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Abstract

The technological progress in the last decades is well described by an observation Gordon E.
Moore, co-founder of Intel Corporation, made about 50 years ago, where he stated that the
number of transistors on integrated circuits doubles approximately every two years. Until 2014,
Moore’s Law still proves to be accurate; however, the size of transistors is already close to atomic
dimensions and growth in conventional information processing, where speed is concerned, will
soon come to a halt. Thus, to ensure an ongoing progress, fundamentally new concepts for
information processing are indispensable.

One prominent idea is to make use of quantum-mechanical phenomena to store and pro-
cess data. Such a quantum computer promises to solve certain problems much quicker than its
classical counterpart. An interesting approach towards the realization of quantum information
processing is based on chains of individually trapped ions, where long term quantum infor-
mation storage and high fidelity quantum gates have been demonstrated. However, ion state
read-out and the scalability to larger ion numbers remains problematic. The integration of a
sub-wavelength diameter optical nanofiber as part of a tapered optical fiber could overcome
these obstacles because the strong light-matter coupling near the nanofiber surface would allow
for efficient transfer of quantum information between distant ions. In order to realize such an
ion-nanofiber interface, ions have to be trapped in close vicinity (i.e. sub-wavelength distance)
of the nanofiber. Unfortunately, in this case, the ions are subject to coulomb forces from par-
asitic charges on the fiber, which renders stable trapping impossible. As a consequence, one
requires the nanofiber to exhibit a sufficient conductivity, while maintaining its excellent optical
properties (i.e. high transmission and strong evanescent field). The thesis at hand investigates
experimental approaches towards this goal. While, with the techniques available, sufficiently
conductive nanofibers could only be realized in conjunction with a small transmission, this work
provides a clear course of actions to reach this regime.

Another novel concept to advance information processing is optical computing. By using
light to compute and to transfer information, as opposed to traditional electron-based computa-
tion, higher data rates and lower heating rates can be reached. A key ingredient in this approach
is an optical switch that controls the direction of propagation of light in nanophotonic waveg-
uides. In this work, the implementation of a nanoscale optical switch is demonstrated. The un-
derlying mechanism that is exploited is called spin-orbit interaction of light. Due to the strong
confinement of nanofiber guided light, its electromagnetic field can no longer be described as
a transverse wave because strong longitudinal polarization components occur. By positioning
a gold nanoparticle on an optical nanofiber this effect is utilized to demonstrate that the polar-
ization of an external excitation light field controls the propagation direction of the light that



is scattered into the waveguide by the nanoparticle. This method has great potential for inte-
grated optical information processing and — using a quantum emitter (e.g. an atom) instead of a

nanoparticle — it can be directly extended to quantum mechanical routing and quantum informa-
tion processing.



Kurzfassung

Der technische Fortschritt in den letzten Jahrzehnten lésst sich gut durch eine Beobachtung von
Gordon E. Moore, Mitgriinder der Intel Corporation, beschreiben. Vor etwa 50 Jahren konsta-
tierte er, dass sich die Anzahl der Transistoren in integrierten Schaltungen alle zwei Jahre in et-
wa verdoppelt und noch heute bestétigen sich diese Vorhersagen des sogenannten Moore’schen
Gesetzes. Da jedoch die GroBe der heutigen Transistoren mittlerweile in atomare Dimensionen
vorstoBt, droht die rasante Entwicklung der Informationsverarbeitung an ihre Grenzen zu stof3en.
Um die Geschwindigkeiten mit der Informationen verarbeitet werden konnen weiter zu steigern,
sind fundamental neue Konzepte in der Informationstechnologie unabdingbar.

Eine herausragende Idee ist es, quantenmechanische Phinomene zu nutzen um Daten zu
speichern und zu verarbeiten. Ein solcher Quantencomputer konnte gewisse Probleme deut-
lich schneller 16sen als sein klassisches Gegenstiick. Eines der vielversprechendsten Konzepte
hierbei basiert auf dem Fangen von aneinandergereihten einzelnen Ionen, mit Hilfe derer Lang-
zeitspeicherung von Quanteninformationen sowie Quantengatter hoher Genauigkeit bereits rea-
lisiert werden konnten. Sowohl das Auslesen der Ionenzustédnde, als auch die Skalierbarkeit hin
zu groBeren lonenzahlen, sind jedoch ein Problem. Die Integration von optischen Nanofasern mit
Durchmessern im Subwellenldngenbereich, die wiederum Teil einer verjiingten konventionellen
optischen Faser sind, konnte diese Hindernisse bewéltigen. Da, in unmittelbarer Ndhe zur Nano-
faseroberflache die Licht-Materie Wechselwirkungen sehr stark sind, sollte es moglich sein, Na-
nofasern fiir eine effiziente Ubertragung der Quanteninformationen zwischen entfernten Ionen
zu nutzen. Um eine solche Ionen-Nanofaser Schnittstelle zu realisieren miissen die Ionen aller-
dings wenige hundert Nanometer entfernt von der Faseroberfliche gefangen werden. Ungliick-
licher Weise fiihrt dies dazu, dass parasitire elektrische Ladungen auf der Nanofaseroberfliche
eine Speicherung aufgrund der resultierenden Coulombkréfte unmoglich machen. Die Nanofa-
ser muss folgerichtig eine ausreichende elektrische Leitfdahigkeit aufweisen, ohne jedoch ihre
exzellenten optischen Eigenschaften (d.h. hohe Transmission und starkes evaneszentes Feld) zu
verlieren. Die vorliegende Doktorarbeit untersucht mehrere experimentelle Herangehensweisen
um eine solche Faser herzustellen. Obwohl mit den verfiigbaren Techniken eine hohe Leitfdhig-
keit in Verbindung mit der Erhaltung der optischen Eigenschaften der Nanofaser nicht realisiert
werden konnten, prisentiert diese Arbeit klare Handlungsmoglichkeiten um dieses Regime zu
erreichen.

Ein weiteres neuartiges Konzept um die Informationsverarbeitung voranzutreiben ist der
optische Computer, der grofitenteils mit optischen Elementen arbeitet. Auf diese Weise konn-
te es moglich sein sowohl hohere Datenraten als auch geringere Heizraten, im Vergleich zu den
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heutzutage giingigen elektrischen Komponenten, zu erreichen. Ein wichtiges Element einer opti-
schen Informationsverarbeitung ist ein Router, mit dem sich die Propagationsrichtung des Lichts
in nanophotonischen Wellenleitern kontrollieren ldsst. In dieser Arbeit wird die Umsetzung eines
solchen Elements présentiert. Dieser Nanorouter nutzt dabei den Effekt aus, dass das gefiihrte
Licht in einer Nanofaser stark komprimiert ist und aufgrund von starker longitudinaler Polari-
sationskomponenten nicht mehr als transversales elektromagnetisches Feld beschrieben werden
kann. Durch das Positionieren eines einzelnen Gold-Nanoteilchens auf einer optischen Nano-
faser, lédsst sich dieser Effekt nutzen, und es wird gezeigt, dass sich, mit Hilfe der Polarisation
eines externen Anregungslichts, die Richtung kontrollieren l4sst in die das Licht vom Nanoteil-
chen in die Faser gestreut wird. Diese Methode hat groes Potential fiir die kiinftige Entwicklung
integrierter, optischer Schaltungen und — unter Verwendung eines Quantenemitters (z.B. eines
Atoms) anstelle des Nanoteilchens — kann es direkt erweitert werden auf quantenmechanische
Schaltungen und quantenmechanische Informationsverarbeitung.
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CHAPTER

Introduction

The Internet has lastingly changed modern society and a life without it is already difficult to
imagine. As a consequence of its extraordinary growth in the last 50 years, it is nowadays
used by billions of people. An integral part of this global system of interconnected computer
networks are optical fibers: Optical fibers provide an almost lossless transmission channel for
light which in turn is well suited as an information carrier. Together, they reach data transfer rates
which outclass electrical or wireless communication models Even though todays information
transfer between computers is, therefore, almost purely optical, the processing of data inside
the computer is still carried out by electronic devices. The reason for this is that there are no
competitive optical counterparts to devices like transistors, switch and diodes. Thanks to them,
computers are able to process informations much faster than any human being can which in
turn led to an improved efficiency and productivity of our society. Its concomitant technological
progress in the last decades is well described by an observation Gordon E. Moore, co- founder
of Intel Corporation, made about 50 years ago, where he stated that the number of transistors
on a computer chip doubles approximately every two years [1]]. Until 2014, Moore’s Law still
proves to be accurate; however, the size of transistors is already close to atomic dimensions and
growth of computing power will soon come to a halt. Thus, to ensure an ongoing progress,
fundamentally new concepts for information processing are indispensable.

In classical computers, information is quantified in form of electronic bits. If these bits
approach nanometer-scale dimensions quantum effects come into play that limit the ability to
confine them. One prominent idea, that was pioneered by R. Feynman and P. Benioff, is to
make use of these properties and to store and process data quantum mechanically [2-4]]. Such a
quantum computer uses quantum bits, or qubits [5], as his fundamental unit of information and
promises to solve certain problems much quicker than its classical counterpart [6L|7]. A promis-
ing approach towards the realization of quantum information processing is based on chains of
individually trapped ionized atoms [[8,9]]. In this approach, information is stored in their atomic
states [10,|11]. While long term quantum information storage and high fidelity quantum gates
have been demonstrated [[12}|13]], the main limitation of ions is that they are ’stationary qubits’,
i.e. unable to transmit the information they carry over any significant distance. This poses se-
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vere problems for the scalability of ion trap quantum processing towards more than a few tens of
ions. Similar to the classical case, light is an obvious candidate to take on that role. Photons can
act as "flying qubits’ and transmit quantum information over very long distances, particularly
when using optical fibers. As a consequence, a light-matter interface that allows one to transfer
quantum information efficiently between to systems is of great importance [14]].

A promising candidate that could provide this property are nanophotonic waveguides such
as sub-wavelength diameter optical nanofibers [[15-H17]. Nanofibers are typically realized as
the waist of a tapered standard optical fiber. They tightly confine light over long distances
with a significant power fraction of the light propagating outside of the fiber in the evanescent
field [18]. As a result, any emitter in close proximity (i.e. sub-wavelength distance) to the
nanofiber surface can strongly interact with the evanescent field. Coupling has already been
demonstrated for uncharged emitters such as atoms [19]], molecules [20], NV centers [21] and
quantum dots [22]. However, in contrast to them, ions are subject to coulomb forces and parasitic
charges on the nanofiber will render stable trapping of them impossible [23]]. As a consequence,
one requires the nanofiber to exhibit a sufficient conductivity, while maintaining its excellent
optical properties (i.e. high transmission and strong evanescent field). In this case, parasitic
charges generated on the fiber surface could be removed and stable ion-fiber coupling could
possibly be achieved.

In chapter [ of this thesis two approaches towards this goal using physical vapor deposition
of silver (Ag) and chromium (Cr) are presented. In the case of silver, a strongly pronounced is-
land growth on the nanofiber prevented acceptable electrical conductivities before transmission
was lost. In the case of chromium, however, a conductive and minimally transmissive nanofiber
could be realized. The results obtained in this thesis seem promising such that with future im-
provements in the fiber production and thin film deposition processes, a coated nanofiber with
the ability to act as a light-matter interface in ion traps might be within reach.

Another possibility to advance information processing is to give up the current hybrid com-
puting approach where electricity and light are used to process and transmit information re-
spectively, and to pursuit an all-optical architecture. The reason why light has not yet replaced
electricity as the information carrier when it comes to information processing is that there are
no integrated circuits yet which are able to control the flow of light at the same level as for
electronics. In addition to the fact that an all-optical approach would make interfacing issues
irrelevant, it provides two additional advantages compared to a conventional computer. Firstly,
processing power as well as miniaturization result in critical heat generation in conventional
computers that could be significantly reduced if optical devices were introduced. Secondly and
in contrast to electric information carriers, individual light beams do not cross talk when being
sent down the same channel at the same time. Because of that, they can be processed by a sin-
gle optical element simultaneously (i.e. in one clock cycle) rendering possible a massive gain
in net speed of the computing system. Around 2012, IBM and other companies have reported
the development of commercial applications using optical links to connect chips [24,25]]. Also,
Optical signal processors already exist for very specific applications like fast fourier transforma-
tions [26]. Moreover, in 2013, researchers at MIT, Harvard University and the Vienna University
of Technology demonstrated an optical analog of a transistor, in a proof-of-principle experiment
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where a single photon was used to control the transmission of light through a cloud of cold
cesium atoms [27]]. Optical computing is still on the verge of breakthrough and a multitude of
questions still have to be answered.

In particular, when building miniaturized circuits for light, novel physical phenomena occur.
Light fields are usually considered to be paraxial [28]], meaning that they are purely transver-
sally polarized. However, this approximation no longer holds true and longitudinal polarization
components arise when the light field is transversally confined (e.g. in strongly focused beams
or in the evanescent field of prisms and nanophotonic waveguides). The occurrence of the longi-
tudinal components gives rise to phenomena such as spin-orbit interaction of light: For a plane
wave that is circularly polarized the spin angular momentum can point parallel or anti-parallel
to its propagation direction. On the other hand, in nanophotonice waveguides, the local spin of
the guided light depends on its propagation direction due to large field gradients of the strongly
confined light. Thus, in this strongly non-paraxial regime, spin and orbital angular momentum
of light are no longer independent physical quantities but are coupled [29-32]]. Spin-orbit inter-
action of light has been observed for freely propagating light fields [|33}[34]], in the case of total
internal reflection [3536]], in plasmonic systems [37-40]], for radio frequency waves in metama-
terials [41]] and at whispering gallery mode resonators [42]. In particular, it changes the physical
nature of light-matter coupling and enables new functionalities of nanophotonic devices. When,
for example, an emitter is placed in the evanescent field of a nanophotonic waveguide, this spin-
orbit interaction leads to a directional scattering into the waveguide.

Exploiting this effect, chapter [5] demonstrates the implementation of a nanoscale optical
switch. By positioning a gold nanoparticle on an optical nanofiber, it is demonstrated that the
polarization of an external excitation light field controls the propagation direction of the light that
is scattered into the waveguide by the nanoparticle. This method has the potential to advance
integrated optical information processing and — using a quantum emitter (e.g. atom) instead
of a nanoparticle — it can be directly extended to quantum mechanical routing and quantum
information processing [43-46].






CHAPTER

Optical Nanofibers

Silica glass fibers are the backbone of our modern communication society. Over a billion kilome-
ters are wound around the globe to transmit information. Thanks to the availability of extremely
clean silica glasses, light that is confined in such a standard optical fiber is shielded from the
environment and in combination isolated from almost any absorbing source (see Fig. [2.1). The
Internet as such would probably not exist in its present form without the existence of optical
fibers. Consequently, 2009 the Nobel Prize Committee awarded Charles Kuen Kao for its pio-
neering work in this field [47].

Nowadays it is possible to transmit 100 000 books in 1 second through a glass fiber of the
size of a human hair over several thousand kilometers. This low loss, high bandwidth transport
of information together with a comparably low weight and cheap production cost makes glass
fibers a highly superior long-distance transmission medium with respect to wire cables. The
small diameters and their ability to guide light to almost any location also lead to a multitude of
applications in biology and medicine.

When the fiber diameter is decreased to diameters below the wavelength of the guided light
a significant part of its optical power propagates outside of the optical fiber in form of an evanes-
cent wave. In this way light can be strongly confined and, in contrast to a highly focused free-

Figure 2.1: Standard optical fiber. Nomenclature for describing a standard optical fiber. A light ray
(black line) is totally internally reflected inside the core (blue) due to its higher refractive index with
respect to the cladding (red). To protect the waveguide from its surrounding environment it is usually
coated with a jacket layer.
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Figure 2.2: Tapered optical fiber. (a) Intensiry profile (yellow green) of the circularly polarized funda-
mental mode in- and outside of a nanofiber (red). (b) Schematic of a tapered optical fiber. The standard
optical fiber, consisting of a cladding and core region, is tapered down to a subwavelength-diameter
nanofiber waist region. The intensity in the outer vicinity of the fiber surface is only slightly smaller than
the maximum intensity at the center of the fiber. The ratios between cladding, core and waist are not true
to scale.

space beam, this confinement can maintained over very long distances and matter in close vicin-
ity of the fiber surface can interact efficiently with the guided light (see Fig.[2.2a). Such a so
called optical nanofiber can be realized at the waist of a biconical tapered standard optical fiber
and is typically realized in a heat and pull process (see Fig.[2.2p).

In this chapter the theory of light propagation in optical fibers is discussed and important
characteristics of optical nanofibers are presented. Starting with the electromagnetic wave equa-
tion in section [2.1] the guided and radiation modes of a step-index optical fiber are introduced
(Sect.2.2]and[2.3). Section[2.2.T|considers the case where the diameter of the optical fiber is well
below the wavelength of the guided light and only supports the hybrid fundamental modes HE;; .
The theoretical descriptions in the first three sections will closely follow the treatment presented
in the books by A. Yariv [48] and D. Marcuse [49] as well as the paper by Fam Le Kien [50].
Section [2.4] explains how such an optical nanofiber can be realized as the waist of a tapered
standard optical fiber using a flame brushing technique. The last section discusses the electrical
properties of silica nanofibers.

2.1 The electromagnetic wave equation

An electromagnetic wave, such as an optical beam, must be a solution to Maxwell’s electromag-
netic wave equation. As optical fibers are cylindrically symmetric dielectrics, first we solve this
equation for an isotropic, charge-free medium in cylindrical coordinates. In a second step, the
solution will then be applied to the boundary conditions of a step-index optical fiber.

The electromagnetic response of a medium is summarized in Maxwell’s equations [51]:



2.1. The electromagnetic wave equation

V-D=p (2.1a) VxH=J+08D 2.1¢)
V-B=0

(2.1b) VxFE=-0B, (2.1d)

where the notation 0, = 0/0a, with a = (r, ¢, z) is used. Moreover, E is the electric, H the
magnetic field, J the current density and p the charge density. The electric displacement field
D and the magnetic flux density B are defined as D —¢ -E and B :/7 -H, respectively,
with ﬁ: 1o ﬁ; and €= €0 eHr Here, ﬁ; (2) is the relative permeability (permittivity) of the
material and 1o (€) is the vacuum permeability (permittivity), respectively.

In an isotropic, charge-free medium (p = 0,J = 0 and V - E = 0), both, ﬁ and € are
scalar{] and if we take the curl of Eq. and eliminate V x B using Eq. we get the
electromagnetic wave equation for the electric field E:

82E(7’,t)

5 =0 2.2)

A E(r,t) — u(r) e(r)
Here, A\ is the Laplace operatorand ¢ denotes the time variable. Equation describes waves
with a speed v(r) = ¢/n(r), where ¢ = 1/,/fg o = 2.998 x 10® m/s is the speed of light in
vacuum and n(r) = /. (r) €,(r) the refractive index of the isotropic dielectric medium. In
order to obtain the wave equation of the magnetic field, one can simply replace £ with H in
Eq. Z.2).

If we express Eq. in cylindrical coordinates (r, ¢, z), we can solve it for the core and
cladding of a cylindrically symmetric optical fiber, whose axis points along z. By satisfying the
boundary conditions, a complete description of the optical fiber modes can be obtained. The
Laplace operator in cylindrical coordinates is of the form

1 1
A=082+-0,+505+07. (2.3)
r T
For an optical wave of frequency w/(27) that propagates along the fiber, we can write

[E(’W] _ [I]ff((:fﬁ))] exp(i[—wt + B2]) , (2.4)

where (3 is the propagation constant in a medium with an arbitrary refractive index profile. Both
fields are linked with each other via Eq. and Eq. (2.1d) and the transversal components
can be expressed in terms of the axial components F, and H,:

___1iB wit 0 ﬁﬁ
b= e <8TEZ+ 38 rHZ) Ho = 52( Pl 58H> (2.5)
_ g we Oy ]‘15 w :
o= g (oot = 5 P8e) o= it (Lo o)

<>
'In general, both ¢ and ‘€ are second rank tensors.
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So by solving the wave equation (2.2)) for the axial components, the transversal ones can be
deduced. Thus, it is enough to solve the wave equation for F, and H, and by substituting

Eq. (2.4) into Eq. (2.2)), we can write

1 1 E
2 2 2 2 z| _
(420 5o+ 02— ) [1] -0, 6)
where k = nw/c is the propagation constant in a medium with refractive index n. This equation
is separable into a radial and azimuthal part and the solution takes the form

Ej - [flg Zzz(&ﬂ exp(+ilo), 2.7)

with | € Ny being a positive integer number and e(r) (h(r)) the electric (magnetic) profile
functions, respectively. With this ansatz Eq. (2.6) becomes

1 2 ex(r)
2, 1 2 g2 z _
[@ + rar + (k*=p rQ)] [hz(r) 0. (2.8)
This differential equation is known and its solutions are called (modified) Bessel functions of
order [. In the case where h? = k? — 32 > 0, it s

[Z((:’))] - [Sj Ji(hr) + [Zﬂ Yi(hr) 2.9)

whereas in the case of ¢> = 32 — k% > 0, we get

[Z((Z;] = [2] L(gr) + [Z] Ki(qr) . (2.10)

where ¢, ¢1, cg and ¢ are complex constants that are determined by the boundary conditions and
(I; and K;) J; and Y] are the (modified) Bessel functions of order [ of the first and second kind,
respectively. The Bessel functions J; and Y] are oscillating functions where Y] is singular at the
origin. The modified Bessel functions I; (K;), on the other hand, are monotonically increasing
(decreasing), respectively. In Fig. all of them are plotted for parameters that will be relevant
in the course of this work.

2.2 Guided modes of the optical fiber

In most cases the optical fiber has a distinct core region of radius a with a refractive index n; and
a cladding region of radius b with a refractive index ng, that is smaller than n; (see Fig. ).
As a consequence, due to Snell’s law, a light ray that is propagating in the core region is totally
internally reflected in all cases where the angle between the core-cladding interface and the ray’s
propagation direction lies within 0 < 6 < 0., where 6. = arccosny/n; (see Fig. ). This
type of fiber is called a step-index optical fiber and in the case of standard optical silica fibers
the cladding is usually made of pure silica, whereas the core is made of doped silica to slightly

8



2.2. Guided modes of the optical fiber

(a) (b)

Figure 2.3: Bessel functions. (a) Plot of the Bessel functions of the first (J;) and second (Y}) kind.
(b) Plot of the modified Bessel functions of the first (1) and second (K;) kind.

(a) (b)

Figure 2.4: Refractive index profile and total internal reflection. (a) Standard refractive index profile
of a step-index optical fiber in vacuum (n = 1) where the fiber axis is located at v = 0. The inset shows
a transversal cut through the fiber. (b) Total internal reflection inside the core of a fiber.



2. OPTICAL NANOFIBERS

increase its refractive index with respect to the claddingﬂ For standard optical fibers the cladding
radius b is usually much larger than the core radius a. That is why for deducing the transversally
confined modes, we can assume b = oo as the field is already effectively zero at r = b. It is
apparent that the propagation constant 3 of a confined mode in this core-cladding system has
to lie within the propagation constants of a wave propagating exclusively in a medium with a
refractive index of the cladding and a wave propagating exclusively in a medium with a refractive
index of the core, i.e.

ne Y < B<n . @2.11)
C C

For the fields in the core (r < a) this means that k> — 32 > 0 and solution Eq. (2.9) has to
be applied. In Fig.[2.3h we can see that the Bessel function of the second kind diverges Y; for
r — 0. Since the fields must remain finite at » = 0, we set c; = ¢ = 0 and get

Let((:))} - [g] Jilhr), o <a, 2.12)

where A, B € C are complex constants, h? = n? kg — 32 a field-characterizing parameter inside
the core and ky = w/c the angular wavenumber in vacuum.

For the cladding (r > a) itis 4> — k? > 0 and solution Eq. has to be applied. To
ensure that the field vanishes for r = oo we set c; = ¢; = 0. The radial characteristics of the
guided field part in the cladding are therefore governed by the modified Bessel functions of the
second kind K7, leading to a radially decaying evanescent field (see Fig.[2.3b). We note that this
also means that no radial power flow exists for the guided modes of a step-index optical fiber.
The fields of confined modes in the cladding are given by

[Zzg))] N [g] Klqr), r>a, (2.13)

where C, D € C are complex constants and ¢ = 32 — n3 k3 a field-characterizing parameter
in the cladding. In order to obtain the full solution, the amplitudes A, B, C, D will be used to
satisfy the boundary condition at the cladding-core interface demanding that £y, E., Hy and
H, be continuous at the core-cladding boundary. So, by substituting Eq. and Eq.
into Eq. (2.5)) the system of equations can be reduced to the following condition:

J/(ha) Ki(qa) ] [H?Jz’(ha) +n§Kz’(qa)]
haJdi(ha) ~ qaKi(qa)| [haJi(ha) qaKi(qa)

[@Z)z " (hiyr [Zkﬂz SNCAE)

?In the case where the refractive indices of core and cladding differ only very slightly the fiber is called *weakly
guiding’.
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2.2. Guided modes of the optical fiber

Together with the condition Eq. (2.11) this leads to a finite number of eigenvalues of 3 for a
given [ and w and the following relations for the amplitudes:

ALY
hw
Ceua 2.15)
D=vB,
where
R S (VIO 17 717
1(qa)?  (ha)?]| |haJi(ha) qaK(qa) ’ - Ki(qa)’

The amplitudes can now all be expressed for the case of counterclockwise quasi-circularlyﬂ
polarized light by the complex constant A, which in turn can be extracted from the profile func-
tions. Then, the cylindrical-coordinate vector components of the profile functions e(r) (h(r))
of the guided modes are given, inside the fiber core r < a, by

er(r) = 1‘1% [(1—s0) J_1(hr) — (1 + s1) Jipr (R 7)]

eo(r) = =7 [(1 = s1) Ji(hr) + (1+ s1) g (A7)

B
putr) = R (1 oy S () + (04 10 () (210
2
ho(r) = ﬁ%ﬂq (1= s10) Jr(hr) = (1+ s10) Jiypa (A7)
2
ha(r) :ﬁwZilJl(hr),
and in the cladding region r > a, by
er(r) = £ [(1— 50) Ki_a(qr) + (1+ s1) Kis1(q7)
es(r) = — [(1 —s) Ki—1(qr) — (1 + s1) Ki41(q7)]
ex(r) = = Kaqr)
he(r) == Egng [(1—s20) Kia(qr) — (1 + s2l) Kiga(gqr)] @2.17)
L Wep ng

h¢(7“) =1 ,8 [(1 — 82 l) Kl_l(QT)+(1+SQ l) KZ_H(QT‘)]

.2qs
hy(r) = nw—qlulKl(qr) ,

3The prefix *quasi’ is used to indicate that in general a non-vanishing longitudinal field component is present in
addition to the transversal polarization state present in paraxial light fields.

11



2. OPTICAL NANOFIBERS

where
2 2

= kQﬁQ s, S9 = % 5.

0" kg na
Here, J'(x) = 0J(z)/0x and K'(x) = 0K (z)/0x denote the derivative with respect to the
argument. Note that the z-components along the fiber axis are in general non-zero. So in con-
trast to a purely transversal — also known as paraxial — light field, the guided modes exhibit a
longitudinal component, which can be referred to as the so called spin-orbit interaction of the
light. The implications of this phenomenon will be discussed in more detail in chapter 5]

In conclusion, the electromagnetic fields of the full set of quasi-circularly polarized guided
fiber modes, labeled by the mode index p = (w, ¢,1,0), read

EY) (r,1)
HY (r,1)

S1

r

. |er(r) 2 leg(r) . |ex(r) .
=A(r |, | +cl [ +02 exp (i[~wt+clo+0p2
(] +e12 [ +2= i) ) ot o)
(2.18)
and in the case of quasi-linearly polarized guided fiber modes, labeled by the mode index 1 =

(wa $0, l7 a)’

[Ef{j (r,1)

] = vaa (¢ [0)] costito - o)

wid 140 sin(o - o)

2\T

+02 [Z((T))] cos(l(¢ — @0))> exp (i[-wt+082]) . (2.19)

Here, 7 = & cos(¢) + 9 sin(¢), ¢ = —& sin(¢) + 9 cos(¢), and 2 stand for the unit basis
vectors of the cylindrical coordinate system, whereas & and y are the unit basis vectors of the
Cartesian coordinate system for the fiber transverse plane xy. 8 = |f3| is taken to be positive
and, accordingly, the parameter 9 = +1 or —1 stands for forward (+2) or backward (—2)
propagation direction, respectively. ¢ = +1 or —1 refers to counterclockwise or clockwise
circulation of the transverse component of the field with respect to the positive direction of the
fiber axis z, respectively. g is the angle of the quasi-linearly polarized mode in the transverse
plane. The quasi-linearly polarized guided modes are a linear superposition of the quasi-circular
polarized modes. We replace the parameter ¢ with £ for the special cases g = 0 (pg = 7/2)
where the guided modes ;1 = (w,&,1,0) are quasi-linear polarized along the principal axis &
(9).

Sometimes it is useful to include the mode parameters into the profile function. This leads to the
following nomenclature for circular and linear polarization

e(n) — |Gre| _ e((wzt,l,lo)
€lin e(wpo,l,0)
Fe.+clp+0ze,

(2.20)
- [\@ ('ﬁe?« cos(l(¢p — o)) + i sin(l(¢ — o)) + 02 e, cos(l(¢ — @0)))]
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2.2. Guided modes of the optical fiber

Also note that FE is related to the real value of the electric field by € = 1/2 (E + E*).
The coefficient A can be determined from the axial component S, of the time averaged
Poynting vector, which describes the intensity of a mode

&@:%Mwwamﬂé, 2.21)

The power P, that is stored in the optical mode follows from integration of S, over a cross-
section perpendicular to the z-axis of the fiber, leading to a relation of A to PEI

In some books the derivation for the guided modes is done in Cartesian coordinates, which
might be convenient for several situations. The cylindrical coordinate components in Eq. (2.16))
and Eq. can be transformed to their Cartesian counterparts with the well known transfor-
mation relation for vector fields

€x cos(¢) —sin(¢) O er
ey | = [ sin(¢) cos(p) 0 es | - (2.22)
€, 0 0 1 [

The same transformation holds true for the magnetic field components.

After having discussed the shape of the guided modes, we turn our attention to the determina-
tion of the propagation constant 3 of each guided mode for a given frequency w. Equation (2.14)
expresses the boundary conditions, any mode has to meet in order to be guided by the fiber. The
condition is quadratic in J/(h a)/h a J;(h a), so by separating it, two classes of solutions can be
found. By convention they are called the EH-modes

Jizi(ha)  ni+n3 Ki(qa) l
= - R EH 2.23
haJl(hCL) 271% anl(qa) + (h&)2 ’ ( ) ( )
and HE modes
Ji—i(ha) n% + n% Kj(qa) l
== — R HE 2.24
haJi(ha) 2n? qakK(qa) + (ha)? ) (HE) (2.24)
where

o=t k] o] e ]

Here, the following Bessel function relations were used

Tz == k() + I(2)

LMQ:+ﬁ4@—éﬁ@.

The convention to name the modes EH;,,, and HE,,,,, where [ denotes the mode number and m
counts the solution number with increasing h a values, indicates whether the z-component of the

“In section an analytic expression of A is given for the case of a single-mode fiber.
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2. OPTICAL NANOFIBERS

electric or magnetic field is larger. For the EH mode e, contributes more to the mode than %, and
vice versa. Equation (2.23) and (2.24)) are transcendental and can only be solved numerically or
graphically by plotting each side as a function of h a using

(qa)> =V? = (ha)*, where V = 277% n? —n3. (2.25)
The normalized frequency, also called the V' -parameter, determines how many modes can prop-
agate in a fiber as a function of the fiber radius a divided by the optical wavelength \ = 27 ¢/w.
For a given V-parameter one can find intersection points that mark the solutions for existing
guided modes. The graphical solutions to both types of modes are shown in Fig. and b for
[ = 1. It can be seen, that the right hand sides diverge at h a = V (in the plots V' is set to 8).
It can be shown that, in the case where | = 0 (i.e. 9/0¢ = 0), the characteristic mode
equations simplifies to

Ji(ha) n3 Ki(qa)
—_— =i — ™ 2.26
haJy(ha) n? gaKo(ga)’ (TM) (2:26)
" hiha) __Kifga)
1lha 1qga
= — TE 2.27
haJy(ha) qaKo(qga)’ (TE) (2.27)
where the relations Ko(z) = —Ki(z) and J_1(z) = —J1(z) were used. Under the second

condition Eq. the amplitudes A and C' are equal to zero and one finds that the only non-
vanishing field components are A, h, and eg. In addition, as the electric field is fully transver-
sal, these modes are refered to as transversal electric modes (TE-modes). The first mode class
(Eq. (2.20)) is called transversal magnetic modes (TM-modes) as the only remaining compo-
nents are e, e, and hy (because B = D = 0) and the magnetic field fully transversal. Note that
this indeed means, that all other guided modes are explicitly not fully transversal. The graphical
solutions to both modes are shown in Fig. 2.5 and d. Note that the right hand side of the TE
and TM-modes’ characteristic equation is always negative, which in turn leads to a range of the
V -parameter below 2.405, where there is no intersection and therefore no guided mode with
[ = 0. However, as can be seen in Fig. this is not the case for the HE;,,-modes, where
always at least one solution exists, the HE;;-mode. This is the fundamental mode of a guided
fiber and an optical fiber is called a single-mode fiber, when only this mode is a solution to the
characteristic equations. The corresponding single-mode condition is set by the maximum size
of the V-parameter: V < 2.405E] Thus, for a given V-parameter all propagation constants 3
can be calculated via Eq. and Eq. (2.24). In Fig. 2.6 the refractive index j3/kq of the mode
is plotted for the seven lowest order modes as a function of the V-parameter for A = 532 nm,
n1 = 1.46 (core) and ny = 1 (cladding). As can be seen, in order for the modes to propagate
inside the fiber, the effective mode index has to lie between these two refractive indices. At its
cutoff, each mode has a refractive index that is equal to ny. This can be understood, when we
consider a fixed wavelength )\ for the light field. In this case at cutoff the core radius a is the

>From an experimental point of view the single-mode condition is fulfilled when, for a fixed laser wavelength,
the radius of the fiber core is below a certain size. A single-mode waveguide at one wavelength does not guarantee a
single-mode waveguide at a shorter wavelength.
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2.2. Guided modes of the optical fiber

(a) EH1,-modes (b) HE{,,-modes

(¢) TEym,-modes (d) TM oy, -modes

Figure 2.5: Graphical determination of the propagation constants. (a) Plot of the left (blue) and
right hand side (dashed red) of the characteristic equation Eq. (2.23)) for EHyn-modes, where the V -
parameter is set to 8 (gray). The left hand side diverges at ha = 3.832, 7.016, ... (dotted gray). The
intersections (yellow dots) mark the two existing modes for the corresponding V -parameter. (b) Same as
in (a) but for the characteristic equation Eq. for HE,-modes. (¢) Same as in (a) but for the char-
acteristic equation Eq. ([2.26) for TM-modes, where the left hand side diverges at ha = 2.405, 5.520, ...
(d) Same as in (c) but for the characteristic equation Eq. for TM-modes.
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2. OPTICAL NANOFIBERS

Figure 2.6: Normalized propagation constants. Normalized propagation constants as a function of the
V -parameter for the first seven lowest order modes of a step-index circular waveguide with A\ = 532 nm,
n1 = 1.46 and ny = 1. Note that only the HE1-mode has no cutoff.

smallest possible for the mode to survive and most of its energy propagates in medium 2. The
opposite holds true for very large core radii, where most of the modes’ energy propagates in
medium 1. To summarize, any fiber supports at least one guided mode, where the exact number
is determined by the refractive indeces of core and cladding, the optical wavelength and the core
radius.

2.2.1 The hybrid fundamental modes of an optical nanofiber

For many applications it is necessary that the guided light does not change its properties and
does not exhibit e.g. modal dispersion, when the fiber is bent or ambient conditions change.
The easiest way to accomplish this requirement is to use a single mode optical fiber. Such a
fiber is designed such that its V-parameter is smaller than 2.405, which means that the fiber
only supports the fundamental HE;;-modes. The electric and magnetic field of the fundamental
modes can be described with Eq. and Eq. for the case where [ = 1. It is relevant to
note, that the set of modes with quasi-circular polarizations ¢ = +1, —1 (Eq. (2.18))) and quasi-
linear polarizations along & and g, i.e. @9 = 0°,90° (Eq. (2.19)), can both be used to define
an orthogonal mode basis for the fundamental guided HE;;-modes. Therefore, in total, a single
mode fiber is fully described by four guided modes, that is two orthogonally polarized modes
for both propagation directions @ = +1 and —1, respectively.

In addition, for a guided single-mode light field, an analytical expression can be given that relate
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2.2. Guided modes of the optical fiber

the coefficient A to the optical power P, of that mode. It is

PZ — Pz(ln) + Pz(out)

plin) — Aﬂaﬁwﬁo Z2 Zz {(1 =s)(1 = s1) [Jg(ha) + J{(ha)]
+ (1 +s)(1+s1) [J3(ha) — Ji(ha) Js(ha>]} ; (2.28)
TFCLZLUE
Pz(out) — AQTO n% {(1 — S)(l — 82) [K%(qa) - Kg(qa)]

+ (1 + s)(1+s2) [K1(qa) K3(qa) — K3(qa)] } ,

where Pz(m) (Pz(out)) is the part of the total optical power that propagates inside (outside) the

core, respectively.

A special case of such single mode fibers are subwavelength-diameter fibers where the role
of the cladding is usually played by the vacuum (ng = 1). Such a so called optical nanofiber
can be realized as the waist of a tapered standard optical fiber and is typically produced in a
heat and pull process (see Fig.[2.2b). At the waist, the radius of the former core of the standard
optical fiber is much smaller than the optical wavelength and therefore does not contribute to
guiding the light. Hence, the former cladding takes on the role of the core and the vacuum
plays the role of the new cladding. Now, the old cladding radius can be associated with the core
radius a in the previous formulas and for all radii, where V' < 2.405 the nanofiber can again
be considered to be single-mode. However, in contrast to standard optical fibers, its evanescent
field is no longer protected by the cladding medium and can be accessed in the vicinity of
the nanofiber surface. In a certain range below the cutoff radius a the light field is strongly
confined and a significant part of the optical power propagates outside of the fiber. Such a
situation is depicted in Fig. [2.7a, where the radial intensity profile of the fundamental mode
quasi-linearly polarized along = (pp = 0) is plotted for experimental parameters oftentimes
used in the course of the thesis (nanofiber radius, a = 160 nm; wavelength, A = 532nm).
Inside the fiber the profile resembles that of a Gaussian beam. The discontinuity at the fiber
vacuum interface, stems from the boundary condition of the radial component of the electric
field and is consequently most pronounced along the polarization axis. The evanescent field
intensity extends into the vacuum over several hundred nanometer and is on the order of the
intensity in the fiber center, for appropriately chosen fiber radii. As a consequence, matter that
is situated in close proximity of the nanofiber surface interacts strongly with the guided light
field. Fig. shows the intensity at the fiber surface (z = a,y = 0) for a fundamental mode
quasi-linearly polarized along = (p9 = 0) as a function of the normalized radius a/\ for two
optical wavelengths. The fundamental mode can be confined to an area of approximately \2. As
can be seen, the intensity on the fiber surface becomes maximal for a certain normalized radius
of around a/\ ~ 0.23 and drops for larger and smaller normalized radii. Note that the intensity
decays much quicker when decreasing the radius than it does when the radius is increased.
This is why, when producing optical nanofibers, one usually chooses slightly larger radii than
a/X\ =~ 0.23 to avoid optical nanofibers with diameters that are too small, due to variations in
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(a) (b)

Figure 2.7: Tapered optical fiber. (a) Intensity profile of the quasi-linearly polarized fundamental
mode with an optical power of P, = 1 mW in- and outside of a nanofiber (red). The plot parameters
used were a. = 160 nm, A = 532 nm and n1 = 1.46. (b) Intensity of the fundamental mode at the position
x = a, y = 0 for the same paramaters as in (a) in the case of the blue curve. For the red all parameters
are left unchanged apart from the optical wavelength which is A\ = 854 nm. The dashed line highlights
the point a/\ ~ 0.23, for which the intensity on the fiber surface is approximately maximized. The gray
line marks the normalized cutoff radius of the fiber in order to be single mode. Note that they are not
exactly the same for both plots.

the production. The intensities in the vicinity of the nanofiber surface are on the order of those
in a strongly focused free-space Gaussian beam of equal power and diameter. However, in a
free-space beam the focal region is localized in all three dimensions (i.e. in the transversal plane
as well as in the axial direction). An optical fiber mode, on the other hand, can in principle
be transversally confined over arbitrarily long distances. While this is a clear advantage for
many experimental applications, such as surface-adsorbed spectroscopy, it can also present an
obstacle, as every particle on or in close proximity of the fiber surface — even unwanted particles,
such as dust — can absorb a significant part of the energy stored in the light ﬁeldE]

8The exact amount of absorption mainly depends on the medium the particle is made of and the particle size and
its distance to the fiber surface.
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2.3. Radiation modes of the optical fiber

2.3 Radiation modes of the optical fiber

In section[2.2] we found out that the number of guided modes a waveguide can support is larger
or equal to one and always finite, so to provide a complete orthogonal set of modes, radiation
modes must exist that satisfy the boundary conditions. As a consequence, any electromagnetic
field in the presence of the optical fiber can be expressed as the sum over the guided modes plus
integrals over the radiation modes. As the derivation of the radiation modes is rather complex,
we present only the final results for the electric field components for a step-index optical fiber.
A more rigorous approach can be found in various articles [50,/52[] and books [49].

In addition to the guided mode solutions in the previous chapter, additional solutions to
Equation can be found — the radiation modes. For these modes the longitudinal propagation
constant 3 is continuous for a given w and, in contrast to Eq. (2.11), varies as

el < B<n . (2.29)
C C

For an optical fiber with a cladding radius that is extended to infinity, the mode functions
é)(r) of the electric field EE;’Q( t) of the radiation modes are labeled by the mode index
v = (w, f,¢,l) and are given by

é(V)(r)_n—[BhAJl(hr)+l © B ()

)(r):ﬁi {ﬁlffl,]l(hr)—hwuoézfl'(hr)} (2.30)

égf’)(r):ﬁi2 Z [ﬁqC H()(qr)+nl H(j)(qr)}
q 7j=1,2
(v . 1 . - . - .
e((b)(r):nq—2 Z [nlijHl(J)(qr)—qwuoDjHl(j)/(qr)} (2.31)
7=1,2

in the cladding reglon r > a. Here, H, () are the Hankel functions of the j-th kind of order [.
The amplitudes C’ and Dj, with j = 1,2, can be related to A and B such that only those two
coefficients are lmearly independent, where the polarization index ¢ = +1, —1 labels two such
choices of A and B[ 1t is

~ ‘mqa

Cj=i(—1)

3 (AL —|—11,uocBV) o)

D; :ﬁ(_l)j_lLi ¢ (ﬁeocjwj —BMj) ,

"¢ is used to distinguish between two degenerate polarization modes
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where
= s (=) A H qa)
M; = % Ji(ha) HP* (g a) - 61] Ji(ha) H)" (qa) (2.33)
_

) () n3 ()
LJ’ Jl(ha) Hz (qa)f;Jl(ha) Hl (qa) .

h

The magnetic field components can be derived from the electric components via Eq. (2.1d).
Orthogonality of the radiation modes requires

27 o0
2 s(1) g(')* _ Y
/0 d¢ /0 n=(r) [6 € }ﬁ:ﬁ/’l:l/ rdr = Ny, d(w — '), (2.34)

where n(r) is ny for r < a and ny for » > a. A convenient choice for two polarizations is to
define A as a real number and B = in A and B = —in A for ¢ = —1 and +1, respectively,
which leads to

n3 [V[* + L2

n=¢€ycC . (2.35)
Vil? +ng [ M2
The normalization constant /V,, that is usually set to 1 can be expressed as
8mw
No= =5 <n§ C51% + /6%] |Dj|2> : (2.36)

Together with the guided modes this complete orthogonal set of modes can be used to calculate
the spontaneous emission of a scatterer in the vicinity of the fiber.

2.4 Tapered optical fibers

In the previous sections optical properties of fibers and nanofibers have been discussed. Nanofibers
are typically realized at the waist of a biconical tapered standard optical fiber that is usually made
of a pure silica cladding and a doped silica glass core [53]. So, in order to realize a nanofiber,
the glass of the standard optical fiber has to be heated up to a temperature where it undergoes a
so-called glass transition. In this regime the glass starts to melt and behaves somewhat rubber-
like. At that point one can literally stretch the fiber, thereby pulling material out of the molten
region. This leads to a reduction of the volume/radius and with a reproducible method of this
concept one can in principle realize arbitrary nanofiber radii in the center of the molten area.
The transition area between the fiber waist and the cold and unprocessed part is called the taper
region (see Fig. [2.8)). In principle, the radius profile in the taper region can be designed such
that the core guided mode transfers adiabatically into a cladding guided mode and back again
to the core guided case. In this case close to unit transmission from one unprocessed fiber end
to the other can be achieved. A detailed analysis of the adiabatic transfer and the coupling to
higher order modes can be found in [54]. In a very clean production environment it is possible to
achieve transmission values of > 98% through the tapered optical fiber. The fabrication method
with which all tapered optical fibers for this thesis have been produced is a carefully designed
flame pulling process. It is presented in section [2.4.1]
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waist taper | standard

standard | taper

Figure 2.8: Tapered optical fiber. Schematic of a tapered optical fiber indicating the mode conversion
from (i) the unprocessed standard optical fiber via (ii) the taper region to the (iii) nanofiber waist with
a sub-wavelength diameter a and back. The intensity distribution of the guided mode is schematically
represented by the green curves.

4

H,/0,-flame magnets

fiber

stretcher
stage

Figure 2.9: Pulling rig. Schematic of the pulling rig used in this group. The fiber is fixed onto the two
translation stages by magnets and a CCD camera is used to guarantee that the fiber is clean. Once the
fiber is heated up by the flame, the translator stage moves the fiber through the flame while the stretcher
stage stretches the fiber.

2.4.1 TOF fabrication using a flame brushing technique

In this section we discuss the production technique for tapered optical fibers that is used in our
group, the flame-brushing technique. All tapered optical fibers used in this thesis were fabri-
cated in a pullig rig, that was designed by F. Warken, which used this technique [55]]. Figure[2.9|
shows a schematic of it. The working steps to fabricate a tapered optical fiber are described in
the following.

The pulling rig is situated in a clean box with high-efficiency particle (HEPA) filters to ensure a
dust-free environment. A standard optical fiber has a polymer protection layer (jacket) around
its cladding and core. Before such a fiber can be heated up, this layer has to be removed and
subsequently cleaned thoroughly with lens tissues and highly purified acetone. After the clean-
ing process the fiber is placed into two v-groove fiber holders and fixed with magnets. The
fiber holders themselves are fixed onto translation stages as it is sketched in Fig. 2.9] To be
sure the fiber is indeed clean the fiber can be monitored with a CCD camera using a microscope
objectiveﬂ After the fiber is fixed and confirmed to be clean, a software controlled program
can be started for the final production of a tapered optical fiber. The translator stage constantly

8The working step to inspect the fiber after it has been placed on the fiber holders has only recently been included
into the pulling routine leading to less transmission losses in average and, as a consequence, more deterministic
results.
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Figure 2.10: Radial fiber taper profile. The fiber taper profile used in the course of this works consists
of two linear and one exponential decreasing radius section and is defined by the angles 01, 05, the radii
ro, T1, T2, T and the waistlength l.,. The section labeled as waist is the part of the tapered optical fiber,
what will be refered to as the optical nanofiber.

moves a part of the fiber back and forth through the Ho/O5-flame that keeps this part in a molten-
like state. Meanwhile the other translation stage moves one fiber holder away from the other,
thereby stretching the fiber. After the fabrication process the tapered optical fiber is fixed on a
fiber mount using UV-curing glue to transport it to the experimental setup.

The physical mechanisms behind this flame brushing technique are understood and it is
therefore possible to fabricate nearly arbitrary radius profiles by computing the translation stage
trajectories during the tapering process in advance. The typical profile used in this work can
be seen in Fig. With this profile it is possible to transfer the core-guided mode (unpro-
cessed fiber) adiabatically into a cladding guided mode (fiber waist). The most critical region
for standard optical fibers (rg = 62.5 um) is typically in the region around 20 um, where a small
gradient of about 1 mrad ensures an adiabatic mode transfer. Together with (i) the purities of the
H>/O3-flame, (ii) the cleanliness of the unprocessed fiber, (iii) the dust-free environment, (iv)
the smooth tapered optical fiber surface, due to the high surface tension during the fabrication
process, it is possible to optimize tapered optical fibers for any wavelength that is to be used in
the experiment. In our group, we reach transmission values of > 98% compared to the unpro-
cessed fiber. The variation of the most important parameter, the waist radius r,,, is empirically
found to be £5% of the desired value that is an input parameter of the pulling software.
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CHAPTER

Metal Nanoparticles

From everyday experience we know that metals reflect light in the visible regime. However,
when the dimensions of the metal are on the order of or even below the wavelength of the inci-
dent light field, distinct and somewhat unexpected phenomena can occur. Such sub-wavelength
metal nanoparticles are formed by 1 to 100 million metal atoms and exhibit unique physical
properties due to their high surface to volume ratio and their ability to strongly confine elec-
tromagnetic waves that impinge on them. Additionally, because of the characteristic optical
response of metals in general and the nanoparticle’s boundary constraints, so called localized
plasmon resonances arise in the visible regime that can lead to extraordinary high field enhance-
ments and surprising spectral features. The optical properties of nanoparticles have been used
in ancient times as coloring matter, where e.g. nanoparticles have been embedded in glass.
The most prominent example for this is probably the Lycurgus cup [56] (see Fig. [3.1). When
illuminated from behind with white light, due to the spectral features of the metal nanoparti-
cles in the glass, it shows a very rich shading of colors ranging from green to red. In the last

Figure 3.1: Lycurgus cup. Roman glass cage cup from the 4th-century. The glass is enriched with
gold nanoparticles. Left panel: Illumination from the front leads to green reflected light. Right panel:
lllumination from behind shows ruby red colors. The exact mechanism behind it was discovered by the
Viennese Richard Zsigmondy, who received the Nobel Prize for Chemistry in 1925 for his research in this
field [57|]. The Lycurgus cup is exhibited in the British Museum, London.
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decades,plasmonics research field lead to a vast amount of exciting applications and propos-
als [58]]: Metal nanoparticles or nanofilms were used for optical sensing of DNA [59,|60]], can-
cer treatment [61-63]], single molecule detection [64-66], near-field optical microscopy [67],
making objects invisible through negative refractive indices [68H71]] and many more applica-
tions. Plasmonics also promises to give a major impetus to the field of quantum optics [[72-75]]
and optical computing [[76H78] as well as to applications such as data storage [79], optoelec-
tronics [[80H82] and photovoltaics [83,/84]. Consequently, plasmonic nanostructures have the
potential to significantly influence modern society.

How small particles absorb and scatter light can only be described when we have knowledge
on (i) how a material reacts to an electromagnetic field with respect to its wavelength and (ii)
how the field reacts when material boundaries are imposed on it. In this chapter the theoretical
background for the interaction of light with matter is presented in section[3.1] It turns out that, by
approximating the electrons inside the material as harmonic oscillators, dielectric materials and
—as a special case of this situation — metals can be well described. The respective model is called
Lorentz model for dielectrics (Sect. [3.1.1)) and Drude model in case of metals (Sect.[3.1.2). In
reality however, the Drude model struggles to explain the optical response of metals for the visi-
ble regime, which is why phenomenological models like the Drude-Lorentz model (Sect. [3.1.3)
are typically used in its place. This thesis mostly deals with gold nanoparticles in its course,
which is why the optical response of gold is explicitly given in section [3.1.4]
Section is devoted to the situation when the size of a metal structure, e.g. a sphere, is on
the order of the wavelength of the light that impinges upon the sphere’s surface. In these cir-
cumstances the light field will be scattered or absorbed by the sphere (Sect. [3.2.1)), exerting a
restoring force on to the electron gas which leads to a collective oscillation, the so-called local-
ized plasmon surface resonance. This phenomenon and corresponding consequences, such as a
field amplification in the vicinity of the metal nanoparticle, will be explained with a quasi-static
model (Rayleigh theory) in section[3.2.2]and, for the case where the particle size becomes larger,
with a fully analytical approach (Mie theory) in section[3.2.3]
The theoretical descriptions in the above mentioned sections will summarize the excellent treat-
ments presented in the books by Jackson [51]], Bohren and Huffman [85]], Novotny and Hecht
[28]], and Maier [86].

3.1 Optical properties of materials

The interaction between an electromagnetic field and a material is mainly influenced by the
frequency dependence of the complex dielectric function of the material. While, in general, a
correct treatment of the properties of solids requires a quantum mechanical approach, many in-
teresting features are well explained on the basis of classical physics.

It turns out that the electromagnetic response of a dielectric is well described by approximating
the electron cloud around a nucleus by a damped, driven harmonic oscillator where the restoring
and driving force are associated with the natural frequency of the electron cloud oscillation and
the electromagnetic field, respectively. This classical model was developed by Hendrik Antoon
Lorentz (1906).

In the case of metals, Paul Drude (1900) assumed that the valence electrons are completely un-
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3.1. Optical properties of materials

bound and constantly collide with the heavy and immobile nuclei. The dielectric function for
a Drude-metal can then be directly deduced from the Lorentz theory by omitting the restoring
force that is present in the case of a dielectric. The Drude-model was later on extended by Arnold
Sommerfeld by expanding it to quantum mechanical observations. In the case of noble metals
damping mechanisms occur in the visible regime, which are well described by a phenomenolog-
ical model called the Drude-Lorentz model, which basically combines the two simple models
from above by adding bound-electron contributions to the dielectric function of the free-electron
model.

3.1.1 Lorentz model for dielectric media

The electromagnetic response of a material is described by its complex relative permittivityﬂ
€ = €. + 1€/ and its complex relative permeability p, = ). + 1 4, both of which are linked
to the complex refractive index n = n’ +in" = /€, 1,. Here, the real (imaginary) part of the
physical quantities is denoted by one (two) prime(s), respectively.

A classical explanation for the optical response of a dielectric polarizable medium can be found
when we treat the material as a group of identical, independent harmonic oscillators. To dis-
tinguish the Lorentz and Drude Model, that will be discussed in the following section, some
Lorentz model-symbols will have a ™ attached to them. If, for simplicity, we assume that the
material is non-magnetic (u, = 1), the corresponding equation of motion for a single electron
of charge —e can be written as:

e OFr + e ¥ Or + Mewir = —e E(r,t) (3.1)

with the effective electron mass m,. of the bound electron, the damping rate 4 and the natural
frequency wy. Furthermore, the notation d; = 0/0t is used. We can Fourier-transform Eq. (3.1))

to describe the amplitude of the electron oscillation 7 in terms of the driving field E o e 1!
and its frequency wE] The corresponding microscopic electric dipole moment d reads
dw) =er(w)
2 1 (3.2)
- _E).
e (Wi —w?) —1w?y

The dipole moment can also be written in terms of its complex polarizability aE] which gives
d=oFE. (3.3)
Now, if we assume the material to consist of NV oscillators per unit volume a macroscopic polar-
ization P can be derived:
P(w)=Ndw)

34
— o xe(@) B(w) .

!'The permittivity is often also referred to as the dielectric function or, misleadingly, the dielectric constant of a
material.
“Note that E is related to the real value of the electric field by £ = 1/2 (E 4 E*).

3Here, the polarizability is defined as a scalar. However, in general, the polarizability @ is a tensor.
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where €g is the vacuum permittivity and

2
QP
2

(W —w?) —iwy’

. N e2
=1/ —— (3.6)
me €0

are the electric susceptibility and plasma frequency of the material. With the relations D =
eo 62 and D = ¢y E + P for the macroscopic dielectric displacement I, we arrive at the
desired result for the complex relative electric permittivity €, = €. + i€/’ of a material with a
single resonance wy:

Xe = (3.5

QQ
ér(w):1+xe(w):1+( >
wi —w?) —1Jw

9 (wf — w?)
(W2 — w2+ 72w?’

5 ()2
_ ¥ w .

(W2 — w?)? + 2 w?

E(w)=1+ (3.7)

This way of describing atomic scale resonances is extremely general. Regardless of what is
actually causing the resonance, one can always fit the parameters above to the problem under
consideration to describe that resonance.

In Fig. [3.2h,c.e, the optical response of a material described with the Lorentz model is plot-
ted in terms of different physical quantities, for some typical parameter values (wg = 2eV, Qp =
4eV, % = 0.5 x 10'5/s). For a beam of light incident from air that hits the material at normal
incidence, the reflectance of a material is defined as R(w) = vt*, with t(w) = (1 — n)/(1 + n)
being the reflection coefficient. The plots depict four regions, where the material reacts differ-
ently:

(w < wp) At energies well below the resonance frequency, both, the permittivity and the refrac-
tive index are purely real as the electrons are able to oscillate in phase with the driving force.
The permittivity is non-zero, which is called the dc-offset, and slowly increasing with w, also
known as normal dispersion. Panel (e) shows that in this regime, the material’s reflection is
rather small. Such a feature corresponds to a transparent material such as glass. As we will see
in the next section, such a small reflectance does not occur in the case of metals.

(w =~ wp) On resonance the oscillation is out of phase with the electromagnetic field and the
properties of the material become very different. This can for example be seen by the strong
decrease of the real part of the permittivity, labeled as anomalous dispersion, down to negative
values. Also the imaginary part of the refractive index, i.e. the extinction coefficient, that de-
scribes how a wave decays when propagating in the material, becomes maximal. The decay rate
determines the width of the resonance.

(wo < w < Qp) In between resonance and the plasma frequency the imaginary part of the re-
fractive index is larger than the real part and the material is reflective.

(w > Qp) Well above the plasma frequency normal dispersion is observed again, the losses are
very low and the material becomes transmissive once more.
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3.1. Optical properties of materials

(a) complex relative permittivity (b) complex relative permittivity
(¢) complex refractive index (d) complex refractive index
(e) reflectance (f) reflectance

Figure 3.2: Optical response of the Lorentz and Drude model. (a) Plot of the real (blue) and imagi-
nary (red) part of the relative permittivity. (¢) Same as in (a) but for the complex refractive index. (e) Plot
of the reflectance of the material for a beam of light at normal incidence in air. In all plots the parameters

wo=2eV,Q,=Q,=4eVandy=75=0.5x 105/s were used. (b,d,f) Same as (a,c,e) for the Drude
model presented in section[3.1.2)|where a restoring force, i.e. a natural frequency wo, does not exist.
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3.1.2 Drude model for metals

In contrast to dielectric media, metals exhibit conduction electrons that are unbound and able to
move freely within the bulk of the metal. The corresponding equation of motion can be easily
deduced from the case of a dielectric medium (Eq. (3.I)) by removing the restoring force term.
This yields

e 021 + e 5 Oyr = —e E(7,t) (3.8)

where M, is the effective mass of the free electronsE] and 7 is the relaxation time of the free
electron gas. In contrast to the previous chapter, some symbols will have a ~ attached to them. If
perform on Eq. (3.8)) the same operations like in the case of the Lorentz model (Sect. 3.1.1)) we
end up with a formula for the complex relative dielectric permittivity €, = €, + 1€/, that reads

Gw) =1- "= (3.9)

Note that

Q=1/=—, (3.10)

is the plasma frequency for the Drude model, with N being the free electron density. In this
equation the resonance frequency term is removed compared to Eq. (3.7). In Fig.[3.2b,d.f, the
optical response of a Drude material is plotted for the same parameters used in the Lorentz
model plots in Fig.[3.2a,c.e. As a Drude metal excludes restoring forces and thus a resonance
frequency wy, the plots can be divided into three regions :

(w <K Qp) Below the plasma frequency, in comparison with a dielectric medium described by the
Lorentz model, the imaginary part of the permittivity and refractive index is very large, leading
to the well known feature of metals being reflective. While the imaginary part of the permittivity
diverges, the real part actually saturates at a large negative value of €,(0) = 1— QZ /4% compared
to the Lorentz model counterpart.

(w ~ Qp) In the small damping regime, i.e. ¥ < w, the permittivity €, approximately zero for
w = Qp. From Maxwell’s equations it can be deduced that this excitation can be associated with
a longitudinal collective oscillation of the electron gas, known as a plasma oscillation. As such,
it can not be excited by transverse electromagnetic fields. In quantum mechanics, the quanta of
these longitudinal charge oscillations are called (volume) plasmonsE]

(w > Qp) Above the plasma frequency, the real part of the permittivity becomes positive while
the imaginary part tends towards zero. This results in a metal being weakly absorbing well

“The effective mass of free electrons are in general not the same as the mass of bound electrons for the case of
the Lorentz model in section
3The term *volume’ is given to distinguish it with the localized surface plasmons discussed later in this chapter.
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3.1. Optical properties of materials

above the plasma frequency which is exactly the same for a dielectric material. As the plasma
frequency for metals tends to lie in the ultraviolet regime, this phenomenon is known as the
ultraviolet transparency and can be used to filter high frequency radiation.
Another way of describing such a Drude metal is to rewrite the imaginary part in Eq. (3.9)
such that €/ = o /(egw), where the conductivity o is defined as
52
5
0=—5—=500- 3.11
w2+ 420 (3.11)
In the limit of w — O the conductivity becomes the DC-conductivity
(0 (2

,"}’/

o0 = , (3.12)

which is the proportionality factor in Ohm’s law for Drude metals (J = oo E). For realistic
estimates of the values Qp and 7 one derives DC-conductivities around 105/(2m), which is
indeed about the right order of magnitude for typical metals (Chromium: 5 x 105/(€2m), Gold:
5 x 107/(Q2m)). Ttis important to note that electric conductivity of a material should be discussed
in the framework of quantum mechanics rather than in a classical Drude model. However, this
discussion should give a qualitative idea about how a metal that is electrically conductive at low
frequencies behaves surprisingly different at frequencies around its plasma frequency and above
and paves the way for describing the phenomena discussed in the second part of this chapter (see
Sect.[3.2).

Although the association of a realistic metal with an electron gas is a strong approximation,
the Drude model can successfully describe many properties of metals. It is possible to modify
the Drude model slightly to include a contribution of the bound electrons to the polarizability of
the material by replacing the "1’ in Eq. (3.9) with a phenomenological dielectric constant €.
Yet again, the model breaks down in the visible regime for many metals due to the occurrence
of interband transitions, that will be introduced in the following section (Sect. [3.1.4). For an ac-
curate prediction of the optical response of metals, usually, extended phenomenological models
that combine the Lorentz and the Drude model are fitted to experimentally measured datasets.

3.1.3 Phenomenological Drude-Lorentz model for real metals

In reality a metal does not only consist of oscillating conduction electrons, of course. It also
exhibits electrons that are bound to lower bands and that can be excited if the energies are high
enough. While for alkali metals the Drude model describes the optical response of a metal
adequately up to energies of ultra violet light, for noble metals it does not reproduce their per-
mittivity already in the visible regime.

The absorption of light by a material can be divided into two processes — intraband and
interband transitions. An excitation of an electron within the conduction or valence band of
the crystal is called intraband transition. As long as the Pauli principleE] is obeyed the excitation

The Pauli principle is a quantum mechanical term which demands that two fermions, e.g. electrons, cannot
occupy the same quantum mechanical state.
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energies are continuous within the band and can be arbitrarily small. However, in an insulator all
bands are completely filled or empty which is why such intraband transitions occur essentially
in metals only. Thus, due to the conduction electrons, low electromagnetic energies can be
absorbed in case of a metal, while in a dielectric interband excitations dominate the absorption
characteristics. Simply speaking, the intraband absorption is the reason why conductors are
usually highly absorbing and reflective in the visible and infrared regime, while insulators tend to
be transparent and weakly reflecting. In the Drude model, the intraband transitions are quantified
with the imaginary part ¢’ of the permittivity . Above a certain energy, interband transitions
set in and photons can excite electrons from lower bands very efficiently to the conduction band.
In this case only distinct energies or energy intervals are absorbed. Interband effects are the
main reason why the Drude model fails to describe metals in the visible/UV-regime.

As it happens, interband transitions can be well described with the Lorentz model discussed
in section So by combining both, intraband effects expressed by the Drude model and
interband effects described by the Lorentz model, a phenomenological Drude-Lorentz model of
the complex permittivity €, of a material can be constructed:

k
er(w) = Enow) + ) fiénj(w),
j=1

o 3.13
6770((&]) — 1 - m ( . )
QQ
érj(w) = — 5

The model uses empirically found values for a Drude-material with k& Lorentz oscillators with
resonance frequency wy j, strength f; and lifetime ; that are fitted to measured datapoints of
the material to be described.

3.1.4 Optical properties of gold

In the course of this work a lot of experiments have been carried out with gold. Thus, we discuss
the above acquired formulations in this context. Gold (Au) is a group 11 element together with
copper, silver and roentgenium. It is very inert, so exposing it to air for example is not causing it
to degrade. This makes it an ideal candidate for applications or research where metallic features
are required without the ability to shield the metal from its environment. As a noble metal, its
5d-shell is completely filled, so the metallic properties originate from its half filled 6s-shell. The
electrons form a metallic bond that leads to a free electron density of 71, ~ 5.98 x 10?8/m3. The
bandstructure exhibits five relatively flat d-bands and an sp-hybridized conduction band, that is
filled with electrons up to the Fermi level Efemi. In Fig. @] we can see that the conduction
band is almost parabolic, which is what we would expect for a free electron gas (energy o k2,
see e.g. [87]). The optical excitation of a 5d-electron into the sp-band can be associated with
an interband transition. In the case of gold, the most pronounced interband absorbtion sets in at
2.38eV i.e. 520nm [88]], which is the reason for a constantly increasing absorption for higher
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(a) (b)

Figure 3.3: Band structure gold. (a) Band structure of gold. While the d-bands (blue), and its highest
member the 5d-band, are rather flat the sp-band (red) is more or less parabolic in shape. The wavevectors
I', X, W and L denote high-symmetry points inside the Brillouin zone of gold. The calculated data is
taken out of [|89|]. (b) Sketch of the two important non-radiative decay channels: intra- and interband
transitions.

Gold | j=0]j=1|j=2]j=3|j=4]j=5
f; | 0.760 | 0.024 | 0.010 | 0.071 | 0.601 | 4.384
5; | 0.053 | 0.241 | 0.345 | 0.870 | 2.494 | 2.214
haso 0.415 | 0.830 | 2.969 | 4.304 | 13.32

Table 3.1: Drude-Lorentz fit parameters for gold. Fit parameters from [90] for semitransparent gold
films. Note that for the Drude term €, o the analogies Q, = +/ fo €, and ¥ = ¥y were used to include it
into the fit. %y; and wy ; are given in eV. The fitparameters are valid in the regime from 0.5eV to 6eV.

(shorter) energies (Wavelengths)E] The interband transition is, in the case of gold, an excitation
within the sp-band.

Rakic et al. calculated the Drude-Lorentz fit parameters (for £ = 5) for gold films [90]],
which are shown in Tab. 3.1 While these are phenomenological values, the first remarkable
onset of interband transitions at 2.38eV seems to be replicated by the j = 3 resonance in
table 3.1] In Fig. 3.4h the complex relative permittivity is shown for these parameters. For
comparison the Drude-model permittivity is also shown as dotted lines for typical values of gold.
In the limit of very small frequencies, i.e. where no significant interband transitions are present,
the two models resemble each other quite well. However, in the visible regime especially the
imaginary parts that mainly characterize the absorption characteristics of a material differs quite
significantly for wavelengths smaller than 600 nm (see Fig. [3.4p). This is why, in the course
of this thesis the phenomenological relative complex permittivity for gold will always be used,

"The first interband resonance sets in close to the X -point at around 1.8 eV) but it is much less pronounced than
the one mentioned above.
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(a) complex relative permittivity (b) complex relative permittivity

Figure 3.4: Relative complex permittivity of gold. (a) Plor of the real (blue) and imaginary (red)
relative permittivity of a Drude-Lorentz material matched to the case of gold. The dotted lines are the
equivalent graphs for a pure Drude metal. The fit parameters are taken from [90]. (b) Same as in (a)
plotted as a function of wavelength in the visible and infrared regime (1.12eV o0 3.09eV).

when the optical response of gold is to be evaluated.

3.2 Absorption and scattering by a nanosphere

In the previous section we have seen, that electron oscillations can be excited when illuminating
a material (especially a metal) with light. Until now we covered the situation where the material
can be considered as bulk material and how it reacts to an electromagnetic field. However,
when the material’s size is on the order of the optical wavelength the surface of the material will
induce a back-action on the electron oscillation leading to additional absorption and scattering
effects. A common case of a nanostructure is the nanosphere, where its curvature of the surface
leads to a restoring force of the light-driven conduction electrons. The resulting resonances
are called localized surface plasmons. These tightly confined electron oscillations lead to high
local charge accumulations at the interface between the particle’s surface and the surrounding
medium, thereby causing strongly enhanced optical near fields close to the metal surface.

The whole concept of absorption and scattering of a sphere was solved analytically by Gus-
tav Mie in 1908 [91]]. The so called Mie theory can be deduced by solving Maxwell’s equations
for the boundary conditions of a sphere leading to the absorption and scattering cross section
of a sphere and its shape-, media- and wavelength-dependent features, like the localized surface
plasmon resonance (Sect.[3.2.3)). Albeit being analytically fully correct, in a mathematical sense
the Mie formulations are rather complicated and obscure some underlying concepts. When the
electromagnetic field across the nanoparticle can be treated as homogeneous, the particle can be
considered as quasi point-like. In this case, electrostatics can be used to calculate the response
of a nanosphere to a light field. This quasi-static approximation illustrates several aspects that
are important for this work (Sect. [3.2.2).
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Figure 3.5: Optical extinction spectroscopy. Schematic for spectroscopy calculations. An incident
light beam is partly absorbed and scattered by a particle. The energy removed from the incident beam by
both processes is called extinction.

3.2.1 Extinction, absorption and scattering of light

Oftentimes, to examine matter, physicists measure its influence on an electromagnetic field and
thereby rely on observables after the interaction took place. The main physical quantity to be
derived via this concept is the cross section of the object under observation. It associates an
effective area with the object for the interaction that is to be described.

Consider a light beam that is directed at a photo detector, that detects a light power Pi,c.
Now, when a particle is placed inside this beam, part of the light’s power will be absorbed by
the particle from which again some part will be re-emitted in form of an electromagnetic wave.
Nevertheless the presence of the particle has lead to a so called extinction of the incident beam
which manifests itself in a reduction of the measured power by the photo detector. Extinction is
therefore a result of the absorbed and scattered power of the particle (see Fig. [3.5). This way of
characterizing the optical response of a particle is called optical extinction spectroscopy.

A convenient way of describing scattering and absorption processes is to formulate absorp-
tion (scattering) cross sections oaps (0sca), to relate incident light intensities ;. to the absorbed
(scattered) Power Pyps (Pyca) by the nanoparticle, respectively, via:

P, abs ()\)

Tabs(A) Toe() (3.14)
sca()\
I inc(/\) '
Thus, the particle can effectively be understood as as a fully absorbing (scattering) disc with an
area of A = 0yp(sca) for light with a wavelength of A. The extinction cross section is the sum of
the other two cross sections, i.e.

s

Usca()\> =

(3.15)

Oext = Oabs T Osca - (3.16)

3.2.2 Quasi-static approximation

When a metal nanosphere is sufficiently small compared to the wavelength of an incident light
field, the particle can be treated as microscopically large but macroscopically small. This case
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Figure 3.6: Quasi-static approximation. Schematic of the situation in cases where the metal
nanosphere is much smaller than the wavelength. The excitation field Eq is constant across the particle
and drives an electron cloud inside the particle, that leads to extinction, i.e. absorption and scattering,
by the nanosphere. In the quasi-static regime, the scattered field is equivalent to the field of an oscillat-
ing dipole. The complex relative permittivities are denoted with €1 (e2) for the nanosphere (surrounding
medium), respectively.

assumes that that the nanosphere consists of many particles itself but, nevertheless, that the
phase of the electric field across the particle volume stays approximately constant, only varying
as e 1“? over time. That is why this regime is referred to as ’quasi-static’ and electrostatics
can be used to calculate the response of a metal nanosphere to an electric field (Fig. [3.6). The
harmonic time dependence can be added to the solution later on. The quasi-static approximation
adequately describes the optical properties of particles with radii R that are smaller than about a
tenth of the wavelength \ of the electromagnetic field. Furthermore, its simplicity also leads to
an intuitive understanding of the underlying, most dominant processes.

In electrostatics we can find the potential ® via the Laplace equation V2 & = 0 In the
described case we can assume azimuthal symmetry which, after some calculations, leads to an

electric field in- and outside the nanosphere via E = —V & that reads [51]]

3
Ein= 5By,
€1 €2
R R (3.17)
3n(d-n)—d 1
Eout:E0+<—)

47 epen r3’

where Ej is the applied field, » = r 0 is the vector from the nanoparticle to the position where
the resulting field should be evaluated and €; (e2) is the complex relative permittivity of the
particle (surrounding medium). The resulting field outside the nanosphere is a superposition
of the applied field and the electrostatic field of an ideal, microscopic, point-like dipole with a
dipole moment of

d=eakFEy. (3.18)

It is proportional to the complex polarizability « of a nanosphereﬂ

)\)—62
A\R) = dreg P TN 2
a(\,R)=4m1e R a) T2

81n electrodynamics the Helmholtz equation has to be solved instead of the Laplace equation.

(3.19)

°In general, i.e. when the particle is non-spherical, o is a second rank tensor, denoted as 8, and depends on the
polarization of the electric field.
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@y=0 ) z=0

Figure 3.7: Near-field intensity distribution. Intensity distribution for a gold nanoparticle (R =
40 nm) that is excited by a plane wave (A = 532nm) linearly polarized along the z axis for a plane (a)
that contains the dipole axis (b) that is perpendicular to the dipole axis. In panel (a) also the unit vectors
of the electric field are shown. They are not shown in panel (b) as they exclusively point along z in this
case. Also notice the different color scales in the two panels. In both cases a ratio of 1 indicates that the
field is mainly given by the incident light field.

which incorporates all particle specific parameters and shows the same functional form as the
Clausius-Mossotti relation [51]]. In many cases the surrounding medium is approximately inde-
pendent of the wavelength of the applied field, which is why this dependency was neglected. The
dipole moment always points along the direction of the applied field, which means that, within
the quasi-static regime, the nanosphere is a polarization maintaining dipole scatterer [92}93]].
The field outside the nanoparticle is cylindrically symmetric along the dipole axis. Figure
shows the normalized intensity distribution (i, + Iou)/Io in the plane containing the dipole axis
and the one perpendicular to it, with I; = E; - E¥ (i = in, out, 0), for a gold nanoparticle that is
excited by linearly polarized plane wave for typical parameters (A = 532nm, R = 40 nm) used
in the course of this thesis. As one can see, the light field is strongly localized and the inten-
sity around the nanosphere can actually be about twenty times stronger than that of the applied
field ]

Interestingly, the field inside the particle does not depend on r and is thus constant. However,
Beer’s law tells us that the field should decay exponentially inside the metal as e!/?, where [
is the penetration depth and § the skin depth. At low frequencies the skin depth is given by
d = /2/(0¢w o) depending on the DC-conductivity introduced in Sect. Consequently,
the skin depth is a good measure to determine the validity of the quasi-static approximation. If

10 Although this will not be part of this work, it is worth mentioning that even higher intensities can be realized
when two or more such nanoparticles are brought very close together. The field in between them can be increased by
about another order of magnitude.
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the particle is smaller than the skin depth, it is certainly correct to use the formulas presented
above. For typical metals at room temperature it is 6 ~ 100nm. In the following section
(Sect. [3.2.3) an additional method will be introduced to determine when it is valid to use the
quasi-static picture.

With the above acquired dipole formulation at hand, one can also derive the scattering (ogc,)
and absorption (o,ps) cross sections of a nanosphere in the quasi-static regime. By dividing the
dissipated (Pyps = (w/2)Im[d - Ej]) and radiated power (Pyy = w?|d|?/(12m€'v3)) of the
sphere’s dipole [28, 94]E] by the intensity of the incident plane wave, we find

2
ous(A R) = - Tmla(X, R)] (3.20)
873 9

Here, vy is the speed of light in the surrounding medium (see Sect. [2.1). It is noteworthy to
point out that all formulas presented above in this section are actually independent of any dis-
tinct permittivity, so the sphere does not have to be a metal. Thus, if the polarizability is weakly
dependent on the wavelength of the applied field, the amount of light any particle scatters scales
with 1/\% if the particle is sufficiently small. Scattering in this sub-wavelength particle regime
is often referred to as Rayleigh scattering. It is the reason why the sky is blue and why long
wavelength, infrared light is usually used in fiber optics for data transfer.

However, this general trend can be overlain, if the polarizability of the particle exhibits drastic
changes. This is the case where the Clausius-Mossotti functional (e; — €3) /(€1 + 2¢2) is at its
maximum value. In the case, where € is real and €/ is small or slowly-varying around the max-
imum value region, the resonance condition can be simplified to €] = —2 62 At this point, the
electrons in the metal oscillate collectively and the mode is called the (localized) dipole surface
plasmon of the metal nanosphere. In contrast to a plasmon in bulk, a localized surface plasmon
in a nanosphere can be excited by a transverse electric light field. The corresponding cross sec-
tions are shown in for a gold nanosphere (R = 40nm) surrounded by air in the visible
regime. For an excitation wavelength of A = 532 nm we find a ratio of oca/Taps =~ 0.35.

It is important to note however, that this value does not only depend on the wavelength, it also
changes strongly with the particle radius as depicted in[3.8p. While the absorption cross section
scales with the particle’s volume as o oc R3, the scattering cross section is even proportional
to the volume squared. Necessarily, given a large enough radius, the energy that is scattered by
the particle will be larger than the amount of energy that is absorbedE] This leads to interesting
optical phenomena. When illuminating for example small gold nanoparticles with white light,
the absorption of green light dominates over its scattering thereby rendering a reddish color. On
the other hand, for larger gold nanoparticles the absorption is smaller than the scattering which
consequently leads to a blueish or greenish color. This effect is shown in figure Fig. [3.9] for
monodispersed gold nanoparticles in deionized water.

Based on the formulas derived above, we understand that also the permittivities of the nanopar-

The formula for Py, is only correct for a nonconducting medium, i.e. ¢ = 0 (see Eq. )

"2This condition is also known as the Fréhlich condition.

3Note that at one point the quasi-static picture is not valid any longer. The volume effect holds true however,
even in an exact formulation of this problem.
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3.2. Absorption and scattering by a nanosphere

(a) wavelength dependency (b) radius dependency

(¢) permittivity dependency

Figure 3.8: Cross-sections - Quasi-static regime. Extinction (blue), absorption (red) and scattering
(vellow) cross section in air for a (a) fixed nanoparticle radius of R = 40 nm as a function of \ and (b)
fixed excitation wavelength \ = 532 nm as a function of R. Note that the cross sections in panel (b) are
ploted on a logarithmic scale. (c) Extinction cross sections for a gold nanoparticle in air (blue), water
(red) and glass (yellow) as well as for a silver nanoparticle in air (green). For the permitivitty of silver
we also used the parameters elaborated in [90|]. The cross section of the silver nanoparticle is scaled
down by a factor of ten. The dotted vertical lines mark the values A = 532 nm and R = 40 nm.

37



3. METAL NANOPARTICLES

Figure 3.9: Monodispersed gold nanoparticles. Photograph of monodispersed gold nanoparticles in
deionized water. The color of the colloid depends on the size of the nanoparticles. By decreasing the

nanoparticle size from left to right, the color changes from blue to red. The photograph was made by
A. Bellew [95]].

ticle material and its surrounding medium play a crucial role for the optical response of a
nanosphere. This is shown in Fig. [3.8 for different nanoparticle materials (gold, silver) and
surrounding media (air, glass, water). When the refractive index n/, of the surrounding medium
is increased, the height of the localized plasmon resonance peak becomes larger and its position
shifts to higher wavelengths by more than 10 nm. The high sensitivity of such nanoantennas
to surrounding media is a result of the strongly localized field, i.e. the large intensities in the
vicinity of the nanoparticle surface, as depicted in Fig. In conjunction with the small size of
the nanoparticle, this sensitivity is the reason why nanoparticles are or promise to be a great tool
for sensing applications, such as the detection of single base pair mismatches in DNA [60]], can-
cer treatment [63]], single molecule detection [65]], near-field optical microscopy in general [67]]
and many more. Figure shows that the position of the localized plasmon resonance can be
shifted up to a certain extend, by changing the material of the nanoparticle. For example, com-
pared to a gold nanoparticle, the resonance of the silver nanoparticle, is shifted towards smaller
wavelengths and about a factor of ten larger in size, because of a different plasma frequency and
other interband transitions.

As can be seen in the following section, in addition to the dipole mode derived above, a
nanoparticle supports in fact an infinite number of higher order modes and the general terminol-
ogy is therefore ’localized surface plasmon’m However, the qualitative features presented in
this section remain to be valid. The term localized is used to distinguish the collective electron
oscillation in a nanoparticle from the volume plasma of a bulk metal and the surface plasmon
of a metal layer, both of which have different geometry dependent resonance conditions. The
localized surface plasmon resonance arises due to the curved surface of the particle that exerts
an effective restoring force on the driven electrons. For a nanosphere surrounded by air, it is for
example found at wy = Q,/+/3.

As a summary, a metal nanosphere has a unique spectral feature due to its sub-wavelength

14Other common designations are particle plasmon or particle plasmon polariton.
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3.2. Absorption and scattering by a nanosphere

Figure 3.10: Mie theory. Schematic of the situation where an optical light field illuminates a spherical
nanoparticle. The excitation field Eq varies across the particle and drives an electron cloud inside the
particle, that leads to extinction, i.e. absorption and scattering, by the nanosphere. In the full model Mie
theory, the scattered field is equivalent to a multipole field. The complex refractive indices are denoted
with ny (nz) for the nanosphere (surrounding medium), respectively.

size, called the localized surface plasmon resonance. When resonantly excited by an electromag-
netic field, the nanosphere can be described by an elementary resonant, polarization maintaining
dipole antenna. The near field around it is significantly enhanced with respect to the applied field
leading to a strong interaction with everything that is situated in close vicinity of the nanoparti-
cle.

3.2.3 Mie theory

Thanks to Mie’s theory it is possible to calculate the scattering and absorption cross section as
well as the electromagnetic field distribution in- and outside of an uncharged sphere of arbitrary
size analytically for the case of a homogeneous surrounding medium. To do this, Maxwell’s
equations have to be solved in spherical coordinates for the case of a particle that is illuminated
by a plane wave. The required parameters are the bulk complex refractive indices for particle and
surrounding medium and the particle’s radius. Indeed, even for nanoscale spherical particles, the
problem can be solved analytically with the macroscopic complex refractive index of the bulk
material — no adaptations have to be made. The experimental situation is sketched in Fig. [3.10]
for the case of a nanosphere. In contrast to the quasi-static approximation (Sect.[3.2.2)) it is not
assumed that the phase of the electromagnetic field is constant across the particle’s volume. As
the general idea is actually quite similar to the concepts presented in chapter[2] in the following,
the steps towards the final formulas will only be sketched A complete derivation can for
example be found in [96].

Under the assumption that the media are linear and isotropic the electromagnetic fields,
that have to fulfill the wave equation (Eq. (2.2))), will be expressed in terms of the spherical
harmonics, i.e. multipole expanded. Doing this, four expansion coefficients ar, by, ¢z, and df,
(with L being the order of the multipole expansion) for the external and internal field arise which

The main difference is that the optical fiber is cylindrically symmetric instead of spherically. This leads to
an additional requirement the fields have to fulfill, leading to a contribution by associated Legendre functions. In
combination with the in chapterE]presented Bessel functions they lead to the so called spherical harmonics.
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can be determined from the boundary conditionsm

myr(mz) Py (z) —Pr(r) Y (me)
mr(maz) & (z) —Ep(x)Yy(mr)
Yr(mx) Yy (x) —mapr(x) Y (ma)
Yr(maz) & (z) —mép(x)yy(me) '

where m = njy/ng is the ratio of the complex refractive indices of the particle (n1) and the
surrounding medium (ng). The size parameter = |k| R = 2w R/ relates the particle radius
R to the wavevector k or wavelength A of the incident light field propagating in the surrounding
medium. Additionally, (¢}, &}) v, &, are the (derivatives of) the Riccati-Bessel functions,
respectively. The coefficients ¢y, and d, for the internal fields were omitted, as they will not be
relevant throughout this thesis.

In terms of these expressions the Mie cross sections read:

aL()‘v R) =
(3.22)
br(\ R) =

!kP Z (2L +1)Refar +by], (3.23)

Osa(A\, R) = !kP Z 2L +1)[ar + bz, (3.24)

while oy, can be calculated via Eq. (@]} If we only examine the dipole term oex,r—1 of
the scattering cross section and Taylor expand the coefficients a;—; and br—1 up to the order
of 23, the quasi-static dipole cross section (Eq. ) is reproduced if we claim that x < 1.
Now, to determine whether the quasi-static approximation is valid, one can simply compare the
size of the different Mie terms L = 1,2,3,.... Figure [3.11] shows the ratio of the extinction
cross-section summands 0egt 1,—2 and oege =1, for air (n ~ 1) and glass (n ~ 1.46) as the
surrounding medium. While the surrounding medium has a significant effect on these ratios,
one can roughly say that, in the case of air and glass, for particle radii R that are about ten times
smaller than the exciting wavelength A it is sufficient to consider the first order dipole term
(L = 1), rather than a sum of several orders. In this regime the curves presented in the previous
section (Sect.[3.2.2) can be associated with the Mie picture with only marginal differences. The
quasistatic approximation is expected to lead to a slight overestimation of the plasmon peak
resonance and a slight underestimation of the peak cross section. So, to understand the physical
process behind optically excited nanospheres it is often sufficient to consult the quasi-static
formulations. Nevertheless, all through this dissertation, the analytical Mie cross sections will
be used to calculate light-particle interactions.

*Maxwell’s equations demand the transverse components of the electromagnetic field to be continuous across
the boundary separating two media.
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3.2. Absorption and scattering by a nanosphere

(a) Air (b) Glass

Figure 3.11: Mie theory multipoles. Ratio 0yt 1—2/0cqt, =1 0f the extinction cross sections of a gold
nanoparticle for the surrounding medium being air (a) and glass (b). Notice the different legend scales.
The ratio between the L = 3-term and the dipole term is about 1 order of magnitude smaller than the

presented plots.
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CHAPTER

Interfacing Optical Nanofibers with
Ions

Trapped ions offer an excellent control over their external and internal degree of freedom and can
be strongly confined for long durations. By tuning the electric trapping potential it is possible to
adjust their position very accurately which can be used to enable strong interactions with other
objects and between themselves. For these reasons, they are an important quantum system in
research on quantum information processing [[10] and all the necessary building blocks for a
scalable quantum computer have been demonstrated using chains of trapped ions [5,/97,98]. In
many of the current implementations, quantum information between ions can only be transmitted
via their motional degree of freedom. This limits the maximum distance of quantum information
transfer to a few micrometers. By contrast, photons are quantum systems with which quantum
informations can be carried over very large distances when using, e.g., optical fibers.

It has been shown that atoms [99]], molecules [54] and nanoparticles (see chapter E]) can
be efficiently coupled to the guided field modes of optical nanofibers. Accordingly, nanofibers
seem to be a natural candidate to transfer the information from ions to photons (and vice versa)
and thereby mediate long distance ion interactions. In this way, one could profit from the ad-
vantageous properties of both systems, i.e. the well-controlled, strong interactions of ions for
quantum computation, and the capability of photons to transport information for quantum com-
munication.

In order to do this, however, the ions have to be placed in close vicinity of the nanofiber
surface. However, the presence of only a few elementary charges on the fiber destabilizes the
trapping potential such that the ions can no longer be trapped [23]]. A critical issue that has to
be addressed and investigated when a nanofiber is to be integrated into an ion trap. Nanofibers
are electric insulators. In order to remove surface charges from them, they have to be made
electrically conductive up to a certain extent. Moreover, heating due to electric field noise in
the proximity of close by objects is a general concern in the ion trapping community. The
exceptionally small and well controlled diameter of the nanofiber, thus, makes it an ideal object
to study these heating effects in ion trap experiments in a new regime.
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After an introduction about the status of this project in Sect. .1] optical nanofibers are
discussed in the context of the electrical as well as optical requirements for integrating them into
ion traps (Sect.[d.2). The two most promising approaches which have been implemented in the
course of this thesis are physical vapor deposition of silver and chromium. Section.3]discusses
the results of these approaches and in Sect.[d.4]possible improvements and other approaches will
be discussed.

4.1 Preface

The project to combine optical nanofibers with ion traps was carried out by a collaboration, using
the expertise in ion trapping of the research group of Prof. Dr. Rainer Blatt at the University
of Innsbruck and the expertise in nanofiber physics of the research group of Prof. Dr. Arno
Rauschenbeutel at the Vienna University of Technology. While a PhD student (Benjamin Ames)
in Innsbruck started designing and setting up an ion trap suitable for the implementation of
optical nanofibers, this thesis focused on the fabrication of conductive optical nanofibers. As
local charge accumulations, also known as patch potentials, on the surface of nanofibers will
influence trapped ions considerably and would in particular render the trapping of ions close
to the fiber impossible, achieving this would have a major impact on the capabilities of this
combined system.

To remove charges of the nanofiber, its conductivity will have to be increased by more than
10 orders of magnitude without significantly reducing the strength of the guided field modeE]
In the course of this thesis, it turned out that this task could not be realized within a reason-
able timescale. Although we managed to fabricate a conductive and minimally transmissive
nanofiber, in 2014, it was decided to fully concentrate on the second project within this thesis,
which is presented in chapter [5| Shortly before that, Benjamin Ames confirmed the first ever
demonstration of trapped ions close to a conventional, bare nanofiber, fabricated in Vienna. It
was possible to trap ions about 26 um away from the fiber, which is one of the closest trapped
ion-to-surface distances that has been achieved. As expected, the distance seems to be limited by
charges on the nanofiber surface. Currently, the research focuses on understanding the origins
that cause the fiber to become charged and on methods to discharge the nanofiber in order to
decrease the ion-to-fiber distance even further.

As a side remark, thanks to the small dimensions of the nanofiber it could be an ideal candi-
date to probe heating mechanisms of ions due to electric field noise at surface distances below
30 um which have not been investigated until now.

! The exact reduction that can be tolerated depends on the application that is to be realized. For a large incoupling
efficiency of an emitting ion into the guided nanofiber modes, the transmission of the nanofiber should probably not
be reduced by more than a factor of 10. On the other hand, to use the nanofiber for exciting an ion via an evanescent
light field this factor could be much larger.
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4.2 An optical nanofiber as an electrical conductor:
Considerations

4.2.1 Heating mechanisms and charge sensitivity in ion traps

In ion traps, ions are confined with electric (and sometimes magnetic) fields. Consequently,
the ions are prone to fluctuations and static distortions of the electric trapping fields. A key
feature of both distortions is that they scale strongly with the distance of the ion to the closest
surface — the closer the ion approaches a surface the larger the distortionE] This limits further
miniaturization of ion traps and, as a direct consequence, to date, the smallest demonstrated ion
to surface distances are around d ~ 30 um [[100].

Ion trap electrodes are per definition electrically conductive as they are used to provide a
well defined voltage. If charges accumulate on their surfaces the voltage supply will quickly
compensate for them. If other surfaces are moved far away from the trapping site, static dis-
tortions of the trapping potential are not an issue. Consequently, electric field noise will be the
dominant perturbation. Sources of electric field noise include unwanted electromagnetic radia-
tion, Johnson and technical noise and local charge variations (also known as patch potentials).
The resulting motional heating of the ions is a limiting factor in many experiments and several
of its origins are not yet well understood [101]]. An extensive summary of this active research
field can be found in [100].

If, in addition to the trap electrodes, a dielectric surface is brought close to trapped ions, the

trapping potential will be deformed. The dielectric changes the effective refractive index of the
surrounding medium and charge accumulations on it can not be removed and are therefore much
larger than in the case of conductive materials. This leads to serious deformations of the trapping
potential up to a point where the ions can no longer be conﬁnedE] In [23] it was found that in a
typical ion trap setup, three ions are sensitive to an accumulation of 40 elementary charges in a
coated glass plate 1.2 mm away from the ion chain.
In the context of approaching trapped ions with a nanofiber this means that static charging effects
of the fiber surface are a serious issue. By increasing the electrical conductivity of the nanofiber
one could counteract this effect by either discharging the nanofiber or applying a fixed electric
potential to it.

4.2.2 Desired conductivity of a quasi-charge free nanofiber

In pursuance of integrating an optical nanofiber into an ion trap, the dielectric nanofiber has
to be made electrically conductive up to a certain extent. As an estimation of its charging and
discharging process we use the following rate equation for the charge on the fiber:

dQ = <—? +7> dt . @.1)

2 The coulomb force for static distortions scales as d~ 2, where d is the distance of the ion to the closest surface.
Depending on the dominant mechanism, the electrical field noise is expected to scale as d™ 2 to d~ 6 [100].

3 That is why the closest surface in ion traps is almost always an electrode. All other surfaces are moved as far
away as possible from the trapped ions.
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Here, () is the charge on the fiber, 7 is the time constant of the discharging process and
describes the charge production rate on the nanofiber. For the steady state, d@Q)/dt = 0, we find

that
~ Qo
’y = —
-

, 4.2)

with Qg being the steady state charge. If we treat the nanofiber as an RC-element, the time
constant, 7 = R (', can expressed by the resistance (R) and capacitance (C') of the fiber. So,
in order to estimate the maximum resistance, we must estimate the capacitance of the nanofiber
inside an ion trap. An upper approximation for it can be obtained when considering the case
where the nanofiber passes through a conductive co-axial cylinder that has the same radius as
the nanofiber-electrode separation d. The corresponding capacitance is then
L

Ceoax = 27 €g m , 4.3)
where L is the length of the nanofiber and a the nanofiber radius. Additionally, the capacitance
of a nanofiber in an ion trap should not be smaller than that of a nanofiber in free space:

Cfree—space =27eg ln(é/a) . 4.4)
In order to have a significant part of the optical power in the evanescent field of the guided
mode, in the visible regime the nanofiber radius should be around a ~ 250 nm. Together with
a typical electrode separation of d =~ 500 um and a nanofiber waistlength of . ~ 10 mm we
expect the capacitance Ciyyp of the nanofiber in the ion trap to be around 45 fF < Cirp S 75 fF.
If the tapered and unprocessed part of the tapered optical fiber is included in the considerations,
the maximum value can be about an order of magnitude larger. Thus, depending on the actual
realization, a reasonable estimate of the capacitance of a nanofiber within an ion trap is some
hundred femtofarads.

Figure[.T|shows the resistance of the nanofiber that is needed to keep the total electric charge
on the fiber at a number of elementary charges () /e for realistic cases where 1 (25) elementary
charges per second are being created on its surfaceﬂ To realize an essentially uncharged fiber
(Qo < 1), this means that its resistance should be below Ry < 1012 Q.

The electrical resistance of an object

l

RZZﬁ?

4.5)

strongly depends on its shape (length, [; cross sectional area A) and can be derived via the electri-
cal resistivity p of the material. In the case of glass, for temperatures 7" below the transformation

* These charge production rates assume that the main fraction of charges will be produced due to illumination
of the fiber with ultraviolet light of A = 397 nm with which “°Ca™-ions are typically cooled. At this wavelength,
Harlander et al. illuminated an antireflection-coated glass plate and found a charge production efficiency of n =
0.4 x 107'° electrons per photon [23]. Under the assumption that the ions will be cooled at typical intensities
around the saturation intensity [[102], we find a production rate of v = 25/s when the laser beam illuminates an
effective area of the nanofiber of A = 1 cm x 500 nm. A production rate of v = 1/s assumes that the laser beam is
essentially directed past the nanofiber and that it is only illuminated by a small fraction of the beam.
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Figure 4.1: Uncharged nanofiber. Maximum resistance R of an optical nanofiber in order to keep it at
a number of elementary charges, Qo /e, for a charge production rate v = 1/s (blue circles) and ~y = 25/s
(red squares).

range where glass softens, the electric properties can be described via the Rasch-Hinrichsen law
lgp=A-BJT, (4.6)

with A and B being specific glass constants. For fused silica (SiO3) the volume resistivity at
room temperature is psioz ~ 10 Qm (Asion = —0.394, Bsioa = —6222.4K)| Using this
value, we find a resistance for an optical nanofiber of typical dimensions (radius, ¢ = 250 nm;
length, 1,, = 1cm) of Rpae ~ 1022 Q. Clearly, this is much larger than Ry and keeping the
bare nanofiber uncharged or at a fixed electric potential will not be possibleE] Consequently, the
nanofiber has to be made electrically conductive up to a certain extent.

One solution to this issue is to deposit a thin conductive layer onto the nanofiber as it is,
for example, common practice for touch-screens and solar cells[] However, there is a crucial
difference between coating nanofibers and coating flat substrates as sketched in Fig. For a
flat substrate, e.g. a conventional microscope glass plate, the length across which the resistance
is measured is roughly of the same size as the length of the electrode. In the case of an optical
nanofiber the length of the electrode is given by the nanofiber’s circumference, which is about
four orders smaller than typical nanofiber lengths of /,, ~ 1cm. Consequently, for the same
layer thickness, t, the resistance across the nanofiber is four orders of magnitude larger than in
the case of a glass plate (Rgper ~ 104 R).

Moreover, for the case of the glass plate, incident light propagates through the coating and
its initial power Py reduces to P = Pyexp (—at), where a« = —4mn” /) is the absorption

3 Note that, resistivities above 10*®  m are usually very hard to measure.

® The extraordinary high volume resistivity of glass is the reason why it is commonly used as an electric insulator
for high voltage power transmission etc.

7 A common quantity in this context is the so called sheet resistance R = 2, that assumes a layer of uniform
thickness t across the coated sample. In this case, the resistance can be written as R = %Rs , where [ is the length
over which the resistance is to be measured, h is the length along which the object is contacted at both sides. The
aspect ratio % is often referred to as the number of squares of the layer and R is often given in units of "ohms per

square’ (2/sq) to differentiate it from the bulk resistance R.
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Figure 4.2: Resistance of different objects. Geometrical aspects of the electrical resistance in the
case of a coated glass plate (red) and coated fiber (blue). The resistance will be measured across two
electrodes (gray) on the sides of the objects. For the same coating thickness, the resistance across both
objects scales with the ratio L/ h of the length of the object | across which the resistance is to be measured
and the length h of the electrodes. For a cylindrical object, h is given by its circumference 2ma. Thus,
in case of a typical nanofiber; this leads to a much smaller electrode length compared to a square glass
plate and therefore to a much higher resistance. The green arrows indicate the propagation direction of
light through the fiber and through the glass plate.

coefficient and n” is the imaginary part of the complex refractive index of the coating (see
Sect. [3.1.1] - B.1.3). This attenuation is connected to the transmittance, 7, and absorbance, A,
via

T=P/Py=e =104, 4.7)
al
- o 4.8)

with ¢ being the traveled distance. In the case of optical nanofibers, light has to travel along the
film over the total length [,, of the nanofiber. However, only a fraction P.oy /Py of the power
of the guided light propagates inside the coating. If we assume the coating to be a weakly
absorbing, homogeneous layer with bulk properties, we can estimate the transmittance, Tper, Of
the nanofiber to be

Thiber = exp (_(Pcoat/PO) « lw) . 4.9)

Figure illustrates this interplay between transmittance and resistance for the glass plate and
the nanofiber for two different coating materials (i.e. silver and chromium). As expected, for
a given transmittance, the resistance across the glass plate is several orders of magnitude lower
than the resistance across the nanofiber. In all cases, an increase in transmittance goes along with
an increase in resistance. According to these estimations, it might be possible to realize optical
nanofibers with resistances around Ry < 10'2 Q with a transmittance close to one. However,

~

these estimations assume that the electric and optical properties of the bulk material are still
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(a) glass plate (b) nanofiber

Figure 4.3: Optical and electrical properties of coated objects. Transmirtance as a function of re-
sistance of a (a) glass plate and (b) nanofiber that are coated with silver (blue) and chromium (red).
The wavelength of the light that is propagation through glass plate and nanofiber (as indicated in
Fig. is A\ = 866nm. We used literature values for the bulk resistivity of silver (chromium) of
pag = 1.59 x 1078 Qm (pe, = 1.25 x 1077 Qm) and an imaginary part of the complex refractive index
oang = 5.45 (n¢, = 4.13) [|90]. The glass plate has a length of l, = 1.2cm and an electrode width of
wg = 3.7 cm. The dimensions for the nanofiber are: radius, a = 250 nm and length, l,, = 1 cm. Notice,
that the resistance is plotted on a logarithmic scale. In the case of chromium, a resistance of R = 10}
(R = 10'°Q) corresponds to a layer thicknesses of t ~ 4nm (t ~ 0.8 x 10~*nm) on the glass plate
(nanofiber). The latter case would correspond to a sub-atomic layer.

valid for layer thicknesses below a few tens of nanometer. As we will see later in this chapter,
due to the nature of the growth process of films, it is not correct to assume the resistivity and
complex refractive index of the bulk material in order to calculate the effects of a thin film.

4.2.3 Required properties of nanofibers in the framework of calcium ion
experiments

Atomic ions can be confined in Paul traps, where the trapping potential is realized by a combi-
nation of static and time dependent electric fields [[103[]. In a conventional linear Paul trap (see
Fig. 4.4), these fields are supplied by four blade electrodes (radio frequency) and two endcap
electrodes (static). In order to carry out precision experiments in such a setup, it is necessary
to laser cool the ions to lower motional energies [[104]. The concept of laser cooling is shown
in Fig. for the case of ““Ca™-ions. Here, only the laser wavelengths are labeled/sketched
that are needed to cool the ions down to the Doppler limit Accordingly, the nanofiber — which
should be very close to the ion (sub um distance) — will to a certain extent be exposed to light
with a wavelength of 397 nm and 866 nm.

An optical nanofiber that is integrated in an ion trap (for a sketch of the realization in Inns-
bruck see Fig. 4.4) could be used as a tool to excite ions via the fiber, to capture light emitted
by the ions or simply as a dielectric surface. A proof of principle experiment could be, to

8 In order to perform, e.g. quantum logic operations, the ions have to be cooled down to their motional ground
state via sideband cooling [104].
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Figure 4.4: Linear Paul trap and optical nanofiber. [llustration of a conventional linear Paul trap,
with an optical nanofiber (blue) oriented perpendicular to the trapping axis. The arrow-like structures on
the left and right are the two endcap electrodes of the ion trap and the other four structures are commonly
referred to as the blade electrodes.

(a) Schematic experimental setu (b) Level scheme of *°Ca™
P p

Figure 4.5: Doppler cooling of “°Ca™ -ions. (a) Energy-level scheme of *°Ca™. The labeled transitions
are the ones needed for Doppler cooling. The other ones that are depicted are mostly used for sideband
cooling. The *°Ca™-ion has a single valence electron and no hyperfine structure. (b) For Doppler
cooling of *°Ca-ions, the S1/2 to Py transition near 397 nm is employed. To prevent pumping into
the D35 state, an additional repump laser at 866 nm has to be used. Resolved-sideband cooling [|104]
would be performed on the S, /5 to Ds o transition near 729 nm.

demonstrate coupling between the nanofiber guided mode and trapped ions. By sending light
through the fiber one could guide it to individual atoms. Figure [4.6|illustrates the achievable
Rabi frequencies for the case of guided light with a power of P = 1 mW ﬂ and a wavelength of
A = 866 nm (i.e. the D35 to Py o transition)m As can be seen, by changing the nanofiber radius

° This power was chosen due to unpublished measurements during this thesis where nanofibers that were covered
with dust broke in ultra high vacuum (p ~ 10~% mbar) when light above this value was sent through the fiber. The
rupture was attributed to individual dust particles on the fiber that absorb a significant amount of the guided light
and transform it to heat. As a very rough estimation this power was used as the maximum power that can be sent
through coated nanofibers. In the case of uncoated fibers, transmitted powers of a few hundred mW were already
measured [105]].

19 In general, the higher the energy of the photons, the larger is the probability for the photons to create charges
on a surface they hit. Therefore, photons at a wavelength of 866 nm are a better choice than photons at a wavelength
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4.2. An optical nanofiber as an electrical conductor: Considerations

(a) radius dependency (b) distance dependency

Figure 4.6: Excitation intensity around nanofibers. Intensity of the fundamental mode normalized to
the saturation intensity of the D35 to Py /o transition (A = 866 nm) as a function of (a) the fiber radius,
a, and (b) the distance, d, above the fiber surface. The mode is quasi-linearly polarized along § and the
power that is sent through the nanofiber is set to be 1 mW. In panel (a) the inset shows the fixed distances
to the fiber surface where the normalized intensity is evaluated and the dashed vertical lines denote the
radii where the intensity is maximal for each case. Those positions are taken as the fixed radii that are
used in panel (b) (see inset) to evaluate the normalized intensities. Typical excitation intensities in a
40Ca™-ion trap, for example, lie around a few hundred I,. Notice that the x-axis in panel (a) is plotted
on a linear and in panel (b) on a logarithmic scale. As a comparison, the peak intensity of a gaussian
beam of 1 mW with a beam waist of 1 mm has a normalized intensity of about Iy /L, =~ 190.

it is possible to shape the region, inside which the ions are efficiently exited effectively acting as
a region-selective light-ion coupling device. In the case of coated nanofibers, the guided light
will be severely attenuated and the normalized intensities in Fig. [4.6] will probably decrease by
several orders of magnitude resulting in a much smaller interaction area. Consequently, the
metallic layer should be as transparent as possible around 866 nm. Moreover, as discussed in
Sect.[4.2] the closer the ions get to the surface the stronger the forces acting upon them become,
up to a minimum trapping distance below which they can no longer be confined. Hence, in order
to have an interaction region around the fiber that is actually populated by ions, this minimum
trapping distance should not be larger than the interaction region. If the nanofiber is to be used
as an efficient tool to collect emitted photons in order to transfer information from the ion to the
guided mode and vice versa, the ion will have to be within a few hundred nanometers from the
surface of the nanofiber (for details see Sect. [5.2).

Another important aspect that might influence the ions is the mechanical oscillation of the
optical nanofiber in vacuum. In [106], Junge et.al. reported that the root mean square of the
fluctuating gap between a nanofiber and a whispering-gallery-mode resonator is =9 nm in the
frequency range up to 200 Hz. For the trapping distances discussed here, which are a 1 um, an
oscillation amplitude around 10 nm will have a small effect on the ions.

Ultimately, one can conclude that the electric and optic requirements of an integrated nanofiber
depend on each other: For an effectively uncharged fiber, the ions could possibly be trapped very
close to its surface (~ 1pum, or even less) thereby allowing for a stronger absorption due to a

of 397 nm.
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4. INTERFACING OPTICAL NANOFIBERS WITH IONS

larger thickness of the conductive layer. On the other hand, if a method can be found that allows
for almost lossless transmission at the requested wavelengths, one could cope with higher resis-
tances. The nanofiber resistance should not exceed R ~ 102 ) and in order to demonstrate the
collection of light emitted by an ion, the transmittance should at least be about 7 ~ 0.01.

4.3 Coating of nanofibers by physical vapor deposition

There is a multitude of methods and techniques to a make an object electrically conductive.
However, no research has been published yet in the framework of electrically conductive and yet
optically transmissive nanofibers. That is why, in this thesis, a study about possible realizations
has been performed where the fabricated fibers were measured against the requirements that have
been outlined in Sect.[d.2] Besides other factors, also economical aspects played an important
role when deciding on which fabrication method should be implemented

Conventional physical vapor deposition (PVD) evaporates a material that is to be deposited
via electrically resistive heating in vacuum As long as the material can be heated up to a high
enough vapor pressure, in principle, any material can be deposited. This is very convenient when
it comes to a material study of possible coating materials. Moreover, PVD is comparably easy
and cheap to implement. It is for those reasons, that we decided to realize electrically conductive
and optically transmissive nanofibers with this method.

There are many aspects in favor of one or the other material. In accordance to our estimations
in Sect. [4.2.2] and due to reasons outlined in the respective sections, we decided to take silver
and chromium as coating materials.

4.3.1 Properties of thin film growth

When a material is heated up, its particles gain energy and the probability for them to be evapo-
rated rises. At high vapor pressures p,, of the material, i.e when the material is being evaporated
into a gaseous form, thin film growth by vapor deposition can be carried out. Thin film growth
can be divided into three stages: nucleation, coalescence and thickness growth. The initial
atomic processes that are responsible for nucleation and coalescence are sketched in Fig.
When an evaporated atom comes close to a surface, attracting van-der-waals forces act on it.
If the forces are strong enough the atom sticks to the surface and is adsorbed. At this point it
is also called an adatom. The remaining kinetic energy of the adatom can now lead to several
processes. If the energy is still high enough the adatom can surmount the van-der-Waals poten-
tial again and be desorped from the surface. Alternatively, it can migrate on the surface, which
is called diffusion. The process, when two diffusing adatoms collide is called nucleation. If

! Very recently, Moore et.al. proposed another possible solution to realize an uncharged fiber [107]. In their
setup levitated and positively charged single silica microspheres () &~ 100e to 1000e) that are optically cooled were
discharged using UV flashes of a Xenon lamp. The number of elementary charges of the spheres could be inferred
from their resulting motion. While this technique is not transferable to the nanofiber ion trap, here the ions could
serve as charge sensitive probes in order to determine the charge of the fiber (similar to [23])).

120ther techniques that vaporize the material include Sputter deposition (via plasma discharge), electron beam
deposition (via electron bombardment), pulsed laser deposition (via photon bombardment), cathodic arc deposition
(via high power electric discharge).
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4.3. Coating of nanofibers by physical vapor deposition

Figure 4.7: Thin film growth processes. Schematic illustration of initial atomic processes that take
place during the nucleation and coalescence process. High energy atoms (red) of the evpoarted material
are adsorbed by the surface. Subsequently, the adatom can either be trapped on the surface — leading
to diffusion and nucleation (blue) — or re-evaporated, which is called desorption (dark yellow). The
combination of all these processes leads to island growth.

more and more adatoms aggregate a so called island is formed. For the cases where metals are
deposited on oxides (e.g. fused silica), it is energetically favorable for the adatoms to nucleate
and the formation of islands is the initial growth mode [[108, 109]@ At this state of the growth
process the islands are isolated. A light field that is incident on the film interacts with these
nanoscale absorbers and can excite a characteristic resonances, so-called the localized surface
plasmon resonances. Strength and spectral position of the plasmon resonance depends on the
material and the size of the islands (for details, see chapter[3)). Over time these separated islands
grow in size and number until they touch and coalesce. The percolation threshold is defined as
the moment, where enough islands have grown together such that a continuous network over the
substrate has been formed. For a large number of materials and substrates the percolation thick-
ness lies between 1 nm and 20 nm. From this point on, metal films behave optically similar to the
equivalent bulk material: While visible light that is incident on such a film will be transmitted,
infrared light will be reflected (compare with Fig. [3.2).

Above percolation thickness electrons, can migrate through the network and the electric
resistance across the substrate drops heavily by several orders of magnitude. The resistivity of
the film approaches the one for bulk, when the film thickness becomes larger than the mean free
path length of the electrons in bulk At room temperature, the last stage of coalescence takes
place on timescales of a day after deposition [[113]]. This process is referred to as ’self-diffusion’
or ’self-thickening’ in literature.

Due to the high kinetic energy of the evaporated atoms, thin film growth is a phenomenon
far from thermodynamic equilibrium. Structure and characteristics of thin films strongly depend
on the deposition conditions, i.e. physical properties of the substrate and the deposition material

13 The growth mode where separated three-dimensional islands form on the substrate is called Volmer-Weber
mode. The opposite mode where layer by layer is grown is called Frank-van-der-Merwe mode. A layer plus island
growth mode is called Stranski-Krastanov mode.

' It is interesting to note that even when the islands are still separated, finite but significantly smaller conductiv-
ities can be measured [[1104112].
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4. INTERFACING OPTICAL NANOFIBERS WITH IONS

(a) standard PVD setup (b) PVD setup with glass plate

Figure 4.8: PVD configurations. (a) PVD on an optical nanofiber. An electric current i is sent through
a boat that is loaded with the deposition material (red). Meanwhile, white light is sent through the fiber
onto a spectrometer (orange) and the resistance across the tapered optical fiber is measured (green).
(b) Due to expected high resistances and low transmissions across a coated tapered optical fiber, a second
PVD configuration was set up which contains an additional suspended glass plate inside the chamber
(blue). In this case, the resistance can be measured across the glass plate (green) instead of the tapered
optical fiber. White light spectroscopy is performed for both of them.

as well as the residual vacuum. It is for that reason, that the theoretical reproduction of film
performances remains to be a challenge [[114]].

4.3.2 Experimental setup for physical vapor deposition

The basic evaporation setup that was used for the measurements in the following sections, con-
sists of a 30 cm long Conflat (CF) 6-way cross that is used as the vacuum chamber (see Sect.[A.2]
in the appendix) and a tungsten boat which was heated up electrically by a modified welding
supply via electrical feedthroughs. The two standard PVD configurations are shown in Fig. 4.§]
Figure 4.8 sketches the standard PVD setup, where the white light extinction spectrum through
the optical nanofiber as well as the electrical resistance across it can be measured simultane-
ously. Because of the strong optical absorption when the nanofiber is being coated and the high
electrical resistance of the bare nanofiber, a second configuration, using a conventional micro-
scope glass plate, was developed which is sketched in Figure [4.8b: For a glass plate with the
same coating thickness, both, electrical resistance and optical absorption are significantly lower
than compared to a tapered optical fiber (see Sect. .2.2)). It is therefore possible to investi-
gate the coating process at layer thicknesses where ohmmeter (Rpy.x = 2 GS2) and spectrometer
(Amax = —18(Imin/Io) =~ 4) reach their limits in the case of the tapered optical fiber. As only
one of both objects can be connected to the ohmmeter, for this configuration the glass plate’s
resistance is measured. In order to avoid measurement errors due to parasitic resistances, the
glass plate was suspended on two UHV compatible, isolated Kapton wires which were soldered
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4.3. Coating of nanofibers by physical vapor deposition

(a) suspended glass plate (b) electrically isolated fiber mount

Figure 4.9: Electrical isolation of deposition targets. (a) Convetional microscope glass plate inside
the vacuum chamber that is suspended on insulated wires. (b) Picture of a cut through the tapered optical
fiber mount that was used for the PVD measurements. The tapered optical fiber (blue) is fixed on the hats
of the mount. The hats serve as electrodes and are electrically isolated from (i.e. they do not directly
touch) the base of the mount and each other thanks to two supporting Macor pieces (shown in red).
Additionally, the hats cover the Macor supports without touching them at the sides in order to reduce
the risk of short circuiting both hats via a conductive layer. Macor is a glass ceramic that is easy to
machine and that has a volume resistivity which is equal to glass. The resistance of the Macor pieces is
much larger (R > 1016 Q) than the expected resistance across the coated tapered optical fiber. The fiber
mount was made by the IQOQI workshop in Innsbruck and can be integrated into the ion trap setup in
Innsbruck.

onto gold electrodes on the glass plate (see Fig. )E] For measuring the resistance of the
nanofiber, a special fiber mount was used (see Fig.[4.9p). The fiber mount consists of two Ma-
cor pieces that isolate the hats (i.e. the two parts where the tapered optical fiber is fixed on) from
each other. Similar as with the glass plate, insulated Kapton wires are attached to the hats of
the mount to measure the resistance across the tapered optical ﬁberE] The Kapton wires and the
tapered optical fiber are extracted from the vacuum chamber via standard Swagelok connectors
where the metal ferrules are replaced by Teflon ferrules. Fibers and wires are lead to the outside
via holes inside the ferrule [115]].

Thanks to an optional frame inside the vacuum chamber, the mount can be fixed such that
the fiber directly faces the evaporation source. This way there is no direct line of sight from the
boat to the Macor pieces and the formation of a percolated film on them which would cause a
significant parallel resistance is prevented. In case of the second configuration, the glass plate
is positioned on top of the evaporation source and the fiber mount has to be positioned besides
the direct line of sight to the evaporation source. In both PVD configurations, the whole tapered

15 The gold electrodes of the glass plate were evaporated onto it in advance. The Kapton wires can be purchased
at Accu-Glass Products, inc.

'S Notice that, the positions where the tapered optical fiber is fixed onto the mount are in the unprocessed sections.
As a consequence the resistance is measured across the nanofiber and taper section as well as a part of the unprocessed
fiber.
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Figure 4.10: Typical transmission spectrum of an uncoated nanofiber. Typical transmission spec-
trum for the tapered optical fiber profile that is used in the PVD measurements with respect to the unpro-
cessed fiber. The nanofiber radius is a = 250 nm making the nanofiber be single mode for all wavelengths
above \ ~ 450nm. The dashed lines indicate the calcium transitions at A = 397 nm and A\ = 866 nm.
The unprocessed fiber is single mode for wavelengths above A ~ 670 nm.

optical fiber will be coated and not only the nanofiber section.

The evaporation source is a replaceable Teflon boat. It is directly connected to two high
current feedthroughs. The boat is heated up by applying a high current to it via a welding
sourc whose electrode and work lead are directly connected to the electric feedthroughs. The
source provides an alternating current in the range from about 20 A to 180 A, so in order to
be able to tune the current down to zero a transformer is interposed. With this source, boat
temperatures in the range of 920 °C to more than 1800 °C can be achieved

The vacuum chamber is attached to a pump system consisting of a two stage setup including
a turbo pump (Pfeiffer HiCube 80) and a membrane pump (Pfeiffer MVP 015). A full-range
pressure gauge (Pfeiffer PKR 251) measures the chamber pressure. The pump system reaches
minimum chamber pressures of around 10~ mbar. This way, oxidization and contamination of
the coating material will be strongly suppressed with respect to atmospheric pressure.

For the measurements, standard optical ﬁbers{f] were tapered down to a nanofiber radius of
a = 250 nm After production, a transmission spectrum is recorded which typically looks like
the one presented in Fig. #.10] A high transmittance is important because it indicates that there
are no contaminants on the nanofiber. The latter not only reduces the transmission characteristics
of the nanofiber, but also leads to porous structures during film growth and could lead to rupture
of the nanofiber, when the power of the guided light exceeds a certain threshold. The length of

17 Elektra Beckum Elektroden-Schweissgerit SB 201 T. If long duty cycles and signal noise are not an issue,
welding sources provide an remarkably cost-efficient solution as high-current power supplies.

18 The temperatures were measured with a two color pyrometer through one of the view ports.

19 SM800, manufactured from Fibercore

20 The fiber radius of ¢ = 250 nm was chosen to achieve a large evanescent field for the wavelengths of 397 nm
and 866 nm, because it was not clear which wavelength was going to be used. Notice that a nanofiber with a radius
of 250 nm is no longer single mode for a wavelength of 397 nm. In case of the experiment outlined in Sect. [£.2.3]
where the nanofiber provides a coupling field, a smaller radius would be better. Not only does it increase the intensity
far away from the nanofiber surface (see @p it also leads to less power of the guided light field inside the coating.
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Figure 4.11: Silver deposition on a glass plate and a tapered optical fiber - Experimental results.
Transmittance of a tapered optical fiber (blue) as well as transmittance (red) and resistance (dark yellow)
of a glass plate during PVD of silver as a function of time. The transmittances are shown at a wavelength
of 866 nm. The time, t = 05, corresponds to the start of the heating of the evaporation source. The
dashed vertical lines att = 11 s and t = 45 s indicate the start and stop time of evaporation, respectively.
Notice that the resistance of the glass plate is plotted on a logarithmic scale. 2 x 10° ) is the maximum
resistance that could be measured by the ohmmeter.

the nanofiber part of the tapered optical fiber is 1 cm. This value was a requirement for the ion
trap integration in Innsbruck in order to align it properly to the ion chain and reduce distortions
of the trapping potential by the taper region.

4.3.3 Coating nanofibers with silver: experimental results

In Sect. [4.2)it could be seen that integrating a nanofiber into an ion trap leads to strict require-
ments on the electrical conductivity of the fiber. Silver (Ag) is widely used as a deposition
material in PVD setups. It has the lowest on resonance transmission loss of any natural noble
metal at optical frequencies [116]], a very low deposition temperature and the highest electrical
conductivity of all elements reported [[117]. It is for those reasons that it was decided to investi-
gate silver as one possible coating material within the study of vapor deposition materials.

As a first approach, optical nanofibers and glass plates were coated with the PVD configura-
tion shown in Fig. 4.8b. We evaporated silver (99.99 % pure silver pellets, Umicore) by heating
the tungsten boat to around 7' ~ 1200 °C for 30s. These settings corresponds to a calculated
mass evaporation rate of 102 g/s and deposition rates on the glass plate (tapered optical fiber) of
1076 g/(cm?s) (1077 g/(cm?s)) [118]. The different values result from different distances and
orientations to the boat.

Figure [4.11] shows the time evolution of the transmittance for the nanofiber and the glass
plate as well as the resistance measured across the glass plate. While the transmittance (at
866 nm) of the tapered optical fiber drops down to a value of around 7 = 0.56, the transmit-
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(a) island growth spectra (b) absorbance as a function of time

Figure 4.12: Silver island growth on a tapered optical fiber - Experimental results. (a) Absorbance
spectra of silver islands on a tapered optical fiber. Over time (red to blue, see inset) more and more
islands form on the surface of the nanofiber and grow in size. Both these effects lead to an increase of
the absorbance. Att = O's the current source that heats up the boat was switched on. It was temporarily
switched off fromt = 231s tot = 311s. The dashed vertical lines indicate the wavelengths A =
397 nm and A = 866 nm. (b) Absorbance at A = 866 nm as a function of time for the same deposition
measurement as in panel (a). The dashed vertical line indicates the restart time of the evaporation at
t = 311s. The spectrometer cannot detect higher absorbances than A = 4.

tance of the glass plate remains unchanged. At ¢ = 40s we see the onset of conductivity of the
glass plate as a very steep reduction of resistance down to 10° Q. This regime corresponds to
the percolation threshold, i.e. the transition from isolated islands to a connected network across
the glass plate. The evaporation was intentionally stopped at the onset of conductivity, which is
the reason for the high transmission and resistance values. The further change of the resistance
after the end of the evaporation process is due to self-thickening as described in Sect. 4.3.1] In
the above measurement, the resistance kept drifting over more than a day in conjunction with
theoretical predictions (further details about self-thickening can for example be found in [[113])).
The first change in resistance across the glass plate is detected about 7 s later than the drop in
fiber transmission.

To answer the question of whether there exists a measurable resistance across the tapered
optical fiber, we repeated the measurement with the PVD configuration shown in Fig. 4.8a.
Due to a different location of the nanofiber with respect to the evaporation source, the mass
deposition rate was on the order of 107> g/(cm?s) [118]. Figure [4.12a shows the white light
transmission spectra through the tapered optical fiber during deposition. The shape of the spectra
exhibits distinct features of a surface plasmon resonance of single nanoparticles as introduced in
chapter 3] This is a clear signature of an island growth-like behavior. Over time, the absorbance
(see eqM.7) growths in size and its maximum shifts to higher wavelengths. While the second
effect is due to the fact that the islands grow in size, the first effect is also due to an increasing
number of islands.

Figure shows the absorbance at A = 866 nm as a function of time. At an absorbance
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Figure 4.13: Silver island growth on a tapered optical fiber - Experimental results. SEM images
for the silver deposition process in Fig. of the waist region (upper image) and taper region (lower
image). The fiber diameter is 2a = (535 + 4) nm [2a = (1.85 4= 0.01) um] in the upper [lower] image.
The average island diameter is about 2R = (21 +4)nm [2R = (73 £ 10) um] in the upper [lower]
image. Notice the different magnifications in both pictures. The errorbars correspond to the resolution of
the SEM.

of A(866 nm) = 4, which is the highest the spectrometer can detect, the resistance was above
the measurement range of the device. The PVD was carried out for additional hours without
changing this state. We attribute this effect to the deposition rate in our setup. At low deposition
rates Sennett et.al. reported, that islands tend to growth in height rather than in width, which
leads to a later (or no) coalescence with neighboring islands compared to higher deposition
rates [119]

This fact could be confirmed with scanning electron microscope (SEM) pictures taken after
the experiment (see Fig. FZI It can clearly be seen, that the islands have not coalesced yet.

2! In fact, several more PVD measurements have been carried out with silver. Conductivity could not be detected
in any of them.

21n order to carry out SEM measurements, the nanofiber is deposited on a 2-inch diameter Al-substrate and fixed
onto it using UV-curing glue. In order not to break the tapered optical fiber, the deposition process is monitored with
a microscope. A bare nanofiber can be seen in@
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Moreover, a correlation between the diameter of the fiber and the mean size of the islands is
visible. Several SEM images have been analyzed along the tapered optical fiber and the ratio
between fiber diameter and island diameter seems to be constant. For a clear statement more data
would have to be taken. To the authors knowledge island growth on high curvature substrates
has not been investigated so far.

4.3.4 Coating nanofibers with chromium: Experimental Results

Due to the fact that a resistance across the tapered optical fiber could not be realized even hours
after the absorbance was already very large. While this should in principle be possible for high
enough evaporation rates, it seemed very unrealistic to reach conductivity in a regime where the
optical transmission is still relevant. In this context, the percolation thickness plays a key role
which is why chromium (Cr) attracted our attention. Chromium is reported to be the best coating
material in high resolution scanning electron microscopy due to its negligible film thickness as
well as small particle size during the growth process [119,/120] and is used for thin film resistors
and photomasks [[121]].

Using the PVD configuration shown in Fig. #.8a, we evaporated chromium by heating the
tungsten boat to around 7' ~ 2400 °C for about 120s. This corresponds to a mass evapora-
tion rate of 10~! g/s and deposition rates on the tapered optical fiber of 10~* g/(cm?s) [118].
Figure [4.14} shows the white light absorbance spectra through the tapered optical fiber for sev-
eral times during evaporation. As can be seen, the absorbance growths over time. Chromium
nanoparticles do not exhibit a localized surface plasmon resonance in the visible spectrum,@
which is why no absorbance peaks are observed. In Fig. the corresponding transmittance
(at A = 397 nm and A = 866 nm) and electrical resistance are shown as a function of time. The
transmittance decreased by two orders of magnitude in the first 20 s of the evaporation over the
range from around A = 400 nm to A = 1000 nm. Approximately 60 s after the start of the evap-
oration, the tapered optical fiber becomes conductiveF_Z] The range from ¢t ~ 80s to ¢t ~ 120s,
where the temperature of the tungsten boat was ramped down goes along with an increase in re-
sistance to R ~ 2 x 10% Q2. About ¢ ~ 480 s later, the resistance had increased by about 7 %. As
in the case of PVD with silver (Sect. .3.3)), this can be explained with a self-thickening process
of the chromium film (see Sect. d.3.T]and [113]]) and (extrapolating this increase) probably led
to an unmeasurable resistance four days after the evaporation was performed. It was possible
to recover conductivity by re-evaporation of chromium. In addition to the recorded white light
transmission spectra through the tapered optical fiber, we also measured the transmitted power
for laser light (wavelength, A = 532 nm) before and after the coating procedure in order to de-
termine the final transmittance. The residual transmittance about fifteen minutes after the end of
the evaporation process was 7 ~ 1076,

2 Using Mie theory (see Sect and the chromium values for the Drude-Lorentz model parameters published
in [90], the first resonance can be found around A = 300 nm.

“ By extrapolating the data points from the onset of conductivity to the start of the boat temperature ramp down
process, one would obtain a resistance of R ~ 10! € at the start of the evaporation (t = 0s). The resistance of the
bare fiber is, however, estimated to be around R = 102 Q. Due to the abrupt change of electrical properties at the
percolation threshold it is not possible to estimate the resistance that far away from the measured data.
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(a) film growth spectra

(b) transmittance and resistance

Figure 4.14: Chromium film growth on a tapered optical fiber - Experimental results. (a) Ab-
sorbance spectra of chromium film growth on a tapered optical fiber. Over time (red to blue, see inset)
more and more chromium is deposited on the surface of the nanofiber leading to a rise in absorbance.
The dashed vertical lines indicate the calcium transition wavelengths at A = 397 nm and A = 866 nm.
(b) Transmittance (blue, red) and resistance (dark yellow) across a tapered optical fiber as a function of
time. The transmittances are shown at a wavelength of 397 nm (blue) and 866 nm (red). The time, t = O,
corresponds to the start of the heating of the evaporation source. In the range of the dashed vertical lines
(80s < t < 122s) the current source that heats the evaporation source was ramped down. Notice that
the resistance of the glass plate is plotted on a logarithmic scale. 2 x 10° §) is the maximum resistance
that could be measured by the ohmmeter.
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Figure 4.15: Chromium film growth on a tapered optical fiber - Experimental results. SEM images
for the chromium deposition process in the taper region (upper image) and waist region (lower image).
The fiber diameter is 2a = (801 £ 6) nm [2a = (574 &+ 4) nm] in the upper [lower] image. Notice the
different magnifications in both pictures. The errorbars correspond to the resolution of the SEM.

The values presented above are preliminary results. In future experiments two mechanisms
should be investigated more thoroughly: (i) The stability of the deposited film under the influ-
ence of strong guided fields in order to rule out a potential re-evaporation of the chromium from
the surface of the tapered optical fiber. (ii) The order of magnitude of the parallel resistance
across the shielded Macor pieces of the fiber mount. Both effects could lead to an underestima-
tion of the actual nanofiber resistance.

The SEM images in Fig. 4.15] were taken after several more evaporation runs in addition to
the one presented in Fig. clear coalesced film structure is visible on the nanoﬁberE]
The variation of the nanofiber diameter after fabrication is empirically found to be 5 % of the
desired value, which leads to the estimation that the film thickness is on the order of 50 nm.

25 A bare nanofiber can be seen inm
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4.4 Conclusion and other possible realizations

In this chapter, tapered optical fibers and, as additional test objects, microscope glass plates
were coated using physical vapor deposition in order to investigate changes of their electric and
optical properties.

With silver as the deposition material, electrically conductive glass plates with almost loss-
less transmission were realized. However, this was not the case for tapered optical fibers. The
reason for this was a strongly pronounced island growth on the surface of the nanofiber that
seemed to have never coalesced. At low deposition rates it was shown that islands tend to grow
in height rather than in width leading to a much later coalescence with neighboring islands [[119]].
Evaporated chromium on the other hand reached percolation thickness on tapered optical fibers.
While the transmittance was severely reduced a region was found where the fiber was elec-
trically conductive (R ~ 2 x 10%Q) and yet optically transmissive (7 ~ 107%). With these
values, it might be possible to generate intensities close to the fiber surface that are on the order
of the saturation intensity for high enough optical input powers (see Sect|4.2.3)). However, using
the nanofiber as an interface to collect the photons emitted from the ions and thus to transfer
quantum information from ions to photons would not be possible.

However, there might be a directly accessible parameter regime where one could simulta-

neously obtain high transmission and high conductivity: From Eq. (4.5) and Eq. (#.9) we know
that Rfper X Iy, and Teper < exp(—ad,,). For the same coating thickness, a reduction of the
nanofiber length from /,, = 1cm to [, = 1 mm would therefore lead to a reduced resistance of
R ~ 2 x 107 Q and an increased transmittance of 7~ 0.25, which are suitable values in order
to efficiently collect fluorescence from the ions.
So far we have considered only the waist region of the tapered optical nanofiber. Unfortunately,
in a realistic scenario the tapered region can not be neglected in the transmittance calculations
because the evanescent field is still significant for small taper radii. In the case of a waist length
of 1 mm, a large fraction of the optical losses (about 80 %) would result from the taper transition.
This leads to a maximally achievable transmittance of 7 ~ 1074@ To reduce the influence of
the taper on the transmittance, the gradient of the radius profile of the taper regions has to be
increased for small fiber radii. Due to the fabrication process, this gradient is limited by the the
width of the flame, which in our pulling rig is equal to 1 mm. To reduce this width, the fiber
pulling rig would have to be modified. Moreover, the ion trap setup would have to be changed
in order to compensate for the reduced waist length of the nanofiber.

In addition to changing the fiber geometry, further options are available to increase the trans-
mittance through the tapered optical fiber:

(i) Reducing the coating thickness down to higher resistances leads to a concomitant increase
of the transmittance. However, because of the rapid decay of the resistance in Fig. [4.14] until
the evaporation was stopped, it is very likely that the chromium film thickness is slightly above
percolation threshold. Consequently, even a small reduction in film thickness might lead to a sit-
uation where the film is below percolation resulting in a large increase in resistance with almost

2 In order to calculate the corrected transmittance, the absorption coefficient ac; for the chromium coated
fiber was calculated. The transmittance through the tapered optical fiber was then calculated via 7 =
exp (f fTOF (Peoat(2)/ Po) cxcr dz), where Peoat(2)/ Po is the power fraction inside the coating at the position z along
the tapered optical fiber.
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no gain in transmission (i1) Point (i) directly leads to the question of achieving percolation
at smaller film thicknesses. The percolation thickness is closely related to the smoothness (also
referred to as *wetting’) of the film [122]]. In this setup, improved wetting could be realized by
increasing the deposition rate and decreasing the temperature of the nanofiber [[114].

(iii) A third option would be to improve the evaporation system. A precise PVD apparatus al-
lows one to stop the deposition precisely at / shortly before percolation. Also, film deposition
techniques like e.g. atomic layer deposition [[123]], sputtering, electron beam deposition [[121]]
or cathodic arc deposition [124f], could probably realize smoother films. In a first approach,
chromium films have been sputtered onto nanofibers during this thesis with an external systemF_g]
The coated fibers had resistances of 3 x 10° €2 and 3 x 10° Q depending on the evaporation time
but had no measurable transmittance. Other possibilities to improve wetting are plasma pretreat-
ment and ion beam milling. The main problems with using external device are the pollution of
the nanofiber before and after the deposition process, an oxidation of the deposited film and the
difficulty to monitor the transmittance and resistance during the deposition process.

An central part of this project was to track down and to evaluate possible materials, methods
or techniques in order to fabricate conductive and yet transmissive nanofibers. While the metals
silver and chromium seemed or seem to be good candidates, it is possible, that better materials
exist to achieve this goal. A selection of them shall be discussed in the following:

Transparent conductive oxides: Transparent conductive oxides (TCO’s) are doped metal
oxides and form the largest group of coating materials for touch screens and solar cells. Their
most prominent member, Indium tin oxide (ITO, InyO3:Sn), is probably one of the first coating
materials that comes into mind when thinking about fabricating conductive and yet transmissive
nanofibers. ITO could be directly used in the setup of this thesis. When seen in bulk form
(Fig. [4.16) ITO is, like metals, not transmissive at all. Its sheet resistance is about one order
larger than silver and the percolation thickness is one order larger than chromium [[125-128].
The big advantage of TCO’s in general is that the metal oxide characteristics can be changed up
to a certain extent by the doping material and the amount of dopants. That is why TCO’s remain
to be a class of materials that would be interesting to investigate. Because indium is rare and
expensive other TCO’s get more and more attention. One interesting member among them is
fluorine-doped zinc oxide (ZnO:F) which is reported to have a better conductivity as well as a
higher transparency than ITO [129].

Alkali metals: Alkali metals are broadly used as glass coatings in photomultiplier tubes
and, due to the existence of alkali metal dispensers, a comparably easy-to-build-up deposition
setup can be realized. For this reason, rubidium (Rb) and cesium (Cs) were actually the first
materials that were investigated as deposition materials in this thesis in order to realize con-

27 1t would be interesting to get a grasp on the electrical properties of deposited films whose resistances are too
high to be investigated by the ohmmeter used in this thesis. Reducing the length of the nanofiber, increasing the fiber
radius (and simultaneously reducing the evanescent field intensity) or using a more sensitive (and more expensive)
measurement device, such as an electrometer or a pico-ammeter would allow one to measure the nanofiber resistance
over a much larger range. Indeed, elements were already being built to measure the resistance across the tapered
optical fiber at an external patch clamp platform, which is normally used to determine the properties of ion channels
of cells.

2Quorum Q150T S Sputter Coater
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Figure 4.16: Indium tin oxide (ITO) pieces for physical vapor deposition. Indium tin oxide (ITO)
pieces as they are used in physical vapor deposition or electron beam deposition. In bulk form, they are
entirely opaque. (The image is taken from www.lesker.com.)

ductive nanofibers. In both cases, however, experiments remained unsuccessful. After several
possible reasons had been ruled out, two possible explanations remain: The white light that was
used to measure the optical transmission led to what is called light induced atomic desorption
(LTIAD) [1130, 131]@ In this context it is interesting to notice that the opposite process of light
induced atomic adsorption also exists [[132]]. The second explanation is that the evaporation rate
of the dispensers was too small. Evaporation runs for durations of more than a week neither led
to a permanent change in transmission of the glass plate nor to a measurable resistance.

Other metals: Aluminum (Al) is reported to have the highest opacity of all metals across
the visible spectrum. Like chromium, it has a very small grain size and provides smooth films.
Unfortunately, it is challenging to evaporate Aluminum and it also oxidizes.

In contrast to all metals mentioned so far, gold (Au) is chemically inert and therefore an inter-
esting candidate. At second sight, however, gold has a percolation threshold that is comparable
to the one of silver and in addition a worse conductivity.

Graphene: Graphene is a zero-gap semiconductor made out of a monolayer of carbon
atoms. It has a very high electron mobility and can provide conductivities on the same order
as copper or silver. To date, however, typical conductivities are about two orders of magni-
tude smaller. The transmittance of a free standing monolayer is frequency independent and
about 7 =~ 0.977 [[133]]. Bao et al provided a technique (including vapor deposition) to attach
graphene along the core of a standard optical fiber whose cladding was partially carved away
and demonstrated that light propagating through the fiber core along a graphene sheet is only
weakly damped if polarized correctly [134,/135]]. The insertion loss due to a graphene layer
with a length of a few millimeter was 5dB. Commercial devices exhibit insertion losses of
about 1.5 dB. While technically challenging, it might also be possible to attach graphene onto a
tapered optical fiber.

Conductive nanostructures: A different approach than coating the tapered optical nanofiber
with a material would be to attach nanostructures like a thin wire to the fiber surface. Compared
to a homogeneous coating all around the fiber, an attached co-propagating nanowire should al-

2 Small correlations of the transmittance with switching the light source on and off during deposition could be
recorded but a measurable resistance could not even be obtained when the light source was switched of for many
hours.
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low for better transmissions [136l/137]] and still exhibit comparable conductivities. Alternatively,
connected wires, i.e a metallic nanothrough network, would also be thinkable. The deposition
or fabrication of such devices could possibly be realized with e.g. AFM-deposition [21}/138]],
electrospinning metal deposition [[139] or laser printing [140].

It is interesting to note, that a hybrid film consisting of a percolated silver nanowire network and
a monolayer graphene was recently realized [[141]]. Combining the advantageous properties of
both techniques, its sheet resistance and transmittance were among those of the best materials to
date.

Tapered optical fiber fabrication from coated standard optical fibers: An intuitive so-
lution for the realization of conductive nanofibers is to fabricate coated tapered optical fibers
by applying the heat and pull process explained in Sect. [2.4.1to already metal coated standard
optical fibers. This method was investigated in the course of this thesis as part of a Bachelor
thesis [142] Because in this group the heating is performed by a Ho/O2-flame, we limited our
investigations to gold (Au) and palladium-gold (Pd:Au) coatings which are not prone to being
incinerated by the flame. However, due to large temperature gradients along the fiber, the coating
agglomerated at the unprocessed part of the nanofiber after being molten. In order to circumvent
this problem, a much more educated heating profile along the whole tapered optical fiber during
the heat and pull process would have to be developed.

In conclusion, by combining all the proposed optimizations, i.e. modification of the fiber
profile, improvements of the coating process and possibly better coating materials, a tapered
optical fiber with sufficient transmittance reaching orders of 10 % should be within range.

39 In this context, we determined the temperature of the molten region of the tapered optical fiber to be in between
(1907 4+ 27) K and (2047 + 47) K during fabrication with the pulling rig of this group. This temperature is important
in order to determine which coating materials can be processed.
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CHAPTER

Interfacing Optical Nanofibers with
Single Nanoparticles

The development of integrated electronic circuits laid the foundations for the information age
which fundamentally changed modern society. During the last decades, a transition from elec-
tronic to photonic information transfer took place and, nowadays, nanophotonic circuits and
waveguides promise to partially replace their electronic counterparts and to enable new func-
tionalities [[143-145].

For a plane wave that is circular polarized the spin angular momentum points parallel or
anti-parallel to its propagation direction, depending only on the sense of circulation. The strong
confinement of light provided by waveguides, however, leads to large intensity gradients on the
wavelength scale, where this is no longer the case. In contrast to paraxial light fields, the local
spin of the guided light depends on its propagation direction. Thus, in this strongly non-paraxial
regime, spin and orbital angular momentum of light are not independent physical quantities any
more but are coupled [29,[30]. In particular, the spin depends on the position in the transverse
plane and on the propagation direction of light in the waveguide — an effect referred to as spin-
orbit interaction of light (SOI).

As discussed in chapter [2] for vacuum-clad dielectric waveguides, evanescent fields arise in
the vicinity of the surface and allow one to locally interface the guided fields with micro- and
nanoscopic emitters [[146], which leads to an asymmetry of the scattering properties of the emit-
ter into the left and right direction of the waveguide. Due to SOI the evanescent fields exhibit a
locally varying longitudinal polarization component that points in the direction of propagation
of the light. It oscillates in quadrature with respect to the transversal components and together
they lead to elliptic polarization in the plane containing the waveguide axis [[18]]. Surprisingly
and in contrast to paraxial light fields, the corresponding photon spin is in general not parallel or
antiparallel to the propagation direction of the guided light. In special cases it can even be per-
pendicular to the propagation direction and antiparallel to the orbital angular momentum [31,32].
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In this chapter, first, light is shed on the concept of SOI at nanofibers (Sect.[5.1)) and the con-
sequences for point-like dipole emitters that couple to their evanescent fields (Sect.[5.2). Sec-
tion[5.3]discusses the preparation of a nanofiber-emitter system It is shown that the nanofiber is a
great tool for detecting single nanoparticles via white light extinction spectroscopy (Sect. [5.3.2).
This fact can be exploited to prepare single nanoparticles onto the nanofiber. In this thesis,
an experimental technique was developed that is able to identify a single nanoparticle on the
nanofiber with a success probability of close to one (Sect.[5.3.3). With this technique at hand, in
section we experimentally demonstrate that SOI at an optical nanofiber drastically changes
the scattering characteristics of a nanoscale particle located in the nanofiber’s evanescent field.
In free space, point-like scatterers exhibit a dipolar emission pattern (see Sect. and [51])
where, for the emission of both, linearly and circularly polarized light, the intensity distribution
of the scattered light is cylindrically symmetric with respect to the dipole axis. Here, we illus-
trate that SOI breaks this symmetry and drive this effect up to the point where the amount of
light that is scattered into the nanofiber modes by a gold nanosphere, can significantly exceed
the power that propagates in the opposite direction. The strength of the directionality depends
on the polarization of the applied light field with respect to the position of the nanoparticle on
the fiber surface. Parts of the results presented in this chapter have been published in [[147]].

5.1 Spin-Orbit interaction of light in optical nanofibers

In contrast to the standard description of light as a purely transverse wave, longitudinal field
components are often significant in cases where the electric field changes significantly on a
length scale comparable to \/(27) [32]]. This can directly be derived from Gauss’s law. For an
electric field E = Eg exp (i[—wt + k z]), with Eg = (Eo 4, Eo,y, Eo ;) and k = 27/, it reads

OBy +0yEy +0.E, =0. (5.1)
For beams that slowly vary along z, the vector amplitude &, reads
il
7 (
If we assume, without loss of generality, linearly polarized light along y, it is 9, Fp, = 0 and

E()’Z = 833E0,$ + 8yE07y) . (5.2)

EO,Z = %awEO,m . (53)

Here, it can clearly be seen, that the longitudinal component F, of the light field becomes
significant for 0, Ey , ~ k and that it oscillates 7 /2 out of phase, i.e. in quadrature, with respect
to the transversal components.

In particular, such a situation occurs in the case of total internal reflection in the evanescent
field. For the case of a nanofiber mode ,u,g quasi-linearly polarized along ¢ and propagating along
0 2 (see Eq. (2.19)), [[] we find a ratio between the longitudinal and transversal field component

!As discussed in chapter one can decompose the guided modes into quasi-linearly polarized orthogonal modes
along ¢o and ¢ + 90°. In the following, we will use as orthogonal mode basis the quasi-linearly polarized HE11-
modes along & and 4, i.e. pt = (w, o = 0°,1,+) and u;t = (w, o = 90°,1,£). The = sign is an abbreviation
for 0 = +1, —1, that indicates the propagation direction of the guided light in the fiber along £2 and &, 9, 2 are the
unit vectors along the corresponding axes.
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5.1. Spin-Orbit interaction of light in optical nanofibers

Figure 5.1: Longitudinal field component of the fundamental guided mode. Imaginary part of the
ratio of the longitudinal field compoment e, ., and the y-component e, , for the guided mode e,,, which
is quasi-linearly polarized along y and propagating along +2. Panel (a) shows the ratio on the fiber
surface as a function of the azimuthal dependency and panel (b) as a function of the radial distance
(z,y) = (0,7). The ratio is calculated for a wavelength of A = 532 nm and a fiber radius of a = 160 nm.
The real part of the ratio is zero.

of
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where e, 1 is the k-component (k = x,y, ) of the HE1;-mode that is quasi-linearly polarized
along y. As expected, the longitudinal component e, , is 7/2 out of phase like in the case
shown above (see Eq. (5.3)). The maximum ratio is obtained on the top and on the bottom of
the nanofiber (i.e. ¢ = 90° and ¢ = 270°). For small radii fibers it increases with the radius
a. For large fiber radii (a > )) it approaches (1 — (n2/n1)%)'/2, which is about 0.729 in the
case of glass surrounded by air or vacuum. This expression can also be directly derived for the
evanescent field of a plane wave that undergoes total internal reflection at a planar dielectric
interface at grazing incidence [[148][149]. In Fig. [5.1] the dependency of Eq. (5.4) with respect
to the azimuthal position ¢ and the radial position 7 is shown for a wavelength of A = 532 nm
and nanofiber radius of a = 160 nm. According to Eq. (5.4), we find a maximum ratio of 0.578
(panel (a)) on the fiber surface. As can be seen in panel (b), it does not change by a lot when
moving away from the fiber surface.

Because it is /2 out of phase with the transversal components, a significant longitudinal
component leads to almost circular polarizations o+ = (i2 + 9)/+/2 in the plane containing
the fiber axis. As a consequence, on top of the fiber, the local spin angular momentum of the
guided mode field is perpendicular to the propagation direction and antiparallel to the local
orbital angular momentum [31,[32f]. The local orbital angular momentum is proportional to
the cross product of propagation direction and the its radial position r. Moreover, looking
at Fig. [5.2] the orientation of both these quantities flips around on the bottom of the fiber or
when the propagation direction is changed. This phenomenon is named spin-orbit interaction
of light and the light propagation is chiralE] Its characteristics are in sharp contrast to paraxial

5.4

2 In literature, the term "chiral’ is often used in this context to indicate asymmetric properties of a system: A
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Figure 5.2: Spin-orbit interaction of light in optical nanofibers. When the nanofiber-guided light
is quasi-linearly polarized along the y-axis, longitudinal polarization components occur. For guided
light traveling in +z-direction, this leads to nearly circular o= (ot) polarization on the top (bottom)
of the fiber, see circular green arrows. For light propagating in —z direction, o~ = (12 + 9)/v/2 and
ot = (i2 £ 9)/V/2 are interchanged. At these positions, the spin angular momentum of the light (blue
arrows) is oriented perpendicular to the propagation direction and anti-parallel to the orbital angular
momentum (red arrows), defined with respect to the z axis [|32)].

light fields, where the spin is parallel or antiparallel to the propagation direction. Spin-orbit
interaction of light has been observed for freely propagating light fields [33,[34]], in the case of
total internal reflection [35,[36]], in plasmonic systems [37-40], for radio frequency waves in
metamaterials [41]] and at whispering gallery mode resonators [42].

Figure shows the overlaps ‘ejy .ot }2 and ‘eiy . 7r‘2 of these modes with a circularly
ot = (12 £ 9)/v/2 and linearly * = & polarized light field as a function of its position in
the fiber transverse planeE] The calculations were performed for a wavelength of A = 532nm
and a fiber radius of ¢ = 160nm). A strong asymmetry can be seen in panels Fig. and
Fig. . Depending on the propagation direction of the light field and the position (x, y) in the
fiber transverse plane, the overlap is large with the ,u;j or u, mode. In particular, the asymmetry
reverses when the light field is ot instead of o~ polarized or when the position of the dipole
particle is changed from (z,y) to (2, —y). The reason for this is that the local guided mode
profile function el (x,y) depends both on the position in the fiber transverse plane and on the
propagation direction of the mode — a consequence of spin-orbit interaction of the nanofiber
guided light. Later in this chapter it will be shown, that the overlap of guided mode and polar-
ized light field is directly proportional to the emission rate of a particle which emits equivalently
polarized light. This fact can be used to realize directional scattering into the waveguideﬂ

chiral system can not be matched with its mirror image solely via rotation. Regarding Fig. three axis can be
defined: (i) The axis # from the nanofiber axis to a ’probe’ position 7 on the nanofiber where the guided mode
exhibits elliptical polarization locally (e.g. on top), (ii) the nanofiber axis 2 and (iii) the axis of the local spin orbital
angular momentum & at position 7. In this case, due to the fact that the spin orbital angular momentum depends on
the propagation direction of the guided mode, the case where the guided mode travels along +2 is distinguishable
from the one where it travels along — 2. In these two cases it is not possible to rotate the system such that it matches
its mirror image.

3 Note that this overlap is different from the polarization overlaps éiy Lot ’2 and |éi g T } ? of the unit vectors
€ of the guided modes e.

4 In the following, the difference between the terminologies scattering and emission is that scattering describes
the process where the particle scatters an incident light field while in the case of emission the process of how the
emitter was excited is omitted.
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Figure 5.3: Guided modes of a nanofiber. (a) Intensiry,

+
ey

2 of the ;@t modes, normalized to its
peak value on the fiber axis. (b) Position dependent overlap, 2, of the HEfLy mode with a
o~ = (12 — 9)/V/2 polarized light field and overlap, e, "ot 2 of the HEY, ,, mode with a ot =
(i2 + 9)/V/2 polarized light field. (c) Overlap of the HEfl’y mode with a o polarized dipole and
overlap of the HEY; , mode with a o™~ polarized dipole. (d) Overlap of the HElil,y modes witha w = &

polarized light field. (e-h) Same as (a) to (d) but for the fiber modes HEliLm. The calculations assume a
wavelength of A\ = 532nm and a fiber radius of a = 160nm. The overlaps are normalized to the peak
value on the fiber axis in panel (h). On top of the fiber (x = 0, y = a), we find a normalized overlap of
0.88, 0.06, and 0 in panels (b) to (d), respectively.

+5 o=
ey o

5.2 Scattering characteristics of an emitter on a nanofiber

The emission properties of a particle change, when it is placed in close vicinity to a waveguide.
In the presence of a nanofiber the mode density of the electromagnetic field is modified which
changes the intensity distribution of the emitted lightE] The electromagnetic field modes can
be expressed as the sum over guided and radiation modes [49] (see Eq. (2.16) - Eq. (2.20) and
Eq. - . The emission rate ~(&u:+) (’y(rad’”)) of a point-like particle into a given
guided nanofiber eigenmode p = (w, &, 1,0) (radiation mode v = (w, 3, ¢, 1)) is proportional to
the square of the absolute value of the induced electric dipole moment d of the particle and to the
profile function e*) (é(”)) of the respective mode. Here, £ = (x, y) denotes the direction along
which the HE;;-mode p1 = (w, &, 1 = 1,0) is quasi-linearly polarized (see Sect.[2.2). In detail,
for a single-mode nanofiber, the equations for the total emission rates into the guided orthogonal

>The general effect was first described by E. M. Purcell in 1946 [[150].
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HE;;-modes and into the radiation modes read [151]]:

Y& (w, 7, 0) = Z Y (w, 7, ¢) = (w,r, ¢)\ , (5.5
(rad) nzko )
; v 5.6
Vtot (w T',¢ 260h Z /anO (UJ,T, (b)‘ 9 ( )

where 3 is the derivative of the longitudinal propagation constant 3 with respect to the oscil-
lation frequency w of the electric dipole. In contrast to the case of guided modes, for radiation
modes /3 can vary continuously from —nokg to naokg for each value of w (kg = w/c). Note that,
in addition to the mode parameters 1 and v, the emission rates also depend on the fiber radius a
and the position (7, ¢) of the emitter, where (7, ¢) are the cylindrical coordinates in the nanofiber
transverse plane.

Consider a dipole emitter located in the fiber transverse plane The emission rate into the
nanofiber (see Eq. ) is proportional to the overlap, |d* - e (w, ¢)
ment d of the emitter w1th the guided modes e(*). If we assume a circularly o'i = (12£9)/V2
or linearly w = & oscillating dipole, the overlaps illustrated in Fig. are directly proportional
to the expected normalized emission rates into the fiber. Here, it can clearly be seen that, due
to spin-orbit interaction, the emission rates into the forward (0 = +1) and backward (0 = —1)
guided modes are not necessarily equal but can in general be asymmetric. It is instructive to
quantify the asymmetry of the emission process into a single-mode nanofiber in terms of a di-
rectionality D, defined as

of the dipole mo-

_r -
Y+
A = 7(0 +1) 4 7(a:+1) 5.7
X y )
¥ =A0= 44 R=0

where the main linear polarization component { = (x,y) of the respective HE;;-mode into
which the emission rate is to be calculated is given as an index. The directionality is +1 (—1)
when all the light emitted into the nanofiber is propagating along +2 (—2) and 0 for an equal
amount of light sent into into both directions. For the three situations depicted in Fig. [5.3]
ie. d = oF and m, Fig. shows the equivalent directionalities, D(x,y), across the fiber
transverse plane. Both, Figure and b can be divided into an upper and lower part: In the
case of panel (a), i.e. for a o1 polarized dipole moment, the directionality is positive for all
points where y > 0 and negative for y < 0. This dependency flips sides in the case of panel
(b), i.e. for a o~ polarized dipole moment. So, either by changing the circulation sense of the
dipole moment or by changing the emitter’s position from (xg,yo) to (g, —yo), the direction
into which the majority of the light is emitted can be changed. For the parameters used in the
plots (wavelength, A = 532nm) and fiber radius, & = 160 nm), we find perfect directionalities
of D = =1 at the positions (xo,y0) = (0,£0.915a), close to the fiber surface. For a linear
7 polarized dipole moment on the other hand, as can be seen in panel (c), the emission into
both directions is always the same, i.e. the directionality is zero. To summarize, the existence
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Figure 5.4: Directionality of dipole emitters at a nanofiber. (a) Position dependent directionality, D,
of a ot polarized dipole moment d across the transverse plane of a nanofiber. (b) Directionality of a o~
polarized dipole moment. (¢) Directionality of a 7 polarized dipole moment. The calculations assume a
wavelength of A = 532 nm) and a fiber radius of a = 160 nm. We find a maximum absolute directionality
of |D| = 1 at (xz0,y0) = (0,£0.915a) in panels (a) and (b). In panel (c) no directioanlity is observed
(D =0).

of the longitudinal polarization component e(“ ) of the guided modes leads to local elliptical
polarizations in a plane containing the fiber axis. If the dipole moment of the point-like particle
is also elliptically polarized in this plane, an asymmetric emission into the nanofiber occurs.

It is instructive to note, that in contrast to the overlap in Fig. which is proportional to
|d* - e
overlap and emission rate 7") become smaller and smaller further away from the fiber, the
directionality, as it is defined in Eq. (5.7), is almost invariant to the distance of the emitter to
the fiber. In fact, the only thing that matters for a strong asymmetry in the emission is that the
overlap, |d* é|?, of the unit vectors é and d of the guided modes and the dipole moment, re-
spectively, is large. Here, only the relative orientation of the polarizations matters, which is why
we can speak of a polarization overlap, in this context.

Until now, the emission into the radiation modes has been omitted from the discussion. By
including this process into the model, interesting phenomena unfold and it is possible to quantify
how efficient a particle emits into the fiber depending on the distance to the fiber surface or the
fiber radius. Figure[5.5]illustrates the amount of light that is emitted into the guided and radiation
modes for the cases where the particle, situated on top of the nanofiber (¢ = 90°), is excited
by a circularly o1 and linearly polarized excitation light field (Fig. E] Far away from the
fiber, the situation resembles that of an emitter in free space. Accordingly, its emission rate into

® The code used to calculate the emission rates into guided and radiation modes (and all quantities that result
from them) is based on a FORTRAN code by F. Le Kien (private communication). It was modified to the case of an
emitter with arbitrary dipole moment d that can be excited via an external or guided light field.
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(a) ot polarized dipole (b) o polarized dipole

(¢) z polarized dipole (d) 2 polarized dipole

Figure 5.5: Emission rates of a dipole emitter near a nanofiber. Emission rates of an emitter, situated
on top (¢ = 90°) of a nanofiber, into the radiation and guided modes of a nanofiber (a = 160nm). The
rates depend on the oscillation of the dipole moment of the emitter and its radial distance to the nanofiber
surface. The situation is sketched in an inset of each plot where yellow and gray disk stand for emitter
and nanofiber, respectively. Next to them, the polarization of the dipole moment of the emitter is denoted.
(a) Normalized emission rate of a circular polarized o+ = (12 + §)/\/2 dipole moment into the four
fundamental guided modes u(iz’y) (red, dark yellow, blue) and into the radiation modes v (green). The
emission rate into u;t strongly depends on the propagation direction of the mode and the emission rate
into the ,ug'f modes is always zero for o and ¢ = 90°. (b) Same as (a), but zoomed into the guided
modes emission rates. (¢,d) Same situation as in (a,b) for a linearly (2) polarized dipole moment. While
the emission rates uf (blue) are always zero, the emission rates ,ui (dashed red, dark yellow) are equal
for both propagation directions. The emission rates are normalized to the free-space emission rate -y,
i.e. the case where no nanofiber is present. The dashed gray vertical lines denote a distance of 40 nm
away from the fiber surface, which is the distance to the center of a spherical emitter that has a radius of
R = 40 nm and that is situated on the fiber surface.
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the guided modes approaches zero and the total emission rate 'yt(gf Y into all radiation modes v

eventually reproduces the free-space emission rate

70 = 1 (w7 = 00, ) . (5.8)

When approaching the nanofiber, the emission rates into the guided modes increase as the guided
mode intensities become larger. Surprisingly, not only the emission into guided modes increases
but also the emission into radiation modes can become larger and even exceed the unperturbed
free-space emission rate yg. While the physical process behind this is more complicated a qual-
itative explanation is that the light emitted by the particle can be reflected back by the nanofiber
which leads to enhanced emission — the light that is reflected by the nanofiber surface inter-
feres constructively with the emitted light by the dipole. This interference also leads to os-
cillations of the emission rate into the radiation modes (see Fig.[5.5k). As expected, we only
observe a directional behavior of the system if the excitation light field is circularly polarized
like in Fig. ,b, where the emission rate into the u; mode is significantly higher than into the
counter-propagating mode . For linear polarization (Fig. ,d) there is no asymmetry as the
emission rates into the u;j and p,; mode are equally large and always zero into the pE modes
for the discussed situation.

It was shown, that the emission characteristics of a particle drastically change in the proxim-
ity of an optical nanofiber. Besides its distance to the fiber surface, the emission rates strongly
depend on the radius of the nanofiber. Changing the radius, the mode intensity, |e(®) (r > a)|?,
outside the nanofiber, i.e. in the evanescent field, can be changed significantly. In the extreme
case of an infinitely large nanofiber radius, for example, the evanescent field is basically zero.
For possible applications, the fraction of light emitted into the nanofiber is a crucial parame-
ter. For this purpose, we define the efficiency n™ for a particle to emit into one of the four
orthogonal guided fundamental modes y with respect to all other modes as

(lu') w7 7”7 ; a
0,7, 010) = g — %) ,
Yot (W, T, d3a) + Yoy (W, T, @5 @)

(5.9)

where fyt(ogtm) is the sum over all decay rates into the HE;1-modes u?; Y) and ’yt(orf Y the total decay

rate into all radiation modes v. For a point-like dipole situated on the surface of the nanofiber, the
efficiency becomes ) u n") ~ 0.25, which is quite an impressive fraction of the total emitted
power. Figure and Figure illustrate the efficiency n for two different induced dipole
orientations as a function of the fiber radius. In the case of a o1 polarized excitation light field,
more than 15% of the total emitted power will be emitted into the ;1 -direction for a fiber radius
of a ~ 120 nm.

Figure and d show the directional behavior for the case of a varying fiber radius and
the particle situated on top of the fiber (¢ = 90°). While the directionality (see Eq. (5.7)) is
zero for a 2 polarized excitation light field, it exceeds 90 % in the case a o polarized field for
radii above a ~ 190 nm. Note that efficiency and directionality can not be simultaneously max-
imized. While the fraction of emitted light that is coupled into the guided modes increases up to
a certain extent when the fiber radius is decreased, it is the other way around for the directional
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(a) ot polarized dipole (b) z polarized dipole

(¢) ot polarized dipole (d) z polarized dipole

Figure 5.6: Efficiency and directionality of a dipole emitter near a nanofiber. Efficiency for a
particle to emit into the respective guided mode(s) when its dipole moment is (a) ot polarized or (b) 2
polarized. (c,d) Same situation as in (a,b) but for the directionality. Here, the emitter is 40 nm away from
the fiber surface. The dashed line indicates a fiber radius of a = 160 nm and the dotted line indicates the
radius ag, = 191 nm above which the nanofiber no longer supports only the four HE11-modes.

behavior of the emission process.

So far, we considered the emission characteristics of an excited dipole without taking into
account how the dipole is actually excited. For typical applications this is realized with a light
field as depicted in Figure Here, a nanoscopic particle positioned on a nanofiber is illumi-
nated by a paraxial excitation light field Ey. Depending on its polarization and the position of
the particle, directional scattering will be observed by the two detectors at the right and left port
of the nanofiber. In this scenario, the term scattering will be used in the context of Eq. (5.10)
instead of emission. For a point-like scatterer (see e.g. Sect.[3.2.3), its optical response is suf-
ficiently described by its dipole moment d via Eq. (3.18). As a consequence, the scattering
rate 7" (v(*)) into a guided mode 1 (radiation mode v) is directly proportional to the overlap
between the vector amplitude FEg of the excitation light and the guided (radiation) mode of the
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5.2. Scattering characteristics of an emitter on a nanofiber

Figure 5.7: Directional scattering into a nanofiber. An emitter (e.g. a single nanoparticle) on a
nanofiber is illuminated using a laser beam propagating in the negative x-direction. Due to the presence
of the fiber, the spontaneous emission profile of the particle changes compared to the free-space case.
The light can either be scattered into guided modes, i.e. to the left (+2) or right (—2), or into radiation
modes.

fiber at the particle’s position (r, ¢). This yields

1O (0,1, 6) o |8 (@) Eg - @ (w,r, )|, (5.10)

where o = p, v. If, additionally, the scatterer is spherically symmetric (e.g. a spherical nanopar-
ticle), the polarizability tensor can be associated with the complex scalar polarizability (see
Eq. (3.19)) and its dipole moment points along the polarization direction of the excitation light
field Eg. Such an emitter is then a polarization maintaining scatterer [92,93]. As long as the
polarization of the excitation light field can be realized at the location of the nanoparticle, any
dipole moment can be experimentally implemented and the asymmetry of the scattering can be
tuned by the polarization of the incident light field and the position of the emitter. A polariza-
tion maintaining emitter is therefore an ideal candidate to shed light on the effect of spin-orbit
interaction of light in nanophotonic waveguides and their resulting directional properties.

It is important to note that the light field Ey that is incident onto a nanofiber is not only
scattered by the nanoparticle but also scattered by the nanofiber. In particular, the modification
of the intensity distribution as well as changes of the local polarizations depend on the polariza-
tion of the incident light field. As a consequence, in a realistic situation, the nanofiber-modified
excitation light field Ey,04 has to be considered as the real excitation light field of the nanopar-
ticle. Figure illustrates the situation of an incident plane wave, propagating along —, that
is linearly polarized along y (panel (a)) and z (panel (b)). For both polarizations, the nanofiber
acts as a lens and leads to a focusing effect and much higher intensities with respect to the in-
cident light field E¢ behind the nanofiber at ¢ ~ 180°. In addition, shadow regions with low
intensities evolve, whose positions depend on the incident wavelength and the fiber radius. In
the presented case, they can be found around ¢ ~ 180° & 70°. The resulting local polarization is
only modified for the case where the field is polarized transversally to the fiber axis: An incident
light field, linearly polarized along ¥ leads to field components along & and y when scattered
by a fiber (panel (a)); an incident field linearly polarized along 2 is not coupled to x or y (panel
(b)). As can be seen in the left plot in panel (a), the contribution of the x-component of the
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(a) y polarized excitation field (b) 2 polarized excitation field

Figure 5.8: Light scattering by a nanofiber. Modification of the intensity distributions for an ex-
citation light field Eq polarized along (a) the y axis and (b) the Z axis, owing to the presence of the
nanofiber. Here, the normalized intensity, Lyognorm = \Emod|2 / Lnax, is shown for an incident plane wave
that propagates along — (indicated by the white arrows). E,,,q is the superposition of the incident light
field Eq and the field that is scattered by the nanofiber and I, is the maximum intensity in panel (b).
The wavelength is chosen to be A = 532nm and the fiber radius is a = 160nm. In the case where the
excitation light field is polarized perpendicular to the fiber axis (Eg = Eyy), electric field components
along & arise, as shown in the left plot of panel (a). This is not the case in panel (b) where the light is
polarized along the fiber axis (Eg = EyZ).

y-polarized incident field is quite small[] A detailed discussion of the modifications, including
formulas, and a ready-to-use FORTRAN code which was employed in thesis can be found in the
book of Barber and Hill [[152]].

5.3 Preparation of a single scatterer on an optical nanofiber

Now, that the theoretical background has been outlined in the two sections above, we would like
to explore spin-orbit interaction at nanofibers by measuring the directionality of the scattering
process. For this, a metallic nanosphere is the ideal candidate, as it is a polarization-maintaining
scatterer [92,/93]] whose dipole moment can be set via the polarization of the exciting light field.
Moreover, a metallic nanosphere exhibits high scattering cross sections around the localized
plasmon resonance and is thereby able to couple a significant power fraction of the incident
light field into the nanofiber. Before the directional behavior can be studied in detail, however,
the question of which precise experimental system should be used as well as how to actually
deposit a nanoparticle on a nanofiber will be discussed in this section.

The tapered optical fiber has a waist diameter of a few hundred nanometers at its waist and
has to be handled very carefully. Not only can it be broken by very small mechanical forces,
it is also highly susceptible to pollution which causes the fiber to lose its optical properties.

7 The only region, where the z-component is considerable — but still only about half the size of the corresponding
y-component — is around ¢ ~ 180° £ 70°.

78



5.3. Preparation of a single scatterer on an optical nanofiber

(a) nanoparticle characteristics (b) nanofiber characteristics

Figure 5.9: Experimental considerations. (a) Plot of the Mie scattering cross section of a nanosphere
(R = 40 nm) surrounded by air made out of gold (blue) copper (red) and silver (dark yellow). The dotted
vertical line denotes the wavelength used in the following experiments. (b) Polarization overlap of the
HE/,-mode u?j with o~ polarized light on the fiber surface at ¢ = 90°. For glass-air interfaces the
maximum value possible is about 0.97. The dotted vertical line indicates a fiber radius of a = 160 nm as
used in our experiment and the dashed line indicates the radius ag, = 191 nm above which the nanofiber
no longer supports only the four HE11-modes.

This renders the deposition of a nanoparticle on it a critical part of the experiment. In this
thesis, a technique has been developed where this deposition process can be carried out with
surprising ease. Thanks to a dipping technique — using a pipette and nanoparticles dispersed in
deionized water — that is carried out while simultaneously performing a white light nanofiber-
based spectroscopy, the probability of successfully depositing exactly one nanoparticle on the
nanofiber is empirically found to be close to one.

5.3.1 Selection of a precise experimental system

To explore the directional scattering in an experimental realization, an interplay between several
effects has to be taken into account:

Let us first answer the question about which characteristics the nanosphere should exhibit.
Above all, to maximize the coupling between nanofiber mode and nanoparticle the scattering
cross section of the nanosphere should be as large as possible. We shall limit our discussion to
gold, silver and copper as nanosphere materials, because these are the materials that are most
readily available. Figure[5.9a shows the calculated scattering cross section as a function of the
wavelength. One sees that the maximum scattering cross sections — which are defined by the
localized surface plasmon resonances — lie all between 300 nm to 600 nm. In this figure the
scattering cross sections are plotted for a nanosphere radius of R = 40 nm. However, the result
for the plasmon resonance range holds true for all radii in the range from about 20 nm to 80 nm.
E] Consequently, the excitation laser should work in the above presented wavelength range. The

81f localized surface plasmon resonances at longer wavelengths are desired, it is advisable to look into hybrid
nanoparticles consisting of a dielectric core and a metal shell, which are also known as nanoshells.
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most obvious choice is a solid-state diode-pumped, frequency-doubled Nd:YVO,4 Verdi laser —
available in our group — that provides a single-frequency output light at A = 532 nm.

In order for the sphere to be a polarization maintaining dipole scatterer, it hast to be much
smaller than the optical wavelength, which sets an upper boundary to the size of the particle. If
we refer to Fig. 3.11] we see that in the case of gold the dipole term accounts for over 90% of
the overall response of the nanosphere for radii below 40 nm. This is also valid for the other two
materials, which is why — comparing the scattering cross sections in Fig.[5.9a and the scattering
cross sections at A = 532nm — a gold nanosphere with a radius of R = 40nm is the particle
of choice. In addition to the fact that it has the highest scattering cross section at 532 nm the
chemical inertness of gold makes it an even more viable candidate.

The design of the tapered optical fiber, and especially the choice of the nanofiber radius a is

not straight forward. With the laser wavelength set to A = 532 nm the maximal fiber radius at
which the nanofiber is still single mode is asm = 191 nm (see Sect.[2.2.T). Therefore, a nanofiber
radius smaller or equal to agy, is required. As we have seen in the previous section, the decay
rates 7(#) into the guided modes scale with ‘d* -elm) ‘2. Consequently, a strong electric field
|e| at the position of the nanoparticle is in general favorable. For each wavelength, there exists
a certain radius aymax for which the evanescent field has maximum intensity on the fiber surface.
This radius can be found at approximately amax/A ~ 0.23, which yields an optimum radius of
Amax ~ 120 nm for A = 532 nm.
Figure[5.9b shows the directionality as a function of a. We can see that with larger fiber radii one
obtains stronger longitudinal polarization components and thereby more overlap of the guided
field modes /1,;'[ with circular polarization. In the case of glass-air interfaces it can reach a polar-
ization overlap with circular polarization of 97 %. In order to obtain high coupling efficiencies
as well as a strong directional scattering, we choose a fiber diameter of ¢ = 160 nm between
AImax and agm

All chosen experimental parameters, i.e. the nanoparticle and fiber radius X = 40 nm and
a = 120 nm as well as the operating laser wavelength of A = 532 nm are highlighted as dashed
vertical lines in the plots in the previous section (5.2).

5.3.2 Nanofiber-based spectroscopy of a metal nanosphere

Nanoparticles are smaller than the wavelength of visible light and therefore hard to observe via
far-field extinction spectroscopy as introduced in Section [3.2.1] Even in case of diffraction-
limited illumination, several nanoparticles of equal shape should be excited at the same time to
achieve acceptable signal-to-noise ratios [[153]. One way to overcome these limitations is near-
field extinction spectroscopy which exploits sub-wavelength optical coupling from one element
to another [[154H156]. While the most prominent member in this field is the near-field scanning
optical microscope (NSOM), a single tapered optical fiber is already an efficient tool to perform
near-field extinction spectroscopy [20]. Due to the strong confinement of the guided modes,
the large light-matter coupling strength on the nanofiber surface enables one to detect a single
nanoparticle.
In Sect.[5.2]the scattering rates of a polarization maintaining dipole scatterer (e.g. a nanosphere)

close to a nanofiber have been examined as a function of the position of the nanoparticle (7, ¢)
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Figure 5.10: Nanofiber based nanoparticle spectroscopy. Light that is sent through the nanofiber
is partly scattered and absorbed by the nanoparticle. The intially transmitted power Py(\) is therefore
reduced by the extintced power P, (\) due to the presence of the nanoparticle.

and the nanofiber radius a. In this section, we use these results to determine how a white light
transmission spectrum through a tapered optical fiber is changed when a single nanoparticle is
placed on the waist of the tapered optical fiber (i.e. the nanofiber). We consider the situation
illustrated in Fig. [5.10] where the nanofiber guided light acts as the excitation light field. A
common physical quantity to describe the change in transmission due to the nanoparticle is the

absorbance
Py(\) — Pext()\))
Py(N) ’

that relates the transmitted power distribution Py()) before the nanosphere is placed on the
nanofiber surface with the power distribution Py(\) — Pex(\) after it has been placed. Here,
P,y is the extincted power due to the presence of the nanoparticle (i.e. the sum of the scattered
and absorbed power ).

We can find an analytical expression for the absorbance Ay, due to scattering if we express
the excitation field Eg in Eq. with the guided field modes e(*). For an unpolarized white
light source the excitation field can be approximated as an incoherent equal superposition of the
two HE11-modes #8 and ,ug propagating along one direction. The resulting scattering rates can
be used to calculate a power distribution for the light that remains in the two HE1;-modes 2
and ,uz. The absorbance due to scattering then reads

<P0()\) — Pya(A, 7, ¢)>

AN, 7, ¢) = —logyg ( (5.11)

Asca()\a T, ¢) = - lOgl(]

Py(N)
5.12
o (1 - 2L 1) e
where . .
Toss (A7, 8) = Y EED (N, 7, 0) + 7B (N 0) V(A 0), (5.13)

is the sum of the scattering rates into the opposite fiber direction and into all radiation modes.
As before, (1, ¢) denotes the position of the nanoparticle. As 7.5 is proportional to Py(A) , the
absorbance is actually independent of the power Py(\).
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In the previous section, we were only interested in the part of the optical power that is
scattered by the nanoparticle. However, as it was shown in chapter[3] a large part of the excitation
energy is absorbed by the nanosphere. For a nanosphere radius of R = 40 nm the free-space
absorption cross section is about three times as large as the scattering cross section at A =
532nm. This is why for the total extinction Py = Psca + Paps of the guided light field both
processes have to be taken into account when determining the absorbance A = Ay + Aaps.
Using the free-space absorption cross section, o, an analytical expression can be found for the
absorbance:

Aas(\, 7, ¢) = —logg <P0(/\) — Pas(A, 1, ¢)>

Py(N)
- (1 Tabs(A, R) ) G149
— T8 B etf()\ T, d))
where
A P\
eff(>\ar7 ¢) - I()\ r (b) ) (515)

is the effective area which relates the transmitted power Py(\) in the absence of the nanoparticle
with the intensity (), r, ¢) at the position (7, ¢) of the nanoparticle [157]). In [3.8|we have seen
that the cross sections depend on the permittivity of the surrounding medium. The free-space
absorption cross section is only an approximation to the real case. However, the broken symme-
try due to the presence of the nanofiber leads to a more complicated analysis. In principle, the
oscillation of the electron cloud inside the nanoparticle leads to a polarization of the nanofiber.
As a simplification it is possible to explain this process in the quasi-static approximation via
effective permittivity that accounts for the influence of the nanofiber [158]@ For this reason,
Eq. (5.14) is an underestimation of the real absorbance due to absorption.

Figure[5.11]shows A (), Aaps(A) and A(X) for a gold nanoparticle with a radius of R =
40nm and a fiber radius of & = 160 nm, when unpolarized white light is sent through the fiber
(panel a) and the expected variations of .4 when nanofiber and nanoparticle are slightly larger or
smaller (panel b). In order to predict experimentally measured values, both processes, scattering
and absorption, were calculated for the Mie model (see Sect. m Around the plasmon
resonance at A ~ 520nm the absorbance is about 0.017 for the case of a nanoparticle and
nanofiber radius of R = 40 nm and ¢ = 160 nm.

Another term that is commonly used in the context of extinction spectroscopy is the trans-
mittance

T = (Py — Pex)/Po = 1074 (5.16)

For the situation in Fig. [5.1T it drops down to less than 0.96, i.e. more than 4 % of the power
around the plasmon resonance are lost when a single nanoparticle is deposited on a nanofiber.
This value is much higher than in the case of conventional far-field extinction spectroscopy
and makes optical nanofibers an attractive tool for the efficient detection of single emitters

® In fact, the effective permittivity is often used as a fit parameter to determine the influence of a substrate [113].
10 The theory for a nanoparticle close to a nanofiber is approximated with the Rayleigh model. Therefore, the
scattering cross section is scaled to match the predection of the more exact Mie theory far away from the fiber.
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(a) (b)

Figure 5.11: Absorbance of nanofiber guided light due to a single nanosphere. (a) Nanofiber guided
light absorbance spectrum for a gold nanosphere due to scattering, absorption and extinction. For the
nanoparticle radius considered here, with a radius of R = 40nm, the absorbance due to nonradiative
losses (absorption) is larger than due to radiative losses (scattering). The nonradiative losses are as-
sumed to be the same as for a nanosphere in free space. The nanofiber radius was taken to be a = 160 nm.
(b) Absorbances due to extinction for realistic radius variations of the nanoparticle (+=5nm) and the
nanofiber (£10nm). The largest (smallest) absorbance is expected for the largest (smallest) particle ra-
dius and the smallest (largest) fiber radius. For the maxima of each individual absorbance spectrum we
find Ay = 0.010, Ajpean = 0.017 and Ao = 0.026. Both radius variations contribute significantly to
the absorbance. If the fiber radius is fixed at a = 160 nm and only the nanoparticle radius is varied the
absorbance spread reduces to 0.011 < A < 0.024.

like nanoparticles [157]. It is therefore possible to resolve a successful deposition of a sin-
gle nanoparticle on the nanofiber.

Moreover, for a small number of nanoparticles the total absorbance is just the sum of the single
particle absorbances as long as the particle distance is larger than about 200 nm. Above this
distance the interaction between the particles can be neglected because of the 1/r3-dependence
of the near-field scattered by a nanosphere (see Eq. (3.17)). Below this distance the particles
start to get coupled and show different spectral features than isolated nanoparticles, which in
turn makes it relatively simple to distinguish them from isolated and especially single nanopar-
ticles. To underline this fact, experimental results of a multiple nanoparticle deposition will be
shown without yet explaining the details of their realizations. A detailed description about the
deposition process and the scanning electron microscope imaging will be given in Sect.

Figure and Fig. illustrate experimental extinction spectra (panels (a)) and SEM
images (panel (b)) of a deposition of a single and three nanoparticles, respectively. The shape
of the measured absorbance spectrum of a single spherical nanoparticle fits really well to the
theory from above. As expected, it is also slightly larger due to the theoretical simplifications.
As can be seen in Fig. the three nanoparticles were deposited such that two of them touch
each other and form a so called dimer. As an approximation dimers can be treated like a new
single nanoparticle of ellipsoidal shape where the three principal axes (two of them are of equal
length) determine the positions of its two plasmon resonances. While the two short principal
axes lead to the same resonance position as in the case of a single nanopshere, the long principal
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(a) single nanoparticle absorbance

(b) scanning electron microscope images

Figure 5.12: Single particle extinction spectrum - experimental realization. (a) Experimental (blue)
and theoretically expected (red) single nanoparticle absorbance spectrum after a successful deposition.
The theoretical spectrum is not fitted to the experimental data. It is calculated according to Sect.[5.3.2]
for the nanofiber and nanoparticle radii deduced from (b). The discrepancy between experiment and
theory is mainly due to the assumption that the presence of the nanofiber does not modify the absorp-
tion cross section of the nanoparticle. (b) Scanning electron microscope images for the above prepared
single nanoparticle-nanofiber system for two different resolutions. It can be seen that no other parti-
cles distort the scattering characteristics of the nanoparticle. The particle’s diameter is found to be
2R = (90 & 3) nm and the one of the nanofiber is 2a = (315 &+ 3) nm. The errorbars correspond to the
resolution of the SEM.
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(a) multiple nanoparticle absorbance

(b) scanning electron microscope images

Figure 5.13: Multiple particle extinction spectrum - experimental realization. (a) Experimental
multiple nanoparticle absorbance spectrum. The resonance peak at a wavelength of about A ~ 660 nm
evolves because of two nanospheres that touch each other (see panel (b)). (b) Scanning electron micro-
scope images for the extinction spectrum in panel (a). The distance between the isolated particle (uper
image) and the dimer (lower image) was too large to be resolved by a single SEM picture. The upper
picture shows an isolated nanoparticle. The lower picture shows a so called dimer. The diameters were
found to be: isolated particle, 2Ring1. = (84 + 2) nm, left dimer particle, 2R giner,; = (58 £ 4) nm, right
dimer particle, 2R jiyer,; = (64 £ 4) nm and nanofiber, 2a = (365 + 4) nm. The errorbars correspond to
the resolution of the SEM.
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axis gives rise to a slower collective electron oscillation frequency — its resonance is shifted to
larger wavelengths.

To conclude, if the nanofiber and nanoparticle size are known, the exact number of deposited
nanoparticles can in principle be determined solely via white light extinction spectroscopy.
Moreover, if more than one nanoparticle is deposited the extinction spectrum reveals if the par-
ticles are interacting with each other or if they can be considered independent.

5.3.3 Single nanoparticle deposition via a dipping technique

With the knowledge of how to detect a single nanoparticle on a nanofiber we can address the
question of how to deposit a single nanoparticle on an optical nanofiber:

After a tapered optical fiber has been fabricated and fixed on a fiber mount (see chapter [2.4))
it is transported in a closed dust-free Tupperware box to the experimental setup. The setup for
the deposition of single nanoparticles is built up on a thoroughly cleaned optical table. The site
must be as dust-free as possible to maintain the optical properties of the nanofiber. Therefore,
the air is filtered not only with the high efficiency particle filters (HEPA) above the table but
also, as a second purifying step, with an additional HEPA filter on a superstructure which was
built-up over the main part of the experimentE] Inside this superstructure, the tapered optical
fiber is carefully taken out of the box and integrated into the deposition setup.

Starting with gold nanoparticles dispersed in deionized water (BBI Solutions) the nanofiber
is approached with a droplet of this dispersion using an Eppendorf pipette mounted on a three-
axis translation stage. A sketch of the experimental situation is shown in Fig. After the
nanoparticle dispersion has been taken up with the pipette it is possible to create an adhering
droplet on the outside of the tip of the pipette by cautiously expelling the dispersion. As an
initial step, the droplet has to be roughly aligned with the waist region of the tapered optical
fiber. Subsequently, we monitor the droplet approaching the nanofiber with the help of an optical
microscope with a long working distance objective (magnification: 20x), as can be seen in
Fig. [5.15] and simultaneously use a white light source (Avantes AvaLight-DH-S) to send light
through the tapered optical fiber to record a real-time absorbance spectrum with a spectrometer
(Avantes AvaSpec-2048).

At one point, the surface of the nanofiber touches the surface of the droplet, which results
in a large jump in absorbance over the whole recorded wavelength range, until the droplet is
moved away from the fiber againFZ] The nanoparticles float inside the droplet until at one point,
one them settles on the fiber surface. Over time, more and more nanoparticles follow. The de-
position process is therefore of statistical nature: For a dispersion with a nanoparticle density
of ngp ~ 1 x 10'%/ml the droplet has to touch the nanofiber surface for about a minute in order
to deposit one or a few nanoparticles. However, in order to reduce the probability of depositing
more than one nanoparticle on the fiber, the time that the droplet touches the fiber should be

! The superstructure has acrylic glass walls or movable dust-repellent curtains wherever it is possible without
hindering the experimental procedures.

12 Because of the surface tension of the purified water in which the nanoparticles are dispersed, it is possible to
push — and thereby stretch — the nanofiber, by moving the droplet further down after they touched. It was not possible
to push the nanofiber into the inside of the droplet. When the nanofiber is pushed further and further down, at one
point, it will finally pass through the droplet and exit on the other side.
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Figure 5.14: Nanoparticle deposition via a dipping technique. Schematic picture of the nanoparticle
deposition process. The nanoparticle droplet is lowered onto the nanofiber while a white light absorbance
spectrum is recorded.

reduced. If no particle was deposited, the deposition process can be simply repeatedE-]

After a successful deposition of one or a few nanoparticles, a characteristic absorbance spec-
trum (similar to Fig. [5.12) or[5.13)) is observed after the droplet has been moved away from the
nanofiber. From shape and height of the spectrum it is possible to determine the number of
particles deposited on the fiber.

The method yields a positioning accuracy of around 100 pm along the nanofiber axis (i.e.
longitudinally) which is limited by the minimum length over which the droplet touches the fiber.
As the droplet is huge compared to the nanofiber and the nanofiber can not get inside the droplet,
lowering the droplet from the top onto the nanofiber assures that the nanoparticle is deposited
on the top of the nanofiber. The remaining angular uncertainty in azimuthal direction was ex-
perimentally obtained to be A¢ = 20°. The longitudinal position uncertainty can be further
narrowed down by sending resonant light through the nanofiber and monitoring the waist region
with the camera (see Fig. [5.15(c)). From the scattered light one can obtain the nanoparticle’s
position with the resolution accuracy of the microscope. In addition, this imaging yields a sec-
ond estimate of the particle number and by combining both methods (absorbance and imaging)
we can deposit and distinguish a single nanoparticle from more than one nanoparticle on the
nanofiber with a success probability of close to onel]z]

13 To decrease the time it takes for a successful deposition, one can increase the nanoparticle density by e.g. letting
some of the deionized water of the droplet evaporate before approaching the fiber. However, this also increases the
probability to deposit more than just one nanoparticle.

!4 The absorbance A scales linearly with the number of nanospheres deposited on the nanofiber. Figure
shows that there is a chance to consider two small, isolated nanospheres as one large nanosphere. If, however
nanoparticles agglomerate and form dimers or trimers, they can again be distinguished from the single nanosphere
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(a) nanofiber before deposition (b) droplet over nanofiber

(¢) nanofiber after deposition (d) pipette & nanofiber with nanoparticle

Figure 5.15: Nanoparticle deposition - experimental methods. (a-¢) Microscope pictures (dimen-
sions, 380 um x 330 um) of a small part of the nanofiber section of a tapered optical fiber. The nanofiber
can be seen as a thin horizontal line at the bottom part of the images. Pictures (a) and (c) are overexposed
to highlight the nanofiber. (a) Light with a wavelength of A\ = 532 nm is sent through the fiber. On this
nanofiber part, no scatterers can be seen. The residual light scattered from the nanofiber is possibly due
to microscopic fiber cracks, surface adsorbates or defects in the silica nanofiber. (b) Nanoparticle droplet
right on top of a part of the nanofiber illuminated by ambient white light. The droplet is much larger than
the view-frame of the image. (c) Light with a wavelength of A\ = 532 nm is sent through the fiber. On this
nanofiber part, the scattered light of a nanoparticle saturates the picture. (d) Photograph of a tapered
optical fiber fixed to a mount on top of which the tip of the pipette is situated. Light with a wavelength
of A = 532 nm is sent through the nanofiber and the light scattered by the deposited nanoparticle can be
seen. The rest of the nanofiber also scatters green light due to the above mentioned processes. Behind the
nanofiber, the objective can be recognised in the background.
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It is also possible to clean the nanofiber from dust and deposited nanoparticles, which makes
the dipping technique reversible: In the case of dust it is often successful to use a pipette and
drop highly purified alcohol over the region where the dust particle is scattering light. To remove
persisting dust and especially nanoparticles, the edge of a lense cleaning tissue is soaked with
highly purified alcohol After that, the edge is carefully lowered onto and slowly pulled over
location of the scatterer that is to be removed. This procedure is repeated until the scatterer is
removed — the absorbance spectrum retrieves its shape before the dust/nanoparticle was on the
nanofiber. While a non-negligible risk of breaking the fiber exists, this way of cleaning is still a
much more attractive option than fabricating a new fiber right away.

In order to measure the nanofiber and nanoparticle diameters as well as to ensure that it is
indeed the number of particles one aimed for, it is possible to measure the nanofiber waist region
with a scanning electron microscope (SEM). Because the SEM that was used in this thesis is not
in a clean room, the imaging procedure leaves the nanofiber covered with dust and therefore
more or less unusable afterwards. Therefore, this procedure can only be used as a post-analysis
method after all measurements have been carried out. For the SEM analysis, the nanofiber is
deposited on a 2-inch diameter Al-substrate while preserving its initial azimuthal orientation
when the nanoparticle was deposited. This allows one to measure the azimuthal position of
the nanoparticle on the fiber. During deposition, it is helpful to use a microscope and send
intense light (e.g. laser light) through the tapered optical fiber to see it being scattered from
the nanoparticle(s) and the nanofiber. In this way, the distance between nanofiber and substrate
can be monitored more easily and the moment when the nanofiber touches the substrate appears
as a ’switching off’ of the fiber coupled laser light because no more light is transmitted into
the nanofiber section. Afterwards, the fiber is fixed on the substrate with an UV-curing glue
and the protruding parts are cut awayE’-] In order to transport the sample safely to the SEM we
use thoroughly cleaned Tupperware boxes and fix the substrate to the box with double sided
adhesive tape. Before the sample is introduced into the SEM, it is helpful to coat it with a 4 nm
gold palladium layer to avoid charging effects that would deteriorate the quality of the images
or even break the nanofiber[’]

In order to find the nanoparticle with the SEM on the nanofiber waist (typical lengths: [ =
1cm to 3cm), we deposit — after the measurements and before the deposition of the nanofiber
onto the substrate — groups of additional particles on the fiber at positions 41,2, 3 mm away

by their resonance position and shape (see [5.3.2). So a confusion between one and two nanospheres happens only
in the case, where the nanospheres are more than about two hundred nanometers away from each other and can not
be distinguished by the camera (i.e less than a few micrometers). In addition to that, it is unlikely to deposit exactly
two small nanospheres where there are mainly larger ones dispersed in the droplet. All in all this explains why such
a high success probability can be reached.

5The use of a lens tissue is favorable because of two reasons: Firstly, it is very clean. Secondly, due to its very
low mass and mechanical flexibility, it does not directly transfer forces (exerted onto it because of e.g. minor hand
movements) to the nanofiber even when both touch each other.

18 In principle it is possible to fix the fiber on the substrate mechanically such that it can be removed after the
SEM imaging. For details see [[105].

17 Indeed, for nanofiber radii of around 160 nm long, high resolution imaging of one part of the fiber, can cause
the fiber to degrade within seconds and eventually rip apart. This is probably due to electrostatic forces and happened
occasionally even when the fiber was coated.
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from the initial nanoparticle, which serve as markers for finding the correct fiber region.

In Fig.[5.12] an absorbance spectrum after a successful single nanoparticle deposition is pre-
sented. After the absorbance spectrum showed the expected single particle absorbance, the mea-
surements shown in the following section [5.4] were carried out with this nanoparticle-nanofiber
system. Post-analytic SEM measurements could verify that it was indeed one single nanoparti-
cle (see Fig.[5.12p). From the images one obtains a diameter of (315 & 3) nm and (90 & 3) nm
for the nanofiber and nanoparticle used in the experiment, respectively, which gives almost the
absorbance spectrum we expect from our simplified model in Sect. Residual deviations
from the experimental absorbance spectrum are mainly due to approximations in the model (see

Sect. for details).

The presented dipping technique can be used at ambient conditions. The only requirement is
a dust-free environment, if the optical properties of the tapered optical fibers are to be conserved.
The dipping technique is consequently very easy to implement compared to other commonly
used nanoparticle deposition techniques [[159]], out of which scanning probe assembly is the
most accurate [214{138L(160L(161 ]Egl In 2012, Yalla et. al. published an experiment with quantum
dots on an optical nanofiber that essentially used a more elaborated version with better resolution
of the technique presented in this thesis with a so-called sub-picoliter needle-dispenser that had
a tip aperture of 17 um and a position accuracy of 5 um [22].

5.4 A chiral nanophotic waveguide coupler

With the technique presented above for depositing a single nanoparticle on the nanofiber we
have a system at hand with which the directional scattering that was predicted in Sect. [5.2] can
be investigated. To do this the nanoparticle-nanofiber system is illuminated from the side with a
laser beam of variable polarization.

5.4.1 Optical setup

According to the calculations in Sect. the directionality of a nanoparticle-nanofiber system
depends on the longitudinal polarization component of the guided modes, the particle’s polar-
izability and position around the fiber as well as — in case of a polarization maintaining dipole
scatterer — the exciting light field’s polarization. While the first two parameters depend on ma-
terial properties like the fiber and nanoparticle radii, the other two parameters can be adjusted in
the experimental setup presented in this section.

In order not to expose the nanofiber to additional dust, the directionality setup is built up at
the same location, as the deposition setup discussed in Sect.[5.3.3] After a single nanoparticle
is successfully deposited on the nanofiber surface, its position along the fiber axis is determined
with the microscope objective Subsequently, the excitation light field will then be centered

18 Strictly speaking, not even the microscope objective would be needed for nanoparticle deposition as it is
possible to observe the droplet touching the nanofiber by the naked eye.

19 The single scattering center can per definition only be at a position, where the nanoparticle dispersion droplet
touched the fiber.
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(a) schematic (b) photograph

Figure 5.16: Chiral waveguide coupling - optical setup. (a) Schematic and (b) photograph of the
experimental setup for the measurements of the asymmetric scattering of a gold nanosphere into an
optical nanofiber. The labeled elements in the photograph are from left to right: (A) excitation beam with
a wavelength of A = 532nm (green line), (B) focussing lens with a focal length of f = 300 mm, (C)
optical nanofiber (light blue line) (D) microscope objective with a working distance of W D = 200 mm
that is shielded from the incident excitation light, (E) polarizing beam splitter, (F) quarter-wave plate in
a motorized rotation mount, (G) mechanical rotation mount to rotate the tapered optical fiber around its
axis. In order to measure the light scattered into the nanofiber, the fiber output ports are connected to
SPCMs. The experimental parameters of the excitation beam used in the following measurements are:
total power, P = (260 + 5) uW and waist radius at nanofiber, w = (150 £ 10) um).

on this point. Figure [5.16] shows the optical setup: An intensity stabilized laser beam with a
wavelength of A = 532 nm (A) is focused (B) onto the nanoparticle on the nanofiber (C), which
can be observed with a microscope objective (D). To guarantee a deterministic polarization of the
excitation field at the nanoparticle, a polarizing beam splitter (E) is used as a polarization filter
in front of a quarter-wave plate (F) that sets the ellipticity of the polarization. The fiber mount
is fixed to a specially designed rotation mount (G) whose rotation axis can be well matched
to the fiber axis. Depending on the measurements, the fiber ends can be connected to a white
light source and a spectrometer for depositing single nanoparticles, to a 532 nm laser source to
determine the position of the nanoparticle or to single photon counting modules (SPCMs) to
determine the scattering rates into the guided modes.

The intensity stabilized excitation beam is a focused Gaussian beam with a waist radius of
around w = 150 um at the position of the nanoparticle, thereby assuring a homogeneous spatial
intensity distribution with negligible longitudinal polarization components along &. Accord-
ingly, the excitation beam can be considered as paraxial. The part of the laser beam that is
transmitted through the polarizing beam splitter is polarized along the fiber axis (2). This means
that the polarization of the excitation field Eg at the nanoparticle can be tuned between circularly
ot = (12 + §)/+/2 and linearly 2-polarized excitation light field depending on the orientation
of the quarter-wave plate optical axis. For intermediate angles the polarization is elliptical with
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Figure 5.17: Transmission profile of the tapered optical fiber. Transmittance of the tapered optical
fiber used for the measurements in this section relative to the transmission of the unprocessed standard
optical fiber. The onset of transmission to a transmittance value of almost 1.0 is around A cyo = 430 nm.
This is the cutoff wavelength of the unprocessed fiber. The dashed vertical line indicates the laser wave-
length of A = 532 nm where the transmittance is 0.977.

the major axis along 2.

The fiber can be rotated around its axis. Because the bare nanofiber is cylindrically sym-
metric, this amounts effectively to a change of the nanoparticle’s azimuthal position around the
fiber by rotating the fiber. In this way, the overlap of the nanoparticle’s dipole moment that
points along the direction of the excitation field with the guided modes at the position of the
nanoparticle can be changed.

The fiber rotation mount is fixed onto a translation stage that moves the fiber along its own
axis (2). The stage ensures that the nanoparticle is deposited in the waist of the tapered optical
fiber and it is used to reposition a successfully deposited nanoparticle in the center of the view
frame of the microscope objective. In this way, the alignment routine of the excitation beam with
the nanoparticle position is straightforward by simply matching the position of the nanoparticle
with the center of the excitation beam.

5.4.2 Experimental results

We investigate the directional scattering using a tapered optical fiber that is made out of a stan-
dard single-mode optical fiber for 532 nm (SM450, Fibercore). In Fig. it can be seen that
the transmission through the tapered optical fiber above 450 nm is almost lossless. The wave-
length below which the transmittance falls down to nearly 0.2 indicates the cutoff wavelength
Acutoft Of the unprocessed fiber. Below this wavelength the standard optical fiber is no longer
single mode and supports more than the HE;;-modes. When this multimode light now enters
the taper region, the higher order modes, however, are not adiabatically transfered into the waist
region and therefore lost. This process manifests as a reduction in transmission below the cutoff
wavelength \yeoff Of the unprocessed fiber. The nanoparticle-nanofiber system that is used for
all the measurements presented in this section is the one presented in[5.12]

Figure [5.1§] illustrates the schematic setup used to investigate directional incoupling. In
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Figure 5.18: Sketch of the experimental setup. A single nanoparticle on a silica nanofiber surface
is illuminated with light propagating in —&-direction. The polarization of the light can be set via the
rotation of a quarter-wave plate by the angle 0. The azimuthal position of the nanoparticle can be
changed by rotating the fiber around its axis by the angle ¢. The light scattered into the nanofiber is
detected using single photon counting modules at the left (+2) and right (—z) fiber output port.

order to model the measured photon fluxes I'(€%:%) detected by the left and right SPCM, we use
the formulations of the scattering rates €%) given in Eq. (5.5) and (5.10)) and obtain:

. 1
ret) = o (w {|Bo - e (o — o) + [Bg- ey (o — o)} +) . 517

with the two fit parameters x; and ¢g, being the flux amplitude of the photons that are scat-
tered into the fiber by the particle and the angular offset of the nanoparticle from the expected
deposition position. The parameter cy accounts for an offset incoupling rate due to effects such
as parasitic scattering of dust particles. The optical losses £ incorporate (i) absorption due to
possible dust on the fiber, (ii) optical losses in the taper regions of the fiber and (iii) photon flux
reductions due to detection efficiencies of the SPCMs. The profile functions of the fundamental
fiber modes eiy are normalized to one on the fiber axis and Ejy is the vector amplitude of the
excitation light field. It is normalized to one before it interacts with the nanoparticle-nanofiber
system. ¢q is the angular offset of the nanoparticle on the fiber from its expected deposition
position at ¢ = 90°.

The measured photon fluxes at both fiber outputs are shown in Fig. and b, as a function
of the azimuthal position ¢ of the nanoparticle and 6 that describes the polarization state of the
excitation light field. Here, 6 is the rotation angle between the optical axis of the quarter-wave
plate and the y-axis. Before passing through the waveplate, the polarization of the light is aligned
along z. Thus, we can set the polarization to linear along 2 (f = 0°, 90°) and circular, i.e., o~
(0 = 45°) or ot (9 = 135°). For intermediate angles the polarization is elliptical with the major
axis pointing along 2. The situation where the nanoparticle is located on the top of the fiber
(x = 0,y = a) corresponds to a rotation angle of ¢ = 90°. The figures show an interpolation
of the measured photon fluxes (each data point time-averaged over 5s, only corrected for the
nonlinear response of the SPCMs) of a set of measurements along discrete values of ¢.

As expected from Sect. a directional behavior can clearly be seen for most points (6,¢),
when comparing the measured photon fluxes at the left (panel a) and right (panel b) output port
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(a) measured data (left) (b) measured data (right)

Figure 5.19: Chiral waveguide coupling - experiment. (a) and (b) Measured photon flux (raw data,
only corrected for the nonlinear response of the SPCMs) of the light scattered into the (a) left and (b)
right direction as a function of the azimuthal position of the nanoparticle ¢ and the polarization of the
excitation light field set by the angle 0 of the quarter-wave plate. The ticks on the right mark the azimuthal
positions for which data have been acquired with a stepsize of 0 = 5°. The data are interpolated in
between the measured points. The dashed horizontal lines indicate the data sets plotted in Fig.[5.21]

of the fiber. Only for few positions (e.g. all §, where ¢ = 180°) the photon flux is the same
for both directions. Due to the periodicity of the quarter-wave plate, the photon flux data in the
range 0° < 6 < 180° is repeated for 180° < 6 < 360°.The data is symmetric with respect to
the point (6, ¢) = (90°,180°). The experimental count rates in the range from ¢ = 270° to
360° are much lower than its counterparts in the range from ¢ = 0° to 90° because of a lack of
measured data points and a concomitant poor interpolation.

The theoretical predictions calculated according to Eq. to the measured photon fluxes
are shown in Fig. and b under the assumption that the polarization and intensity distribu-
tion of the incident light field are not modified by the presence of the optical fiber. We find qual-
itative agreement between measurement and theoretical prediction. In particular, we observe the
expected maximum of the left-right asymmetry for the case of circular input polarization with
the particle located at the top or the bottom of the fiber. However, scattering and refraction of
the excitation light field by the nanofiber lead to a substantial modification of the polarization
and intensity of the field close to the nanofiber surface.

Including these effects in the calculation, one obtains the theoretical predictions shown in panels
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(a) theoretical prediction, simplified (left) (b) theoretical prediction, simplified (right)

(¢) theoretical prediction, extended (left) (d) theoretical prediction, extended (right)

Figure 5.20: Chiral waveguide coupling - theory. (a) fo (d) Theoretical prediction for the photon
fluxes when [(a) and (b)] neglecting and [(c) and (d)] including the effect of the nanofiber on the incident
light field. The model uses the angular offset of the nanoparticle and the overall amplitude of the photon
flux as free parameters, which are obtained from a fit of (c) and (d) to the data in Fig.|5.19% and b.
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c and d. There, in order to obtain the correct overall scattering rate and nanoparticle position,
a least square fit of the model in Eq. to the data in panels a and b was performed using
the two fit parameters ¢ and r¢. We obtain ¢ = (6.3 £0.1)° and 7 = (21.9 4 0.1) x 10%/s
(goodness of fit: adjusted R? = 0.91). The parasitic coupling of the excitation light ¢y =
22.5 x 103/s was determined before the fit (see Fig. ). As can be seen, this full model
agrees well with the measured data. The main differences to the simple model are an increase of
the scattering rate around ¢ = 180° due to the focusing of the incident light field by the fiber and
the emergence of a shadow region around ¢ = 120° and ¢ = 240° with a concomitant decrease
in the scattering rate (see also Fig.[5.8|for a depiction of the modified intensity distribution due
to the presence of the fiber).

For closer comparison, Fig.[5.2Th to d show the polarization dependence of the measured
photon flux in the fiber for selected azimuthal positions of the nanoparticle together with the
theoretical prediction. For the cases of the nanoparticle positioned near the top and the bottom
of the nanofiber, in Fig. we also plot the directionality D (see Eq. (5.7)) of the scattering
process together with the theoretical prediction. We observe a maximum directionality of D =
0.88 (D = 0.95) for a particle near the top (bottom) of the fiber which corresponds to a ratio of
16:1 (40:1) between the photon flux scattered to the left and right (right and left).

When the particle is located near the side of the fiber, the overlap of the fiber eigenmodes
with any polarization of the excitation light is independent of the propagation direction and zero
directionality is expected. In the experiment, we indeed observe only a small variation with the
incident polarization, see Fig. and b. The residual modulation is most probably due to the
small angular deviation of the nanoparticle position from the ideal point.

In Fig. [5.2Tc we can see that the parasitic coupling of the excitation light into the nanofiber
without a deposited nanoparticle is 3 to 4 orders of magnitude smaller that the scattering of the
nanoparticle (see green and dark yellow data points). Although an oscillatory behavior could be
seen it therefore does not influence the fit if we take the mean photon flux number of all those
data points as the fit parameter co = 22.5 x 10%/s. In Sect. in the appendix, the photon
fluxes for all measured datapoints together with their respective directionalities are presented.

The statistical errors of the presented data originate from the Poissonian distribution of the
measured photon count rates. For the measured directionalities, this results in errors below
AD < 4 x 10~ which is negligible compared to systematic error sources. To obtain an estimate
of the systematic error, we compare measured data points for which we expect approximately
the same directionality |D|. We obtain |D| = 0.88, |D| = 0.84 (Fig.[5.21f) and |D| = 0.93,
|D| = 0.84 (Fig. for the positions § = 67° and § = 112°. The variation of these values is
significantly larger than the statistical error which indicates the presence of systematic effects.
Possible causes include:

e Deviations from the spherical shape of the nanoparticle which would result in a polar-
ization dependent free-space scattering cross section. The SEM pictures suggest that this

20 The oscillatory behavior of the measured photon fluxes when no nanoparticle was deposited on the nanofiber
most probably stems from additional scattering sources that show directional coupling to the excitation light field,
such as fiber cracks and dust on the nanofiber surface.
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(a) photon flux, nanoparticle on the front (b) photon flux, nanoparticle on the back

(¢) photon flux, nanoparticle on the top (d) photon flux, nanoparticle on the bottom

Figure 5.21: Asymmetry of the scattering process. (a) to (d) Measured photon fluxes at the left
(blue circles) and right (red squares) fiber output port as a function of the angle 0 of the quarter-wave
plate. Here, 8 = 0°,90°, ... corresponds to linear polarization along z (dashed orange lines) and
6 = 45°,225° (9 = 135°,315°) corresponds to = (o) polarization of the incident light field (both,
dash-dotted green lines). (a) to (d) correspond to the azimuthal positions (¢ = 358°, 178°, 84° and 264°)
of the nanoparticle (green dot) around the fiber (gray disk), as indicated in the insets. The solid lines are
the predictions of the full theoretical model. The statistical error bars are too small to be visible in the
plot. (c) also shows exemplarily the measured photon fluxes to the left (dark yellow diamonds) and right
(green triangles) for the nanofiber without the nanoparticle, scaled up by a factor of 10. This data is used
to estimate the photon flux cy due to the parasitic coupling of excitation light.
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(a) directionality, nanoparticle on the top (b) directionality, nanoparticle on the bottom

Figure 5.22: Directionality of the scattering process. Directionality D of the scattering process into
the fiber for azimuthal positions of (a) ¢ = 84° and (b) 264° of the nanoparticle (green dot) around the
fiber (gray disk), as indicated in the insets. Here, 0 = 0°,90°, ... corresponds to linear polarization along
2 (dashed orange lines) and 0 = 45°,225° (0 = 135°,315°) corresponds to o~ (o1 ) polarization of
the incident light field (both, dash-dotted green lines). (a) and (b) correspond to the measured photon
fluxes in Fig. and d, respectively. The solid lines are the predictions of the full theoretical model.
The statistical error bars are too small to be visible in the plot.
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should have a minor effect for the sample used in the measurements.

In the theoretical model, the fields of guided modes and excitation beam are only con-
sidered at the center of the nanoparticle. This is, of course, a simplification of the real
situation. For the radii obtained with the SEM, the nanoparticle covers a solid angle of
about 25° when viewed from the center of the nanofiber. One consequence of this is that
the incident light will be preabsorbed by the particle, when it is positioned on the fiber
half facing the incident light field. Another consequence of the finite nanoparticle size is
that the nanoparticle effectively interacts with the guided modes along a certain azimuthal
and longitudinal range.

Backscattering effects from nanoparticle to nanofiber are not included in the model.

During the course of a measurement, dust can accumulate on the fiber at different times
and locations that are not illuminated by the laser beam from the side. This leads to
absorption and backscattering of the fiber-guided light and modifies the photon fluxes on
each fiber output. To get an idea of the strength of this effect, one set of data points was
re-measured at the end of the data acquisition. The mean photon flux was a factor of 1.03
larger than in the previous measurement.

Between the measurements of the datasets for different angles ¢, the positioning of the
excitation light field on the nanoparticle had to be re-optimized which could result in a
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small change (< 5%) of the power of the light incident on the nanoparticleErI

Notice, that all mentioned systematic errors that equally affect the photon flux at both SPCMs,
will not affect the directionality.

Absolute scattering into the nanofiber

As alast topic of this section, let us quantitatively relate the measured and theoretically expected
scattering cross sections. The scattering cross section oy, of a nanoparticle into a given mode is
connected to the photon flux v = LT into the mode via

fwy

d
Tt (5.18)

Osca —
where £ incorporates all optical losses after the light was scattered, Aw is the photon energy at
the excitation wavelength and Iy, is the intensity with which the nanoparticle is excited. In our
case, we only measure the fofal amount of photons scattered into one direction of the fiber. Thus,
the cross sections into all guided modes propagating along +2 or —2 have to be considered. The
total photon flux is then the sum over the photon fluxes of the four modes ,uiy.

We compare these total cross sections into the fiber for three different polarizations of the
excitation field, namely oT,0~ and ™ = &, for the case, where the nanoparticle is positioned at
¢ = ()OF_Z] While the calculation of the theoretically expected cross sections is straight forward,
some peculiarities have to be considered in the experimental case: The excitation field in the
experiment did not cover the cases where the particle is excited by 7r-polarized light. However,
because of the cylindrical symmetry of the nanofiber this case can be associated with the situa-
tion where a nanoparticle sits on top of the nanofiber and is illuminated by y-polarized light
This situation can be extracted of the fitted model function@ Notice that, the two described
situations are only analogous, because the polarization of the incident light field is to a good
approximation left unchanged by the fiber for the azimuthal positions ¢ = 0° and 90°. Since the
measured nanoparticle positions differ slightly from those two positions, we use the fitted model
function to obtain the experimentally observed scattering cross sections. In table [5.1] both, the
theoretically expected and experimentally deduced scattering cross sections into the nanofiber
are given. They show good agreement. Here, we calculated the theoretical scattering rates as de-
scribed in Eq. (5.5) and (5.10). In order to estimate the intensity that was present during the mea-
surements for the determined beam parameters (total power, P = (260 + 5) uW; waist radius at
nanofiber, w = (150 £ 10) um), we take into account that the excitation field is modified due to
the presence of the fiber (see . The loss-factor was assumed to be Lexp = 7spcm Nope = 0.46
in the experiment and incorporates optical losses after the light has been coupled into the fiber by
the nanoparticle (1 = 0.86) as well as the detection efficiency of the SPCMs (nspcm = 0.53).

2l The excitation light has to be slightly re-positioned onto the nanoparticle for each azimuthal nanoparticle
position ¢ because the rotation axis of the rotation mount is not perfectly aligned to the axis of nanofiber.

22 When considering the total photon flux scattered into the nanofiber, i.e. the fluxes measured at both fiber output
ports, the cases for o1 and o~ polarized excitation light are identical.

2 In both cases the polarization is perpendicular to the fiber surface at the position of the nanoparticle.

%*The total photon flux I'y for g polarized excitation light can be deduced from the photon fluxes I' ,+ and I'z
for ot and £ polarized excitation light, via 'y =2+ —Ts.
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E=

Cross section (nm?) o s
experiment 1400 £ 500 | 500 £ 200
theory 1300 £ 200 | 400 £+ 100

Table 5.1: Theoretically and experimentally expected scattering cross sections. Experimentally
deduced and theoretically expected scattering cross sections into the nanofiber for three cases of the
polarization of the excitation light field. Here, the scattering cross sections into all guided modes are
given, which means that the cases for o+ and o~ polarized light are identical. The error is dominated by
the uncertainty of the intensity at the nanoparticle in case of the experimental value and by the uncertainty
of the nanoparticle radius in case of the theoretical value.

5.4.3 Conclusion

In this section, it was experimentally shown that the scattering characteristics of a spherical,
point-like particle become asymmetric when it is in close proximity to an optical waveguide. The
underlying physical mechanism that enables this directional scattering is spin-orbit interaction
of light which universally occurs in all kinds of light fields that are transversally confined (e.g.
in waveguides, prisms, strongly focused beams, etc.). In particular, this includes the evanescent
field of modes in dielectric waveguides of any geometry and material. The effect demonstrated
in this chapter is thus very general and we expect it to have important consequences for applica-
tions that rely on controlling and manipulating optical signals in waveguides and nanophotonic
structures as well as other protocols, such as near-field imaging or optical sensing. The poten-
tial of this effect for (quantum) information processing becomes apparent by several very recent
publications that propose to use SOI in on-chip realizations based on photonic crystal [43] and
silica waveguides [44-46].

Interestingly, for the situation discussed in this chapter, there is no fundamental limit to the
directionality: by setting the polarization of the excitation field orthogonal to the polarization
of the two fiber eigenmodes ., and p, that co-propagate into the left/right direction, unity
directionality can in principle always be realized (see Sect.[5.5.T)). Moreover, at the inside of the
waveguide, the quasi-linearly polarized guided modes of our silica nanofiber exhibit a perfectly
circular polarization at two specific positions in the fiber transverse plane. Thus, a particle at
such a position that is excited with circularly polarized light will couple light exclusively into
one direction of the waveguide. Given the right nanoparticle position, all light that is coupled
into the nanofiber can be directed from one fiber output port to the other by simply changing the
polarization of the incident side beam — a very small polarizing beam splitter. The high degree of
external control and its usability under ambient conditions are important aspects of applicability.

Apart from their usefulness for optical signal processing and routing of light, the findings
presented in this section have important consequences for the interaction between light and
matter in evanescent fields [[162,|163]] or strongly focused laser beams. Consequently, they may
enable novel nanophotonic sensors that allow one to detect and identify, e.g., scatterers with
an intrinsic polarization asymmetry [164], i.e. different free-space emission rates for o1 and
o~ -polarized light. When exciting them with linearly polarized light close to a nanofiber, this
property will lead to different photon fluxes at the two output ports of the fiber.
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5.5 Towards nanophotonic devices

In the previous section (Sect.[5.4), the general effect of directional coupling of a scatterer to an
incident light field in the vicinity of a waveguide could be demonstrated for a nanoparticle-
nanofiber system. It seems therefore reasonable, to raise the question of how realistic it is
to improve this system to a point where it could be used as a directional coupling device in
nanophotonic circuits or similar applications.

In this section, we discuss the most important requirements of such a chiral coupler realized
as a nanoparticle-nanofiber system. In terms of incoupling efficiency and directionality there is
still room for improvement — the realization presented in the previous section was designed as a
proof of principle device. Both the incoupling efficiency and the directionality can be pushed to-
wards higher numbers compared to the ones presented in section[5.4.2]using more sophisticated
setups. Besides its potential use as a coupling device, other nanofiber based applications that
exploit the spin-orbit interaction of light are thinkable. Here, the concepts of a unidirectional
waveguide as well as a unique nanofiber-based sensor are discussed.

5.5.1 Chiral Coupler: Optimizing waveguide coupling and directionality

Up to a certain extent, incoupling efficiency and directionality are coupled in case of a wave-
guide. Both, polarization and field strength of the guided modes depend on the position of the
scatterer. Consequently, it is important to realize, that optimizing incoupling efficiency might
lead to a decrease of the directionality and vice versa. A priori, a general selection rule is hard
to find. It is for that reason, that both terms are discussed individually in the following.

In our realization in section[5.4.2] the fraction of the total scattered power by the nanoparticle
that is coupled into the nanofiber is about 10%, depending on the polarization of the excitation
field (see Fig.[5.6). There are several ways to increase this coupling efficiency. Taking a look
at Eq. (5.10), it is favorable to increase the overlap between guided electric field modes and the
dipole moment of the scatterer. This involves several effects that can be optimized individually.

1. The position of the nanoparticle and the fiber radius can be adjusted to increase the am-
plitude of the guided mode fields at the nanoparticle position. This could also involve
embedding the nanoparticle inside the fiber. In general, the guided modes are largest
close to the nanofiber center and close to the surface.

2. The position of the nanoparticle and the fiber radius can be adjusted such that the orienta-
tion of the dipole moment resembles those of the guided mode fields as much as possible.
For example, a dipole circularly polarized in a plane containing the fiber axis scatters more
light into the nanofiber than any linearly polarized orientation.

In addition, there are additional possibilities to increase the incoupling efficiency:

3. The refractive index of the waveguide material and thus the numerical aperture of the
waveguide can be increased which results in a more strongly confined light field and a
larger longitudinal polarization component. Consequently, this increases the collection
efficiency as well as the directionality.
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4. To increase the scattering cross section into the waveguide, more than just one nanoparticle
can be deposited on the nanofiber. Ideally, a periodic array of N nanoparticles can be
placed along the waveguide with an interparticle spacing of A/n.s, where A is the free-
space wavelength of the excitation light and n.f is the effective refractive index of the
waveguide mode. This would increase the total collective scattering cross section into the
waveguide mode by a factor of N2,

In general, for any position of the nanoparticle, the directionality can always be made to
reach the maximum (minimum) value of 1 (-1) if, at the position (r,¢) of the particle, the
polarization of the excitation field Ey is chosen to be orthogonal to both quasi-linearly polarized
fiber eigenmodes e, and e, (e and e;). For the case where the nanoparticle is located at the
top of the fiber (¢ = 90°), the two profile functions at the particle position are given by

(5.19)

where o and 3 are complex amplitudes which depend on the fiber radius and the wavelength of
the light (for our system: o = 1, 8 = ¢ - 0.56). In order to suppress the emission into the +2
direction and to obtain unit directionality, the excitation field has to be set to Eqg o (0, —3*, ™).
Due to the rotational symmetry of the nanofiber system, this is a general result and, for any
particle position, the case of perfect directionality can be derived from this result by a rotation
of the field vectors around the nanofiber.

If we consider the case, where a nanosphere positioned on the nanofiber is illuminated
by paraxial laser beam from the side, the modification of the excitation light field due to the
nanofiber has to be taken into account. Let the polarization of the excitation field again be de-
fined by two parameters « and 5. The excitation field the reads Eg = Fy(0,«,i3), where
B=vV1I-a?2(0<ac< 1) This way, all counterclockwise circulating elliptical polariza-
tions in the yz-plane are described via the parameter «, including the linear polarizations. For
clockwise circulation, the directionality simply changes sign. Figure [5.23] shows the depen-
dency of the directionality with respect to the parameter « and the azimuthal position ¢ of the
nanosphere, for the parameters used in our experiment. As expected, the absolute directional-
ity has mirror symmetry around the ¢ = 180° axis. The directionality is positive for the case
where the nanoparticle is situated on the bottom half of the nanofiber and negative where it is
situated on the top half of the nanofiber. For the case, where the nanoparticle sits right in front
(¢ = 0°) or right at the back (¢ = 180°) of the nanofiber with respect to the incident light
beam, the directionality is zero. We can see four distinct regions of maximum directionality
D(a, ¢). The first two regions can be found in the range from 0 < « < 0.35 the other two
in the range from 0.25 < a < 0.7. We find four local maxima at D(0.20,120°) = —0.995,
D(0.20,240°) = 0.995, D(0.46,77°) = —0.986 and D(0.46,283°) = 0.986 which show a
strongly pronounced directionality The first two maxima correspond to a region, where the
nanofiber-modified intensity of the incident light field is very low (see Fig.[5.8) leading to small

» At a = 1/+/2 the excitation field is circularly polarized.
%6 The unity polarization vectors of the incident light field for the two values o = 0.20 and 0.46 are given by
Ea:(),g = (O7 0.2, 0.98fl) and Ea:0,4e = (07 0.46, 0.89]1)
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Figure 5.23: Optimizing directionality. Directionality as a function of the polarization of the incident
light o and the azimuthal position ¢ of the nanosphere. The parameters used are the ones used in the
measurements, i.e. a fiber diameter of 2a = 315nm, a nanosphere diameter of 2R = 90nm and an
excitation wavelength X\ = 532nm. The largest absolute directionality |D| = 0.995 can be found at
(o, ) = (0.20,120°) and (o, ¢) = (0.20, 240°).

incoupling efficiencies.

It is important to note, that the illustrated behavior of the directionality does not significantly
change, when fiber diameter and the radial nanoparticle position are changed. While the po-
sitions of maximum directionality slightly shift, the best values remain above |D| > 0.99. In
contrast to that, the incoupling efficiency depends largely on those two parameters. Although
this effect was not studied in this thesis, it could also be interesting, in this context, to investigate
the directional behaviour for the case, where the nanoparticle is embedded into the nanofiber.

The nanoparticle-nanofiber system is a suitable system to carry out proof of principle mea-
surements. However, as a realistic device it is too fragile and too susceptible to dust. For realistic
applications dielectric integrated surface waveguides are much better candidates. A possible re-
alization is sketched in Fig.[5.24] In such a kind of setup, the excitation light field should be well
mode matched to the nanoparticle which leads to higher incoupling efficiencies. Additionally,
integrated waveguide structures are much more stable and scalable.

5.5.2 Polarization dependent backscattering and unidirectional waveguides

Instead of illuminating the nanoparticle with polarized light from outside, the nanoparticle can
also be excited via a guided light field. Figure[5.25|shows the estimated transmitted and reflected
power fractions for the situation, where a nanosphere (diameter, 2R = 90 nm), positioned on
top of the nanofiber (diameter, 2a = 315 nm), is excited by quasi-linearly polarized guided light
along ¢ (wavelength, A = 532 nm). As can be seen, the signal at both output ports can be tuned
via the incident polarization. The shape of the curves depends on the intensity distributions of the
quasi-linear polarization ¢g and the polarization overlap of this mode with the two orthogonal
guided modes f1, and i, at the position of the nanoparticle. For the reflected power, the intensity
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Figure 5.24: Dielectric surface waveguide as a directional coupler. Sketch of a possible directional
coupling device of two direlectric surface waveguides interfaced by a gold nanoparticle.

(a) transmission (b) reflection

Figure 5.25: Guided mode interaction. Fraction of the total guided mode power, quasi-linearly polar-
ized along v, that is (a) transmitted and (b) reflected by the nanofiber-nanoparticle system.

distribution dominates the behavior[”’]

So far, in this chapter, we have only considered polarization maintaining scatterers. If, however,
circular scatterers are used, a promising realization seems to be within reach. Here, the term
circular scatterers refers to scatterers that have different scattering cross sections for left and
right circular polarized light. Examples for such particles are appropriately prepared atoms as
well as molecules or quantum dots [[165]]. In the simplified case, where the scattering cross
section for one polarization is much larger than for the other, one of those circular scatterers on
top of the nanofiber would already have a polarization overlap of more than 0.9 with the guided
modes into one propagation direction and less than 0.1 into the other direction. Due to this large
discrepancy in the overlaps, the absorbance along one propagation direction can be much larger
than along the other. Now, in the case multiple circular scatterers it is possible to suppress the
transmittance to almost zero in one direction, while it is still considerable into the other. Such a

" This unintuitive behavior stems from the fact that the polarization overlap of the dipole moment with the
backward guided mode is four times larger than in free space.
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Figure 5.26: Unidirectional waveguide. Sketch of the two modes of operation of a unidirectional
waveguide. Light, quasi-linearly polarized along vy, is sent through the fiber from right to left (case 1)
and left to right (case 2). The polarization of the guided light on top of the fiber is denoted by a green,
circular arrow on top of the fiber. In both cases, the circular scatterers absorb only light that circulates
in counterclockwise direction, which is why a considerably fraction of the light power is transmitted in
case 1 and most of the light is absorbed in case 2.

device is also referred to as an optical diode Figure shows an illustration of the idea.

5.5.3 Sensing applications

The directional scattering into the waveguide can be exploited for optical sensing applications.
In this thesis, it was demonstrated that an asymmetric contribution of & and o~ polarization
in the light scattered by the nanoparticle translates into an unequal photon flux towards the two
output ports of the nanofiber. Here, this asymmetry was caused by the elliptical polarization
of the excitation beam which was scattered by a polarization-maintaining scatterer (the gold
nanoparticle). If, however, the excitation light is linearly polarized, an unequal photon flux can
only occur if the scatterer is asymmetric, i.e., if its scattering cross section differs for the two
circular polarization components. The ratio of the photon fluxes in the two fiber output ports is
thus a direct measure of this polarization asymmetry. This ratio can consequently be used for
identifying or characterizing asymmetric scatterers A demonstration, where the directionality
of the scattering depends on different internal states of laser cooled atoms can be found in [|164]].

21t is important to note, that on the bottom of the fiber the circulation is the other way around compared to on top
of the fiber for the same propagation direction. Hence, the scatterers must only be situated on one side of the fiber to
realize such a unidirectional waveguide.

» The appropriate alignment that is needed in order to utilize this effect can be obtained using e.g. a suitable
magnetic field to orient the particles correctly.
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CHAPTER

Summary and Outlook

This thesis can be divided into two experimental parts that investigated the realization of hybrid
quantum architecture. In the first part, the goal was to combine the advantages of tapered optical
fibers and trapped ions. Benjamin Ames, the PhD student working at the ion trap setup in
Innsbruck, already managed to trap ions down to 30 um away from a bare tapered optical fiber
(see Fig. [6.1). However, in order to further decrease the distance the tapered optical fiber has
to be made electrically conductive up to a certain extent without losing its excellent optical

Figure 6.1: Trapped ions in the vicinity of a tapered optical fiber. A linear string of six “°Ca™-
ions split by the presence of a positively charged nanofiber. The ion-fiber separation in this picture is
approximately 150 um, with the fiber being out of focus and about 100 um above the image plane of the
ions. The light scattered by the fiber is from the laser beam used for imaging and cooling the *°Ca™ -ions
ions. (The figure was kindly provided by Benjamin Ames, University of Innsbruck).
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properties (i.e. high transmission and strong evanescent field). The technique that was chosen
in this thesis to accomplish this goal was physical vapor deposition. Two different coating
materials where investigated: silver and chromium. While silver as a deposition material did not
yield satisfying results, chromium coating of nanofibers seems to be a promising approach. The
chromium coated tapered optical fiber had a resistance significantly below the threshold required
to keep it practically charge free. At the same time, still a residual optical transmission through
the fiber has been observed.

For their implementations in a realistic experimental setup, however, the transmittance has
to be increased which could be realized in different ways: Firstly, in order to have more control
over the coating process, the physical vapor deposition setup could be optimized. This way the
percolation thickness of the thin coated film should be reducible leading to an increase of the
film’s transmittance for the same electric properties. Secondly, and more importantly, shorten-
ing the the waist section of the tapered optical fiber will increase both the conductance and the
transmittance significantly. As the intensity of the guided light that propagates inside the coating
reduces exponentially along the thin conductive film, a waist length reduction from 10 mm to
1 mm should already raise the transmittance by at least two orders of magnitude. Additionally, if
the fiber pulling process is modified in a way that smaller flame widths than 1 mm are possible,
a sharper increase of the fiber radius from the waist to the taper section can be realized. This sig-
nificantly lowers the losses in the taper section and thus allows for much higher transmissions.
Including this optimization, transmittances exceeding a few ten percent with simultaneous elec-
tric resistances around 10% €, seem to be realistic. As a consequence, the ion trap setup has to
be significantly modified to be compatible with shorter fiber waists. Furthermore, chromium
oxidizes in ambient conditions. Therefore extraction, transport and integration of the tapered
optical fiber will have to be performed in oxygen free conditions. Alternatively, other coating
materials that are not prone to oxidization could be used or the coating setup could be included
into the vacuum chamber of the ion trap.

In the second part of this thesis, the interaction of individual plasmonic nanoparticles with
the evanescent field of the nanofiber was studied: Due to its strong lateral confinement, the
guided light field is highly non-paraxial and strong longitudinal electric field components occur.
As a consequence, the light can exhibit a local spin that is orthogonal to the propagation direc-
tion. Remarkably, this spin changes sign when the propagation direction of the light is reversed.
This chiral character of the light has important consequences for the interaction of confined light
with matter and has the potential to enable new key devices in an all-optical infrastructure. As a
first step towards such devices, this thesis studied the realization of a chiral directional coupler
for light, where a single nanoparticle directs an incident field to one or the other output port
of the fiber. For this purpose, a method was developed that allows one to deposit individual
nanoparticles on a sub-wavelength diameter fiber. Using a pipette, a droplet of gold nanoparti-
cles dispersed in deionized water, was lowered onto the waist section of a tapered optical fiber.
In a statistical process, that can be influenced via the nanoparticle density in the droplet and the
time nanofiber and droplet touch each other, nanoparticles settle on the nanofiber surface. After
the droplet is moved away from the fiber, a clearly measurable increase in the fiber’s absorbance
can be seen if the deposition was successful. By repeating this process until an increase of ab-
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sorbance is observed a controlled deposition of individual nanoparticles with a probability of
success of close to one is achieved. The positioning accuracy along the nanofiber is currently
around 100 um which could could straight forwardly be improved using a smaller pipette tip.

With this technique, we deposit a single nanoparticle on the fiber and make use of the chi-
ral nature of light-matter interaction in the evanescent field of the fiber to realize a directional
coupler for light. By illuminating a deposited gold nanoparticle with an external light field, the
directionality of the scattering into the fiber could be controlled with the polarization of the in-
cident light. With this setup, up to 94 % of the incoupled light was directed into one or the other
direction of the fiber.

In order to turn this proof-of-principle experiment into a miniaturized integrated optical com-
ponent for commercial devices, chip-based lithographically fabricated waveguides and embed-
ded nanoparticles could be used. In such a setup, the excitation field could be provided by one of
those waveguides leading to several orders of magnitude higher incoupling efficiencies than in
the demonstrated experiment. Additionally, the efficiency could be further enhanced by increas-
ing the nanoparticle size or number. More advanced techniques in this regard could involve the
use of several nanoparticles that are positioned at Bragg condition along the waveguide [166] or
using a running wave waveguide-resonator such as, e.g. a whispering gallery-mode resonator,
instead of a conventional waveguide [42].

The directional coupler for light is the first demonstration of a novel class of nanophotonic
devices that are based on the effect of chiral light-matter interaction. Another possible applica-
tion involves polarization dependent scatterers whose scattering cross section for right circularly
polarized light is different than for left circularly polarized light. This would lead to a nonrecip-
rocal transmission in these structures which directly provides an optical diode where isolation
and forward transmission can be adjusted via the number of absorbers coupled to the waveguide.
This can for example be realized by coupling atoms or molecules to the evanescent field of the
nanofiber [164]], where their internal spin leads to the required asymmetry in the scattering rates.
For further miniaturized devices, these scatterers could be replaced by plasmonic structures that
are subject to a static magnetic field or an external time modulation of their electrical properties.

Ultimately, this work demonstrates the powerful nature of nanofibers when used in conjunc-
tion with plasmonic nanoparticles. Devices based on the results of this thesis could be a part of
future integrated optical devices and have the potential to replace integrated electronic compo-
nents. This would potentially path the way towards an an all-optical architecture for computing
and further advance information processing beyond its current limitations.
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APPENDIX

Appendix

A.1 A nanofiber-based ion trap using a metal nanoparticle and
difference frequency generation

In the course of this thesis, an alternative scheme using a nanoparticle-nanofiber system was
investigated that could potentially trap ions in close vicinity of the nanofiber surface in order to
realize strong light-matter coupling:

Due to the Gaussian law, it is not possible to confine charged particles in three dimensions
with electrostatic fields. That is why, for example in the case of the Paul trap, a time modu-
lated electric quadrupole field in addition to a static electric field is employed to realize a stable
trapping potential [8,9}/103]]. Following this general principle, one can consider an alternative
trapping scheme where a spherical metal nanoparticle is used as a point-like trapping electrode
for the generation of a time modulated dipole field. Figure[A.T]sketches the two ingredients that
have to be combined in order to realize such an ion trap: An oscillating dipole near-field Eg;,
emitted by the nanoparticle and a superposed homogeneous electric field Eyop, that is oscillating
7 out of phase to it. More specifically, if the homogeneous field points along the axis of the
oscillating dipole an electric field minimum can be realized in the near-field of the dipole (see
Eq. (3.17)). In Fig. and b the resulting fields are shown for the case of a dipole moment
ofd=dz=45x10"2Cmand a homogeneous field of Fhom = Fhomz ~ 0.8 MV/m. The
fields are cylindrically symmetric and shown for two points in time, i.e. wt = 0 (blue) and
wt = 7 (red).

The motion of a charged particle of mass m that is subject to the force F' = g E of a field
E = Ejsin (wt) oscillating with high frequency can be described by a time independent pseu-
dopotential [167./168]
q¢* E§
= Il (A.1)
where ¢ is the charge of the particle and w the oscillation frequency. It can be seen, that the
pseudopotential is independent of the sign of the charge ¢ and accordingly, that every charged
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Figure A.1: Nanoparticle-based ion trap: Schematic. Left side: Schematic illustration of a trapping
scheme based on a metal nanoparticle. The nanoparticle (dark yellow) is excited such that its dipole
moment (shown as a green arrow) oscillates along z. A potentially trapped ion (red) is shown on top of
the nanoparticle. The blue arrows depict the electric dipole field Eg;, at a fixed point in time. Right side:
Homogeneous field E,, = Ej,nZ that oscilates T out of phase to the dipole field and that is superposed
on it.

particle is a so-called low-field seeker. In Fig. we see, that the pseudopotential for a °Ca™-
ion (mc, = 40u) has a trap depth of U = 1 eV for the same values as in panels (a) and (b) and
an oscillation frequency of w = 27100 MHz.

Concerning the realization of such an ion trap, the homogeneous field can be provided by
applying a high oscillating voltage to two appropriately spaced metal plates in between which
the nanoparticle would have to be placed. The oscillating dipole field of the nanoparticle, on the
other hand, could in principle be optically induced via difference frequency generation. Indeed,
as pointed out by several groups [[169-173]], beyond dipole approximation, second order nonlin-
earities can be excited at spherical nanoparticles that in turn would lead to a dipolar emission
pattern. A potential realization of a radio frequency dipole field emitted by a spherical nanopar-
ticle can be seen in Fig. Here, two guided light fields E; = Ey;exp(i[—w;t + k;z])
(¢ = 1, 2) are sent through the tapered optical fiber. Because they are detuned by A with respect
to each other they generate a difference frequency dipole field Eq;p at the spherical nanoparticle
that oscillates at a frequency of w = 27 AEI

In order to estimate the size of the dipole moment dprg generated by difference frequency

'In practice, the detuning between the two excitation light fields can, e.g., be provided by an acousto-optic
modulator. The local oscillator providing the detuning frequency can also be used as a frequency reference for the
oscillating homogeneous field in order to realize a 7 phase shift between the two fields Egp, and Epom.
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A.1. A nanofiber-based ion trap using a metal nanoparticle and difference frequency
generation

(a) radial field component (b) axial field component

(¢) pseudopotential

Figure A.2: Nanoparticle-based ion trap: Fields and potential. Electric field components along the
(a) radial and (b) axial direction for a nanoparticle-generated dipole near-field that is superposed on a
homogeneous electric field along the dipole axis. Both fields oscillate T out of phase with respect to each
other and interfere destructively at one point in space ((r, z) = (0, 1 pm). The panels show the situations
for wt = 0 (blue) and wt = T (red). The dipole moment of the nanoparticle is d = dz = 4.5 x 10723Cm
and the strength of the homogeneous field is Ejy, = Epomz >~ 0.8 MV/m. (¢) Pseudipotential for a
40Ca™ -ion. For the values used in (a) and (b) we find a trap depth of 0.8¢eV.

Figure A.3: Nanoparticle-based ion trap: Difference frequency generation. Potential setup in order
to generate a radio frequency dipole field via difference frequency generation. The difference frequency
is generated by sending two guided light fields through a tapered optical nanofiber that are detuned by

A. The nanoparticle is deposited on the waist section of the fiber and radiates a dipole field Eg, at the
(2)

<>
difference frequency w = 21 A due to its nonlinear susceptibility X ; .
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Figure A.4: Nanoparticle-based ion trap: trap depth. Porential trap depth 1um away from the
nanoparticle as a function of the power of each excitation beam.
generation we consult the results in [[169-173]] and adjust them to the case at hand. We find thatE|

dorg = do [(é-é)k—n(ﬂ-é)é :

41

do = 7= (w1 + w2) R E1 By x1 (A.2)
_2x2
R=—,
X1

where € = é; = é» is the unit polarization vector of the excitation fields, k= 1%1 ~ 12:2 is the
unit wave vector of the excitation fields and n2 denotes the direction of the scattered light. Note
that the formulas are given in Gaussian units. « is a measure for the quadrupole contribution to
the dipole field. In addition, we have introduced the notations

X1 = X111 X —2x +57,

. (A3)
X2 = X111 — X1 +3X|L] -

«(2)
The formulas for the elements x7 | |, x 1| and x) 1| of the nonlinear susceptibility tensor X

as well as for « can be found in [[170L[171]).

Assuming two 100 mW guided light fields and a nanofiber radius that is optimized to the used
wavelength in order to maximize the intensity at the position of the spherical gold nanoparticle
(R = 40nm), this yields a dipole amplitude of dy ~ 10732 Cm. As can be seen in Fig. |A 4|
even for higher optical powers the trap depth is unfortunately far too low to realize an ion trap}
Alternative realizations in order to realize a higher dipole moment could be to induce it linearly
via external electric fields [[174] or by using different plasmonic shapes and materials [175].

The formulas are kindly provided by Pham Le Kien.

3 The fact that the nonlinear dipole moment is very small could be confirmed by experiments that were performed
during this thesis in order to detect a potential second harmonic generation, another second order nonlinear effect, at
a spherical nanoparticle.
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A.2. Blue print of the PVD vacuum chamber

A.2 Blue print of the PVD vacuum chamber
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A.3 A chiral nanophotonic waveguide coupler - Full set of
measured datapoints
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Figure A.5: Photon flux and directionality — full dataset. Left colum: Measured photon fluxes at the
left (blue circles) and right (red squares) fiber output port as a function of the angle 6 of the quarter-
wave plate. Here, 8 = 0°,90°, ... corresponds to linear polarization along z (dashed orange lines) and
0 = 45°,225° (6 = 135°,315°) corresponds to o~ (a1 ) polarization of the incident light field (dash-
dotted green lines). The insets indicate the azimuthal position ¢ of the nanoparticle (green dot) around
the fiber (gray disk). The solid lines are the predictions of our theoretical model. The statistical error
bars are too small to be visible in the plot. Right colum: Directionality D of the scattering process into
the fiber for the data shown in the left column.
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