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Summary

Light has been intriguing humans since time immemorial. Our visual sense is fascinated
by optical effects in our environment, may it be a sun-rise, a rainbow, a gemstone or a
painting. Interestingly, the rational explanation of light provided by modern science as
an electromagnetic wave together with the notion that light is absorbed and emitted in
small energy quanta called photons has not at all turned light into a boring triviality.
On the contrary, with growing insight into the nature of light we still stand in awe when
observing the behavior of light and its interaction with matter. It is most notable that
optics, as the science of light, has both retained its aesthetic appeal, while at the same
time growing to a key technology enabling modern societies in numerous regards. We
mention optical data transfer and storage, digital image recording, and solar cells as
illustrations of the ubiquity of optical technologies in today’s modern world.

At the forefront of modern optics is the study of light-matter interaction on length
scales much smaller than the wavelength of light. Nanotechnology and advances in
material processing have enabled the controlled structuring of a variety of materials
on length scales comparable to and even significantly smaller than the wavelength of
visible light. This technological development gave rise to the field of nanophotonics
which aims at controlling the generation, the propagation and the absorption of light
on sub-wavelength scales. Spontaneous emission is a fundamental process of light
generation where a quantum mechanical system, for example a fluorescing molecule,
undergoes a transition from an excited state to an energetically lower lying state
under emission of a photon. We introduce the concept and the physical processes
underlying spontaneous emission control in Chapter 1 to provide sufficient background
information to state the scientific questions addressed in this thesis. It is well known
that the process of spontaneous emission is governed both by the properties intrinsic
to the quantum mechanical system undergoing the transition and the electromagnetic
environment of the source. Specifically, the local density of optical states is the
quantity of an electromagnetic environment that governs arguably all local optical
processes, reaching beyond spontaneous emission to scattering, absorption, thermal
emission and vacuum mediated forces. This thesis targets the question how the
spontaneous emission of a photon can be controlled by positioning the source within an
electromagnetic environment that has been deliberately structured at a sub-wavelength
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scale. In particular, we are interested in controlling when the source emits and where
the generated photon is emitted to. To this end we have constructed a microscope that
can image the local density of optical states.

In Chapter 2 we outline the technical aspects of our scanning emitter fluorescence
lifetime imaging microscope. We review the achievements of the nanophotonics
community towards imaging the local density of optical states on a sub-wavelength
scale. Furthermore, we detail the technical requirements and the according choices
regarding components and their assembly. In a nutshell, our lifetime imaging mi-
croscope is a combination of a scanning probe near field optical microscope and a
fluorescence lifetime imaging microscope. The local density of optical states is imaged
by scanning a sub-wavelength sized source of fluorescence attached to a scanning probe
with sub-wavelength positioning accuracy across a planar sample while monitoring
the fluorescence lifetime of the source. Besides outlining the working principle of
our experimental setup, Chapter 2 also illustrates the applied techniques at hand of
measurements that serve as benchmarks and references for the following Chapters. We
establish that our setup is capable of detecting the fluorescence of single photon sources
and the scanning probe provides a resolution of about a tenth of the wavelength.

The experimental setup discussed and characterized in Chapter 2 is put to work
in Chapter 3 in order to map the local density of states around noble metal nanowires
of sub-wavelength diameters. Chapter 3 is a very illustrative demonstration of the
local property of the local density of states and its impact on the spontaneous decay
of a source of spontaneous emission. By repeatedly scanning the same source of
fluorescence attached to a scanning probe across a metal nanowire we can reproducibly
enhance the rate of spontaneous emission of the source by a factor of two. Furthermore,
we show that when the source is positioned in close proximity of the wire, a significant
fraction of spontaneously emitted photons is funneled into a guided plasmonic mode of
the wire which acts as a sub-wavelength waveguide.

Having experimentally illustrated the local character of the density of optical states
in Chapter 3 the following Chapter 4 is a review of the classical electrodynamic theory
of scattering and spontaneous emission by electric dipoles. We provide a synopsis of the
theoretical tool-set applied to discuss scattering and spontaneous emission in nanopho-
tonic environments well described by an electric dipole model. To this end, we review
the coupled dipole model and put special emphasis on the repercussions of radiation
reaction governing the behavior of strong scatterers. Chapter 4 is therefore intended
to prepare the reader for the subsequent Chapters which all feature electrodynamic
calculations in the point dipole model.

In Chapter 5 we investigate the local density of optical states in the vicinity of
a plasmonic meta-molecule. This Chapter is special in this thesis in the sense that
it employs a beam of high energy electrons as a means to probe the local density of
states. The electron beam is focused to a sub-wavelength sized spot and the created
cathodoluminescence is proportional to the radiative density of states. The structures
we investigate are plasmonic heptamers, consisting of strongly scattering metallic nano-
particles arranged on the corners and the center of a hexagon. The constituent particles
of the heptamers are strongly polarizable and their mutual coupling gives rise to some
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peculiar optical properties. It is well known that the extinction spectrum of plasmonic
heptamers features a narrow transparency window in an otherwise very broad extinction
band. We find that around the spectral position of the transparency window the local
density of optical states swaps from being high on the outer six particles and low on
the central particle to being concentrated mainly on the central particle and low on the
outer ring. Our theoretical treatment of the plasmonic heptamer in the framework of
the coupled dipole model introduced in the previous Chapter 4 links the well-known
far-field extinction dip to our observation of the swap of the spatial distribution of
the local density of states. By exploiting the symmetry of the meta-molecule we
identify well-defined eigen-modes of the heptamer. In particular, we find that two
eigen-modes of the plasmonic heptamer give rise to both the near-field swap of the
density of states and the far-field extinction dip. Most importantly, by interpreting the
plasmonic heptamer as an optical antenna we establish that sub-radiant eigen-modes of
nano-antennas, that is modes with small net-dipole moment, are promising candidates
to enhance spontaneous emission of localized and well positioned sources.

While Chapter 5 was occupied with a rather complex optical antenna we turn our
attention to a simple nano-antenna in a complex background system in Chapter 6. To
this end we theoretically investigate a small but strongly polarizable optical antenna
fed by a source of spontaneous emission whose decay rate is boosted by the antenna.
We consider such a source-antenna ensemble, previously termed ‘superemitter’ by the
literature, when it is embedded in a photonic background system that modifies the local
density of optical states on a length scale comparable to the wavelength. In particular,
we are interested in the effects arising due to the spontaneous emitter being exposed to
both an optical nano-antenna, modifying the density of states on a length scale much
smaller than the wavelength and the background system with its lifetime modification
on length scales comparable to the wavelength. We identify the surprising effect that
an effective and therefore necessarily strongly scattering optical antenna is spoilt by
an increased local density of optical states offered by the background system. The
reason for the observed spoiling is given by the unitary limit of scattering theory which
strictly limits the polarizability and therefore the scattering strength of any dipolar
scatterer to the inverse of the local density of optical states at the scatterer position. As
a consequence, the decay rate enhancement offered by a strongly scattering optical
antenna will be reduced by an increased density of states of the embedding system.

In the final Chapter 7 of this thesis we experimentally test the theoretical predictions
of Chapter 6. To this end we fabricate superemitters by co-localizing fluorescing dye
molecules with strongly scattering gold nano-particles acting as optical antennas,
effectively increasing the decay rate of the dye molecules. As a much larger photonic
background system we employ a metallic mirror, modifying the local density of
states in its vicinity on a scale comparable to the wavelength. The metallic mirror
is manufactured by evaporating a silver layer onto a spherical bead of several ten
micrometers in diameter, which is in turn attached to the scanning probe of our near
field microscope detailed in Chapter 2. Therefore, we are able to position the mirror
with sub-wavelength precision with respect to the superemitter which is located on
a substrate, while measuring the lifetime of the source coupled to the antenna. We
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indeed find that the decay rate enhancement provided by the optical antenna is inversely
proportional to the local density of optical states provided by the mirror. Therefore,
Chapter 7 experimentally proves the theoretical predictions of the preceding Chapter 6.
Besides the demonstration of a hybrid photonic system with dynamically tunable local
density of optical states the final Chapter 7 also clearly illustrates the promises of
hybrid photonic systems offering versatile and often counter-intuitive opportunities
regarding the engineering of the local density of optical states.

126




