [166], and as
a result the simple coupling between multiple particles produces indistinct spectra that
are not readily converted into distances.

We propose to use high resolution plasmon spectroscopy in combination with plasmon
induced transparency and higher order resonances to overcome these limitations, and
we demonstrated a 3D plasmon ruler. This offers a blueprint to optically determine the
structural dynamics of single 3D entities. Commonly, techniques such as nuclear mag-
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netic resonanceand x-ray diffraction are used to determine 3D structural information.
These techniques generally require a large amount of analyte to obtain good signals,
hampering applications at the singleentity level. Additionally, x-ray diffraction does not
work in situ or in vivo and involves complicated sample crystallization processes.

The key development reported here is thus the ability to create sharp spectral features
in the otherwise broad resonance profile of plasmoncoupled nanostructures by using in-
teractions between quadrupolar and dipolarmodes. The key elements of the use of our
structure as a 3D plasmon ruler are the sharp spectral features of the quadrupolar res-
onances and their extremely high sensitivity to any spatial or structural changes. The
dipolar resonance profile, which is generally used for detecting spectral shifts in plas-
mon rulers, is divided by two quadrupolar resonances that lead to significantly reduced
linewidths and therefore increased figures of merit. This is a fundamental criterion for the
implementation of sensitive plasmon rulers. In the near-field regime, dipole-quadrupole
coupling is more distance-dependent than dipole-dipole coupling. The use of the 3D
plasmonic structure allows us to retrieve 3D structural changes that occur owing to
the transition from one configuration to another by reading out spectral changes of the
well-modulated plasmon spectra.

To demonstrate the fundamental concepts of 3D plasmon rulers, we used in our study
a complex sequence of nanolithography steps. The resulting optical response of the
3D plasmon ruler has been correlated with the particle plasmon resonances of the in-
dividual nanostructure assembly. The same concepts can be applied to single metallic
nanocrystals joined together by oligonucleotides or peptides [167–170], giving rise to a
new generation of plasmon rulers with unprecedented ability tomonitor the sequence
of events that occur during a wide variety of macromolecular transformations in three
dimensions. Metallic nanoparticles of different lengths or sizes could be attached at
different positions of the DNA or protein [171, 172], and each metallic element may
move individually or collectively in three dimensions. Dark-field microspectroscopy of
the scattering or the extinction spectrum would offer a useful tool to identify the 3D
arrangement of the different constituents in real time, as it is unambiguously corre-
lated to very distinct and rich spectral features. As in the case of nuclear magnetic
resonance, 3D plasmon rulers could use a lookup database where the optical spectra
corresponding to all possible structural configurations are stored. Spectral features can
then be associated with certain distortions. Novel methods of data mining and inference
would facilitate this task. This concept can be further extended by using polarization
sensitivity as well as tomography-like spectroscopy from different directions. The real-
ization of 3D plasmon rulers using nanoparticles and biochemical linkers is challenging,
but 3D nanoparticle assemblies with desired symmetries and configurations have been
successfully demonstrated very recently [171–176]. These exciting experimental achieve-
ments will pave the road toward the realization of 3D plasmon rulers in biological and
soft-matter systems.
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3.4. Classical Analogue of Electromagnetically Induced
Absorption (EIA)

In the last paragraphs we have seen a number of intriguing coupling phenomena which
relay on the interaction of bright and dark modes. We have found that the resulting
spectra can be understood in terms of destructive interference of excitation pathways.
However, there is one obvious question: Why is the interference destructive? As well
as the even more exciting question: Can one switch from destructive to constructive
interference?

Such a process, being termed electromagnetically induced absorption (EIA) has been
investigated in atomic physics [177–179]. Instead of observing enhanced transmission as
in the case of EIT, the coherent coupling to the dark state results in a narrow peak of
enhanced absorbance on top of the broad dipolar absorbance feature.

Here, starting from the atomic physics concept of EIA, we introduce a plasmonic system
which can be regarded as its classical analog. Figure 3.36 (a) depicts the coupling
scheme. Overall, it is very similar to the one shown for the EIT case in figure 3.28 The
energy level |1〉 is coupled to the ground state |0〉 by a bright dipole-allowed transition
with resonance frequency ω0. At the same time, it is coupled to a dark state |0〉 which
might be detuned by a shift δ. The direct excitation |0〉 → |2〉 is dipole-forbidden,
therefore its decay rate γ2 is smaller than the bright transition rate γ1. However, the
coupling of the levels |1〉 and |2〉, described by the coupling constant κ · eiϕ, allows
for a population of state |2〉 which will cause a back action and an excitation of level
|1〉. Overall this level scheme allows for two different excitation pathways leading to an
occupation of the dipole allowed state |1〉: the direct transition |0〉 → |1〉 and the indirect
one |0〉 → |1〉 → |2〉 → |1〉. The two excitation pathways will interfere, modifying the
actual population of level |1〉. In contrast to the conventional EIT coupling scheme,
we introduce a complex coupling coefficient which allows us to manipulate the coupling
phase between dipolar and quadrupolar oscillator. Depending on the coupling phase
ϕ, destructive as well as constructive interference can be achieved. The first one is
called EIT and causes a vanishing excitation probability of level |1〉, the latter yields an
increased excitation probability of level |1〉 and hence enhanced absorption, resembling
the characteristic behavior of EIA in atomic physics. We would like to point out that
our system considers two resonant oscillators that are coupled with additional phase lag
in between them. Previous works demonstrated coupling of different, detuned oscillators
which exhibited a phase lag [180–182].

In our plasmonic system, bright and dark transitions are realized by metallic nano-cut-
wires: a dipole wire for the bright transition which is stacked on top of a quadrupole
wire pair representing the dark transition. Incoming light is polarized along the dipolar
wire. A schematic of the system is depicted in figure 3.36 (b). By increasing the lateral
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Figure 3.36.: (a) Three-level model scheme for the system. The energy level |1〉 can be
excited from the ground level |0〉 by a bright transition with a large dipole moment and is
simultaneously coupled to a dark state |2〉. This coupling mechanism is retarded by a phase
factor eiϕ. By changing ϕ, a phase delay can be introduced into the coupling between bright
and dark mode. (b) Geometric parameters of the structure. The phase difference between
dipolar and quadrupolar oscillator can be tuned by changing the vertical spacing dz. (c) SEM
micrograph of the structure with maximum offset S.
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displacement S of the dipole, electromagnetic coupling between dipole and quadrupole
is possible. This system is similar to the one that has been used to obtain the plasmonic
analog of EIT, however, in that case the coupling between dipole and quadrupole was
accomplished solely by near-field coupling.

In contrast, the coupling between dipolar and quadrupolar oscillator in our structure
is neither near-field coupling nor far-field coupling. In case of near-field coupling, the
interaction would be mediated by the evanescent fields of the plasmonic oscillators. The
quasistatic approximation would be valid and hence no retardation would be possible.
On the other hand, for far-field coupling the dipole field would be purely wave-like and
coupling to a quadrupolar mode would not be possible. Therefore, our coupling scheme
relies on an intermediate coupling regime, where near-field effects still play a role, so that
coupling to the quadrupolar oscillator is still possible, but simultaneously retardation
effects, which are characteristic for a travelling wave, are already relevant. Hence, the
most important structural parameter is dz. We note, that a change in dz will not only
change the phase ϕ but also the coupling strength κ.

In order to increase the observability of the effect, it is desirable to reduce the absorbance
of the bare dipolar resonance compared to the absorbance of the quadrupolar mode.
This is accomplished by changing the wire geometry: compared to the quadrupole wire
dimensions, we increase the width W2 and height D2 of the dipole wire, preserving the
spectral position by tuning the length L2. Doing so leads to an increase of scattering
while the absorption is reduced.

Additionally, a detuning δ of the spectral positions of dipolar and quadrupolar mode
is desirable. As plasmonic resonances are inherently broader than typical atomic res-
onances, the difference in linewidths γ1 and γ2 is not as pronounced as in the case of
atoms. Thus, the double-peaked structure of the absorbance spectrum is much clearer
with slight detuning than it would be for a degenerate system.

It is noteworthy that the realization of EIA in a classical system, just as the plasmonic
analog of EIT is tightly connected to Fano resonances in plasmonic structures and both
represent limiting cases of those [79, 80,183].

We fabricated several structures by a two-step electron beam lithography process. The
first layer is defined in a first exposure step. Then an adhesion layer of 2 nm Cr and a
40 nm gold layer are thermally evaporated. After lift-off of the residual resist, the spacer
layer is applied. We use a spin-on-dielectric (Futurrex IC1-200) which also serves as a
planarization layer. The thickness of this layer is crucial as the coupling in our case
strongly depends on a correct spacing.

The dipole wire layer is defined in a second aligned exposure step, followed by thermal
evaporation of 2 nm Cr and 60 nm gold, lift-off, and planarization. Scanning electron
micrographs of the fabricated structures are shown in figure 3.36 (c). The large vertical
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spacing of dz ≈ 100 nm is clearly observable in these images. Structures with different
offsets S are fabricated in order to examine different coupling strengths. The quadrupole
wire pair dimensions for the experimentally realized samples are L1×W1×D1 = 375×
65×40nm3 with a spacing of g = 220 nm. The dipole wire dimensions are L2×W2×D2 =
420 × 120 × 60nm3. The periodicity is 700 nm in both directions, the sample area is
90 × 90 µm2. The experimentally acquired offsets S in the fabricated structures were
S=30, 45, 60, and 150 nm.

Reflectance and transmittance measurements for the different structures were performed
using a Fourier transform infrared spectrometer microscope with a 15x Cassegrain ob-
jective (NA=0.4) and a liquid nitrogen cooled MCT detector. The experimental trans-
mittance and reflectance spectra are shown in the top left panel of figure 3.37. Finite
integration technique calculations performed with the commercial software package CST
Microwave Studio are displayed on the right panel for comparison. For increasing offset
S, a dip in reflectance as well as a peak in transmittance emerge at the quadrupole res-
onance frequency. The appearance of a peak in transmittance seems to indicate a badly
tuned EIT effect. However, the modulation depth of this spectral feature is stronger
in reflectance than it is in transmittance, thus indicating that the absorbance of the
structure changes.

The absorbance can be calculated using A=1-T-R, and the resulting spectra are dis-
played in the bottom panel of figure 3.37. In these graphs the double-Lorentzian spec-
tral shape is well pronounced. For maximum offset S the experimentally observed peak
absorbance is 38% compared to 28% in the uncoupled case which corresponds to an
enhancement factor of 1.35. In the calculations, this difference is even more pronounced
with a peak absorbance of 44% versus 20% (enhancement factor 2.2). It has to be
noted, that the absorption is confined to a narrow, sub-dipolar-linewidth spectral region
due to the coupling to the quadrupolar resonance. This is qualitatively very different
from a simple absolute enhancement of the dipolar absorption by introducing additional
losses. Differences between experimental and simulated results can be attributed to in-
homogeneous broadening in the ensemble originating from fabrication tolerances, to the
averaging over a range of angles of incidence in the measurement, and to a deviation
of the gold material properties from the theoretical values due to grain boundaries and
impurities in the evaporated gold.

In order to further elucidate the physical processes involved, we model our system by two
harmonic oscillators with a complex coupling coefficient κ̃ = κ · eiϕ, where ϕ represents
the phase retardation due to the coupling distance in propagation direction. As only
the dipole wire is excited directly, only one of the oscillators couples to the light field.
This yields the absorbance:

A (ω) = Im
fΩq

κ̃2 − ΩdΩq

(3.1)
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Figure 3.37.: Top row: Measured (left) and calculated (right) transmittance spectra (solid)
and reflectance spectra (dashed) for different offsets S. Bottom row: Corresponding measured
(left) and calculated (right) absorbance extracted from the transmittance and reflectance data
using A=1-T-R. For increased offset S and therefore increased coupling strength between dipo-
lar and quadrupolar oscillator, a narrow absorbance dip originating from the excitation of the
quadrupole appears. The minimum offset absorbance curve is shown in every graph in light
gray for comparison. Simulated spectra using a finite integration technique are shown for off-
sets of S=0, 40, 80, and 120 nm. The insets on the right side show top view SEM micrographs
of the corresponding samples (S=30, 45, 60, and 150 nm).
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Figure 3.38.: Fit curves of equation 3.1 to the experimental spectra. The fit parameters κ,
ϕ, γ1, and γ2 are obtained from the experimental spectra and shown in the right panels.

where Ωd = ω − ω0 + (iγ1/2) and Ωq = ω − ω0 + δ + (iγ2/2) have been used, and f
is an amplitude coefficient. A (ω) represents the imaginary part of the solution of the
coupled differential equations of two oscillators, which gives the dissipated energy. Fits
to the experimental absorbance spectra using equation 3.1 are shown in figure ??. As
expected, the linewidth of the quadrupolar oscillator is smaller than that of the dipolar
oscillator. For increasing offset, the coupling amplitude κ increases, at the same time,
the phase ϕ changes to a final value of ϕ = 0.7π for maximum offset.

To further investigate the phase behavior we performed electromagnetic field calcula-
tions, which are displayed in figure 3.39 (a). The fields were evaluated for a vertical
spacing of dz = 100 nm and an offset of S = 120 nm at fq = 152 THz. As we deal
with a plasmonic system that intrinsically relies on retardation effects, it is important
to evaluate the fields in different planes perpendicular to the light propagation axis.
Therefore the field cross sections in a plane slightly above the dipole and the quadrupole
are displayed. Likewise, the fields are shown for different times ωqt, with ωq = 2πfq. The
field amplitude at the dipole wire is maximum for ωqt = 1.24π, and at the quadrupole
wire pair for ωqt = 1.74π. For both maxima the field at the respective other oscillator
is very low, indicating an out-of phase oscillation of dipole and quadrupole. This can be
observed in more detail in figure 3.39 (b): here the field intensity at two distinct points,
as indicated by circles in figure 3.39 (a), at the tip of one quadrupole wire (light blue)
and the dipole wire (gray) are shown as a function of time.
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Figure 3.39.: (a) Calculated z-component of the electric field in a plane slightly above the
dipole wire (top row) and the quadrupole wire pair (bottom row). Obviously, maximum field
strength at the dipole and quadrupole wires are observed at different times. z denotes the
vertical position of the cross section. The field at the former is maximum for ωqt = 1.24π
(left column) while the field at the latter reaches its maximum for ωqt = 1.74π (right column).
(b) Calculated time evolution of the electric field strength at the dipole and quadrupole wire
tip (position indicated by a blue and gray circle in (a)). The phase difference between both
oscillators is 0.5π.
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In conclusion, we have demonstrated an analog system to electromagnetically induced
absorption for classical oscillators by coupling a plasmonic dipole nanowire to a plas-
monic quadrupole wire pair. The coupling was realized such that excitation of the
quadrupolar resonance is still possible, but phase retardation due to enlarged spacing
between the oscillators is already significant, hence operating in an intermediate cou-
pling regime. Therefore we were able to manipulate the coupling phase of the oscillators
and obtain constructive interference of the two excitations, leading to enhanced absorp-
tion. This intermediate coupling regime offers new fascinating possibilities such as phase
control for plasmonic coupling [184].

It is noteworthy that, unlike the plasmonic analog of EIT, it is not possible to realize
our system mechanically by oscillators and springs [144], as the coupling force is not
instantaneous but inherently relying on retardation.

3.5. Temperature-dependent Measurements of the EIT
Structure

One of the main benefits afforded by plasmonics is simultaneously one of its biggest
drawbacks: Plasmonic resonances couple extremely well to an external light field. On
the one hand this allows funnelling energy from the farfield into the near-field of the
particle with an astonishing efficiency. Due to reciprocity this as well works the other
way round: Processes occurring in the nearfield of a plasmonic resonance can commu-
nicate with the outside world by radiating energy into the farfield, such as emitters
coupled to an plasmonic antenna or changes in the dielectric environment sensed by a
plasmonic particle. On the other hand this efficient coupling leads to an extremely small
lifetime in the order of 10 fs for a plasmonic excitation [93,185]. In terms of resonators,
plasmon resonances have very poor quality factors as they store energy only for a very
limited time. As a consequence, a plasmonic resonance has a huge spectral width. For
quite some applications this is bothersome. If, e.g., the shift of a resonance is to be
detected, the overall linewidth should be small and thus the steepness of the change
large. Additionally, small dephasing times lead to small field enhancements. Intuitively,
this behaviour is obvious: The longer energy can be stored by the resonator, the higher
the field concentration will be.

Hence, it is highly desirable to reduce the linewidth of plasmonic resonances. The decay
of a plasmon occurs due to the loss of coherence in the system. On the one hand energy
can be lost due to radiative decay. On the other hand inelastic scattering processes
between electrons and electrons and electrons and phonons occur in the nanoparticle.
An additional channel of coherence loss is given by elastic scattering processes, where no
energy is dissipated but rather phase relations are lost. All above mentioned processes
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occur for a single particle. If one studies an ensemble of particles one has to consider
inhomogeneous dephasing, that is, different resonance frequencies of the individual parti-
cles [185,186]. Due to these differences, the overall phase relation between the individual
resonators is lost, leading to an additional resonance broadening of the ensemble.

Plasmonic systems are radiation damped systems. The main dephasing channel is ra-
diative loss. In order to decrease the resonance linewidth one should therefore make use
of plasmonic dark modes. These modes do not couple directly to the external light field
and can thus not decay radiatively. Their linewidth is therefore solely limited by the
intrinsic scattering processes (and, to be accurate, by inhomogeneous broadening in an
ensemble). This concept has been utilized in a plethora of systems and studies. The
most prominent one is a dolmen type electromagnetically induced transparency (EIT)
structure. Here, a dipolar resonance supported by a single wire, is coupled to a pair
of wires which support a quadrupolar resonance. This quadrupolar resonance can not
radiate its energy, the coherence is solely lost nonradiativly. The plasmonic coupling
of the two resonances leads to the formation of two new collective modes which man-
ifest themselves as scattering peaks in the spectrum. Both modes in part inherit the
linewidths of the initial modes as they are the bonding and anti-bonding combinations
of these. As a consequence, the overall spectral response of the systems exhibits spectral
features with sub-dipole linewidths.

A further reduction of the spectral linewidth is only possible by reducing the nonradia-
tive losses in the system. One straightforward idea is thus to study the temperature
dependence [187, 188] of such a plasmonic EIT system. By cooling the system, more
and more phonon modes are frozen, hence severely reducing the electron phonon inter-
action [187].

The experimental setup consists of a FTIR spectrometer connected to an IR micro-
scope attached to a cold finger cryostat. Liquid helium circulating in the cold finger
allows to cool down the sample to about 10K. Due to the presence of the cold finger,
only reflectance spectra can be measured. The setup is been operated by the group of
Prof. Dressel in the 1st Physics Institute and the measurements have been performed
by Rebecca Beyer.

Figure 3.40 depicts the measured reflectance spectra of a stacked dolmen type EIT struc-
ture [141] for temperatures between 300 K (room temperature) and 10 K. The black spec-
trum represents the measurement at room temperature and serves as comparison. The
spectra clearly show that the overall change in the spectral response is very small. Start-
ing form about 200 K one observes slight changes in the spectral response, in particular
the scattering maxima of the two modes is increased. This trend continues for decreas-
ing temperature, yet the overall changes remain small. However, the response indeed
indicates a reduction of the resonances lindewith. Figure 3.41 depicts the measurements
for 300 K, 50 K, and 20 K for better visibility of the changes. The measurements clearly
show the expected trend, however the effect is extremely small.
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Figure 3.40.: Temperature depended measurements of the reflectance of a dolmen type
stacked EIT structure. Starting from a temperature of about 200 K the optical response
changes slightly, this trend continues for further reduced temperatures. However, the overall
changes are marginal. The intrinsic losses of gold are dominated by electron-electron inter-
actions which are temperature independent. The strongly temperature dependent electron-
phonon interaction plays a minor role.
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Figure 3.41.: Temperature depended measurements of the reflectance of a dolmen type
stacked EIT structure, for 300 K, 50 K and 20 K, for better comparability.

Overall, the observed behaviour is not surprising as the contribution of electron-phonon
scattering to the intrinsic losses is small, it is dominated by electron-electron interactions
which are, to good approximation, independent of the temperature [187,189].

In order to gain quantitative values one would need to model the optical response of the
system. In previous publication a simple coupled harmonic oscillator model has been
used [141, 144, 190]. In particular, it allows extracting the damping constants of the
bright and dark modes, which are given by the radiative and nonradiative losses. From
the temperature dependence of these values one can conclude on the actual contribution
of electron-phonon interaction. However, the model provides an expression for energy
dissipation, which would correspond to the absorbance in our system. Yet, due to the
measurement geometry we can only measure the reflectance R. However, only when
measuring the transmittance T as well one can calculate the absorbance A by assuming
A=1-R-T holds.

3.6. Conclusions, Summary & Outlook

The first part of this chapter studied the optical properties of simple nanoparticle geome-
tries. Their response is mainly covered by dipolar and thus spectrally broad resonances,
leading to rather dull optical spectra. Nevertheless, we have found that nanoparticle
arrangements can support collective modes and can thus possess optical properties that
are radically different than the properties of the individual building blocks.

However, as soon as a plasmonic mode does not retain a dipole moment it will not
directly couple to an external light field, hence being termed a dark mode. Such a dark
mode can not decay radiatively, therefore its linewidth is solely determined by intrinsic
losses, e.g., in the metal itself. Utilizing such dark modes allows creating narrow spectral
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features in the otherwise broad dipolar response of plasmonic nanostructures. We have
demonstrated this phenomenon in different systems, in particular in plasmonic oligomers
and 2D and 3D arrangements of nanorods.

We theoretically and experimentally studied the transition from isolated to collective
modes in plasmonic oligomers. The inter-particle distance plays a key role for the for-
mation of collective modes. We have shown how the plasmon hybridization method can
be applied to analyze the optical properties of plasmonic oligomers. The interference
between a subradiant mode and a superradiant mode leads to a pronounced Fano res-
onance, which is governed by the presence of the central nanoparticle in the plasmonic
heptamer. The experiment agrees very well with our simulation using the multiple
multipole method. We have demonstrated that experimental observations of distinct
spectral features are possible in high-quality nanolithographic ensemble structures. So
far, bottom-up synthesis methods have been deficient in manipulating the inter-particle
distance in a controlled fashion, therefore lacking the possibility to study the transition
behavior in plasmonic oligomers.

Moreover, we studied the influence of individual particles on the collective behavior of
plasmonic oligomers. We found that the defect position within the plasmonic oligomer
plays a major role for the optical response. This indicates that particles at different
spatial positions contribute unequally. The spectral overlap of the super- and subradiant
modes can be tuned by the coupling strength, the center particle size, the outer ring
particle size, and the number of ring particles. It is noteworthy that already a three-
particle ring around a center particle can closely resemble the spectrum of an undisturbed
heptamer. Upon shifting of the center particle towards the outer ring until touching,
a pronounced long-wavelength mode appears for the incident polarization along the
touching bridge. The Fano resonance diminishes due to the occurrence of the new
mode. On the other hand, for the incident polarization perpendicular to the bridge, the
Fano resonance is very robust against the defect introduced by physically connecting the
two particles.

Furthermore, we studied theoretically and experimentally the appearance and properties
of higher-order Fano resonances in large oligomer clusters. Calculating the near-field
distribution allowed us to observe the hybridization of a second ring mode with the
dark mode in a plasmonic heptamer, leading to the occurrence of a higher-order Fano
resonance. Furthermore, we investigated plasmonic structures where we elongated the
heptamers in one direction by adding additional center particles. When the incident
polarization was set along the short axes of the clusters, higher-order Fano resonances
up to a 3rd order dark mode were observed. In that case, due to the structural symmetry,
an additional dark mode was only observed if the number of center particles is uneven. It
is noteworthy that by changing the incident polarization by 90Â° only the fundamental
dark mode could be excited for all elongated plasmonic oligomers. This can be used
in future applications to turn on and off spectrally narrow resonances. By leaving out
certain ring particles we could tune the 2nd order Fano resonance in energy and likewise
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increase the modulation depth tremendously.

In utilizing the coupling between individual nanorods we have shown the classical ana-
logue of electromagnetically induced transparency (EIT). Here, a pair of wires supports
a dark quadrupolar resonance which is nearfield coupled to a bright dipolar resonance of
a single nanorod. The interaction of these two modes leads to the formation of a narrow
window of enhanced transmittance within former transmittance dip associated with the
dipolar resonance. We have shown that such structures can be utilized as 3D plasmon
rulers, which are capable of encoding their 3D arrangement in well modulated spectra
with a number of pronounced spectral features.

What is more, we have demonstrated an analog system to electromagnetically induced
absorption (EIA) for classical oscillators by coupling a plasmonic dipole nanowire to
a plasmonic quadrupole wire pair. The coupling was realized such that the excitation
of the quadrupolar resonance is still possible, but phase retardation due to enlarged
spacing between the oscillators is already significant, hence operating in an intermediate
coupling regime. Therefore we were able to manipulate the coupling phase of the oscil-
lators and obtain constructive interference of the two excitations, leading to enhanced
absorption. This intermediate coupling regime offers new fascinating possibilities such
as phase control for plasmonic coupling.

We envision for the future plasmonic oligomers and complex nanostructres of different
hierarchies, including three-dimensional oligomers, oligomers with defects or extremely
high symmetry, oligomers that show aromatization effects, and oligomers functionalized
with other materials, such as quantum emitters. Soon, bottom-up methods such as
DNA scaffolding could also establish the framework for arranging high-quality plasmonic
oligomers with different degrees of freedom in large quantities. [171,191,192]

In molecular physics, atoms join together in different combinations and configurations to
form molecules. Analogically, this can be accomplished by using particles with different
sizes and even different materials. [108] Metals with different plasma frequencies, for
example gold and aluminium disks of an identical size, can lead to different spectral po-
sitions of their particle plasmon resonances. This offers an additional degree of freedom
to vary the particle resonance position while conserving the structural symmetry of the
system. As we have shown, it is possible to design structures of particular symmetries to
generate independent spectral features at different polarizations. This might be useful in
differential diagnostics applications. Introducing vertical coupling between the oligomer
constituents is possible by building three-dimensional artificial plasmonic molecules us-
ing a layer-by-layer technique. The resulting interaction can be much stronger than
lateral coupling. Additionally, the excitation of antisymmetric modes is facilitated by
retardation effects. It is also remarkable that the electric fields at the Fano resonance are
extremely localized in the gaps between the oligomer constituents. [117] This might make
our geometry highly useful for practical applications, such as surface-enhanced Raman
scattering, [193] plasmonic sensing, [26,76] higher-order harmonics generation, [194,195]
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etc. Moreover, we have demonstrated that such artificial plasmonic molecules provide
high tuning possibilities on multiple sharp spectral features. This makes them very
suitable for low-loss nanoscale waveguiding in plasmonic nano-circuits, [196,197] high-Q
applications, such as nanolasers, or strong coupling of quantum systems to nanocavi-
ties.

We believe the bridging of chemistry and plasmonics will initiate many novel phenomena
and will bring about numerous useful electromagnetic analogues of chemical molecules
in plasmonics.
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4. Plasmonic Chirality

4.1. Introduction

Chirality has gathered significant interest in different fields of research due to its funda-
mental importance in nature and living matter. Chirality has two distinctive meanings.
On the one hand it reefers to a simple geometrical property: A chiral object cannot
be superimposed with its mirror image. The original structure and the mirror image
are called the two enantiomers of a chiral compound. On the other hand, chirality can
manifest itself optically, namely in a different response of a chiral structure to left- or
right-handed circularly polarized light. The interaction of chiral molecules or structures
with circularly polarized light in turn causes a multitude of intriguing phenomena, such
as circular dichroism or optical rotatory dispersion [198].

Life itself is about chirality. Starting from the essential amino-acids, via carbohydrates,
all the way to the nucleic acids and proteins: A huge number of biomolecules are chi-
ral. In fact, many molecules exist in only one possible handedness, e.g., all essential
amino-acids are l-enantiomers, indicating that the associated physiological processes
show 100% stereoselectivity [199, 200]. Accordingly, chirality and its origin has been
the subject of intense research on the route to unravel the basic foundation of life it-
self [201–205].

Most naturally occurring chiral optical phenomena are intrinsically weak. Chiral molecules
have small dipole moments and hence couple only weakly to an external light field. Sugar
solution for example is known to cause comparably strong optical polarization rotation,
nevertheless centimeters of solution at molar concentrations are needed for efficient ro-
tation of linear polarization. Similarly, it is challenging to study chiral molecules or even
to optically discriminate enantiomers.

Recently, it has been proposed that plasmonics, i.e., the optics of metal nanoparticles,
might help in overcoming some of these fundamental limitations. Such nanoparticles are
known for their highly efficient interaction with an external light field. This property is
caused by the large dipole moments of the plasmonic resonances which fundamentally
stem from the collective oscillation of the quasi-free conduction electrons. In particular,
the interaction strength with an external light field surpasses the one for molecules
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by orders of magnitude. Accordingly, it has been recently demonstrated that the chiral
optical response of three-dimensional plasmonic nanostructures is significantly enhanced
[206–219]. Moreover, it has been demonstrated that even handed planar plasmonic
structures show huge chiral interaction with circularly polarized light despite the fact
that they are not truly chiral [220–225].

In contrast to molecules, complex plasmonic oligomers composed of noble metal nanopar-
ticles allow for a nearly arbitrary manipulation of their constitution and configura-
tion [80]. This amazing potential enables us to design and tailor the optical response
of plasmonic structures nearly at will [83, 84, 97, 121, 122, 135, 226]. We can thus op-
timize the property of a given structure in order to meet the needs of the intended
application [23,31,227,228].

What is more, it has been recently demonstrated that in the vicinity of chiral plasmonic
structures electromagnetic fields with strong optical chirality are formed [229–233], which
strongly interact with chiral molecules. It has been proposed that these fields might ul-
timately enable the detection of individual chiral molecules and their discrimination
due to a significantly enhanced interaction of the molecules with the external light field
mediated by the plasmonic nanostructure [234–236]. Nevertheless, these experimental
studies are at the very beginning and yet need to be fully understood. In any case, for
applications of chiral optical phenomena in plasmonic nanostructures, it is highly desir-
able to maximize the chiral optical response of a given structure while simultaneously
allowing for a spectral tunability or possibly for broadband operation.

Combining chiral plasmonics and stereochemistry will hence open up an entirely new
field of plasmonically enhanced chiral optical response in hybrid systems for the detection
of chiral molecules, for the design of chiral optical modulators and devices [206], and
applications in medicine and drug development [237,238].

4.2. Compositional & Constitutinal Chirality

First studies have been undertaken to create three-dimensional and thus true chiral
structures. Yet, the fabrication of three-dimensional chiral plasmonic structures that
exhibit a strong chiral optical response remains an experimental challenge. Direct
laser writing and subsequent metallization [206,208], multilayer electron-beam lithogra-
phy [209–212, 239], self-assembly [213, 240, 241], as well as DNA-enabled self-assembly
techniques [171, 172, 215, 242–245] have been utilized so far. Here, we use the most
flexible concept of three-dimensional chiral plasmonic oligomers that consist of individ-
ual metal nanoparticles with nearly arbitrarily selectable properties in order to create
artificial plasmonic molecules by means of multi-layer electron-beam lithography.
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Figure 4.1.: From a geometrical point of view two basic possibilities can be envisioned how
to render an arrangement of particles chiral: (a) Identical particles are arranged in a handed
fashion, termed configurational chirality. (b) Different particles are arranged in an unhanded
geometry, e.g. at the corners of a tetrahedron, termed constitutional chirality.

Figure 4.1 depicts a simplified sketch of the two basic and most straightforward geometri-
cal possibilities to introduce handedness and hence to create chirality in an arrangement
of particles. The first possibility is to arrange identical constituents into a handed struc-
ture, which we term configurational chirality. The second one uses a non-handed struc-
ture, in this case a tetrahedron, dressed with different particles at its corners, termed
constitutional chirality. In chemistry the latter is referred to as a molecule with stere-
ogenic center and constitutes a very prominent and hence an archetype structure. In
contrast, inducing handedness due to configuration is less common [246]. The premiere
reason for this is its mechanical instability without adding an additional scaffold.

Conceptually, both design strategies can be transferred to plasmonic molecules [171,214,
215, 247–249]. Here the coupling is mediated by the plasmonic near-fields. It is crucial
to note that the constituents of the plasmonic molecules do not necessarily couple de-
spite the fact that they are in close proximity. Efficient coupling is only possible if the
individual plasmonic atoms have similar resonance frequencies, as plasmonic coupling is
resonant coupling. Indeed, we show that in plasmonic chiral molecules only configura-
tional chirality will manifest itself in a strong chiral optical signal and that compositional
plasmonic chirality is not favorable.

In order for particle assemblies to be chiral they need to be truly three-dimensional.
Such clusters can be fabricated using the very versatile top-down technique of electron-
beam lithography combined with layer-by-layer stacking [250]. Figure 4.2 depicts exem-
plary tilted view scanning electron microscope (SEM) images of fabricated two-layered
quadrumer structures. The first layer consists of three particles arranged in an L-shape.
The fourth particle is stacked on-top of the first layer and determines the handedness
of the structure. The individual clusters are arranged in a C4 symmetric lattice in or-
der to prevent biaxiality of the super-structure and hence to suppress contributions of
polarization conversion [251].
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Figure 4.2.: (a) and (c) Tilted overview SEM images of chiral plasmonic molecules. b)
Schematic sketch. The quadrumeric structures consist of two layers fabricated by electron-
beam lithography. The first layer consists of three particles arranged in an L-shape, the
second layer contains a single dot. The position of the dot in the second layer determines
the handedness of the structure. The individual clusters are arranged in a C4 symmetric
lattice, which prevents the super-structure from being biaxial and thus suppressing polarisation
conversion. The scale bar of the overview is 500 nm, for the insets 100 nm.

Figure 4.3.: Left side: Exemplary tilted view SEM image of chiral quadrumer clusters ar-
ranged in a regular square lattice. Right side: Left- and right-handed as well as achiral clusters.
All scale bars are 500 nm.
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Figure 4.3 depicts SEM images of clusters which are arranged in a regular square lattice.
We have fabricated the structures in order to demonstrate the importance of uniaxiality
for the optical properties. Figure 4.4 therefore shows the optical response of these clusters
under circularly polarized excitation. Figure 4.4 (a) depicts ∆T spectra for forward
and backward illumination of only the first layer. A strong signal is present which is
nearly perfectly mirrored at the zero line for change of the illumination direction. This
signal stems from the fact that the superstructure consisting of the individual clusters
is biaxial. Due to different refractive indices for light polarized along the two main axis
of the lattice polarization conversion occurs. If the illumination direction changes, this
contribution must indeed change its sign, which is observed in the experiment. Figure 4.4
(b) shows the ∆T spectra for forward and backward illumination of a left-handed cluster,
as shown in the inset. For a true chiral signal one expects identical spectra. However,
strong differences can be observed. Judging from the conclusions drawn from Figure 4.4
(a) this behaviour is again caused by polarization conversion. The optical response is
a combination of the chiral optical one and polarization conversion. That the spectra
look different is immediately clear, as the chiral optical signal does not change sign for
change of the illumination direction, the signal stemming from polarization conversion
however does. Therefore, in the one case the two spectral responses are added in the
other they are subtracted. To first order approximation one can take this into account
by assuming the following to hold true

∆T up
measured = ∆T + ∆T up

planar (4.1)

∆T down
measured = ∆T + ∆T down

planar (4.2)

and
∆Tplanar = ∆T up

planar = −∆T down
planar (4.3)

then
∆Tplanar = 1/2

(
∆T up

measured −∆T down
measured

)
(4.4)

where up and down denote the two illumination directions, ∆T the ”true” chiral signal
which does not change upon illumination direction change, and ∆T planar the contribu-
tion from polarization conversion. These relations than allow to calculate the ∆T spectra
from the two measurements in forward and backwards illumination direction. [252]

It is important to note that this technique might not be entirely correct as it assumes
the chiral signal to stay perfectly the same upon change of direction. Additionally, we
assume that the chiral signal and the polarization conversion are purely additive and can
be disentangled which is not necessarily true for strong signals [253, 254]. Nevertheless,
Figure 4.4 (c) depicts the calculated ∆T spectra using the above relation. Overall, we
find a good agreement with the expected behavior. The chiral optical response of the
two enantiomers changes sign for interchanged handedness and the achiral structures
exhibits significantly reduced signal strength. However, there is still significant signal
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left despite the fact the structure should be achiral. The cause of this behavior is not
clear at the moment as it might be connected to calculation or to fabrication tolerances,
yet it will be discussed in detail below.

In order to characterize chiral structures one normally examines the circular dichroism
(CD) spectra. CD is defined as the difference in absorbance for left and right circularly
polarized light. In contrast to transmittance, our setup does only allow measuring the
reflectance RRCP and RLCP for circularly polarized light in a very limited wavelength
range. Outside this range the footprint of the sample, its reflectance, the intensity
of incoming radiation, as well as the detector sensitivity are not large enough to per-
form reasonable measurements. Thus we define the quantity ∆T as the difference in
transmittance TRCP and TLCP for right and left circularly polarized light, respectively.
As we ensured the uniaxiality of the superstructure we can assume any contribution
of polarization conversion to be negligible, hence the transmittance difference ∆T is
directly correlated to CD. [251] In order oto experimentally confirm this assumption
we have performed reflectance and transmittance measurements with circularly polar-
ized light in the wavelength range between ∼1000 nm and 1600 nm. The resulting the
∆T = TRCP − TLCP spectra and CD = ALCP − ARCP spectra are shown in Figure 4.5.
Note, that the order of RCP and LCP changes as A = 1 − T − R holds. We find
excellent agreement between the two sets of spectra, confirming that no contribution
of polarization conversion is present and the entire optical response is dominated by
the difference in absorbance for left- and right-handed circularly polarized light. In the
following it is thus sufficient to examine the ∆T = TRCP − TLCP spectra which can be
measured over the required broad spectral range. From now on, all structures will be
arranged in a C4 symmetric lattice.

Figure 4.6 depicts the transmittance spectra for circularly polarized excitation for the
left-handed configurationally chiral cluster. The spectra show a number of resonances
and pronounced differences, indicating strong chiral optical activity. Accordingly, the
transmittances differences, as shown in the upper row of Figure 4.6, exhibit values as
high as 7 %. The complicated structure of the spectra makes a clear assignment of modes
difficult. In fact, as four particles, each exhibiting two energetically degenerate modes
laying in plane of the disks are interacting a significant number of collective modes is to
be expected.

Figure 4.7 depicts spectroscopic results for configurationally chiral clusters. The trans-
mittance difference reaches values up to 7%. Changing the handedness of the structures
is expected to flip the ∆T spectrum, which is convincingly demonstrated by the excellent
mirror symmetry of the two spectra with respect to the zero line. The achiral structure
shows a small remaining signal which most likely stems from fabrication tolerances, e.g.,
the relative positions of the upper dots of the left- and right-handed structures. The
remarkable sensitivity of the structure to these minute deviations will be discussed in
detail below. As an imported control experiment Figure 4.7 (b) shows the ∆T spectra
for the left and right handed enantiomers for opposite illumination directions. For a
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Figure 4.4.: Chiral optical response of the clusters arranged in a regular square lattice (with
no C4 superstructure symmetry). (a) Spectra for forward (blue) and backward (red) illu-
mination of only the first layer. (b) Spectra for forward and backward illumination of the
left-handed structure shown in the inset. (c) Calculated chiral optical response of the clusters,
for details please refer to the text. All scale bars are 200 nm.
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Figure 4.5.: Comparison of the ∆T spectra (dark blue and red) and the difference spectra
of the absorbance (light blue and light red). Due to limitations of the used spectrometer,
reflectance spectra for circularly polarized light are only measurable in the depicted wavelength
regime. The spectra show that indeed all signals are caused by circular dicroism and the
∆T = TRCP − TLCP spectra yield the same information as the absorbance spectra. The scale
bar is 200 nm.

Figure 4.6.: Transmittance spectra for right- and left-handed circularly polarized light for
the left-handed configurationally chiral cluster shown in the inset (lower row) and calculated
transmittance difference (upper row).
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true chiral structure (as warranted by the C4 symmetry of our superstructure arrange-
ment) the handedness does not depend on the direction of light propagation. Indeed, we
find nearly perfectly identical spectra for both structures under forward and backward
illumination. This finding additionally underlines that we do not observe polarization
conversion as this contribution would change sign for different illumination directions
(cf. Figure 4.4).

Naturally occurring chiral optical materials show weak CD, showing values of the dis-
symmetry factor g of about ∼10−7 to ∼10−5. Our structures, being about 100 nm in
thickness, show enormously high values of around 7% transmittance difference for left
and right hand circularly polarized light, which roughly corresponds to a maximum
dissymmetry factor g ∼ 0.14 for the structures of Figure 4.7 (a). This behavior can
be explained as follows: If circularly polarized light interacts for example with a chiral
molecule, it displaces the electron clouds of the molecule from their equilibrium position
forcing them to move on helical paths. The helical movement of these displacement
currents (as generally no real current can flow) gives rise to an induced magnetic mo-
ment component parallel to the usual electric dipole moment and in the direction of
propagation of the light, resulting in a unique interaction of the molecule with circularly
polarized light. In our system, however, we can excite real currents flowing in the disks
together with displacement currents between the elements. Overall, these real currents
and the displacement currents in the plasmonic molecule are much stronger compared to
a molecule, as the gold particles possess a large number of free electrons. Basically, this
huge interaction strength is the basis of all plasmonic phenomena. Hence, once more,
one benefits from the resonant excitation and generation of localized plasmons associated
with huge dipole moments and flowing currents, explaining the strong circular optical
response of our clusters.

Figure 4.8 depicts the optical response of clusters arranged in a constitutional fashion,
comprising of particles of different size (200 nm, 150 nm, 90 nm, and 60 nm, respectively).
In contrast to the configurational case shown in Figure 4.7 we only observe a very weak
chiral optical response. The reason for this behavior is an insufficient resonant plasmonic
coupling between the particles. From a coupling point of view the structure consist of
four nearly or completely uncoupled plasmonic particles and hence does not possess a
strong chiral optical response. The remaining response most likely stems from a weakly
resonant coupling of the second biggest particle in the upper layer to the biggest particle
of the lower layer. For comparison, the transmittance spectra for left- and right-handed
circularly polarized light (for the structure shown in the inset), are depict in figure 4.8
(c). One still observes strong plasmonic modes within the measurement region, thus the
absence of plasmonic activity is clearly not the reason for the vanished chital optical
response.

Figure 4.9 depicts spectra and SEM images of structures showing a combination of
compositional and constitutional chirality, exhibiting no chiral optical response at all,
despite the fact that these structures possess a geometrical handedness. Overall we can
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Figure 4.7.: (a) Experimental ∆T = TRCP − TLCP spectra calculated as the difference in
the transmittance of right and left hand circularly polarized light. Two dispersive features
can be observed with a maximum ∆T of ∼7%. The spectra are nicely vertically mirrored at
the zero line for interchanged handedness. The achiral structure shows small differences in
the transmittances which can be explained by deviations in the relative position of the upper
layer dot. (b) As expected for a true chiral structure (warranted by our C4 symmetry) the ∆T
spectra do not significantly change for forward and backward illumination. The scale bars are
200 nm.
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thus deduce that resonant plasmonic coupling between the clusters constituents is of
utmost importance and an indispensable prerequisite for a pronounced chiral optical
response.

The major importance of resonant coupling of the cluster particles is even more strik-
ingly visible in figure 4.10 depicting the experimental proof of vanishing chiral optical
response upon decreasing resonant coupling. The quadrumer structure becomes truly
three-dimensional and thus chiral due to the coupling of the L-shaped nanoparticle ar-
rangement to the single dot in the upper layer. Reducing this coupling should render
a chiral optical response impossible. In order to prove this behavior we successively
decrease the size of the dot in the upper layer. Both enantiomers with four equally sized
particles in figure 4.10 (a) show strong chiral optical response. Reducing the diameter of
the upper dot in figure 4.10 (b) from 200 nm to 140 nm significantly weakens the coupling
strength of the upper dot to the lower layer. Yet, there is still a chiral optical response
observable, although strongly reduced in magnitude. The chiral optical response van-
ishes completely for an upper dot diameter of 80 nm (cf. figure refFigure10c (c)). The
resonance energies of the upper and lower layer dots are too different to still facilitate an
efficient coupling. Despite the fact that the structure still shows a structural handedness
it effectively collapses into a two dimensional system which cannot exhibit chirality. In
order for the system to be ”plasmonically” three-dimensional all the particles need to
couple efficiently. In a plasmonic system a mere structural handedness does not suffice
for a chiral optical response.

For comparison and completeness, figure 4.11 depicts the transmittance spectra for left-
and right-handed circularly polarized light for one of each of the enantiomers shown in
figure 4.10.

4.3. Three-dimensional Chiral Plasmon Rulers

The non-vanishing chiral optical response of the achiral structure in figure 4.7 is an
intriguing phenomenon which has to be studied in greater detail. Inspection of the SEM
images of these structures suggests small deviations of the position of the upper dot from
its symmetric position. Yet, these small deviations cause a significant change in chiral
transmittance ∆T . In biology and chemistry circular dichroism is a powerful tool for
structural investigations. Likewise, we can expect that structural changes will have a
significant impact on the chiral optical spectra of the plasmonic cluster hence rendering
them ideal candidates for a three-dimensional plasmon ruler. [92, 161,171,255].

In order to test the capabilities of the chiral plasmonic clusters as three-dimensional
plasmon ruler we fabricated a series of clusters deliberately displacing the upper dot
from the symmetric position of the achiral structure. Figure 4.12 depicts a selection of
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Figure 4.8.: (a) Spectra and SEM close-up micrographs of compositionally chiral clusters.
The constituting dots in the tetrahedronal structure are of different size (200 nm, 150 nm,
90 nm, and 60 nm, respectively) and consequentially do not couple efficiently via their plas-
monic near-fields to one another. The clusters hence comprise four nearly uncoupled and thus
individual particles and therefore only show a very weak chiral optical response. Hence, com-
positional plasmonic chirality with different sized nanoparticles is at best very weak. The scale
bar is 200 nm. (b) Artist’s impression of the compositionally chiral clusters and tilted view
SEM micrographs of the clusters. The scale bar is 100 nm for the close-up images and 200 nm
for the overview. (c) Transmittance spectra for left- and right-handed circularly polarized light
for the structure shown in the inset.
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Figure 4.9.: Compositional chirality only leads to vanishing optical chirality in a plasmonic
system. The constituting dots in the structures are of different size (200 nm, 150 nm, 90 nm,
and 60 nm, respectively) and consequentially do not couple via their plasmonic near-fields to
one another. The clusters hence comprise of four nearly uncoupled and thus individual particles
and therefore do not show a chiral optical response. The scale bar for the insets is 200 nm, for
the overview images 500 nm.

∆T spectra (in blue) for five different displacements and the corresponding normal view
SEM images, the complete series with displacements in 10 nm is depicted in figure 4.13.
One observes huge changes in the ∆T spectra for comparably small relative sifts. This
is particularly obvious when comparing the spectra before and after an additional shift.
The grey spectra correspond to the spectra of the preceding displacement. For each
step changes in the spectral shape as well as in the magnitude are clearly observable.
Strikingly, this behavior will be visible for the analogous shift in the other direction as
well, accompanied by a sign flip of the ∆T spectra. Hence, the position of the upper
dot can be traced in 2D above the structure. Figure 4.14 demonstrates that this is still
feasible when the dot is no longer on-top of the L-shape. It is noteworthy that even
the position of the dot in the vertical direction can be traced. An increased (decreased)
distance will lead to a decreased (increased) coupling strength of the upper dot to the L-
shape. Overall, we hence have experimentally demonstrated that the three-dimensional
chiral quadrumer cluster is capable to encode its arrangement in unique ∆T = TRCP −
TLCP spectra, rendering the retrieval of the 3D structural information possible. 3D
chiral plasmon rulers could utilize a lookup database, as in the case of nuclear magnetic
resonance (NMR), where the optical spectra corresponding to all possible structural
configurations are documented. Spectral features could then be associated uniquely to
certain distortions.
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Figure 4.10.: Spectra and SEM micrographs of chiral oligomer clusters with different sized
upper layer dots. When decreasing the size of the dot in the upper layer the plasmonic coupling
between the lower layer and the upper layer vanishes. From a plasmonic coupling point of view
this effectively collapses the system to a two- dimensional one which is not capable of supporting
chiral optical properties. The scale bar is 200 nm.
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Figure 4.11.: TRCP and TLCP spectra as well as the difference spectra for the depicted
enantiomers. All spectra show signatures of strong plasmonic modes. Under decreasing upper
particle diameter, the coupling between the two layers vanishes, rendering the clusters two-
dimensional in a plasmonic sense. Consequently, the chiral optical response vanishes and the
TRCP and TLCP spectra become almost identical.
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Figure 4.12.: Chiral plasmonic nanoparticle clusters can serve as a three-dimensional chiral
plasmon ruler. ∆T = TRCP −TLCP spectra for a set of deliberate shifts of the upper dot from
the symmetric achiral position (blue) and their corresponding SEM images. The spectra are
shifted upwards for clarity. The grey spectra depict the response of the preceding structure
to facilitate comparison of the spectra. The spectra show significant changes of the spectral
features as well as in the magnitude of the signal. The scale bar is 200 nm.
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Figure 4.13.: Demonstration of the three-dimensional chiral plasmon ruler. The upper dot
is successively displaced in nominal steps of 10 nm. Despite the rather small relative displace-
ments one can observe clear and pronounced changes in the spectral shape as well as in the
magnitude. The spectra are shifted upwards for clarity. The scale bar is 200 nm
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Figure 4.14.: Demonstration of the three-dimensional chiral plasmon ruler for displacements
which are not along the arms of the lower layer L-shape. It is still possible to observe strong
and well modulated ∆T = TRCP − TLCP spectra. The scale bar is 200 nm.

4.4. Charge Transfer in Chiral Plasmonic Oligomers

The most prominent example of a chiral structure is a spiral, cf. figure 4.15 (a). Yet,
the fabrication of such structures remains challenging. Impressive work has been done
utilizing direct laser writing and subsequent gold plating to obtain solid metal struc-
tures [206, 207] or electroless plating of a dielectric chiral matrix [208]. However, the
miniaturization of these spirals in order to obtain a chiral optical response in the near
infrared or even visible wavelength regime has not yet been demonstrated. A straightfor-
ward idea, however, is to replace the spiral with individual nanoparticles arranged in a
handed fashion, as sketched in figure 4.15 (a). The depicted arrangement of six particles
can be viewed as the first winding of a spiral. The benefit afforded by this strategy is
threefold. Firstly, the fabrication of such structures is possible by self-assembly tech-
niques [171,243–245,256], as well as multi-layer electron beam lithography [90,209,251].
Secondly, the fundamental plasmonic modes of the structure are significantly blue-shifted
due to reduced coupling. Instead of conductive coupling, as in the case of a solid spiral,
the particles interact via their respective near-fields. Thirdly, the spectral regime in
which the chiral optical response occurs can be nearly arbitral shifted by changing the
particle size and by choice of the appropriate metal [108,257,258].

A spiral is better approximated if more particles and more layers are utilized. In practice,
both quantities are limited by experimental feasibility. Figure 4.15 (b) depicts artist’s
impressions as well as tilted view scanning electron microscope (SEM) images of our
fabricated structures. The structures consist of two layers fabricated by electron beam
lithography. Both layers contain three particles arranged in an L-shape. The layers are
twisted with respect to one another, which determines the handedness of the resulting
structure. Changing the size of the individual particles allows tuning of the coupling
strength within each layer. An increase in particle diameter will increase the coupling due
to closing of the interparticle gap. As soon as the particles touch the coupling mechanism
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Figure 4.15.: (a) A 3D spiral is a prototype chiral structure. In order to experimentally
realize such a configurationally chiral structure one can approximate the first winding of the
spiral by a handed arrangement of individual nanoparticles. (b) Our fabricated structures
consist of two twisted layers, each containing three particles arranged in an L-shape (artist’s
impression in the upper row, SEM micrographs of the fabricated structures in the lower row).
This design furthermore allows merging the particles into one another, increasing the coupling
strength. (c) Tilted overview SEM image of a fabricated array. The structures are arranged
in a C4 symmetric and thus uniaxial lattice in order to suppress contributions of polarization
conversion.
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Figure 4.16.: Transmittance spectra for right- and left-hand circularly polarized light for
oligomers with different diameter of the constituting particles as well as tilted view SEM
images of the corresponding structures. The lowest row depicts the case of well separated
particles, the middle row just touching particles, and the upper row the case of completely
fused particles. The spectra are shifted upwards for clarity.

within the layers changes from capacitive, i.e., near-field coupling, to conductive coupling
which leads to the formation of a charge transfer mode [129–131,259,260]. Thus, one can
laterally merge the dots of each layer which significantly increases the coupling strength
and the dipole moment of the resulting resonances. Moreover, it further improves the
approximation of a three-dimensional spiral. Figure 4.15 (c) shows a tilted overview SEM
image of our fabricated oligomer. The four elements of the unit cell are arranged in a
C4 symmetric fashion and thus form a uniaxial lattice which suppresses contributions of
polarisation conversion.

In order to study the chiral optical response of our oligomers we have successively in-
creased the size of the individual particles. Figure 4.16 depicts the transmittance spectra
for right- and left-handed circularly polarized light for three different particle sizes. The
lowest spectra show the response of an oligomer with well separated particles. The re-
sponse is thus described in terms of capacitive coupling, i.e., near-field coupling. We
observe strongly modulated spectra in the visible and near-infrared part of the spec-
trum with a number of different modes and a pronounced difference for the two different
circular polarizations. This already indicates strong chiral optical interaction. The up-
permost spectra illustrate the case of fully touching particles and are thus characterized
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Figure 4.17.: Experimental (left) and simulated (right) ∆T spectra, defined as the difference
in the transmittance of right- and left-handed circularly polarized light. The red and blue
spectra correspond to the left- and right-handed enantiomers, respectively. In experiment and
simulation one observes the appearance of a new fundamental and a number of higher order
modes upon the increase of the size of the constituting particles (cf. the normal view SEM
images and sketches). The reason is the transition from capacitive to conductive coupling
and thus the appearance of a charge transfer mode. The difference in the transmittance of
right- and left-handed circularly polarized light reaches values as high as 35%. The spectra are
shifted upwards for clarity.

by conductive coupling and the appearance of the charge transfer plasmon. First of all
we notice a significant red-shift of the fundamental plasmon mode from about 1200 nm
to 3000 nm. This behavior is expected due to the increased length of the merged particles
upon charge transfer. However, we as well observe a number of additional resonances
in the visible and near-infrared wavelength range. Even in the visible these resonances
show strong modulation which is comparable to the response of the oligomer with well
separated particles. Overall, the differences for the two polarizations are even stronger
in the conductively coupled case. The middle spectra depict the case for just touching
particles. Due to fabrication tolerances not all particles are actually touching which
allows us to observe the transition from the capacitively coupled to the conductively
coupled case. Consequently, the spectra show the formation of the new lowest energy
modes while the modes of the separated oligomer are still partially visible.

In order to directly compare the chiral optical response of the oligomers upon increasing
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particle size we plot the experimental ∆T = TRCP − TLCP spectra for both enantiomers
in the left column of 4.17. Compared to figure 4.15 we show additional oligomers with in-
termediate particles sizes which allows for a better understanding and visualisation of the
transition behavior. The red and blue spectra correspond to the left- and right-handed
enantiomers of each oligomer. For all cases we observe excellent mirror symmetry of the
∆T spectra which is expected for interchanged handedness. The two lowest oligomers
correspond to the case of fully separated particles and thus to the near-field coupled
regime. The coupling strength increases with increasing diameter as the spectral fea-
tures are red-shifting. Yet, the overall mode structure remains unchanged. The next set
of spectra shows the transition regime between capacitive and conductive coupling. In-
spection of normal view SEM micrographs indicates that not all particles but only about
∼50% are actually touching. Despite this uncertainty the mirror symmetry between the
spectra of the two enantiomers is still excellent, indicating that the fraction of touching
particles is about equal. When further increasing the size of the individual particles they
start to fully merge. We observe the formation of an extremely strong and broadband
chiral optical response between roughly 700 nm and 3500 nm, which corresponds to a
bandwidth of more than 2 octaves. The transmittance difference reaches values up to
nearly 35% which roughly corresponds to an ellipticity of 20°. The reason for the strong
chiral optical response is most likely connected to the strongly increased dipole moment
of the plasmonic resonances. The L-shaped particle which forms due to the merging of
the individual particles possesses a significantly larger volume and thus a larger number
of quasi-free conduction electrons and consequently a larger dipole moment of its plas-
monic modes. Further increasing the size of the particles leads to a spectral shift of the
resonances but no longer to a significant change in the mode structure, as the overall
geometrical shape of the structure no longer changes. We expect that the mode struc-
ture will only significantly change again when the dotted L-shaped particle approaches
a perfect undistorted L-shape. Additionally, one observes a blue-shift of the plasmonic
resonances in the spectra, which is particularly obvious for the lowest energy modes.
Intuitively one would have expected a red-shift due to the increased size of the merged
particle. Yet, this red-shift is overcompensated by the blue-shift of the plasmon modes
upon increase of the width of the structures which is accompanied by the size increase
of the individual particles.

All our experimental findings are confirmed by numerical calculations (cf. figure 4.17,
right column). The three-dimensional Maxwell’s equations are solved using the finite
element method (COMSOL Multiphysics Finite Element Analysis Simulation Software).
The dielectric function of gold is taken from the Palik handbook [261]. A unit cell
consisting four elements arranged in the C4 symmetric fashion was simulated, which is
the same as the fabricated structure shown in figure 4.15 (c). At the sides of the unit
cell, periodic boundary condition is assumed in order to obtain the optical response of
the whole oligomer array. A normal incident circularly polarized light source (500 to
3500 nm) is used. As the incident light wave strikes the structure, it will be absorbed,
reflected or transmitted through the structure. The absorbed power is computed through
the volume integration of the resistive heating in the gold nanoparticles. The reflected
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Figure 4.18.: Transmittance spectra under linear polarized excitation for single layered ref-
erence structures, which are isolated particles, merged particles, and a perfect L-shape. The
dotted L-shape combines the benefits from the isolated dots and the perfect L-shape: A large
number of resonances can be observed. The spectra are shifted upwards for clarity.

or transmitted power is calculated through the surface integration of the power flow
over the surfaces far away from the nanoparticle layers. The sum of calculated power of
absorption, reflection and transmission is checked against the incident power to ensure
the accuracy of simulation. In addition, the near field information at the resonant
wavelengths in which we are interested can be directly obtained from the simulations as
well.

The transmittances to the right- or left-handed circularly polarized light are simulated
for each oligomer, and the differences ∆T are obtained accordingly. The initial red-shift
of the resonances as well as the later blue-shift are well reproduced. Overall, we observe a
few small deviations. In particular, the simulation predicts a significantly larger spectral
separation between the fundamental resonance and the higher order modes. Yet, the
overall mode profiles are very well reproduced. We attribute the differences to the
highly complex shape of the nanoparticles and the complex structure and arrangements.
Small deviations between the simulated and measured structural geometry, which are
well within the tolerances of the fabrication techniques, might cause already significant
deviations.

So far, the appearance of the higher order modes remains unclear. Intuitively, one would
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expect an overall red-shift of all modes and therefore the disappearance of a chiral opti-
cal response in the visible and near-infrared. The experimental spectra in figure 4.18 are
capable to explain the observed phenomenon. As a reference we fabricated single layered
structures, which are separated particles, merged particles, and a perfect L-shape. The
spectra have been obtained under excitation with linear polarized light, polarized under
45° with respect to the lattice. Note that the structures are still arranged in a C4 sym-
metric lattice, despite that fact that only one structure is depicted in the corresponding
SEM micrograph for clarity. For the isolated particles (black) we observe a number
of resonances which are all well below 1500 nm in resonance wavelength. The perfect
L-shape (blue) exhibits three pronounced resonances. These resonances correspond to
the three fundamental split ring resonator (SRR) modes as the L-shape resembles a
SRR [262]. When turning to the case of the merged particle depicted in the middle row,
we observe a combination of the two previously mentioned extreme cases. The L-shape
is distorted by the waists of the individual merged particles. Indeed, the correspond-
ing spectrum exhibits a multitude of additional higher order modes. This fact explains
the presence of the higher order modes in the visible and near-infrared region in the
chiral optical response of the two-layered oligomers. All observed modes are caused by
the hybridization of the modes of the individual building blocks. An increased number
of modes supported by the building blocks will lead to a larger number of hybridized
collective modes of the oligomer. The true benefit afforded by the distorted L-shape is
thus the ability to support a large number of different modes which retain significant
resonance dipole moment and thus couple efficiently to an external light field.

In order to further elucidate this experimental finding we simulated the optical response
of the individual building blocks of our chiral plasmonic oligomers. Figure 4.19 depicts
the transmittance spectra as well as near-field intensity maps of the isolated particles and
the perfect L-shape under circularly polarized excitation. The far-field optical response
of the structures is identical for left- and right-handed circularly polarized incident light.
This behavior is expected as the structures are achiral and the arrangement uniaxial.
Thus, one does neither observe circular dichroism nor polarisation conversion. Both
spectra exhibit two main and well modulated resonances. The lowest energy mode A of
the isolated particle structure is a combination of dipolar excitations in the individual
particles, leading to a mode that can be characterized as a bonding dipole mode. The
higher energy mode B in contrast is characterized by strong quadrupolar excitations,
leading to a bonding quadrupole type mode. The perfect L-shape on the other hand
shows much simpler mode behavior. As expected, we observe a λ/2 (C) and a λ mode
(D) as the two fundamental standing wave type modes of a wire. Higher order standing
wave modes are most likely present, yet their modulation is weak. The excitation of
these modes depends strongly on the resonance dipole moment associated with it, which
is expected to drop significantly for increasing mode order [262].

In order to understand the complex yet intriguing behavior of the three dimensional
oligomers, we now turn our attention to the case of the merged three-particle structure.
Figure 4.18 depicts the simulated transmittance spectra as well as the calculated near-
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Figure 4.19.: Simulated far- and near-field optical response of single layer isolated particles
and perfect L-shape structures under circularly polarized excitation. The transmittance spectra
for left- and right-handed circularly polarized incident light are identical, as to be expected for
an achiral and uniaxial structure. The near-field plots reveal bonding dipole and quadrupole
type modes for the three particle structure and standing wave type modes for the perfect
L-shape. The near-field plots are depicted for left-handed circularly polarized excitation, as
indicated by the red arrow. The spectra are shifted upwards for clarity.
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field intensity maps. Again, we observe an identical far-field optical response for left-
and right-handed circularly polarized excitation. However, in contrast to the previous
case we observe a multitude of well modulated resonances, in good agreement with
our experimental results shown in figure 4.18. Interestingly, the mode structure of the
distorted L-shape is a combination of the modes found in the structures of Figure 4.19.
The two lowest energy modes at spectral positions A and B are λ/2 and λ modes. In
contrast to the perfect L-shape we as well observe a well modulated 3λ/2 mode at spectral
position C. The waists of the structure perfectly match the profile of this 3λ/2 mode.
Thus, the mode retains a significantly stronger resonances dipole moment facilitating
its excitation. Additionally, we observe bonding dipole and bonding quadrupole type
modes at spectral positions D and E which are, again, enabled by the distortions induced
by fusing the three individual particles into the L-shape. Thus, we can deduce from the
calculations that the distorted L-shape combines the benefits from both the isolated
three particle structure and the perfect L-shape, underlining the experimental findings
of figure 4.18.

As we now have a clear understanding of the mode structure of the individual layers
we can attempt to unravel the mode structure of the double layered chiral structures.
Firstly, we will examine the case of the fully fused distorted L-shape in figure 4.21.
The upper part depicts the calculated transmittance spectra for left- and right-handed
circularly polarized excitation as well as the calculated ∆T = TRCP − TLCP spectrum.
The lower part shows near-field distributions at four selected spectral positions. The
color of the surrounding frame and arrow indicates the polarization of the excitation (blue
= RCP, red = LCP). Intuitively, we expect the modes of the structure to be combinations
of the modes of the individual building blocks. In order to elucidate this behavior,
we first turn our attention to the fundamental mode of the structure. We clearly see
that this mode strongly splits in resonance energy depending on the polarization of the
incoming light. If we examine the field plots at spectral positions A and B we see that
the modes are of similar character, yet show different phase behavior. Both modes are
combinations of the fundamental λ/2 mode of the merged L-shape. Under right-handed
circularly polarized excitation the modes of the individual layers are in phase whereas
they are in antiphase for left-handed circularly polarized excitation. We can associate
each mode with an induced ring current that is flowing along the particle shape. In order
to understand the energy splitting it is most intuitive to consider the magnetic moments
induced by these ring currents, which are sketched as purple and black arrows next to the
corresponding field distribution. For the lowest energy mode we see that the magnetic
moments are aligned in parallel. This alignment is energetically favourable and reduces
the resonance energy of the mode. In contrast, the magnetic moments for the higher
energy mode at spectral position B are antiparallel which raises the resonance energy
[96,209]. The comparably large energy splitting between the two modes is thus due to the
strong induced magnetic moments and their interaction. Importantly, when changing
the handedness of the structure, the lowest energy mode will be the one under left-
handed circularly polarized excitation, thus LCP and RCP switch their respective roles
when changing the handedness of the structures. As it is not feasible to discuss all modes
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Figure 4.20.: Simulated far- and near-field optical response of a single layer merged L-shape
structure under circularly polarized excitation. The transmittance spectra for left- and right-
handed circularly polarized incident light are identical, as to be expected for an achiral and
uniaxial structure. We observe a multitude of well modulated resonances. The corresponding
modes are a combination of the isolated three-particle and the perfect L-shape cases. We
observe λ/2, λ, and 3λ/2 standing wave type modes and simultaneously bonding dipole and
bonding quadrupole type modes.
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Figure 4.21.: Calculated near- and far-field optical response of a two layered chiral plas-
monic oligomer, consisting of molten together L-shapes. The two lowest energy modes at
spectral positions A and B correspond to the combination of the fundamental λ/2 modes of
the individual layers. The lowest energy mode is characterized by a parallel arrangement of
the magnetic moments induced by the ring currents in the particles, the higher energy mode
shows a antiparallel arrangement. The modes at spectral positions C and D are combination
of the λ modes and the bonding quadrupole modes, respectively.
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of the structure we only show two additional representative cases. At spectral position
C we observe a bonding combination of two λ modes. At spectral position D we observe
a rather complicated mode profile which is the combination of two bonding quadrupole
type modes. The shown near-field distributions thus underline that all observed modes
are basically combinations of the fundamental modes of the individual building blocks,
which are shown in figure 4.20.

In figure 4.22 we depict the calculations for the isolated particle structure. The calculated
transmittance spectra for left- and right-handed circularly polarized excitation as well as
the calculated ∆T spectrum are shown in the upper part, the lower part shows near-field
distributions at four selected spectral positions. When examining the two energetically
lowest modes A and B one again finds a combination of the energetically lowest mode
of the individual layer. The overall behavior is very similar to the previously discussed
case of the merged L-shape. Despite the fact that there is no conductive coupling
between the particles we can again define ring currents in the individual layers. Even
without a conductive bridge between the particles, the near-field coupling gives rise
to displacement currents. The lowest energy mode is again characterized by parallel
alignment of the induced magnetic moments whereas the mode at slightly higher energy
shows antiparallel alignment. In contrast to the merged L-shape we only observe a weak
splitting in resonance energy. The reason is the much smaller induced magnetic moment,
as the ring currents in the individual layers are significantly smaller due to the absence
of conductive coupling. Additionally, we plot the field distributions for two higher order
modes at spectral positions C and D. We again basically observe combinations of the
fundamental modes of the individual layers. Yet, there is one pronounced difference
which is important to note. As there is no conductive coupling between the individual
particles of each layer, the particles are comparably weakly coupled as lateral plasmonic
near-field coupling is weak. In contrast, the coupling between the particles stacked on
top each other is significantly stronger. Therefore, the overall mode profiles are slightly
distorted from the pure combinations of the modes of the individual layers as the coupling
between the stacked particles of the two layers is more efficient.

A somewhat intuitive and straightforward question concerns the evolution of the chiral
optical response upon adding of additional layers. Figure 4.23 depicts tilted view SEM
micrographs of chiral structures with up to four layers. The fabricated structures are
composed of the molten together L-shapes. The close-up images show, for one handed-
ness, one, two, three, and four layered structures. The overview image shows the four
layered structure. Note, that all structures are fabricated simultaneously on the same
substrate. With each finished layer, a certain set of structures is completed and only
the fields which are supposed to have more layers are processed further. This guaranties
identical spacer layer and gold layer thicknesses for the different structures, making it
possible to compare the spectra. The close-up images underline this fact: The closer a
gold structure is to the surface of the top-most PC403 layer, the better it is visible in
the SEM micrographs. The two-layered structure looks rather blurry as it is covered
by three layers of ∼70 nm thick PC403. The structuring of this field has stopped after
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Figure 4.22.: Calculated near- and far-field optical response of a two layered chiral plasmonic
oligomer, consisting of isolated particles. The two lowest energy modes at spectral positions A
and B are combination of the bonding dipole modes of the individual layers. Together with the
displacement currents in between the particles we can define effective currents in each layer,
giving rise to magnetic moments, similar to the case in figure 4.21. The relative orientation
of the magnetic moments determines the resonance energy of the modes. The higher energy
modes at spectral positions C and D are as well basically combinations of higher order modes
of the individual layers.
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Figure 4.23.: SEM microcraphs of multi-layered chiral structures comprised of the molten
together L-shape. (a) The Close-up images show the evolution from the single layered to the
quadruple layered structure. The scale bar is 200 nm. (b) Overview image of the four layer
structure. The scale bar is 500 nm.

two exposure steps and processing only continued for the fields supposed to become
three and four layered. The three layer structure therefore appears much clearer, as its
top-most layer is only covered by two layers of PC403. Accordingly, the top-most layer
of the four layered structure is only buried below a single layer of PC403 and therefore
appears very clear.

Intuitively, one would expect the chiral optical response to increase with the number of
layers. First of all, the increase of layers leads to a better approximation of a spiral.
Secondly, the dipole moment of all plasmonic resonances will significantly increase due
to the increase in gold filling fraction.

The left column of figure 4.24 depicts the transmittance spectra for circularly polarized
light for the structures shown in the SEMmicrographs in the middle column. For the first
layer the transmittance spectra are nearly perfectly identical, as expected for an achiral
structure. For the two layered structure one observes significant mode splitting and
the appearance of additional plasmonic modes. This behaviour continues for the three
and four layered structures. In the latter case, one observes a multitude of plasmonic
modes which make it nearly impossible to assign these modes to certain combinations
of the fundamental modes of the L-shape, as shown in figure 4.20. However, again
in accordance with the expectation, the modulation depth increases significantly with
increasing number of layers. For the four layered structure the transmittance drops
on resonance to values as low as ∼3%. This behaviour is connected to the huge dipole
strength of the plasmonic modes formed in the composite structure. Basically, the whole
unit cell is filled with metal (cf. figure 4.23). Additionally, one observes a successive
red-shift of the resonances with increasing number of layers, which is in particularly
visible for the fundamental one. This behaviour is expected as more and more layers
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Figure 4.24.: Left column: Transmittance spectra for right- and left-handed circularly po-
larized light for the structures shown in the SEM images in the middle column (scale bar
200 nm), with increasing number of layers. The right column depicts the ∆T = TRCP − TLCP

spectra for both enantiomers each. The difference in transmittance reaches the maximum value
for the two layered structure with about ∼42%. Afterwards, the chiral optical response sur-
prisingly diminishes. However, note that the modulation depth of the transmittance spectra
monotonically increases.
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are coupled together, lowering the resonance energy of the fundamental mode due to
attractive interaction (cf. figure 4.20).

To a surprise, the chiral optical response does not follow this trend. The right column
of figure 4.24 depicts the chiral optical response for both enantiomers each, exhibiting
the expected excellent mirror symmetry. The maximum transmittance difference is
reached for the two layered structure, with values as high as ∼42%. For three layers
the difference is already smaller and continues to diminish for the four layered structure.
As in the case of the transmittance spectra it is very difficult to assign certain modes
or to track the evolution of individual modes. Only rarely one is tempted to interpret
an additional mode splitting: When increasing the number of layers from two to three
the ∆T resonance around 2500 nm seems to split, which as well seems to be the case
for the transmittance spectra. However, it is important to note that the CD features
might spectrally overlap, as might the modes in transmission, which makes it most
likely impossible to draw any conclusion without reliable simulations and simulated field
distributions. Each individual layer supports five strong modes, as shown in figure 4.20.
All of these modes will mix and hybridize when the four particles are brought into close
proximity leading to a huge number of collective modes.

However, one might wonder whether the difference in absorbance is actually the best
quantity to look at. One can clearly see that the modulation depth of the resonances
in transmittance is strongly increasing, as one would expect for an increased number of
layers. Hence, it is surprising that the CD seems to drop. When examining the SEM
overview image in figure 4.23 (b) one realizes that a significant fraction of unit cell is
actually filled with gold due to the dense packing within the array but as well due to the
presence of four layers. This huge amount of gold will give rise to significant absorbance
with might not be related to a chiral optical response but rather due to ohmic losses
in the metal. If the overall absorbance increases, the relative transmittance TRCP/TLCP

might be the better quantity to look at. In the end the chiral structure is supposed to
suppress the transmittance of the ”wrong” handed light while still transmitting a high
fraction of the ”right” handed light, even in the presence of ohmic losses, which are
insensitive to the polarization state of the incoming light.

Figure 4.25 depicts the relative transmittance TRCP/TLCP for the structures shown in
figure 4.24. Let us first consider the spectra shown in solid lines, which correspond to the
structures shown in the inset, and thus as well correspond to the transmittance spectra
shown in the left column of figure 4.24. The spectra seem to indicate that the relative
transmittance, that is the relative suppression of the ”wrong” handed over the”right”
handed light, is significantly increasing with increasing number of layers. For the four
layered structure the relative transmittance reaches values as high as ∼13, meaning that
13 times as much ”correctly” polarized light is transmitted as compared to the undesired
one. The dotted lines show the same relative transmittances for the enantiomers. As
expected, the spectra change sign for exchanged handedness. However, the relative
suppression is significantly weaker and does not increase with increasing number of
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Figure 4.25.: Relative transmittance TRCP /TLCP for the structures with increasing number
of layers. Solid: Spectra for the structures shown in the inset. Dotted: Spectra of the cor-
responding enantiomers. The solid lines seem to suggest a significant increase of the relative
transmittance with increasing number of layers, reaching values as high as 13. However, the
spectra of the enantiomers, while confirming the spectral shape, do not show this trend. The
reason is connected to the inability of the FTIR spectrometer to deliver absolute values for the
transmittance, the error is in the order of ∼5%. For very small remaining transmittance, as
it is the case here (cf. figure 4.24, left column) this is of major influence. Hence, one cannot
draw any solid conclusions from the experiment.

136



layers. The reason for these discrepancies is connected to the limited ability of the FTIR
spectrometer to measure absolute values. The error on these values can be around 5%,
which is of no consequence for relative values, such as the ∆T = TRCP − TLCP spectra.
However, as soon as relative transmittance TRCP/TLCP is studied, it is of significant
difference whether the transmittance drops down to 3% or 8%. As there is no way
of ”normalizing” the spectra, there is no way of knowing whether or not the relative
transmittance is indeed increasing with increasing number of layers, or not. Simulations
could again help in unraveling the processes, yet they are extremely demanding due to
the large unit cell and the multi-layered nature of the structures.

4.5. Plasmonic Diastereomers

In 2003 Nordlander and co-workers introduced the concept of plasmon hybridization [65]
for the description of complex plasmonic nanostructures, bridging the established field
of molecular physics with the emergent field of plasmonics. Since then, researchers have
drawn inspiration from Chemistry, as well as molecular and atomic physics, transferring
well-known and intriguing phenomena to the realm of plasmonics. This strategy created
a plethora of fascinating plasmonic systems [80,83,120,138], such as plasmonic molecules
and polymers [84,263], plasmonic hierarchical systems [264], or the classical analogue of
electromagnetically induced transparency [79,82,140,265].

Chirality is a particular exciting chemical concept as it is nearly omnipresent in nature
[203, 204, 237]. A large number of bio-molecules are chiral, such as sugars, the essential
amino acids, or nucleic acids, to name a few. The chemical construction kit offers several
possibilities to create chiral molecules. The most prominent one, however, is the so-called
chiral center [199, 266]. In such a center four different molecular groups or atoms are
bond to a tetravalent carbon atom, thus being termed an asymmetric carbon atom.
Such a carbon atom dressed with hydrogen, fluorine, chlorine, and bromine atoms, is
an archetype chiral system. Depending on the sequence of the atoms the center can be
either left- or right-handed.

Quite a number of chiral molecules are even more complex as they contain several chiral
centers. If a molecule possesses n chiral centers a large number of potential three-
dimensional arrangements, so-called stereoisomers, exist because these centers can be
either left- or right-handed. Such a molecule can form a maximum of 2n so-called chiral
diastereomers, which do not differ in chemical composition but rather in their three-
dimensional arrangement. If two such molecules differ in the handedness of all n chiral
centers they are called enantiomers, meaning they are true mirror images of each other.
Such enantiomers have identical chemical and physical properties, unless they inter-
act with chiral molecules or circularly polarized light. In particular, the chiral optical
responses of enantiomers are intimately correlated, as the circular dichroism (CD) spec-
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Figure 4.26.: A large number of bio-molecules are chiral due to the presence of a chiral center
or asymmetric carbon atom. However, a number of molecules contain several chiral centers.
One example is d-glucose containing five centers, as can be seen in the Fisher projection
depicted in the center of the figure. In general, one can change the handedness of each chiral
center individually, leading to 24 = 16 different molecules, or so-called diastereomers. These
molecules have identical chemical composition, yet their 3D arrangement is different. The left
hand side depicts l-glucose, where all chiral centers are changed in handedness, making it the
enantiomer of d-glucose. If only one specific chiral center is changed, the resulting molecule is
d-galactose, a diastereomer of d-glucose.

trum flips sign for changed handedness. If two such molecules differ in the handedness
of exactly one center they are termed epimers. Interestingly, epimers or diastereomers
have different physical and chemical properties, in particular the CD response of these
molecules can be very different and there is in general no correlation or dependence of
the spectral response of the one molecule on the response of the other molecule. The
only exceptions to this rule are so-called meso compounds. Despite the fact that they
consist of two or more chiral centers they are achiral due to the presence of a symmetry
plane within the molecule and hence do not show any CD [266].

An example of such a system is shown in figure 4.26. It depicts the Fisher projection
of d-glucose consisting of 5 chiral centers. Thus, this system in principle possesses a
maximum of 24 = 16 diastereomers. The mirror image of d-glucose, i.e., its enantiomer,
is shown on the left hand side, being l-Glucose. If one changes the handedness of one
specific center, one obtains d-galactose, thus being a diastereomer (in principle even an
epimer) of d-glucose. The example of d-Glucose demonstrates that the chemical concept
of multiple chiral centers allows for construction of a large number of complex chiral
molecules from basic building blocks. The physical and chemical properties, in particular
the CD response, of the resulting composite molecules are not necessarily connected to
one another in a simple or straightforward way or might even be completely independent
of each other. This class of diastereomers is an exciting field of research, as molecules
with the same chemical composition have different properties owing to their different
three-dimensional arrangement. Importantly, the chiroptical response of a molecule can
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in general not be determined from the chiroptical response of a diastereomer. The
physical properties of diastereomers are unrelated [199].

Recently, it has been proposed and demonstrated that the concept of a chiral center can
be transferred to plasmonics [171,243,267]. The four different atoms or molecular groups
at the corners of the symmetric tetrahedron which is fixed by the central carbon atom are
replaced by four different metallic nanoparticles. However, it was found that the chiral
optical response of this system is comparably weak, as the four different particles are only
weakly coupled due to resonance energy and dipole moment mismatch [90]. Nevertheless,
one can construct the plasmonic analogue of a chiral center by employing four equally
sized particles arranged in an asymmetric, that is, handed fashion [247, 268, 269]. In
this Letter, we demonstrate that we can construct composite molecules which comprise
two or more chiral centers. We find that the CD response of our composite plasmonic
molecules can be approximated as the sum of the CD response of the fundamental
building blocks. What is more, we demonstrate that the additivity of the CD response
is caused by weak near-field interaction between the individual chiral centers. As soon
as the centers are coupled to one another, this additivity vanishes.

Figure 4.27 (a) depicts the fundamental building blocks of our chiral composite molecules.
The first layer of the structures contains an L-shaped arrangement of three particles.
A fourth particle in the second layer determines the handedness of the resulting cen-
ter. In contrast to an asymmetric carbon it is straightforward to have a right- (R) and
left-handed (L) as well as an achiral (A) center due to the configurational asymmetry
in three dimensions. In order to form a composite molecule two of these centers are
combined such that they share one ”plasmonic atom”. Conceptually, there are several
possibilities to join the individual centers. In our case the first layer takes an S-shape, as
indicated in Figure 4.27 (b). This geometry is particularly interesting as the first layer
exhibits so-called 2D chirality [220,221,270,271]. As a consequence, all combinations of
two chiral centers, independent of their respective handedness, will result in a truly 3D
chiral structure. For instance, the combination of a left- and right-handed center (which
we term (L+R)) as well as two achiral centers (A+A) will result in a chiral molecule.
From a geometrical point of view, this observation is not surprising, yet intuitively one
would have expected an (L+R) molecule to be achiral, as one would expect the combina-
tion of achiral centers to be achiral. Figure 4.27 (c) depicts tilted and normal view SEM
images of our molecules. The position of the upper layer dot is excellently visible in the
normal view SEM micrographs. Firstly, two particles are directly on top of each other
and secondly the particle in the upper layer is much closer to the sample surface. Both
factors cause the secondary electron emission to be significantly stronger, such that the
particle appears brighter in the micrographs. We will thus use these SEM micrographs
in the following Figures for illustration purposes.

Our construction rules, as laid out in figure 4.27, allow for 6 different composite molecules
and their respective enantiomers, as depicted by SEM micrographs in figure 4.28. A
number of combinations result in the same geometry, so is the (R+L) molecule identical
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Figure 4.27.: (a) Construction scheme of our plasmonic diastereomers. The chiral centers
consist of four equally sized particles arranged in an asymmetric fashion. Three particles are
arranged in an L-shape in a first layer, the fourth is stacked above the others determining the
handedness of the resulting structure. In contrast to asymmetric carbon atoms the plasmonic
chiral center can be either left- (L) or right-handed (R), as well as achiral (A). (b) In order
to form composite molecules we combine two chiral centers such that they share one common
”plasmonic atom”. The resulting first layer assumes an S-shape, hence being ”2D chiral”. As a
consequence, each combination of chiral centers will result in a chiral composite molecule. The
panel depicts the case of an (L+R) molecule consisting of an L and an R chiral center. (c) Tilted
and (d) normal view SEM micrographs of (L+R) molecules, fabricated in a two-step electron
beam exposure process. The close-up as well as the normal view micrographs demonstrate the
excellent alignment between the two fabricated layers. (e) The overview images reveal the C4
symmetric arrangement of the individual clusters, suppressing lattice-induced contributions
of polarization conversion. The scale bars in the close-ups are 200 nm and 500 nm for the
overview image.
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Figure 4.28.: The construction rule laid out in figure 4.27 allows for a number of composite
chiral structures (note, that the upper layer particles appear brighter). However, a number
of combinations results in the same molecule, such as the (L+R) and the (R+L) molecules
(right-most column). In total, one obtains six independent molecules as well as their respective
enantiomers.

to the (L+R) one as a rotation by 180°transfers the structures into one another, cf. the
right-most column of figure 4.28. Similarly, all combinations are symmetric with regard
to the handedness of the two centers. It is important to note that the (R+R) cluster
contains only one particle in the upper layer, as the corresponding first layer atoms are
shared in order to form the composite molecule. The six resulting molecules are thus
(A+A), (A+R), (A+L), (R+R) = (R), (L+L), and (L+R). It is important to note that
all the molecules are chiral and all of them are apparently independent 3D structures.

In order to study the chiral optical response of our molecules, the left column of figure
4.29 depicts the transmittance spectra for right- and left-handed circularly polarized
incident light for the structures shown in the corresponding SEM micrographs. Already
the transmittance spectra show the strong difference in the response of the structures
upon the two different circular polarizations. The right column of figure 4.29 depicts the
∆T = TRCP − TRCP spectra for the displayed structures as well as their corresponding
enantiomers. For all the structures we observe excellent mirror symmetry for the ∆T
spectra of the two enantiomers as expected. The overall CD response reached values as
high as ∼12%.

On first sight, the spectra appear to be very different. For example, the ∆T spectra
of the (R) composite molecule seem to have unique mode signatures. However, when
closely examining the spectra, we find striking similarities among them, despite the fact
that from a geometrical standpoint all the molecules are different. For example, all
clusters containing at least one R chiral center show the same spectral feature in the CD
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Figure 4.29.: Experimental realization of the six independent composite molecules and their
respective enantiomers as laid out by the construction rules shown in figure 4.27. The left
column depicts the experimental transmittance spectra for right- (blue) and left-handed (red)
circularly polarized light for the structures shown in the normal view SEM micrographs in the
middle column. Note, that the particles of the upper layer appear significantly brighter in the
SEM micrographs, additionally the SEM micrographs are labelled. All molecules show signif-
icant chiral optical response, manifesting itself in the pronounced differences in the transmit-
tance spectra. The right column depicts the ∆T = TRCP −TRCP spectra for both enantiomers,
respectively. The spectra show excellent mirror symmetry for interchanged handedness, as ex-
pected. The chiral optical response reaches values as high as ∼12%. Overall, the spectra show
remarkable similarities, indicating that the chiral optical response might be generated by a
limited basis set. The spectra are shifted upward for clarity (transmittance by 0.5, ∆T by
0.2). The scale bar is 200 nm.
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Figure 4.30.: Experimental ∆T = TRCP −TRCP spectra for the ”pure” composite molecules
consisting of two same handed chiral centers, that are the (A+A), (L+L), and (R+R) =
(R) molecules, are shown in the left column. The right column depicts the response of the
corresponding single center structures with only a single particle in the second layer. Note
that the (R) molecule in any case consist of only a single particle in the second layer as
the corresponding first layer plasmonic atom is shared in order to form the molecule. The
lowest row depicts spectra of two fabricated sets of (R) molecules, demonstrating the excellent
reproducibility of our fabrication method. When comparing the double and single center
structures one clearly sees that the overall mode structure is identical. Thus, adding a second
same handed center doubles the CD response but does no longer change the mode structure.
The two chiral centers therefore appear to be decoupled. The spectra are shifted upward by
0.15 for clarity. The scale bars are 200 nm.

response centered on 1300 nm (see arrow), whereas all other molecules do not. Similarly,
a distinctive dent in the transmittance spectra at 1150 nm for RCP light can be observed
in the response of these molecules (compare the line in the left column). What is more,
all composite molecules containing at least one L chiral center are characterized by a
broad and featureless peak in the transmittance spectra for RCP and LCP light in the
spectral region between ∼1000 nm and 1300 nm. The remarkable similarities indicate
that the chiral optical response of the composite molecules might be generated by a
limited spectral basis set. Thus, an intriguing question arises: Can we construct the
chiral optical response of the composite molecules from a basis set of fundamental chiral
spectra, in the same manner we construct the molecules themselves from a geometrical
basis set of fundamental chiral centers? For example, closely examining the ∆T response
of the (L+R) molecule, one gets the impression that it might actually be the combination
of the responses of the (L+L) and (R) composite molecules, as it is as well geometrically
composed from these.

As a first step in order to answer this intriguing question, we examine the chiral optical
response of the ”pure” composite molecules (A+A), (L+L), and (R+R) = (R) in figure
4.30. The left column shows the response of the molecules with two identical chiral
centers, the right column shows the response for molecules with only one center each,
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Figure 4.31.: Experimental verification of the approximate additivity of the CD response
of the composite molecules. The left column depicts the ∆T = TRCP − TRCP spectra of
the composite molecules (L+R), (L+A), and (R+A). Geometrically, the (L+R) cluster is
composed of the single centered molecules (R) and (L). The right column thus depicts the
sum of the CD response of these two molecules. One finds an excellent agreement between
the measured and calculated spectra. The same holds for the (L+A) molecule composed of
the single centered (R) and (A) molecules. For the (R+A) molecule on the other hand the
spectra show significant differences, thus indicating that the additivity of the CD response has
vanished for this molecule. The spectra are shifted upward by 0.15 for clarity. The scale bars
are 200 nm.

yet with the full first layer. Let us first examine the (A+A) and (L+L) molecules.
The overall mode profile and the spectral features observed in the ∆T spectra remain
unchanged. However, the absolute amplitude of the CD response is roughly cut in half.
The handedness of the structure is not changed when adding a second same handed
center, as expected. However, it is surprising that the overall mode structure appears
to be unchanged, in spite that the structures are different from a purely geometrical
point of view. We can thus conclude that the two chiral centers are decoupled and their
response adds up and increase the magnitude of the CD response. The lowest spectra in
figure 4.30 depict the response of the (R+R) molecule. Note that this molecule always
contains only a single particle in the second layer and thus one chiral center as the lower
layer particle is the shared atom of the composite molecule. For this molecule the figure
contains the spectra of two sets of ”plasmonic molecules” fabricated independently of
each other. The spectra are more or less perfectly identical with each other, underlining
the extremely high reproducibility of our fabrication method, which will be important
for the considerations below. Overall, in contrast to the findings shown in figure 4.29,
the mode profile of the structures depicted in figure 4.30 appear to be very different and
no similarities between the spectra can be observed. Thus, these plasmonic molecules
might constitute the basis set generating the CD space of the composite molecules, as
stated above.

In figure 4.31 we examine the capabilities of this potential chiroptial basis set. The left
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Figure 4.32.: Simulated electric near-field distributions on resonance upon circularly polar-
ized excitation for (a) a single first layer and (b) the (A) composite molecule. The presence
of a particle in the second layer modifies the field distribution of the first layer. However, by
closely examining the field distribution one realizes that only the next-nearest particles are
strongly influenced. In particular, the field distributions around the two right-most particles
are basically unchanged. This indicates that for an additional particle placed on-top of one of
these particles the first layer will appear unchanged no matter whether or not another parti-
cle is already present. The two chiral centers are therefore decoupled and the chiral optical
response will be approximately additive.

column depicts the chiral optical response of the composite molecules (L+R), (L+A),
and (R+A). If the structures shown in figure 4.30 are indeed the basis set of the com-
posite molecules, one should be able to calculate the chiral optical response of all other
molecules from the chiral optical response of these building blocks. Geometrically, the
(L+R) molecule is composed of an (L) and an (R) building block. The right column
of figure 4.31 thus depicts the sum of the CD response of an individual (L) and (R)
molecular building block, as indicated by the SEM micrographs. The agreement be-
tween the measured response and the calculated one is excellent, not only with respect
to the spectral features and the mode structure, but as well regarding the amplitude of
the CD response. The same conclusion holds true for the case of the (L+A) molecule.
Again, not only the geometry but as well the optical response is generated by the fun-
damental building blocks L and A. Please note that eight experimental transmittance
spectra are needed in order calculate each of the ∆T spectra pairs in the right column,
imposing high demands on the reliability and reproducibility of structure fabrication. In
contrast to the former cases, the suggested procedure fails to predict the CD response of
the (R+A) molecule. The calculated CD spectra are strongly deviating from the mea-
sured ones. Conceptually, both findings are equally puzzling: Why is the chiral optical
response in the one case determined by the response of the building blocks and in the
other case not? The finding is in particular unexpected, as the composite molecules are
different geometrical structures and one would thus expect a different plasmonic mode
structure and CD response.

Calculated electric near-field distributions, as shown in figure 4.32, are capable to explain
both findings. figure 4.32 (a) depicts the near-field distribution on resonance of the
first layer when being excited by circularly polarized light. When adding a particle in
the second layer, as shown for an (A) building block in figure 4.31 (b), the near field
distribution in the first layer is modified. However, when comparing this distribution
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Figure 4.33.: (a) Tilted overview SEM images of the composite (L+R+A) molecules. (b)
Due to near-field coupling between the particles of the upper layer the (R+A) composite
molecule is a building block of its own and the CD response cannot be calculated from simple
addition of the response of the (R) and (A) building blocks. However, the ∆T = TRCP −TRCP

spectra of the even more complex (L+R+A) molecule can again be approximated by adding
up the responses of the (R+A) molecule and the (L) building block, proving that the (R+A)
composite molecule is indeed a fundamental building block as well.

to the one in figure 4.31 (a) a significant influence of the second layer particle can only
be seen for the next-nearest neighbours. In particular, the two rightmost particles are
basically unaffected by the presence of the second layer particle. This finding can be
explained by the comparably weak lateral coupling between adjacent nanoparticles. To
first order approximation the coupling can be described in terms of the interaction of
two point dipoles located in the center of mass of the disks. However, the distance
between these dipoles is given by the diameter of the disk plus the gap between the
disks. In contrast, the distance between the dipoles for the stacked arrangement is only
given by the thickness of the disks plus the vertical stacking distance. Therefore, the
upper layer particle will not influence the near-field distributions of the two rightmost
particles. In turn, this implies that for a second particle being placed in the upper layer,
it is of no consequence whether or not there is already another particle present. No
near-field coupling between these two chiral centers takes place, they do not influence
each other and their chiral optical response will be decoupled and thus be additive. This
behaviour will obviously change dramatically as soon as near-field coupling between the
centers starts to be important. If fact, for the (R+A) molecule the additivity of the
CD response is destroyed as the particles of the second layer are coupled. The two
particles are next-neighbors, thus they are strongly near-field coupled. This coupling
gives rise to modified electromagnetic modes within the plasmonic structure and thus
the CD response can no longer be calculated from the buildings blocks (R) and (A).
The (R+A) molecule is therefore actually a building block of its own. The additivity
of the CD response, as shown in figure 4.31, is thus caused by the decoupling of the
chiral centers within the molecules due to vanishing near-field coupling between them.
As soon as there is electromagnetic near-field interaction or cross-talk, this additivity
vanishes.
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Figure 4.34.: Construction rules for a different set of plasmonic diastereomers. The individ-
ual chiral centers, shown in (a), are connected so that the first layer takes a U-shape, as shown
in (b). (c) and (d) Tilted and normal view SEM micrographs of the fabricated structures,
demonstrating excellent overlay accuracy. The scale bars are 200 nm. (e) Tilted overview
SEM micrograph. The scale bar is 500 nm.

In order to further substantiate our findings, we investigate the properties of an even
more complex composite molecule in figure 4.33. Figure 4.33 (a) depicts tilted view
SEM images of a composite (L+R+A) molecule. If indeed the (R+A) molecule is a
building block as suggested by the above results, the chiral optical response of the
complex (R+A+L) molecule should be constructable from the response of the (L) and
(R+A) building blocks. Figure 4.33 (b) thus depicts the chiral optical response of the
composite molecule as well as the calculated spectra from the (L) and (R+A) building
blocks. The calculated and the measured CD response again agree excellently in mode
profile, spectral features, and amplitude, substantiating the role of the (R+A) molecule
as separate building block in its own right.

So far we have studied composite molecules where all combinations result in a chiral
compound. This fact is connected to the shape of the first layer. As it took an S-
shape, which is 2D chiral, all possible positions of the upper layer dot will render the
structure 3D chiral. In order to obtain achiral composite molecule one has to change
the construction rules. Figure 4.34 depicts such a different set of rules. The individual
centers, shown in figure 4.34 (a), are now joined such, that the first layer takes a U-
shape, which is not 2D chiral. As a consequence, a number of composite molecules will
be achiral. Figure 4.34 (c) depicts SEM micrographs of fabricated structures, again
demonstrating excellent overall accuracy.

Figure 4.35 depicts the composite molecules which can be obtained by the construction
rule as laid out in figure 4.34. In contrast to the previously discussed case one can
construct six independent molecules of which three are achiral. A number of facts

147



Figure 4.35.: The construction rule laid out in figure 4.34 allows for a number of composite
chiral structures (note, that the upper layer particles appear brighter). In contrast to the earlier
case, the composite molecules (A+A), (L+R) and (R+L) are achiral due to the presence of
a mirror plane within the molecules. Note, that the (R+R) molecule is the enantiomer of
the (L+L) one. Overall, one obtains three independent chiral molecules and their respective
enantiomers as well as three independent achiral molecules.

Figure 4.36.: Fisher projections of the stereoisomers of tartaric acid. Tartaric acid consists
of two chiral centers, nevertheless it only possesses three stereoisomers, two of which are chiral
and one is achiral. The achiral (2R,3S)-tartaric acid is called a meso-compound. The meso-
compound is achiral due to the presence of a mirror plane within the molecule. (Note: the
numbers 2, 3 denote the respective carbon atom, R, S denote their handedness).
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Figure 4.37.: Experimental realization of the three independent chiral composite molecules
and their respective enantiomers, as well as the three achiral structures (fabricated twice). The
left column depicts the experimental transmittance spectra for right- (blue) and left-handed
(red) circularly polarized light for the structures shown in the normal view SEM micrographs
in the middle column. The right column depicts the ∆T = TRCP − TRCP spectra for both
enantiomers, respectively. The spectra show excellent mirror symmetry for interchanged hand-
edness, as expected. The chiral optical response reaches values as high as ∼12%. Overall, the
spectra show remarkable similarities, indicating that the chiral optical response might be gen-
erated by a limited basis set. The spectra are shifted upward for clarity (transmittance by 0.5,
∆T by 0.2). The scale bar is 200 nm.

appear interesting: The (R+R) molecule is the enantiomer of the (L+L) molecule. The
achiral structures are achiral due to the presence of a mirror plane within the molecule.
The (L+R) and (R+L) molecules are composed of two chiral building blocks and are
nevertheless achiral. Such a phenomenon is as well known in chemistry. Here, a molecule
composed of two or more chiral centers can as well be achiral due to the presence of a
mirror plane. One terms such a molecule a meso-compound. The potential existence
of a meso-compound is the reason why a molecule with n chiral centers can have a
maximum of 2n diastereomers. A number of three dimensional arrangements can in fact
lead to a meso-compound which is not termed a diastereomer. An example is tartaric
acid which comprises of two chiral centers, shown in figure 4.36. However only (2R,3R)-
tataric acid and its enantiomer (2S,3S)-tataric acid are chiral. (2R,3S)-tataric acid is a
meso-compound due to the presence of a mirror plane, such that (2R,3S)-tataric acid
is the same as (2S,3R)-tataric acid [199] (Note: the numbers 2, 3 denote the respective
carbon atom, R, S denote their handedness, see also figure 4.36).
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Figure 4.38.: On first sight the arrangement of the U-shaped clusters appears to be not
C4 symmetric. However, when successively rotating the same SEM micrograph clockwise by
90°(left part of the figure) and overlaying the semitransparent images (right-most image) one
can hardly see any deviation, thus the arrangement is indeed C4 symmetric.

The left column of figure 4.37 depicts the transmittance spectra for left- and right-
handed circularly polarized light for the structures shown in the insets in the middle
column. The right column depicts the ∆T = TRCP −TRCP spectra for both enantiomers
of each structure. For achiral structures two arrays of molecules have been fabricated to
check experimental consistency and reproducibility, hence even for the achiral (A+A),
(L+R) and (R+L) molecules two ∆T spectra are shown. In contrast to the conclusions
drawn from figure 4.29 for the diastereomers with 2D chiral first layer, all spectra for the
structures at hand do show very different behaviour. Only the feature around 1500 nm
appears in the spectra for all molecules. Even more confusing, the achiral structures
seem to show significant chiral optical response. Moreover, for the chiral molecules one
does not observe the expected mirror symmetry of the CD response, significant dis-
similarities are present. Both findings point to the presence of another contribution to
the optical response of the molecules. The first idea coming to mind is polarization
conversion. However, the C4 symmetric lattice should suppress this contribution effec-
tively, as we have seen earlier. Figure 4.38 demonstrates that the lattice is indeed C4
symmetric. Inspecting the SEM micrographs in figure 4.34 one might be tempted to
assume otherwise; this false impression is caused by the U-shape of the particle and the
fact that the rotation axis is not in the center of the particle, as it is the case for the
S-shaped molecules. Figure 4.38 demonstrates that the lattice is indeed C4 symmetric,
as intended. Moreover, if the spectral features would indeed be caused by polarization
conversion they should be identical for all achiral structures as the effect is caused by
the lattice and not by the objects placed at the individual lattice sides.

Another potential source for the deviations are fabrication tolerances. It might be pos-
sible that the differences are caused by misalignment between the two layers, which
changes in magnitude and direction from field to field. Figure 4.39 convincingly shows
that this is not the case. As already stated above the (R+R) molecule is the enantiomer
of the (L+L) molecule. Nevertheless, both molecules and their respective enantiomers
have been fabricated. Two of the resulting CD spectra should thus be identical (yet,
they change from red to blue and vice versa), if not disturbed by fabrication errors. The
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Figure 4.39.: Overlaid ∆T spectra for the (R+R) and (L+L) molecules and their respective
enantiomers. The enantiomer of the (R+R) cluster is the (L+L) one, thus two spectra of
different colour should be identical. Indeed, only minute differences can be observed, showing
that fabrication does not limit the experiment.

overlaid spectra in figure 4.39 are nearly perfectly identical, only minute differences can
be observed. Hence, fabrication does not limit the experiment.

The source of the additional signal hence remains unclear at the moment. Maybe it is
caused by a slight conical shape of the individual dots, which would already render the
first layer 3D chiral. Such effects have already been observed for comparably high planar
swastika shaped structures [225]. However, if that would be the case, it should as well
have been observed in all previously discussed cases.

4.6. Conclusions, Summary & Outlook

In conclusion, we have shown that three-dimensional plasmonic oligomers can form ar-
tificial ”plasmonic molecules” with a strong chiral optical response. Being composed
of individual metallic nanoparticles whose properties can be nearly arbitrarily changed
these clusters are spectrally highly tunable. We have shown that resonant plasmonic
near-field coupling is an indispensable prerequisite for the emergence of a chiral optical
response. Hence, only configurational chirality is possible in a plasmonic molecule. In-
ducing a handedness by different particle sizes in a symmetric configuration causes no
chiral optical response as the particles are not resonantly coupled. Moreover, we have
shown that a chiral particle cluster can serve as a three-dimensional chiral plasmon ruler
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with the capability to encode its three-dimensional arrangement in strongly modulated
optical spectra.

In studying charge transfer in complex chiral plasmonic oligomers we have demonstrated
in experiment and simulation a strong and broadband chiral optical response with a
bandwidth extending from 700 nm to 3500 nm. We have shown that the broadband
response occurs at the onset of charge transfer between the individual particles. On the
one hand this causes a strong red-shift of the fundamental mode, shifting the chiral opti-
cal response to longer wavelength. On the other hand, due to the geometrical distortions
of the particle, higher order modes of the structure can be excited with high efficiency
and are hence responsible for the observed chiral optical response at higher energies.
We have shown that the modes supported by the stacked structures are combinations of
the modes of the individual layers. The lowest energy modes are associated with strong
magnetic moments induced by ring currents inside the particles and displacement cur-
rents between them. The parallel or antiparallel alignment of these moments determines
the energetic position of the respective modes and depends on the handedness of the
structure and of the incident circularly polarized light. We believe that the concept
of three-dimensional chiral plasmonic oligomers together with the excitation of charge
transfer plasmon modes is a promising route for strong and broadband chiral optical
systems.

Our proof-of-concept studies on structures fabricated by electron-beam lithography as a
top-down technique should be realizable in larger quantities using self assembly strategies
[272] with progressing advances in DNA enabled self assembly [170, 173–175, 273–276].
Charge transfer in such clusters can be achieved by subsequent metal-overgrowth [256].
These clusters will pave the road for new devices possessing unprecedented strong chiral
optical responses. Being three-dimensional and hence showing true chirality these clus-
ters are expected to show an even higher response and coupling to chiral bio-molecules for
enantiomer sensors with single molecule sensitivity for applications in medicine, biology,
drug development, and biosensing [28,277–279].

In case of the plasmonic diastereomers we have shown that the chiral optical response of
such complex structures can be traced back to the optical properties of the constituting
elements. We can thus unravel the optical response of our molecules in a straightforward
way offering simple and intuitive design rules for complex composite chiral molecules.
The individual building blocks of our composite molecules can be left- or right-handed,
as well as achiral, offering a large parameter space. We have shown that the CD response
of the composite molecules can be constructed from the CD response of a limited basis
set, just as the molecules themselves are constructed from a basis set of chiral centers.
As long as there is no near-field coupling between the chiral centers, the CD can be
obtained by adding up the CD response of the individual building blocks. As soon
as there is cross-talk, i.e., near-field coupling between the chiral centers, the additivity
vanishes and the behaviour becomes more complex.
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Our study underlines the nearly unlimited potential of artificial plasmonic molecules.
By drawing inspiration from Nature and Chemistry we have proposed and demonstrated
another intriguing phenomenon on the route to tailor the optical response of complex
plasmonic nanostructures at will.
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5. Nonlinear Plasmon Optics

5.1. Introduction

Plasmonics is the optics of metal nanoparticles. If an external light field impinges on
a metal nanoparticle, collective oscillations of the quasi-free conduction electron are
excited. The charge cloud is displaced with respect to the fixed ionic background and
thus causes local electric fields. The main benefit afforded by plasmonics is it ability to
concentrate incoming electromagnetic energy into deep subwavelength volumes. On the
one hand the metal particles itself are in general smaller or at least comparable to the
wavelength of light. Additionally, the so-called hot spots at which the field enhancement
occurs are significantly smaller than the particle itself. The local electric field strength
can thus surpass the incoming field strength by orders of magnitude. The process is
moreover surprisingly efficient as the plasmonic resonances couple extremely well to an
external light field due to the large resonances dipole moment which is fundamentally
connected to the large number of free conduction electrons.

Due to this strong confinement, highly efficient nonlinear optics utilizing plasmonic struc-
tures were in the focus of interested from the begining of plasmonics. The intensity of,
e.g., second harmonic generation (SHG) scales with the fourth power of the fundamen-
tal field strength, third harmonic generation (THG) even scales with the sixth power.
Keeping in mind that the local electric fields associated with a plasmonic resonance can,
at least in theory, exceed the incoming field strength by orders of magnitude, extremely
efficient nonlinear conversion efficiencies are to be expected.

The first nonlinear optical experiments on plasmonic systems date back to the early 1980.
Wokaun and co-workers studied second harmonic generation from metal-island films and
microstructured silver films and interpreted the enhanced response in terms of localized
surface plasma oscillations [280]. Ricard and co-workers demonstrated optical phase
conjugation from a composite material of gold or silver spheres immersed in water. The
value of the optical Kerr coefficient on resonance was found to be about three orders of
magnitude larger than off-resonantly [281]. Enhanced second-harmonic generation from
rough metallic films was as well investigated in detail [282,283]. Early on it was realized
that plasmon resonances on the surface play an integral role in all the processes, being
second harmonic generation or surface enhanced Raman scattering [284–286]. In fact,
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in the beginning mostly composite materials with small metal inclusions were studied.
Their nonlinear optical properties could be modelled by nonlinear extensions of Maxwell-
Garnett [4,287] and effective-medium theories [288,289]. Apart from phase conjugation,
difference frequency mixing, four wave mixing [290], second harmonic generation, and
other nonlinear optical processes were reported.

Conceptually, a number of mechanisms could be responsible for the nonlinear optical
response of a metal nanoparticle residing in a dielectric environment:

• Surface nonlinearities: When the particle is excited close to its plasmon reso-
nances the quasi free conduction will perform harmonic oscillations. Yet, due to
the finite size of the particles and the presence of the surface, anharmonicities will
start to play a major role. It has been shown that for very small nanoparticles this
anharmonicity can lead to a significant source of third harmonic radiation, showing
a fourth order dependence of the TH intensity on the diameter of the particle. In
this model the third harmonic contribution can be seen as induced by the surface
of the sphere and thus the induced dipole is proportional to the surface area of
the sphere. Note that this contribution vanishes as soon as the anharmonicity in
the potential vanishes, that is, as soon as the particle becomes too large for the
oscillating electrons to see the surface.

• Bulk or volume nonlinearities: Another mechanism is linked to the bound
electrons of the material itself. The signal could stem from the contribution of the
individual constituents of the cluster rather than from its overall properties, thus
being a molecular, size-independent property. This contribution would depend on
the volume of the nanoparticle as the signal increases linearly with the number of
individual ”molecules” in the cluster. The nonlinear signal would hence increase
with the sixth power of the particle radius. This term is thus considered as the
volume contribution to the nonlinear signal.

• Field enhancement: The last contribution originates from the enhanced local
electric fields associated with the plasmonic resonance. If the particle is surrounded
by a dielectric, the strong near-fields can enhance the nonlinear response from
this dielectric. Additionally, the near-fields close to the nanoparticle surface can
enhance the signal from the bulk nonlinearity of gold itself.

Obviously, the origin of the nonlinearity might vary when changing the studied systems.
Additionally, two or more processes might occur simultaneously.

In 2005 Lippitz et al. for the first time studied third harmonic generation from single
gold nanoparticles [291]. They attempted to unravel the mechanism responsible for the
signals observed, yet, a clear differentiation between surface and bulk contributions was
not possible.
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In spite of the remaining open questions regarding the nonlinear processes in these
comparably simple systems, a multitude of research has been devoted to much more
complicated systems. With the advent of well controllable fabrication and synthesis
methods, such as electron beam lithography or wet chemical growth methods, complex
plasmonic materials became available. One of the first examples is the work by Klein
et al., studying second harmonic generation from arrays of split ring resonators [292].
Split ring resonators are U-shaped nanostructures which basically constitute a nano-
scale version of an LC-circuit. Their most intriguing property is the presence of a strong
plasmonic resonance which is associated with the excitation of a ring current in the U-
shape and thus a magnetic moment at optical frequencies. As such a material property
is not present in any naturally occurring material, these composite systems are termed
metamaterials. The authors explained the strong second harmonic response in this
system by including a nonlinear source term based on the magnetic component of the
Lorentz force. For the first time it had been suggested that the tailoring of an artificial
material would allow for the tailoring of the nonlinear optical properties beyond the
capabilities of naturally occurring materials.

Fuelled by these early experiments nonlinear effects were studied in a plethora of systems,
such as - to name a few - SHG on L- and T-shaped nanoparticles [185, 293–295], on
chiral [296] and planar chiral systems [297–299], SHG from 3D nanocups [300] and
nano-apertures in metal films [301, 302], SHG from silver triangle arrays [303], THG
from individual dimer nanoantennas [304,305], and from arrays of nanoantennas [88,306],
THG on disk arrays [307], frequency mixing at coupled gold nanoparticles [308,309], SHG
and THG from arrays of split ring resonantors [310,311] and inverse split ring resonators
[312], Moreover, the systems became more complex by incorporating elliptical particles
into glasses [313], combination with crystalline substrates [314,315], coupled systems of
plasmonic resonances and waveguide modes [186,316–318], gaseous media in the vicinity
of the nanostructures for enhanced higher harmonics generation [194,195,319], metallic
shells around highly nonlinear cores [320], and loaded nanoantennas [321, 322] Another
degree of complexity was recently introduced by multi-resonant plasmonic systems in
the hopes of enhancing the fundamental as well as higher harmonic fields which are
involved in the conversion processes [323–325].

However, despite the experiments made, a surprisingly large number of open questions
remains. One of the main drawbacks of the conducted experiments, to a surprise, appears
to be the complexity of the structures. The motivation behind the complex structures is
multifold: Firstly, the structures allow for a nearly arbitrary manipulation of their linear
optical properties. Secondly, the structural geometry of the systems can be manipulated
which is believed to be particularly important due to the strong symmetry dependence
of nonlinear optical processes. Thirdly, researchers are driven by the dream of disentan-
gling linear and nonlinear optical properties, that is, strongly different nonlinear optical
responses of two systems despite identical linear optical ones.

As already much simpler structures are not yet fully understood the entanglement of

157



Figure 5.1.: A split ring resonator (SRR) belongs to the C2v symmetry group. As it breaks
inversion symmetry the structure allows for second harmonic generation in electric dipole
approximation. A single bar, being if D2h symmetry, does not allow for SH in electric dipole
approximation. Successively reducing the arm length of the SRR should thus allow for the
direct observation of the influence of symmetry on the nonlinear optical conversion process.

a multitude of different factors, such as linear properties, spatial symmetries, chang-
ing near-field distributions, the presence of different materials and multiple resonances,
makes it nearly impossible to deduce the origin of the nonlinear response and the true
influence of the individual subsystems. Figure 5.1 illustrates an example of such a seem-
ingly straightforward experiment. It has been demonstrated that spilt ring resonators
are comparably efficient sources of second harmonic radiation. As in electric dipole ap-
proximation SHG is symmetry forbidden in inversion symmetric systems it is widely
believed that symmetry breaking is a key ingredient in this process. Thus, it appears to
be straightforward to test this hypothesis by making use of the nearly unlimited struc-
tural tunability of plasmonic nanostructures. In reducing the length of the split ring
resonator arms the structures can successively been transformed into a bar. In doing
so, the symmetry of the system is increased from C2v to D2h [326]. Most importantly,
the bar is inversion symmetric and is thus expected to not show any second harmonic
response under normal incidence illumination. To first sight, one would thus expect the
second harmonic response of the structures to successively decrease from the maximum
signal of the ”full” spilt ring resonator to none for the bar, depending on the ”degree”
of symmetry breaking in the system. Even so there is no real ”degree” of asymmetry in
geometrical systems such as this, there still needs to be a continuous transition from the
one into the other system, i.e., from symmetry allowed SHG to symmetry forbidden SHG
(in electric dipole approximation). This experiment should therefore be a convincing test
of the symmetry dependence of the second harmonic response.

However, it is imperative to note that the symmetry is not the only property that is
changing in the system. Firstly, the linear optical properties will undergo significant
changes. The spectral position of the fundamental plasmonic mode basically depends
on the overall length of structure. This length decreases as the length of the split ring
resonator arms decreases, causing a blue shift of the plasmonic mode. As it is physically
meaningless to compare the response of resonant and off-resonant systems, this spectral
shift needs be compensated. This can be done either by increasing the overall size of
the structure or by using a tunable laser source to excite the structures. Note that in
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both cases the amount of gold, which is typically used to fabricate the structures, will
significantly change as well. Therefore, if the gold itself in involved in the conversion
process, this change in material filling fraction might have a significant influence. Fur-
thermore, the overall plasmonic mode will change drastically. The fundamental split ring
resonator mode is associated with a magnetic moment, whereas the bar just supports
a simple dipolar mode. Thus, the near-field distributions will be dramatically different.
Simultaneously, the dipole moment of the resonances will change as well. On the one
hand due to the change in mode character but on the other hand as well due to the
change in structure volume and thus due the change of the number of free electrons
participating in the collective oscillations. As a consequence, the spectral linewidth and
thus the dephasing time of the different modes in the structures will be strongly dif-
ferent. Yet, already basic nonlinear optical textbooks show us the close connection of
a resonance linewidth or damping on the nonlinear optical response [327, 328]. As a
further direct consequence of the different gold volume, the overall scattering amplitude
of the resonance will change, changing the interaction strength of the laser field with
the structure. Additionally, when changing the laser wavelength one might probe the
spectral dependency of the χ(2) active material from which the signal is fundamentally
stemming, which could be the gold or the substrate.

Overall, a change in the second harmonic signal could thus be caused by: the chang-
ing structural symmetry, the different material filling fractions, the change in resonance
linewidth, the change of the scattering amplitude, the change in mode character (dis-
appearance of the magnetic mode), the change in the near-field distribution or by a
spectral dependency of the molecular χ2 of the substrate or gold. Thus, we have to
conclude that this experiment, despite the fact that it appeared perfectly reasonable in
the beginning, is futile as no conclusions can be drawn whatsoever.

In the following, we thus perform third harmonic generation experiments on a sim-
ple prototype system comprising of two individual metallic bars or triangles, forming
nanoscale antennas. The distance between the elements as well as their basic size al-
lows to controllably change the linear optical properties of the system. Additionally, the
strong confinement of the local electric fields within the gap of the antennas is expected
to case a strong nonlinear optical response, rendering this system highly interesting.

5.2. Third Harmonic Generation From Dimer
Nanoantennas

As already discussed, plasmonic structures, such as plasmonic nanoantennas, concentrate
energy in subwavelength volumes [329–332]. The field enhancement can exceed values
of 103 [333]. The strongly enhanced local electric fields boost the nonlinear optical re-
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sponse of nanoantennas and other metallic nanostructures. Similar to the case of metal-
dielectric photonic crystals [317], both the optical nonlinearity of the metal [334, 335]
and the nonlinearity of the dielectric material in the antenna hot spot can contribute
to the signal [314, 320, 321]. Hence, in the case of gap nanonatennas we expect THG
from the bare antenna and the THG originating from the gap region. The notion of a
hot spot suggests that the gap signal exceeds the antenna signal. Yet, it is a priori not
possible to disentangle these two contributions without modelling the systems and its re-
sponse. A full numerical simulation of the local optical field and its interaction with the
local nonlinear polarizability is able to differentiate between these contributions [317].
However, a more intuitive understanding is desirable for a rational design of antennas
for nonlinear applications [336]. Many aspects of harmonics generation in nanoantennas
are still unclear and not well understood, e.g., the role of resonance strength and width,
field enhancement in the hot spot, and the influence of antenna geometries on the overall
conversion efficiency. While the nonlinear response of metal nanostructures was opti-
mized in recent publications [291,304–306,308,337], only little attention was paid to the
simultaneously changing linear response. However, already nonlinear optics textbooks
show the close connection between linear and nonlinear properties of matter [327].

In order to investigate some of the mentioned aspects, we study dimer nanoantennas
which consist of two equally sized plasmonic nanoparticles separated by a gap. In
close proximity to one another the plasmonic resonances in the particles mix and hy-
bridize, giving rise to two new collective modes, as shown in the plasmon hybridization
scheme [65] depicted in figure 5.2 (a). For light polarized along the long axis of the
antenna, the symmetric dipole allowed mode is decreased in resonance energy, whereas
the antisymmetric mode is increased in energy. The latter mode cannot be excited for
normal light incidence because of its zero net dipole moment. Hence, the gap size as
well as the size of the triangles will determine the spectral position of the dipole al-
lowed mode. This behavior is visible in the experimental linear extinction spectra of
a series of bowtie nanoantennas, shown in figure 5.2 (b). For decreasing gap size we
observe a strong resonance red-shift. Upon ohmic contact the resonance shifts outside
the observable wavelength region. [130, 131, 338] Thus, we have a system at hand that
allows for an independent spectral tunability either by the size of the individual element
or by the gap distance. Furthermore, a change of the particle size and thus its volume
will allow to tailor the dipole moment or oscillator strength of the plasmonic resonance.
Note that we perform all experiments on arrays (100× 100 µm2) of nominally identical,
non interacting antennas (see figure 5.2 (c)) so that a loosely focused laser beam can be
used.

The structures are defined in double layer PMMA using electron beam lithography
(Raith e Line) on a bare Suprasil quartz glass substrate (Heraeus) followed by ther-
mal evaporation of a 2 nm Cr adhesion and a 40 nm Au layer and a subsequent lift-off
procedure. Scanning electron microscope images are obtained using a Hitachi S-4800
electron microscope. For the excitation of the nanostructures 8 fs laser pulses centered
around 817 nm with a spectral bandwidth extending from 690 nm to 930 nm are utilized
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Figure 5.2.: (a) A bowtie nanoantenna constitutes a plasmonic dimer which can be described
within the framework of plasmon hybridization. Two collective modes are formed, namely a
symmetric dipole-allowed one with a lower resonance energy and an antisymmetric dark mode
with higher resonance energy. The dipole-allowed mode can be tuned in resonance energy by
the size of the triangles and the gap size. (b) Experimental linear extinction spectra for a series
of equally sized triangles but decreasing gap size. The spectra have been offset vertically for
clarity. One observes the predicted resonance red-shift upon closing of the gap. (c) Exemplary
tilted overview SEM images of the studied antenna arrays.
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Figure 5.3.: Linear and nonlinear optical properties of a bowtie antenna array, basic triangle
size (135 x 160) nm2, gap size 70 nm. (a) Spectrum of the laser source. (b) Linear extinction
spectrum of the antenna array. c) Linear spectral overlap spectrum defined as the product
spectrum of the laser and extinction spectra. (d) SEM micrograph of one antenna from the
array, periodicity 800 nm x 500 nm. (e) Third harmonic spectrum of the antenna array. (f)
Third harmonic spectrum of the bare substrate.

(VENTEON, pumped by a Coherent Verdi V10). The incoming radiation is focused
onto the sample and recollected using spherical mirrors (f = 100 mm). For TH measure-
ments a quartz glass prism sequence is used to filter out the fundamental light. The
spectrally resolved detection is performed by a grating monochromator and an attached
LN2 cooled UV-enhanced CCD camera sensitive to the fundamental as well as the TH
light in the UV region at around 270 nm (Roper Scientific).

Our setup allows measuring the third-harmonic (TH) spectrum radiated by the antennas
and simultaneously their linear optical properties using the broadband laser as white
light source. This in situ measurement ensures identical excitation conditions of the
plasmonic resonances as in the nonlinear optical measurements.

Figure 5.3 depicts the performed linear and nonlinear measurements for an exemplary
bowtie antenna array. The left column shows the linear optical properties: Panel (a)
shows the spectrum of the driving laser source. The linear spectral response of the an-
tenna array is depicted in panel (b). The interaction strength of the laser source and
the nanostructure is basically determined by two quantities: Firstly, by the spectral
detuning between the peak intensity of the laser and the resonance maximum of the
plasmonic resonance. In order to excite the plasmonic resonance efficiently it is impor-
tant to drive it resonantly. Secondly, it is determined by the overall interaction strength
of the resonance with an external light field. This interaction strength is given by the
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resonance dipole moment which is linked to the number of free electrons participating
the in the collective plasmonic oscillation and thus to the volume of the nanostructure.
The resonance dipole moment manifests itself as the area content of the extinction peak.
In order to quantify the interaction strength between the laser source and the nanostruc-
ture we define the so-called linear spectral overlap spectrum, which inherently includes
both quantities. It is obtained as the product spectrum of the laser and extinction spec-
tra, as shown in panel (c). It is important to note that the laser spectrum together with
the linear extinction spectrum of the nanostructure determines the spectral position of
highest interaction. It is hence crucial to measure the linear response carefully.

The right column of figure 5.3 depicts the nonlinear optical response of the array: In
panel (e) the third harmonic (TH) spectrum of the array and in (f) the third harmonic
spectrum of the bare glass substrate. Two observations are immediately apparent: The
TH signal originating from the antenna array is significantly stronger than the substrate
TH. Additionally, the two spectra exhibit their maxima at different spectral positions.
The signal from the bare substrate is roughly centred on 272 nm, 1/3 of the wavelength
of the peak intensity of the fundamental laser spectrum whereas the other peaks at
∼264 nm. Not only does the presence of the plasmonic resonance seem to boost the TH
signal, it is as well spectrally shifting the TH emission maximum.

It is commonly expected that the TH response of a gap nanoantenna is dominated by
the contribution arising from the strongly enhanced fields inside the nanoscale gap. If
the TH from the hot spot would indeed dominate the TH from the antenna itself, then
the nonlinear conversion efficiency of a dimer nanoantenna should drastically increase
when the gap size decreases as the near-field localization is particularly strong for small
gap sizes. In order to check this intuitive picture, figure 3 depicts the TH spectra for
two different sized bowties under decreasing gap size. The left column depicts the TH
spectra for triangles of (125 x 150) nm2 basic size, the right column for a size of (170
x 190) nm2. In both cases the gap sizes are varied, starting from single triangles over
gap sizes of 70 nm, 60 nm, and 50 nm (from top to bottom). For the smaller antennas
we observe a significant increase in the TH signal strength under decreasing gap size,
seemingly consistent with our intuitive expectation. In striking contrast, we observe a
strong decrease in TH signal strength under decreasing gap size for the larger antennas.
Furthermore, the larger antennas produce significantly stronger signals for all gap sizes.
Additionally, we observe for all antennas a small red-shift of the TH emission maximum
under closing gap. For the smaller antennas the emission maximum is below 272 nm
(indicated by the grey arrow) and approaches this value, whereas the emission maximum
is at longer wavelength for the bigger antennas and shifts even further away form it when
decreasing the gap size.

These findings are a strong indication that the depicted experiments are dominated by
the linear optical response of the antennas and not by gap nonlinearity. We have already
shown in figure 5.2 that the linear extinction spectrum undergoes a significant red-shift
when decreasing the gap size. Additionally, figure 5.4 illustrates that the TH emission
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Figure 5.4.: (a) Third harmonic spectra of antenna arrays as a function of decreasing gap
size. The left column depicts the TH spectra for triangles of (125 x 150) nm2 basic size,
the right column for a size of (170 x 190) nm2. The gap sizes are varied in both cases from
single triangles, 70 nm, 60 nm, and 50 nm gap size (from top to bottom). (b) Linear extinction
spectra of the structures in (a).
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Figure 5.5.: Geometric parameters of the fabricated antenna arrays. (a) Bowtie nanoan-
tennas, each antenna represents an entire 100 x 100 µm2 array, periodicity 800 nm x 500 nm,
gold thickness 40 nm. An identical sample of 99 arrays has been covered with 100 nm SiO2.
(b) Gap nanoantennas consisting of two rod shaped nanoparticles. As before, each antenna
represents an entire 100 x 100 µm2 array, periodicity 800 nm x 500 nm, gold thickness 40 nm.

maximum is below 272 nm for a plasmonic resonance below the maximum laser intensity
as the spectral position of maximum interaction strength, as given by the linear overlap
spectrum, is below the laser center wavelength. This proves that the plasmon resonance
is significantly shifting the maximum TH signal from the intuitively expected 1/3 of the
maximum laser intensity. Thus, already alone from the nonlinear optical behaviour we
can deduce that the smaller antennas are blue-detuned form the laser center wavelength,
whereas the bigger ones are red-detuned. This as well explains the direction of the shift
for the two antenna geometries: For decreasing gap size the plasmon resonance red-
shifts, as does the spectral position of maximum interaction strength. Therefore, the
TH center wavelength is shifting towards the laser center wavelength for the smaller
antennas and shifting away from it for the bigger antennas. The measured linear optical
spectra which are shown in figure 5.4 (b) confirm our interpretation.

To further substantiate this explanation and to deepen our understanding of the under-
lying processes, we have fabricated a series of samples and studied their TH response.
We varied the triangle size and gap size of the bowtie antennas, resulting in 99 different
combinations. To modify the field distribution even further, we changed the index of re-
fraction of the environment by covering an identical sample with 100 nm SiO2. Thirdly,
we changed the shape of the antennas from a bowtie antenna (consisting of triangles)
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Figure 5.6.: (a) Integrated measured third harmonic signal versus the integrated linear spec-
tral overlap spectrum for the bowtie antenna, gap antenna, and glass covered bowtie antenna
arrays. The data points are shifted upwards for clarity. (b) Integrated linear extinction versus
the nominal volume for a selection of antenna arrays. (c) Comparison of the conversion effi-
ciencies for the different antenna geometries. The data of (a) is plotted without the vertical
shift for direct comparability.

to a gap antenna (consisting of rectangles), again varying size of the rectangle and the
gap between the rectangles. In total we thus examined 297 antenna fields. Figure 5.5
depicts exemplary SEM micrographs as well as the geometrical dimensions of the struc-
tures. The obtained results have shown us the crucial importance of the linear optical
properties for the nonlinear optical ones. Hence, it is imperative to know and quantify
the linear optical response as only this will render a comparison of the TH conversion
efficiencies possible. So far we are not capable to disentangle the influence of the chang-
ing linear optical properties under manipulation of the geometrical parameters from any
possible influence of gap nonlinearities or possible further unknown contributions.

In figure 5.3 we have already introduced the linear spectral overlap spectrum. This spec-
trum describes how efficient the laser source interacts with the plasmonic nanoantennas.
If one integrates this spectrum one obtains a scalar value quantifying the interaction
strength between the external light source and the nanoantenna. In figure 5.6 (a) we
plot the integrated measured TH signal against the linear spectral overlap for all 297
antenna arrays. Remarkably, we find a distinct correlation between the two quantities.
It is important to note that in this plot we can not distinguish the different antenna ar-
rays. Independent of gap size or basic size all antenna arrays obey the same correlation
between the spectral overlap and the TH signal strength. This is a clear indication that
not the actual gap size itself is the key parameter determining the TH signal strength,
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but rather the linear optical properties, which are the spectral detuning of the plasmonic
resonance from the laser source, the amplitude of the resonance, as well as its linewidth
being a measure of the quality factor of the resonance. All these parameters determine
the value of the linear spectral overlap.

To further underline this strong correlation we have fitted the data points using a func-
tion of the form I0+A·xn. For off-resonant antenna arrays, meaning antenna arrays with
a vanishing spectral overlap, the TH signal approaches a constant value. This behaviour
is particular visible for the gap antenna arrays. Quite a number of gap antenna arrays
are in fact significantly blue-shifted as compared to the laser spectrum. Interestingly, the
TH signal strength for the off-resonant case is very similar for the bowtie antennas, gap
antennas, and glass covered bowtie antennas. This finding already points to the origin
of the signal: The constant background Io basically describes the TH signal originating
from the bare substrate in the absence of any resonant plasmonic object.

The data points for the bowtie and gap antennas follow a quadratic (n = 2) dependence
in the linear spectral overlap and no subgroups seem to form here. In contrast, the
glass covered bowtie antenna arrays form two distinct subgroups: One follows the same
quadratic behaviour, the other one is nearly perfectly parameterised by n = 2.5. As the
glass covered bowties have the same geometrical dimensions as the uncovered bowties,
yet reside in a higher effective refractive index environment due to the SiO2 overcoating,
the resonances are significantly red-shifted. Hence, one possibly explanation for the
observed deviations is linked to the spectral position of the plasmonic resonance, meaning
whether it is blue- or red-detuned from the laser center wavelength. Therefore, in figure
5.6 (a) the red-detuned covered bowtie antenna arrays are depicted with open symbols,
the blue-detuned with closed ones. It can be seen that most of the data points of the
second subgroup are actually red-detuned structures. Such strongly red-detuned arrays
are not present in the bowtie and gap antennas arrays sets. This is why we only observe
the first subgroup. We can thus deduce that the positive or negative detuning between
the resonance and the laser source seems to be of crucial influence. Yet, the reason for
this behaviour remains unclear at this point.

Overall, the question arises why the TH signal strength appears to be quadratic in the
spectral overlap and whether or not there is causation. To further elucidate this point,
we plot for a selection of arrays in figure 5.6 (b) the integrated linear extinction against
the nominal volumes of the nanostructures. The integrated extinction depends linearly
on the volume of the nanostructure. This behaviour is actually not surprising as the
overall oscillator strength depends on the number of free electrons and thus on the gold
volume. As the extinction enters linearly in the spectral overlap we can thus deduce
that the TH signal actually scales quadratically with the volume of the nanostructure.
Figure 5.6 (c) depicts the same data points as figure 5.6 (a), yet without the vertical
displacement. In this plot it is apparent that the different antenna geometries do not
exhibit the same conversion efficiencies. The bowtie and gap antennas show very similar
TH signal strength for the same spectral overlap. In contrast, the glass covered bowtie
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Figure 5.7.: (a) Linear extinction spectra of uncovered (solid) and SiO2 covered (dotted)
bowtie antenna arrays. The overcoating leads to a resonance red-shift as well as to a narrowing
of the linewidth and thus an increase of the quality factor. (b) Linear (grey) and nonlinear
(black) spectra of covered (dotted) and uncovered (solid) bowtie antenna arrays. In order for
the structures to be resonant at about the same wavelength, the covered structures are smaller
in size. Despite the larger linear spectral overlap of the uncovered antenna the we find that the
TH signal from the covered antenna array is significantly stronger. The reason is the higher
quality factor of the resonance.

antennas radiate a significantly stronger TH signal for similar spectral overlap. In order
to unravel the reason for the different conversion efficiencies we examine the linear optical
response of bowtie and glass covered bowtie antenna arrays in figure 5.7 as most of our
findings so far could be explained by considering the linear optical properties of the
structure.

Figure 5.7 (a) compares the linear extinction spectra for bowtie antenna arrays with
and without a SiO2 overcoating. The geometrical dimensions are identical (triangle size
(125 x 150) nm2, single triangle and 70 nm gap, respectively). The solid lines depict
the spectra of the uncovered structures, the dotted ones the covered ones. Two distinct
changes are apparent: Due to the higher effective refractive index of the environment
the resonances undergo a spectral red-shift. Additionally, the linewidth of the reso-
nances decreases and the amplitude increases. The amplitude increase upon decrease of
the width is a direct consequence of the unchanged volume of the nanostructure. The
resonance dipole strength, which is linked to the number of free electrons and thus to
the volume, manifests itself as the area content of the extinction spectrum. A narrow-
ing of the resonance hence necessarily leads to an increased amplitude. The decreased
linewidth implies and increased dephasing time of the plasmonic resonance as the spec-
tral width of a resonance is directly linked to the dephasing time of the collective electron
oscillation. Plasmonic resonances are radiation damped systems, meaning that the main
dephasing channel is caused by radiative losses, i.e., the re-emission of photons. Intrinsic
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losses such as ohmic losses can be mostly neglected. The increased dephasing time of
the resonance is most likely caused by so-called dielectric screening. The homogenous
environment of the antenna will respond to the strong electric near-fields of the antenna
with an induced electric polarization of opposite sign (yet much smaller than the an-
tenna polarization). This will alter the far-field response as it effectively reduces the
dipole moment of the resonance and thus prolongs the dephasing time due to reduced
radiation efficiency. Hence, the glass covered bowtie antennas are expected to produce a
stronger TH signal. The antennas are basically cavities which store energy and convert
part of this energy in TH radiation. An increased dephasing time will increase the inter-
action time of the near-field with the structures and will thus boost the nonlinear signal
strength. Therefore, on first sight, it would be beneficial to increase the quality factor of
the resonance as strongly as possible. Yet, it is important to note that an external light
field will not be able to efficiently couple energy into a high quality factor cavity. The
in- and outcoupling efficiency of a cavity are linked to one another due to reciprocity.

In the above reported experiments it became apparent that the resonant excitation of an
antenna is of crucial importance. Thus, we can not directly compare the TH response
of the antenna arrays shown in figure 5.7 (a). The uncovered antenna arrays are blue-
shifted with respect to the laser spectrum. Therefore a comparison is not meaningful.
Figure 5.7 (b) depicts the linear and nonlinear spectra of an uncovered (solid) and a
covered (dotted) bowtie antenna array with nearly identical resonance frequencies. In
choosing different basic sizes of the triangles we can compensate the resonance red-shift
due to the glass overcoating. The linear resonances show a very good overlap with the
spectrum of the driving laser source. Again, very different linewidths of the resonances
can be observed, partially caused by dielectric screening. Additionally, as the covered
structures are smaller, the overall dipolemoment is smaller than for the uncovered, bigger
one. Just considering the maximised spectral overlap argument one would expect the
uncovered antenna to be the more efficient TH emitter. In contrast one observes a much
stronger TH emission from the covered antenna. The reason for this behaviour is the
significantly higher quality factor of the covered structure. The prolonged interaction
time boosts the TH signal.

5.3. The Nonlinear Harmonic Oscillator Model

The above discussion is a qualitative one. A number of questions remain unanswered.
In particular, we have still not convincingly determined the role of the nanoscale gap.
The reported findings suggest that the TH signal actually originates from the antenna
material itself rather than from the dielectric environment. This is the only explanation
why the strongly enhanced near-fields inside the gap do not lead to an additional TH
signal from the SiO2 below or within the gap (in case of the overcoated structures).
Indeed, resent reports point to the fact, that the nonlinearity of gold exceeds the one of
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SiO2 by about three orders of magnitude. [335] Therefore, the actual gap size and the
strength of the enhanced field within this gap would be of minor influence. Only very
small gaps below or close to the experimentally achievable structure sizes of ∼20 nm
would lead to noticeable TH from the SiO2 or from an enhanced confinement of the
field to the gold itself.

Another drawback of the linear spectral overlap model and the quality factor argumen-
tation are their inability for any a priori predictions for, e.g., TH signal strengths.

In order to truly unravel different contributions one needs to be able to model one of
these contributions and check for experiment-model deviations which would prove the
existence of an additional signal contribution. In the following we will perform such a
comparison on the basis of a simple harmonic oscillator model.

We now demonstrate that all observed features of the nonlinear response are a direct
consequence of the linear response of the antenna. We model the plasmon resonance
of the antenna as a harmonic oscillator, with resonance frequency ω0, mass m, intrinsic
damping constant γ0, and charge e. To allow a nonlinear response, we add a cubic
perturbation term b to the differential equation [327] of the extension x

ẍ+ γ0ẋ+ ω2
0x− bx3 = −e/m · E0e

−iωt (5.1)

The oscillator is driven by an optical field (frequency ω, amplitude E0). A medium
consisting of such oscillators at a number density N can be described by a linear polar-
izability χ(1) (ω)

χ(1) (ω) = Ne2

ε0m
· 1
ω2

0 − ω2 − iωt
= Ne2

ε0m
· 1
D (ω) (5.2)

The linear extinction spectrum α (ω) is given as

α (ω) = ω/c · Im
(
χ(1) (ω)

)
(5.3)

First, we note that despite the complex shape of the plasmonic nanoantenna, its linear
extinction spectrum is well fitted using these relations (see green curves in the left
column of figure 5.8). This finding indicates that the bowtie antenna behaves like a
single harmonic oscillator despite the fact that the excited mode is a hybridized mode
of two nanoparticles. The spectral position of this mode is tuned by the gap size. From
the fit we extract the resonance frequency ω0, the damping constant γ0, and an overall
amplitude describing the strength of the resonance.
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Figure 5.8.: Linear (left column) and nonlinear (right column) optical response of bowtie
antenna patches of four different gap sizes but unchanged triangle size. The plasmonic res-
onance of the bowtie antenna arrays is gradually red-shifting into the regions of higher laser
intensity (grey) with decreasing gap size. Simultaneously one observes an increase in TH
signal strength and a spectral shift of its center wavelength. A damped nonlinear oscillator
model catches all experimentally found features directly from the linear optical properties of
the bowtie antennas, which enter the model via a fit to the extinction spectra (green).
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In this model, [327] the third order polarizability is given as

χ(3) (ωi, ωj, ωk, ωT HG = ωi + ωj + ωk) = Ne4

ε0m3 ·
b

D (ωi) ·D (ωj) ·D (ωk) ·D (ωT HG) (5.4)

Taking the broad coherent laser spectrum E (ω) = E0 (ω) ·eiωt into account, we calculate
the TH emission spectrum as

IT HG (ωT HG = ωi + ωj + ωk) ∝ ω2
T HG

∣∣∣∣∣
∫

ωi

∫
ωj

∫
ωk

χ(3)E0 (ωi)E0 (ωj)E0 (ωk) dωidωjdωk

∣∣∣∣∣
(5.5)

The contribution of the substrate is modelled as spectrally constant χ(3)
Sub and added

coherently. The nonlinearity parameter b is adjusted such that one value describes all
spectra simultaneously. We compare measured and simulated TH spectra for a series of
equal bowtie triangle size but different gap sizes in figure 5.6. Overall we find excellent
agreement between the measurement and the simulation showing that the model is able
to predict the entire TH spectrum in position, shape, and relative amplitude solely from
the linear optical properties.

Our nonlinear oscillator model summarizes all the details of the local field distribution
in and around the nanoantenna and the corresponding values of the third order polar-
izability χ(3) into the nonlinearity parameter b. In a microscopic picture, the plasmon
resonance enhances the local field which leads to locally enhanced third-harmonic gen-
eration. In such a microscopic picture, one would then integrate coherently over all
sources of THG, as done in previous work. [317] The excellent agreement of data and
simulations in the right column of figure 5.6 demonstrates that already the much sim-
pler macroscopic nonlinear oscillator model contains the essence. At the same time, we
expect the model to fail when the local field distribution changes drastically.

In order to test the limits of the nonlinear oscillator model, we varied triangle size and gap
size of the bowtie antennas, resulting in 99 different combinations (for the geometrical
dimensions see Supporting Information). To modify the field distribution even further,
we changed the index of refraction of the environment by covering an identical sample
with 100 nm SiO2. Thirdly, we changed the shape of the antennas from a bowtie antenna
(consisting of triangles) to a gap antenna (consisting of rectangles), again varying size
of the rectangle and the gap between the rectangles. In total we thus examined 297
antenna fields.

To allow a direct comparison of experiment and simulation for all fields, figure 5.9
compares the integrated TH intensity for bowtie antennas (in black), gap antennas (in
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Figure 5.9.: Measured spectrally integrated TH signal versus simulated integrated TH signal
based on a single nonlinear oscillator model. The data for the gap antennas (red) and the glass
covered bowties (blue) are shifted vertically for clarity with respect to the bowties (black). The
green lines represent a one-to-one ratio. The experimental data and the model show a very
good overall agreement. The antennas behave like single nonlinear oscillators, independently of
the antenna gap. Open symbols represent antennas with the smallest gap sizes (∼20 nm). All
those data points are not included for which the linear spectrum could not be fitted reliably,
as the peak position is outside the spectral window of the laser source.

red), and glass-covered bowtie antennas (in blue). The data points for the gap antennas
and the covered bowtie antennas are displaced vertically for clarity; the green lines each
depict a one-to-one relation. Each of the three sets of antennas is described by one
constant nonlinearity parameter b, which relate as b2

bowtie : b2
gapantenna : b2

coveredbowtie =
1 : 2 : 3. This reflects the variation in local field distribution between the three sets.
Overall we find excellent quantitative agreement between the measurement and our
model for all three different antenna varieties. Despite the fact that the antennas consist
of two independent, yet strongly near-field coupled nanoparticles, they behave as a single
oscillator whose nonlinear third harmonic response is excellently modelled by a constant
cubic perturbation. We observe a maximum enhancement of the TH signal compared to
the TH signal of the bare substrate of about 62 for the gap antennas, 115 for the bowtie
antennas, and 311 for the covered bowtie antennas. In each case the antenna geometry
that exhibits the maximum enhancement is the one that shows the best spectral overlap
and hence highest excitation efficiency of the antenna. For the bowtie antennas this
geometry is actually the biggest triangle size with the biggest gap.

If the TH from the hot spot dominated the TH from the antenna itself, then the non-
linear conversion efficiency of a dimer nanoantenna should drastically increase when
the gap size decreases as the near-field localization is particularly strong for small gap
sizes.In order to check this intuitive picture, the antennas with the smallest gap sizes are
depicted with open symbols in figure 5.9. For the gap antennas and the glass-covered
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Figure 5.10.: Measured center TH wavelength versus the simulated TH center wavelength.
The very good agreement demonstrates that the TH spectrum is not only defined by the laser
spectrum but also by the plasmon. Without plasmon resonance, the TH center would be
expected at one third of the laser spectral center, indicated by the grey arrow. Hence, within a
certain wavelength regime, it is possible to shift the center of the TH spectrum by manipulating
the plasmon alone. In this figure only patches are included that produce at least 3 times the
background THG, as the latter is independent of the plasmon resonance wavelength.

bowtie antennas they are equally distributed among the data points, indicating that
they do not form a sub-group of higher conversion efficiency. In contrast, for the bowtie
antennas the data points are consistently above the one-to-one relation line. This finding
is an indication that these antennas seem to deviate from the single nonlinear oscillator
assumption, showing slightly higher conversion efficiency. SEM inspection of the struc-
tures seems to indicate that the gaps of these antennas are slightly smaller than the
smallest ones of the covered bowties and the gap antennas. Here, the very small gap
modified the local field distribution, leading to a deviation from the nonlinear oscillator
model. Apparently only gap sizes below about 20 nm lead to hot spot THG that can
dominate antenna THG. Overall we thus find that the nonlinear signal strength of a
plasmonic nanoantenna depends on the oscillator strength of the plasmon and its effi-
cient resonant excitation. The only free and designable properties for TH enhancement
are the linear properties of the oscillator, which are quality factor (linewidth), resonance
frequency, and amplitude. The magnitude of the nonlinearity parameter b can not be
manipulated much by simple geometrical variations of the nanoantenna. Our experi-
mentally achieved gaps are not small enough in order to cause an additional nonlinear
contribution. Hence, for gaps ≥ 20 nm the gap merely acts as tuning element.

The integrated TH intensity contains only part of the information in our measured and
simulated spectra. To go more into detail, we now turn our attention to the spectral
center of mass of the nonlinear spectra. In a naïve picture this position should be
solely determined by the laser spectrum, hence it should be identical for all antenna
variations. Strikingly, we have seen already in figure 5.8 that the TH spectra undergo
spectral shifts when changing the plasmon resonance wavelength. This indicates that the

174



linear plasmon spectrum plays a crucial role for the center of mass of the TH spectrum.
We find that the nonlinear oscillator model catches the essence of the physics behind this
spectral shift. This is demonstrated in figure 5.10, which compares the spectral center
of mass of the simulated TH spectra to the measured data. The plasmon spectrum
causes a shift of the TH center wavelength, as it determines together with the spectrum
of the laser source the spectral position of highest interaction and hence the strongest
TH signal. Yet, we still find small deviations from the expected 1:1 wavelength relation
(shown as green line in figure 5.10). A spectral phase of the laser source, i.e., a temporal
chirp between the different wavelength components of the broadband laser pulse, is the
likely explanation for these deviations.

In conclusion, we have demonstrated that nonlinearities in plasmonic nanoantennas are
governed by the linear response of the nanoantenna for a large range of geometries.
The plasmon resonance energies and the oscillator strength are the key properties that
determine the TH signal strength. Not only the spectral detuning between the center
wavelength of the laser source and the plasmonic resonance needs to be minimized in
order to drive the resonance most efficiently, but also the overall coupling strength
of the plasmonic resonance to the external light field needs to be maximized. This
coupling strength is characterized by the oscillator strength of the resonance which is
fundamentally stemming from the number of electrons involved and hence the volume of
the nanostructure. The crucial importance of the plasmonic resonance and the associated
enhanced near-fields is underlined by shape and position variations of the TH spectrum.
The TH center wavelength can to a large extent be predicted from the laser spectrum
and the plasmon resonance.

An additional contribution by the strongly enhanced near-fields concentrated in the gap
region is only found for gap sizes below 20 nm. For larger gap sizes the microscopic field
distribution does not change any more. The gap size primarily manifests itself in the
linear optical properties that influence the efficiency of the laser to drive the plasmon.

5.4. Nonlinear Plasmon Optics in Terms of Resonantly
Enhanced Optical Nonlinearities

We have seen that the nonlinear optical properties of plasmonic structures are governed
by their resonant behaviour. Hence, it is straightforward and intriguing to view this
process in the framework of resonant nonlinearities. Nonlinear optical processes have
become of the utmost importance in basic research as well as in industrial and commercial
applications [339, 340]. Mostly, they rely on bulk materials exhibiting off-resonant non-
linearities which are weak and only deliver large signals when employing phase matching
techniques [341–343]. Commonly used nonlinear optical materials, such as beta barium
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Figure 5.11.: (a) Energy level diagram for off-resonant third harmonic generation. (b) The
resonant excitation of a resonant energy level, either an intermediate (left) or the final (right)
state, leads to an increased excitation probability and hence to a resonantly enhanced third
harmonic signal. (c) Plasmon hybridization scheme for a bowtie nanoantenna. Two collective
modes are formed, namely a symmetric dipole-allowed one with a lower resonance energy and
an antisymmetric dark mode with higher resonance energy. The dipole-allowed mode serves as
the resonant energy level which can be tuned in resonance energy by the size of the triangles
and the gap size.

borate (BBO) or lithium niobate (LiNbO3), have no resonant optical transitions in their
respective operational regime, hence being nearly perfectly transparent. In contrast, op-
tical materials with a resonant transition can enhance nonlinear optical processes when
the incident light is tuned to this resonance. Often, these transitions are narrow, weak,
and fixed in wavelength as they depend on material parameters, e. g., for second har-
monic generation in solids [344, 345] as well as sum-frequency generation and second
harmonic generation in molecules [346–348].

The nonlinear optical polarization for third harmonic generation can be written as

Pi (3ω) ∝ χ
(3)
ijklEi (ω)Ej (ω)Ek (ω) (5.6)

where Ej (ω) (with i, j, k, l = x, y, z) are the electric field components of the incident
light field and χ(3)

ijkl is the susceptibility tensor.

The absolute value of the susceptibility tensor components are determined by the linear
optical properties of the system. In order for a third harmonic photon to be emitted three
photons of the fundamental light field have to be absorbed simultaneously. This process
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is sketched in figure 5.11 (a). The value of the tensor component is directly proportional
to the sum over all transition matrix elements for the three photon absorption process.
If there are no absorptive optical transitions in the material all sketched intermediate
states are virtual or strongly off-resonant states. As a consequence the tensor component
will take a small value, thus the process will be very inefficient. There is, however, a
benefit afforded: As there are no resonant transitions involved the tensor component will
be nearly independent of the energy of the incoming photons. The process is thus nearly
equally inefficient for all energies. Therefore one has an inefficient yet spectrally flat
process which is highly desirable for many applications. The conversion process can be
made highly efficient by employing, e.g., phase matching techniques in bulk materials.
This type of process is therefore termed off-resonant nonlinearity.

Figure 5.11 (b) sketches two possibilities for a resonant nonlinear optical process: If
one of the intermediate or the final state is an absorptive material transition the corre-
sponding term in the sum of the transition matrix elements will become resonant. As a
consequence the susceptibility tensor component will take a large value. Intuitively, this
process is straightforward to understand: If an absorptive transition is present a photon
can be efficiently absorbed and the energy will be stored, thus increasing the probability
of another photon been absorbed by the material during the lifetime of the excited state
and thus increasing the overall conversion efficiency. The drawback, however, is obvious:
the process is only efficient for a very limited energy range as it intrinsically relies on a
resonance. In this context, we can view nonlinear plasmonics as an elegant and universal
method to strongly enhance an otherwise nonresonant and flat spectral response of the
bare gold material. Figure 5.11 (c) depicts a sketch of the working principle. In close
proximity to one another the plasmonic resonances in the individual particles of the gap
nanoantenna mix and hybridize giving rise to two new collective modes, as shown in the
plasmon hybridization scheme2 depicted in figure 5.11 (c). For light polarized along the
long axis of the antenna, the symmetric dipole allowed mode is decreased in resonance
energy, whereas the antisymmetric mode is increased in energy. The latter mode cannot
be excited for normal light incidence due to its antisymmetric mode pattern. Hence, the
gap size as well as the size of the triangles will determine the spectral position of the
dipole allowed mode, giving convenient parameters for shifting and tuning the resonant
energy level depicted in the energy level diagram.

The proposed scheme of plasmon resonance enhanced nonlinearity offers a multitude of
scaling opportunities and extensions. Designing a plasmonic system with simultaneous
resonances at the fundamental as well as the harmonic wavelength will allow for reso-
nant enhancement of both levels, rendering even higher conversion efficiencies possible.
Additionally, it should be feasible to favour a certain nonlinear process, e.g. difference
frequency generation or four wave mixing, over the dominant second and third order
processes, respectively, by designing the resonant enhancement of the plasmonic system
accordingly.
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5.5. Nanoantenna Enhanced Second and Third
Harmonic Generation

In the previous sections we have experimentally demonstrated that the nonlinear optical
response of gold bowtie and gap antennas is governed by their linear optical properties.
From this behavior we can undoubtedly deduce that the strongly enhanced near-fields
within the nanoscale gaps play a minor role in the nonlinear conversion process as the
actual strength of the near-fields is not encoded in the linear optical response. However,
simulations as well as experiments show a significant enhancement of the field strength
in the gap. The reason for this apparent contradiction: The gold of the antenna is the
source of the nonlinear signal. Consequently, no enhanced third harmonic signal is to
be expected unless the increasing field strength within the gap causes increased field
strength within the adjacent gold as well. Our data convincingly shows that this process
only starts to play a significant role for gap sizes in the order of 20 nm or below. However,
a number of recent publications show a strong influence of the gap size of nanoantennas or
rough surfaces on nonlinear processes. In these cases, the antenna itself is not the source
of the signal but an optically active species is responsible for the signal and the antenna
is ”dark”. This observation is in particular true for surface enhanced Raman scattering
(SERS) [349–351] and experiments or surface enhanced infrared absorption spectroscopy
(SEIRA) [30, 352]. If one indeed aims at mapping the near-fields one can make use of
two-photon photoluminescence [329, 331], multi-photon absorption [353], or by direct
techniques such as scattering and scanning type optical near-field microscopy [354–356].
In these experiments a strongly enhanced field strength within the gap has been found
as well.

In order to benefit from these strongly enhanced fields we thus have to place a nonlinear
optical medium inside of the nanoscale gap, or at least within the enhanced near-fields
in the vicinity of the nanostructure. So far, in our own experiments, only glass is present
next to the structures, which has a small χ3 when compared to gold or silver [327,335].

Even so this combination of field enhancement and nonlinear optics has already been
proposed in the first publications on metamaterials [33], only a very limited number
of publications reports conclusive and by data well supported experiments. In most
experiments the role of the plasmonic structures is twofold in that it concentrates the
incoming radiation and is the source of the harmonic radiation. In 2007 Chen and
co-workers demonstrated plasmon-enhanced second harmonic generation from ionic self-
assembled multilayer films [357]. The experiment is extremely convincing and, with all
necessary control experiments done, does not leave a shred of doubt about its inter-
pretation. To a surprise, the study appears not to be well known in the plasmonics
community. The authors utilize silver triangles fabricated by colloidal lithography to
enhance the SH emission from 3 bilayers of the ionic self-assembled film by about a fac-
tor of 1600. In 2008 Kim et al. reported high-harmonic generation in argon gas that was
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Figure 5.12.: Artists impression of a gold nanoantenna loaded with a nonlinear optical ac-
tive material. The nanoantenna confines the incoming radiation, enhancing its field strength
significantly in the process. The local fields then drive the conversion process in the nonlinear
material. If the material intrinsically breaks inversion symmetry it can produce even num-
bered harmonics which can not be radiated by the antenna itself, at least as long as one only
considers the electric dipole approximation.

blown on bowtie antenna arrays [194]. However, recent results reported by Sivis et al.
suggest that the observed phenomenon might in fact rather be connected to enhanced
atomic line emission, rather than higher harmonics generation [195]. Another again very
convincing experiment has been performed by Niesler and co-workers in 2009 [314]. The
authors fabricated split ring resonators on top of a crystalline gallium arsenide substrate
and have demonstrated enhanced second harmonic emission caused by the interplay of
the local near-fields of the split ring resonator and the substrate. As a last example,
Utikal et al. buried Au gratings within a dielectric waveguide consisting of alumina, in-
dium tin oxide, or tungsten trioxide, and studied the third harmonic spectra [317]. They
found that the overall signal is generated not only be the gold itself, but, depending on
the nonlinearity of the dielectric waveguide material itself, as well by the waveguide
dielectric.

One obvious idea drawn from these earlier experiments it thus to use standard nonlinear
materials such as beta-barium borat (BBO) or lithiumniobate (LiNbO3) and selectively
position them inside the gaps of nanoantennas, as shown in an artist’s impression in
figure 5.12. These materials can be fabricated as nanoparticles, either directly from a wet
chemical process or by mechanical milling. In what follows wet chemically synthesized
LiNbO3 nanoparticles have been used. [358,359]

Another benefit afforded by the nanocrystals/nanoantenna array approch is as follows:
As the nanoantenna array is inversion symmetric, it will not exhibit a second harmonic
response for a normal incident light field. The LiNbO3 nanocrystals on the other hand
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intrinsically break the inversion symmetry due to their crystal structure. The key idea
of combining these two systems is thus to only boost the second harmonic response from
the nanocrystals while the antenna array itself is ”dark”, meaning it does not radiate
any second harmonic light.

Figure 5.13 (a) illustrates the basic steps in producing these samples. Gold nanoantennas
as well as gold alignment marks are fabricated via standard electronbeam-lithography
in PMMA resist. The sample is afterwards coated once again with PMMA. Using
the alignment marks one forms openings in the resist exposing the gap regions of the
antennas. After development and oxygen plasma cleaning the samples are immersed in
the LiNbO3 solution with consists of the nanocrystals diluted in water. The sample
is repeatedly dipped into the solution and afterwards blown dry using nitrogen. The
crystals are highly hydrophobic, as is the PMMA layer. However, the particles are
strongly attracted to the bare glass surface. Therefore, they are agglomerating on the
exposed glass surface. Additionally, there is strong attraction between the LiNbO3
nanocrystals such that clusters of particles are forming and growing with every additional
dipping step. As a final step the PMMA layer is removed in acetone. During this step
the sample is resting upside down on additional pieces of glass in order to prevent the
nanocrystals which previously lay on top of the PMMA layer from falling down onto
the substrate. The small inset in figure 5.13 (a) depicts a tilted view SEM micrograph
of a single gold bowtie nanoantenna. One can clearly see the nanocrystals which have
agglomerated in the gap region.

In figure 5.13 (b) additional SEM micrographs of the fabricated structures are shown. In
order to track the agglomeration using an optical microscope large crosses are defined in
the resist layer. Within these openings the particles will as well accumulate. In contrast
to the small openings the suggestive filling of these large crosses can be easily monitored.
The SEM micrograph depicts such a cross after lift-off. The residual structures thus
consist solely of LiNbO3 nanocrystals. The next image shows a reference structure. No
antenna structures have been defined, yet with the same periodicity same sized openings
have been defined. After depositing the particles, one observes a perfect square lattice
of LiNbO3 nanocrystals. In particular, no defects or empty lattice sides can be found,
indicating the extremely high efficiency of this surprisingly easy and straightforward
process. The last image finally depicts an array of selectively filled bowtie antennas.
Again, every single antenna is filled with LiNbO3 nanocrystals. Most importantly, no
particles are deposited in between the antennas.

In figure 5.14 we study the linear optical properties of bowtie nanoantennas which have
been selectively filled with LiNbO3 nanoparticles. The basic size of the triangles has
been varied in order to shift the position of the linear resonance over the entire accessible
wavelength range of the laser sources, while the gap size has been kept constant. The
blue spectra depict the response of the empty bowtie antennas. For excitation along the
antenna axis (left column) the strong dipolar resonance undergoes a significant red-shift
with increasing size, additionally the scattering amplitude increases, as is expected due
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Figure 5.13.: (a) Production steps for the selective filling of gap nanoantennas with LiNbO3
nanocrystals. i) In the first step a substrate with gold nanoantennas and alignment marks
is covered with PMMA. After careful alignment openings are defined within the resist layer
directly above the gap regions of the antennas. ii) The sample is developed and oxygen plasma
cleaned. iii) The sample is dipped into a solution of LiNbO3 nanocrystals and water and
afterwards blown dry using nitrogen. This routine is repeated until additionally defined large
openings appear to be filled up (optical microscope inspection), see first image in (b). iv) After
lift-off only the LiNbO3 nanocrystals deposited inside the antenna gaps remain, cf. close-up
SEM of a single structure. (b) Overview SEM micrographs of fabricated structures (after
lift-off). Left: Cross mark consisting of nanocrystals. Middle: Reference array of LiNbO3
nanocrystals. Right: Selectively LiNbO3 nanocrystals filled bowtie nanoantenna array.
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Figure 5.14.: Linear 1-Transmittance spectra for bowtie antenna arrays (blue) and selectively
lithiumniobate filled bowtie antennas (red) for excitation polarized along the antenna axis (left
column) and perpendicular to the antenna axis (right column). The antenna gap is fixed at
∼50 nm, the basic size of the antennas is increased from top to bottom. The linear spectra
for both polarization directions exhibit a red-shift of the plasmonic modes for increasing size,
as expected. Inserting the lithiumniobate nanoparticles into the gap increases the coupling
strength between the two antenna arms. Due to the different mode character, as sketched in
the bottom of the figure, the modes exhibit a different spectral shift. For excitation along the
antenna axis the attractive interaction between the particles is increased leading to a red-shift.
For excitation perpendicular to the antenna axis the repulsive interaction between the dipoles
causes a blue-shift. Overall, the spectra demonstrate the excellent filling rate of the antenna
gaps, leading to a consistent behaviour between the different arrays.
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Figure 5.15.: Linear and nonlinear properties of a bowtie antenna array and a filled bowtie
antenna array. (a) Spectrum of the driving 8 fs laser source. (b) and (c) Linear spectra of the
two arrays as shown in (d). (e) and (f) second harmonic emission spectra of the two arrays.
The increased signal strength observed for the filled antenna array is most likely caused by an
increased spectral overlap between the antennas and the laser, rather than being due to the
lithiumniobate nanoparticles.

to the increasing size and volume of the nanostructure. For excitation perpendicular to
the antenna axis (right column) one as well observes a resonance, yet due to the smaller
dimensions of the antennas in this direction, the resonance is significantly blue shifted.

The red spectra show the optical response of the LiNbO3 filled antennas. For all ge-
ometries one observes spectral shifts in the position of the resonances, indicating that
the antenna gaps have been filled with high efficiency. On closer inspection one observes
a red-shift for excitation along the antenna axis and a blue-shift for excitation perpen-
dicular to the antenna-axis. The reason for this behavior is the different character of
the plasmonic modes. In both cases they are hybridized modes between the two dipolar
modes of the individual triangles. Yet, for excitation along the antenna axis it is a head
to tail configuration whereas for excitation perpendicular to the axis one observes a head
to head configuration (see sketches in figure 5.14). Filling the antenna gap with a high
refractive index material will lead to an increased coupling strength between the two
triangles. For the head to tail configuration this results in a lowering of the resonance
energy due to increased attractive interaction. For the head to head configuration the
repulsive interaction will increase and therefore cause a blue shift of the mode. Overall,
the spectra demonstrate the excellent filling rate manifesting itself in pronounced and
reproducible spectral shifts in the linear response.
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Figure 5.16.: Linear and nonlinear properties of a bowtie antenna array and a filled bowtie
antenna array. (a) Spectrum of the driving laser source. (b) and (c) Linear spectra of the two
arrays as shown in (d). (e) and (f) second harmonic emission spectra of the two arrays. As
in the previous case one observes an increase in second harmonic signal, however, it is caused
by the increased spectral overlap, rather than by the nonlinear material deposited in the gap
region.

The nonlinear optical properties of the structures have been studied using two different
laser sources. Figure 5.15 depicts the measurements of a filled and unfilled nanoantenna
array using the setup described in the previous section. The laser spectrum is centred
on 817 nm, as shown in figure 5.15 (a). Panels (b) and (c) depict the linear optical
response of the antenna arrays, in blue for the unfilled and in red for the filled antennas
(SEM micrographs shown in (d)). Panels (e) and (f) finally depict the second harmonic
emission spectrum of the two arrays. On first sight one might be tempted to see an
increased second harmonic signal for the LiNbO3 filled antennas. However, one needs
to be cautious about this conclusion. First of all, already the bowtie antenna array
produces a second harmonic signal, which should be symmetry forbidden in electric
dipole approximation. Second, we have not taken the changing linear optical properties
into account. When examining the panels (b) and (c) we can clearly see that the linear
extinction spectrum is shifting such that the overlap between the driving laser source
and the extinction in increasing. Along the findings of the previous sections, we can
thus deduce that it is very likely that the increased SH response is caused by this shift
and not by an additional SH signal originating from the nanocrystals. The different
peaks in the spectrum are caused by frequency mixing between the different spectral
contributions of the fundamental laser spectrum.

The results shown in figure 5.16 confirm this interpretation even further. The results have
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Figure 5.17.: Tilted view close-up SEM images of two exemplary selectively lithiumniobate
filled bowtie antennas, panels (a) and (b). The antenna gaps contain several nanoparticles
each, at least two, as indicated by the coloured dots in the lower panels (c) and (d). The Scale
bar is 100 nm.

been obtained using a different laser source, [360,361] its spectrum is shown in panel (a),
pulse duration approximately 30 fs. As in the previous figure panels (b) and (c) depict
the linear optical response of the antenna arrays, in blue for the unfilled and in red for
the filled antennas (SEM micrographs shown in (d)). Panels (e) and (f) finally depict the
second harmonic emission spectrum of the two arrays. The bare antenna array again
radiates second harmonic light, the filled nanoantenna array produces a significantly
strong signal. However, very similar to the previous case the linear spectrum undergoes
a spectral red-shift. This red-shift increases the overlap between the spectrum of the
laser source and the linear extinction spectrum even stronger than in the case shown in
figure 5.15. Again, the increased signal is thus rather caused by a change in the linear
response than by the insertion of the nanocrystals.

These findings indicate that we do not observe second harmonic generation from the
nanocrystals. What menains puzzling, however, is the fact that the arrays without the
crystals already show a significant SH emission. In electric dipole approximation we do
not expect second harmonic emission from an inversion symmetric structure illuminated
under normal incidence.

There are two possible explainations for the observed behaviour:

• Lithiumniobate is a poor frequency converter. As already discussed earlier, it is
an off-resonat conversion process, which is very inefficient and only becomes effi-
cient for phase matched geometries in bulk crystals. The absolute values of the
χ(2) tensor components are small. As the particles have a size of about 50 nm
they are extremely weak emitters. This conclusion is supported by the resent re-
ports by Knabe et al., on the second harmonic emission from single lithiumniobate
nanocrystals (these particles have been supplied to us and have been used), showing
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small conversion efficiencies under excitation with tingly focused nanosecond-laser
pulses [359].

• For the lithiumniobate crystals several χ(2) tensor components are symmetry al-
lowed. Therefore, it makes a huge difference how the particles are deposited inside
the gap and how they are aligned relative to the antenna axis. On the one hand
the absolute values of the components are very different, rendering the conver-
sion efficiency strongly depended on the orientation of the particles. On the other
hand, the SH contributions from different components are emitted with different
phases, causing destructive interference of the SH emission from an ensemble of
particles. Figure 5.17 depicts tilted view close-up SEM images of filled bowtie
antennas clearly showing more than one particle inside of the gaps. In the lower
row the particles have been marked for clarity.

• Recent reports suggest that the nonlinearity of gold is very strong. Already the
emission of thin layers boosted by the presence of a plasmon resonance yields
strong signals. The earlier reported results for third harmonic generation from
nanoantennas as well support this interpretation as the point to the gold being the
sole source of the TH signal.

We intended to suppress the strong nonlinearity of gold itself by rendering the antenna
array itself centrosymmetric. No SH should be observable. This finding seems to indicate
a fundamental problem as it suggests that symmetry considerations do not hold for our
structures. We will discuss this intriguing finding later in detail, showing that the
symmetry rules might not be violated after all. However, a signal from the antennas
themselves might not be suppressible. In order to increase a possible signal from the
LiNbO3 particles, which intrinsically break inversion symmetry, we have to align them
with respect to the antenna axis. As the particles are ferroelectric such an alignment can
be accomplished by so-called corona poling. [362] As a ferroelectric material the crystals
show a spontaneous macroscopic electric polarization. When applying a strong external
electric field the particles can be aligned with respect to the field and thus with respect to
the antenna axis. However, as the particles already stick to the sample surface it might
not be possible to align them in a post-processing step. If it is possible to accomplish
the alignment while depositing the particle is not yet clear. Nevertheless, the results of
this section suggested that the χ(2) nonlinearity of lithiumniobate might be too small in
order to observe a strong SH emission from the hybrid system. The particles are only
about 50 nm in diameter, hence the small conversion volume needs to be compensated
by a significantly enhanced fundamental field strength.

The absolute value of the enhanced near-fields is still highly debated and it is not yet fully
understood what fundamentally limits the field strength. Finally, the extremely high
electric field strength might be limited by either electron tunnelling processes between the
extremely closely spaced metallic nanoparticles [260,363,364] or by a so-called nonlocal
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effects where the dielectric function of the materials becomes wavevector and space
depended [365]. Yet, it seems to be commonly accepted that the initially from theoretical
and simulation studies proposed enhancements of several order of magnitude are not
achievable in experiment. Moreover, the extremely high field strengths are only observed
for incredibly small gaps, that is, for gaps below 1 nm. Fabrication plasmonic structures
with such small gap sizes in a reliable and reproducible way is extremely challenging and
only a very limited number of publications has so far demonstrated the ability to achieve
this goal. In all these cases, the techniques are very demanding, such as high-resolution
electron beam lithography [134, 366], self-assembled molecular monolayers [365], spacer
layer engineering via atomic layer deposition [349], self-assembly of metallic nanoparticles
with DNA and other molecular binding units [350, 367–369], or by self-alignment of
chemically synthesised metal particles [370]. In any case, even if field enhancements of
∼80 might be achievable in Angstrom scale gaps [363], the volume in which this field
strength is present is extremely small, thus the volume of the active material will be
small, too. If the extremely small amount of active material can be compensated by the
high field strength is doubtful. So, in the end, what good will it do?

5.6. The Role of Symmetries in Nonlinear Optics

Symmetry is of crucial importance in every physical system. In 1823 Franz Ernst Neu-
mann was the first to realize this close connection in studying double refraction [371].
He deduced the elastic constants which in turn determine the optical properties, by em-
ploying the assumption that the symmetry of the elastic behavior of a crystal was equal
to that of its form. He thus assumed that the absolute values of the components of the
electivity tensor in symmetric positions are equivalent. This assumption substantially
reduced the number of independent constants and greatly simplified the elastic equa-
tions. This fundamental principle was explicitly formulated in 1885 by Woldemar Voigt
and in 1887 by Bernhard Minnigerode [372], both students of Neumann, and became
known as Neumann’s Principle:

”The symmetry of a physical phenomenon is at least as high as the crystallographic
symmetry.”

Note that the symmetry of the phenomenon is related to the symmetry of the tensor
that describes this phenomenon. As an example, let us consider the refractive index of
an amorphous medium. The refractive index is in principle given as a tensor as it might
depend on the direction of propagation as well as on the polarization state of light.
In an amorphous medium, however, the tensor collapses to a scalar. The extremely
high ”symmetry” of the systems enforces that all tensor components are identical; the
refractive index neither depends on the propagation direction nor on the polarization.
(Please note that it is of course possible that the symmetry of a physical property is
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higher than that of the underling crystallographic structure due to degeneracy.)

Not only in theoretical, elementary particle, or solid state physics [373, 374] but also in
plasmonics symmetry arguments have been used extensively. The symmetry imposes
the nature of the modes that can be supported by a plasmonic nanostructure. This
connection has been utilized in numerous studies to rigorously deduce the plasmonic
modes from a purely geometrical standpoint [71,121,128,137,264,375].

5.6.1. Maxwell’s Equations and the Wave Equation

Optics is covered by Maxwell’s equations, which read

rot ~H = ~j + ∂

∂t
~D = σ ~E + ∂

∂t

(
ε0 ~E + ~P − ~∇Q

)
(5.7)

rot ~E = − ∂

∂t
~B = µ0

∂

∂t

(
~H + ~M

)
(5.8)

where ~E, ~H are the vacuum electric and magnetic fields, respectively, ~P the electric
polarization, and ~M the magnetization in the medium. ∇ ~Q describes a higher order
quadrupolar contribution to the electric polarization. Higher order contributions to
polarization and magnetization, such as electric octupoles and magnetic quadrupoles
are considered to be negligible.

If the field strength of the incoming radiation is high, the material fields might no longer
be linear in the electric field. Considering the expansion till second order (third order
terms read accordingly), the material fields read

~P = ~PL + ~PNL = ε0χ
(1),e ~E + ε0χ

(2),e... ~E ~E (5.9)

~M = ~ML + ~MNL = 0 + ε0
C

n (ω)χ
(2),m... ~E ~E (5.10)

~∇Q = ~∇QL + ~∇QNL = 0 + ε0c

i2ωn (ω) êkχ
(2),q... ~E ~E (5.11)

with êk = ~k/
∣∣∣~k∣∣∣. Please note the tensorial character of the susceptibilities, accordingly ...

denotes a tensorial product. The superscripts (1) and (2) denote the order of the tensor
and e, m, and q denote electric, magnetic, and quadruple, respectively.
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We assume the material to be non-ferromagnetic. As for dia- and paramagnetic ma-
terials the susceptibilities are zero (χDia, χP ara ≈ 0), the linear contribution to the
magnetization is hence zero. Similarly, the linear contribution to the electric quadrupole
contribution is negligible.

These relation lead to the wave equation

(
∆− ε

c2
∂

∂t

)
~E = ~S (5.12)

with
~S = µ0

∂2

∂t2
~PNL + µ0~∇×

∂

∂t
~MNL − µ0

∂2

∂t2

(
~∇QNL

)
(5.13)

with being the source of the nonlinear wave. Note that the source term has three distinct
contributions: The electric dipole, the magnetic dipole, and the electric quadrupole.

In most text books on nonlinear optics only the first contribution is taken into account,
which is referred to as the electric dipole approximation. Within this framework, second
harmonic generation in inversion symmetric systems is symmetry forbidden. This can
be easily seen when employing Neumann’s principle. The nonlinear polarization in
component notation is given as:

Pi ∝ χ
(2),e
ijk Ej (ω)Ek (ω) (5.14)

Applying an inversion operation 1̄, keeping in mind that Ēj (ω) = −Ej (ω) and P̄i (2ω) =
−Pi (2ω) hold, and additionally that the susceptibility tensor is inversion symmetric due
to Neumann’s principle, and thus χ̄(2),e

ijk = χ
(2),e
ijk holds, one obtains

− Pi (2ω) ∝ χ̄
(2),e
ijk Ēj (ω) Ēk (ω) = χ

(2),e
ijk Ej (ω)Ek (ω) ∝ Pi (2ω) (5.15)

This relation can only be fulfilled if Pi (2ω) ≡ 0 and hence χ(2),e
ijk ≡ 0. Therefore,

in electric dipole approximation SH is symmetry forbidden in an inversion symmetric
system. As a consequence, it is often stated in perplexing generality that inversion
symmetric systems do not radiate second harmonic radiation at all. However, this is
incorrect. The magnetic dipole and electric quadrupole contributions do not vanish in
inversion symmetric systems. Thus, in particular for inversion symmetric systems they
must not be neglected and allow for SHG. However, it should be noted that the magnetic
dipole and electric quadrupole contributions are in general much smaller than the electric
dipole contribution. In performing a strict mathematical deduction one finds that these
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two terms are higher order corrections to the nonlinear source term suppressed by a
factor of λ/a with λ the wavelength of the fundamental field and a the lattice constant
of the crystal.

Which tensor components can be non-zero is again determined by symmetry. In per-
forming a symmetry analysis one can thus find all components that can contribute to
a nonlinear signal. Note, that some components, while symmetry allowed, might still
vanish. A symmetry analysis cannot predict the magnitude of the components.

In a first step all symmetry operations of a system have to be found, that are, all
mathematical operations that transfer the crystal into itself. We distinguish three classes
of operations:

1. Translations: The system is translated by arbitrary multiples of the lattice con-
stants.

2. Parity operations:

• Space inversion (x, y, z)→ (−x,−y,−z)

• Time inversion t→ −t

• Charge inversion q → −q

As we only study amagnetic and charge-free systems, we only have to take space
inversion into account.

3. Rotations: In crystals only rotations by 60°, 90°, 120°, 180°, and 360° are possible,
thus we can have 6-, 4-, 3-, 2-, and 1-fold rotations. It needs to be noted that in
so-called quasi-crystalline systems odd-fold rotations are observed, however we will
not consider this in this context.

The identification of non-zero tensor components now seems straightforward: Due to
Neumann’s principle every symmetry operation R of a crystal has leave the tensor in-
variant:

T
′

ij...n = Rii′Rii′ ...Rii′Ti′j′...n′
!= Tij...n (5.16)

From all the consisting relations obtained, the non-zero components can be deduced.
Fortunately, there is a whole field of mathematics and physics dedicated to this, namely
group theory. If we have determined the symmetry operations we know the crystals
symmetry class and from that we can infer on the form of the tensors.
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Figure 5.18.: Geometrical sketch of a nanoantenna array, in green the gold nanostructures,
light blue indicates the substrate. Only three non-trivial symmetry operations exist: A 2-fold
rotation around the z-axis, a 2-fold rotation with simultaneous space inversion around the x-
axis, and a 2-fold rotation with simultaneous space inversion around the y-axis. Consequently,
the depicted structure belongs to the symmetry class is mm2

As an example, let us consider an array of nanorods or nanoantennas, as sketched in
figure 5.18. Taking the substrate into account, the only symmetry operations are: The
identity, a 2-fold rotation around the z-axis, a 2-fold rotation with simultaneous space
inversion around the x-axis, and a 2-fold rotation with simultaneous space inversion
around the y-axis. The corresponding symmetry class is mm2. For the electric dipole
contribution (polar tensor of rank 3) one obtains an E3 tensor, for the magnetic dipole
contribution (axial tensor of rank 3) an D3 tensor, and for the electric quadrupole
contribution (polar tensor of rank 4) an D4 tensor [326].

Taking all symmetry allowed components into account, the electric dipole contribution
to the nonlinear source term reads

~PNL (2ω) ∝

 2χe
xxzExEz

2χe
yyzEyEz

χe
xxzE

2
x + χe

zyyE
2
y + χe

zzzE
2
z

 (5.17)

For the magnetic dipole contribution one obtains

~MNL (2ω) ∝

2χm
xyzEyEz

2χm
yxzExEz

χm
zxyExEy

 (5.18)
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For its contribution to the source term

~SM
NL ∝ ∇× ~MNL (2ω) ∝

2χm
zxyExEy − 2χm

yxzExEz

2χm
xyzEyEz − 2χm

zxyExEy

2χm
yxzExEz − 2χm

xyzEyEz

 (5.19)

holds.

For the electric quadrupole contribution one obtains

~∇Q
NL (2ω) ∝
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(5.20)

with ê = (ex, ey, ez).

When studying harmonic generation from the wire antenna array the polarization of the
incident light field will be set along the long axis of the antennas in order to be resonant
with the fundamental antenna mode. In literature it has thus been stated that quite
a number of nonlinear contribution, as listed above, will vanish as Ey = Ez = 0 and
ê = (1, 0, 0) hold. Additionally, no z-polarized second harmonic light can be radiated.
The nonlinear contributions thus collapse to

~PNL (2ω) ≡ 0 (5.21)
~SM

NL ∝ ∇× ~MNL (2ω) ≡ 0 (5.22)

~∇Q
NL (2ω) ∝

χ
q
xxxxexE

2
x

0
0

 (5.23)

Intuitively, this behaviour is not surprising: The interface between air and substrate is
responsible for breaking the inversion symmetry of the system, thus, in particular for the
electric dipole contribution, allowing a second order process at all. For normal incidence
this symmetry breaking will be of no immediate consequence, only for slanted incidence
the interface will play a major role.

However, this simple ansatz might not be correct after all. Plasmonic structures confine
external radiation into deep subwavelength volumes, thus massively increasing the local
electric field strength. These local fields are the in turn ultimately responsible for the
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generation of the nonlinear signals, not the incoming light field. Therefore, it is not
sufficient to consider only the polarization components of the incoming light field, but
one has to consider the local electric fields. It is well known that the local electric fields
in the near-field regime of a plasmonic nano-object can point into different directions
than the exciting light field. In general, even for an object as simple as a wire, in
the near-field all electric field polarizations are present. Therefore, the electric dipole
contribution does not vanish as all electric field components are non-zero. The same
holds true for the higher order contributions.

In fact, this phenomenon has already been experimentally proven in an important, yet
somehow overlooked, experiment: Niesler at al. have studied second harmonic gener-
ation form a composite system of gold split ring resonators and a crystalline gallium
arsenide substrate [314]. The authors observe a second harmonic signal from a tensor
component of the GaAs substrate which should not be accessible with the polarization
and illumination setting applied. The signal is then explained by the presence of differ-
ent polarisation directions of the electric field in the near-field of the spilt ring resonator
which then in turn drives the second harmonic emission from the substrate.

This very important finding has not been considered in quite a number of publications.
Canfield and co-workers for example studied second harmonic generation from L-shaped
nanoparticles and found that the nonlinear response seemingly violates the symmetry
rules as an explicitly forbidden tensor component produces a strong SH signal [294,
376]. The authors attribute this finding to defects and asymmetries in the fabricated
structures. However, another potential explanation is given by the different electric field
components in the near- and far-field regime. The authors observe a y polarized SH
signal when exciting the structures along the y axis. They thus conclude that it must
be generated by the χyyy tensor component, which is indeed symmetry forbidden for
the studied structure. However, four tensor components are symmetry allowed and do
as well radiate SH polarized along the y axis: χyyx = χyxy and χyyz = χyzy. Taking
the local electric fields polarized in z direction into account, these components might
as well be responsible for the observed SH signal. It is noteworthy, however, that the
authors recently reported that the symmetry forbidden signal indeed seems to vanish
for higher quality samples [377]. leaving this intriguing question open for debate for the
time being.

Another intriguing consequence of symmetry is shown in figure 5.19. In order for a
dipole allowed second harmonic contribution inversion symmetry needs to be broken.
However, this is not restricted to space inversion symmetry, it is also possible to break
time inversion symmetry to obtain a dipole allowed second harmonic contribution. Let
us consider a wire grating. A magnetization can be induced in direction perpendicular
or parallel to the wires, for example by making them out of nickel or cobalt. If one does
not want to sacrifice a strong plasmonic response (nickel and cobalt are ”bad” plasmonic
materials) one can utilize a layered structure of gold and a ferromagnet [378, 379]. If a
magnetization is present in the wires, as indicated by the arrow, the structure is of 2mm
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Figure 5.19.: Geometrical sketch of a wire grid, in green the gold wires, light blue indicates
the substrate. In the presence of a megnatization, sketched by the gray arrow, the structure
is of 2mm symmetry, breaking time inversion symmetry and thus exhibits a dipole allowed
second harmonic contribution.

symmetry and breaks time inversion symmetry thus exhibiting dipole allowed contribu-
tions to the second harmonic response [326,344,345]. Importantly, if the magnetization
vanishes, all tensor componets associated with the magnetic ordering vanish as well.
It would be most interesting to observe the strength of the second harmonic signal in
dependence of the magnetization in the system. One would expect the signal to increase
with increasing ”degree” of magnetic order, that is, with increasing order parameter
which scales with the magnetization [345].

5.7. Conclusions, Summary & Outlook

The field of nonlinear plasmon optics is still in the very beginning. Even so the first
experiments have already been conducted in the early 1980s, quite a number of questions
and problems remain unresolved. Surprisingly, this is often caused by the high complex-
ity of the studied systems. The motivation behind the complex structures is multifold:
Firstly, the structures allow for a nearly arbitrary manipulation of their linear opti-
cal properties. Secondly, the structural geometry of the systems can be manipulated
which is believed to be particularly important due to the strong symmetry dependence
of nonlinear optical processes. Thirdly, researchers are driven by the dream of disentan-
gling linear and nonlinear optical properties, that is, strongly different nonlinear optical
responses of two systems despite identical linear optical ones.

However, as we have demonstrated in this chapter, most of these properties are inti-
mately connected and it is extremely difficult to disentangle the respective contribu-
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tions. It is in particular important to realize the huge importance of the properties of
the plasmonic resonances on the radiated nonlinear signals. We have shown that third
harmonic generation from plasmonic dimer nanoantennas can be described by a simple
nonlinear harmonic oscillator model. In this model the radiated third harmonic intensity
is proportional to the fourth power of the amplitude of the resonance. The linewidth,
representing the dephasing time and thus the time the energy is stored in the plasmonic
cavity, enters. Hence, the nonlinear signal is extremely sensitive to seemingly minute
changes in the linear optical properties of the plasmonic resonances. In fact, a number
of experiments might actually be dominated entirely by the change in the linear opti-
cal properties rather than by the intended manipulation of, e.g., the symmetry of the
system.

Thus far, we have not tailored the nonlinear optical properties of artificial structures
beyond what nature already offers. As discussed in the section ”Nonlinear Plasmon
Optics in Terms of Resonantly enhanced optical nonlinearities” the nonlinear optical
properties of crystals are fully determined by their crystallographic symmetry and by
their linear optical response. The symmetry determines the non-zero tensor components
and the linear response determines their absolute values. This very same behaviour
has been observed for the dimer nanoantennas. From the linear spectrum the nonlinear
response one could deduced (apart from a physically meaningless scaling factor).

The dream, however, would be to go beyond this restriction and gain additional tunabil-
ity, that is to have similar or even identical linear optical responses, yet the nonlinear
optical properties would be strongly different. Only a limited number of experiments
could demonstrate that the linear and nonlinear optical properties of a plasmonic or
plasmon-hybrid system can indeed decouple. In all these cases, the cause for this devi-
ation is actually the contribution of a dielectric medium, e.g., a waveguide. Utikal and
co-workers demonstrated that the nonlinear response of different plasmon waveguide hy-
brid systems can be different in spite of nearly identical linear optical properties [317].
In this case energy is transferred from the ”bright” plasmonic resonance to the ”dark”
waveguide mode. The exact fraction of energy stored in the plasmon and waveguide
modes is not encoded in the far-field spectra. Additionally, both systems have entirely
different nonlinearities. Thus, the overall nonlinear response is determined by the rela-
tive near-field intensities and the relative strength of the nonlinearity in the two systems.
Therefore, the nonlinear response cannot be predicted from the knowledge of the lin-
ear spectrum alone. Such behaviour has not been demonstrated in a purely plasmonic
system, despite claims made. In contrast to the hybrid systems, energy can only be
transferred from one plasmonic mode to another, for example between a bright dipolar
mode of a rod and a dark quadrupolar mode in a wire pair, as utilized in a plasmonic
analogue of electromagnetically induced transparency structure. These two modes both
are supported by gold nanostructures, thus having identical nonlinearities. One com-
monly expects deviations from the predications of the linear optical response as well,
as the quadrupolar mode is associated with a prolonged dephasing time due to reduced
radiative losses, indicating higher near-field strength and thus strong nonlinear emis-
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sion. The ”reshuffling” of energy between the two modes should thus have significant
influence. However, the prolonged dephasing time manifests itself in reduced resonances
linewidth and is thus fully encoded in the linear response. On second sight one would
thus not expect these systems to show responses deviating from the predications of the
linear response alone.

However, one needs to note that different plasmonic modes have extremely different
field distributions. Thus, the overlap of the near-fields with the gold itself as well as
the surrounding dielectric will be different as well. Such an effect can accutually as well
be observed in the dimer nanoantenna experiment: The harmonic oscillator model is
capable of correctly describing the TH emission down to gap sizes of 20 nm. After an
initial calibration for a set of antennas it even predicts the absolute amplitude of the
TH. However, for gaps below 20 nm one observes deviations from the predictions. The
reason is linked to a change in the plasmonic mode. It appears that the mode profile
and near-field intensity distribution is barely changing when decreasing the gap size
down to about 20 nm. However, below this value, the mode is seemingly distorted and
suffers significant spatial and intensity rearrangement of the near-field hot spots. As a
consequence, the nonlinearity parameter of the mode is changed, causing a significantly
increased signal for the same oscillator parameters. Most likely the increased signal is
actually caused by the gold of the antenna itself. The substrate has not contributed any
significant signal, despite the fact that already for larger gaps there is significant field
enhancement within the gap. Therefore, the increased signal is a direct consequence of
an increased nonlinearity parameter of the corresponding plasmonic mode. This actually
seems to offer the possibility to manipulate the nonlinear response of a plasmonic system
by mode-tailoring. However, in accordance with the discussion above, the expected effect
will be small as the nonlinearity parameters are expected to be all of the same magnitude
as they are all fundamentally stemming from the gold itself. Only if exchanging the
material system, one can expect a high degree of tunability.

From the conclusions above it thus appears that the most promising route is the com-
bination of plasmonically active components and dielectrics into hybrid structures, in
particular if these dielectric subsystems are nonlinear-optically active. As in the case
of the nonlinear waveguide the dielectric system does not manifest itself optically and
thus does not allow for an accurate prediction of the nonlinear properties solely from the
linear ones. The same holds for the nonlinear self-assembled monolayers on top of silver
triangles, [357] where the monolayers are the source of the signal, rather than the silver
triangles themselves. The main hurdle, however, is the in comparison to noble metals,
such as gold or silver, weak nonlinearity of dielectrics. Nonlinear waveguides are thus a
double clever choice as the waveguide mode is an extended one and thus the interaction
volume is large. Coupling of extended photonic modes to localized plasmonic modes
thus seems appealing.

However, a number of experiments can be envisioned which study the response or com-
plex plasmonic structures in detail. Even if the relative strengths of the nonlinear signals
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Figure 5.20.: (a) Tilted view image of an array of symmetry broken hepatmers. The scale
bar is 500 nm. Lower row: Close-ups of a series of heptamers with successively reduced size of
the rightmost particle (note that for the leftmost cluster the particle is bigger than the other
ring particles). The scale bar is 200 nm. b) In reducing the size of one ring particle the 6-fold
rotational symmetry around the y-axis is lost and the symmetry class changes from C6v to
C1h. For the symmetry broken structure new second harmonic tensor components become
symmetry allowed. In studying the evolution of the absolute value of these components with
the ”degree of asymmetry”, that is the size of the particle, one can investigate on the role of
symmetry for nonlinear optical properties of such complex plasmonic nanostructures.

generated by the different modes are very similar it is still intriguing to decompose their
relative spectral behaviour and the exact origin of the signal, in space as well as in
mechanism. E.g., the harmonic oscillator model assumes a cubic nonlinearity, however
the exact source of this nonlinearity remains unclear within the framework of the model.
Conceptually, it could be a nonlinear oscillation of the plasmon itself or just a parameter-
ization of the local electric fields interacting with a constant off-resonant molecular χ(3)

of the environment. Theoretical models have been developed for the first case, showing
strong emission of odd harmonics from small (103 atoms) particle clusters [380–383].
However, these contributions vanish if the cluster exceeds a certain size as the elec-
tron oscillation will be less and less influenced by the presence of the surface leading to
a nearly perfectly harmonic potential. Therefore, the exact origin of the nonlinearity
remains unclear within our model and requires further investigation.

Another intriguing question concerns the role of symmetry in plasmon nonlinear optics.
A number of experiments suggest that the symmetry rules are obeyed [311,315], yet oth-
ers report deviations from these rules [376,377], either due to fabrication inhomogeneities
or other influencing factors. In any case, the question arises whether or not these rules
are applicable at all. The vast majority of all structures studied must not be considered
an effective medium, they are rather arrangements of resonators of roughly wavelength
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size. Therefore, can we expect symmetry considerations, as applied to crystals with
crystalstructures of deeply subwavelength dimensions, to hold for wavelength-scale ob-
jects? At least the plasmonic modes in these kind of systems can be deduced utilizing
grouptheory [71].

Another fascinating aspect is connected to the higher order contribution to the nonlinear
source term, the magnetic dipole and the electric quadrupole terms. It is found that
these terms are generally suppressed by a factor λ/a, with λ the wavelength of the
fundamental field and a the lattice constant of the crystal. In crystals this factor is
much bigger than one. However, for our plasmonic systems this factor approaches unity,
suggesting that the contributions might actually be of similar magnitude, assuming its
validity. This would offer the fascinating possibility to further tune the nonlinear optical
emission by three quasi-independent quantities.

All these questions are difficult to answer and would require the careful separation of
structural changes and the resulting changes in the linear spectrum which might mask
the symmetry effect. An example is given in figure 5.20 (a), depicting symmetry broken
plasmonic heptamer structures. Successively removing one of the ring particles changes
the linear optical properties only slightly, however, the symmetry is drastically reduced
in losing the 6-fold rotational symmetry around the y-axis, thus the symmetry class
changes from C6v to C1h [326]. In particular, for a C1h structure an electric dipole
term to the second harmonic source term is allowed for normal incidence. Conceptually
intriguing, the symmetry is broken as soon as the particle is smaller by only a fraction
of its total size. The optical properties, however, need to change smoothly with the
”degree” of asymmetry towards the case of a completely missing particle. Thus, it should
be possible to observe the dependence of the second harmonic response on the ”degree of
asymmetry”. Breaking the inversion symmetry leads to a number of additional symmetry
allowed tensor components, as listed in figure 5.20 (b). In particular, the symmetry
broken structure allows for the component, with two incoming electric field components
along the x-axis and the outgoing second harmonic as well polarized along the x-axis.
One would study the evolution of this tensor component with increasing ”symmetry
breaking”, in particular whether or not the absolute value of the component increases.
Unfortunately, physics is more complex than suggested. The linear optical properties do
change, even so the changes appear to be minute. Preliminary measurements suggest
that the overall response is strongly determined by the changes in the linear response.
It appears to be impossible to separate the influence of the changes in linear response
and symmetry. However, the experiment points into the right direction: Identifying
structures which display strictly forbidden and allowed contributions might answer the
raised questions by targeting these components.

The field of nonlinear plasmon optics remains partially uncharted. With advances in
sophisticated fabrication techniques for composite and hybrid structures as well as ad-
vances in the rapidly growing field of theoretical and simulation based descriptions of
nonlinear plasmon optics, and one can expect quite a number of fascinating discoveries
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in the next few years.
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A. Appendix

Figure A.1.: Plasmonic flower meadow [77,78,89].
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Figure A.2.: Split ring resonators which were separated from the surface due to laser ir-
radiation [315]. The shadow on the substrate surface is the remaining chromium adhesion
layer.

Figure A.3.: Chiral structure consiting of four individual layers.
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Figure A.4.: Stacked chiral structure [90].
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Figure A.5.: Twisted stacked split ring resonators, periodicity 300 nm.

Figure A.6.: Three-layered struture exhibiting double electromagentically induced trans-
parency [92].

204



Figure A.7.: Various SEM and optical micrographs.
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Figure A.8.: Various SEM and optical micrographs.
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Figure A.9.: Various SEM and optical micrographs.
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Figure A.10.: Various SEM and optical micrographs.
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Figure A.11.: Various SEM and optical micrographs.
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Figure A.12.: Various SEM and optical micrographs.
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Figure A.13.: Various SEM and optical micrographs.
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Figure A.14.: Various SEM and optical micrographs.
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Figure A.15.: Various SEM and optical micrographs.
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Figure A.16.: Various SEM and optical micrographs.
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