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Zusammenfassung

Quantentechnologien aller Art, wie Quantencomputer und Quantensensoren, entwickeln
sich rasant fort. Daraus resultiert ein grof3es technologisches Bediirfnis, Quanteninforma-
tionen zwischen solchen lokalen Systemen iiber grofie Distanzen hinweg auszutauschen.
Hierfiir benotigt man effiziente Quanten-Netzwerkschnittstellen, die es erlauben Quan-
teninformationen auf Photonen zu tibertragen. Optisch aktive Defektzentren und dotierte
Ionen in Festkoérpern sind ideale Kandidaten fiir solche Quanten-Netzwerkschnittstellen,
da sie sowohl iiber einen langlebigen und kohérenten Spin-Freiheitsgrad, als auch koha-
rente optische Ubergange verfiigen. Um die optischen Uberginge effizient zu machen
und auf diese Weise hohe Kommunikationsraten zu erzielen, miissen diese photonisch
verstirkt werden. Dies kann durch die Kopplung an faserbasierte Fabry-Pérot Mikrore-
sonatoren hoher Giite erzielt werden. Diese Arbeit untersucht die Eignung von Ytter-
biumionen sowie Defektzentren in Siliziumkarbid als Quantennetzwerkschnittstellen
in solch einer resonatorbasierten Geometrie. Zu Beginn werden Ytterbiumdotanden in
nanoskaligen Kristallen spektroskopisch untersucht. Diese zeigen schmale Ensemble-
Linienbreiten bei kryogenen Temperaturen. Mit Hilfe von Sattigungspektroskopie wurde
zum ersten Mal fiir dieses Material eine Obergrenze fiir die optische Linienbreite eines
einzelnen Ions von 5 MHz bestimmt. Zudem wurde gezeigt, dass sich diese Nanokristalle
in einen faserbasierten Resonatoraufbau integrieren lassen, der optische Spektrosko-
pie erlaubt. Anschlieflend wurden die optischen Eigenschaften von Ytterbiumionen in
verschiedenen organischen Molekiilen charakterisiert. Diese unterscheiden sich teilwei-
se deutlich voneinander. Durch einen systematischen Vergleich wurde versucht, diese
Variationen durch die molekulare Struktur zu erkldren. Insbesondere fiir die nichtra-
diative Zerfallsrate wurden dabei erste Korrelationen gefunden. Schliefllich wurden
Experimente an Farbzentren in Siliziumkarbid in einem kryogenen Resonatorsystem
durchgefiihrt. Dafiir wurde eine wenige Mikrometer dicke Membran aus Siliziumkarbid
in einen faserbasierten Hohlraumresonator integriert. Das Resonatorsystem wurde sorg-
faltig charakterisiert und fiir gut geeignet befunden, da nur minimale Verluste durch die
Membran entstanden. Durch die hohe spektrale Selektivitit des Resonator konnten die
kohirenten Uberginge einzelner Farbzentren bei kryogenen Temperaturen aufgeldst
werden, was durch Analyse der Photonenstatistik verifiziert wurde. Schliellich wurde
die Purcell-Verstarkung anhand einer verstimmungsabhingigen Lebenszeitmessung
bestimmt. Durch die Kopplung an den Resonator wird der kohirente Ubergang eines
einzelnen Farbzentrums bis zu 13-fach verstérkt, was zu einer hohen Rate an kohérenten
Einzelphotonen fiihrt.






Abstract

Quantum computers and quantum sensors, among other quantum technologies, continue
to rapidly develop. This results in a great technological need to exchange quantum infor-
mation between these local systems over long distances. Such quantum networks require
efficient quantum network nodes, which allow to efficiently map quantum information
onto photons. Optically active defects and dopants in solid state systems are ideal candi-
dates for quantum network nodes, because they can posses a long-lived and coherent spin
degree of freedom, as well as coherent optical transitions. In order to make these optical
transitions more efficient and thereby achieve high communication rates, they need to
be photonically enhanced. This can be achieved by coupling them to fiber-based Fabry-
Pérot micro resonators with high quality factors. This work investigates the suitability
of ytterbium dopants and defect centers in silicon carbide as quantum network nodes
in such a resonator-based geometry. At the beginning, ytterbium dopants in nanoscale
crystals are investigated spectroscopically. They show narrow inhomogeneous ensemble
linewidths at cryogenic temperatures. Using saturation spectroscopy techniques, an
upper limit for the single ion linewidth of 5 MHz was determined for the first time in
this material system. Additionally, it was demonstrated that these nanocrystals can be
integrated into a fiber-based resonator in a manner that allows for optical spectroscopy.
Subsequently, the optical properties of ytterbium ions in different organic molecules
were characterized. The ions properties were found to differ significantly among each
other, depending on the coordinating organic ligands. By a systematic comparison an
attempt was made to link these variations to the chemical structure. First correlations
were found especially for the non-radiative decay rate. Finally, experiments were con-
ducted on color centers in silicon carbide inside a cryogenic resonator system. Therefore,
a few microns thick silicon carbide membrane was integrated into a fiber-based cavity.
The cavity system was characterized carefully and found to be well suited, because only
minimal losses were caused by the membrane. Utilizing the high spectral selectivity of
the resonator, the coherent transitions of single color centers, verified by the analysis of
their photon statistics, could be spectrally resolved. Finally, the Purcell enhancement
was determined by a detuning-dependent lifetime measurement. By coupling it to the
resonator, the coherent transition of a single color center could be enhanced 13-fold,
resulting in a high rate of single, coherent photons.

iii






Contents

Zusammenfassung . . . . . .. ... .. i
Abstract . . . . . . ... iiii
1. Introduction . . . ... .. ... ... ... 1
2. Fiber-based Fabry-Pérot-resonators . . . . . . ... ... ... ........ 5
2.1. Basics of Fabry-Pérot resonators . . . . . .. ... ... .. ....... 5
2.1.1. Transversalmodeprofile . . . . . . ... ... ... ... ..., 7
2.1.2. Figuresofmerit . . . . . . ... ... ... 8
2.2. Fiber-based micro Fabry-Pérot resonators . . . . . ... ... ...... 13
2.2.1. Fabrication of fiber mirrors via CO; laser milling . . . ... .. 14
2.2.2. Distributed Bragg reflectors . . . . .. .. ... ... ... 17
2.23. Fibers producedinthiswork . .. ... ... ... ... ..., 19
2.3. Light-matter interactions inside optical resonators . . . . . . .. .. .. 21
2.3.1. ThePurcelleffect . . . . ... ... .. .. .. .. .. ... .. 21
2.3.2.  Modifications in realistic systems . . . . .. ... ... ... .. 23

2.4. A fiber-based Fabry-Pérot-resonator with highly symmetric 3D-printed
mirror profiles . . . . ... 26
2.4.1. 3D-directlaser writing . . . . . .. .. ... L. 26
2.4.2.  Spherical mirror profiles produced by 3D-direct laser writing . 27
2.4.3. Cavity characterization. . . . . . ... ... ... ... ..... 28

2.44. Applications of resonators operated close to the stability limit . 29

3. Ytterbium doped nanoparticles for cavity based quantum networks . . . . . 33
3.1. Rare earth ions for quantum information processing . . . . . . ... .. 33
3.1.1. Rareearthionsinsolids . ... .................. 34
3.1.2.  Applications of rare earth ions in quantum information processing 40
3.1.3.  Ytterbium doped yttria nanocrystals for cavity integration . . . 41

3.2. Room temperature studies and cavity integration of ytterbium in yttria
nanocrystals . . . ... 43
3.2.1.  Room temperature spectroscopy using a confocal microscope . 44

3.2.2.  Towards cavity integration of ytterbium doped yttria nanocrystals 46
3.3. Cryogenic spectroscopy of ytterbium doped yttria nanoparticles - Re-

vealing the homogeneous linewidth . . . . ... ... ... ..... .. 55

3.3.1. Experimentalsetup . . . .. ... ... ... . ... . ..., 56



Contents

3.3.2.  Spectroscopic observation of two crystal symmetry sites . . . . 59

3.3.3. Determination of the optical coherence time . . . . . . ... .. 62

34. Outlook. . . . . ..o e 67
4. Ytterbium ions in molecular systems for quantum information processing . . 69
4.1. Rare earthions in molecular crystals . . ... ... ... ........ 70
4.1.1. Quenching mechanism in organic molecules . . . . . .. .. .. 72
4.1.2. Purcell enhancement of a quenched transition . . . . . ... .. 73

4.2. Yb-Trensal - An exemplary molecular quantum system . . . . ... .. 74
4.2.1. Optical spectroscopy of Yb-Trensal . . . . .. ... ... .... 75

4.2.2. Optical spectroscopy of diluted Yb-Trensal . . . . . .. ... .. 79

4.3. Comparing different molecular design strategies - An overview . ... 85
43.1. Overview of the investigated molecules . . . ... ... .. .. 86

4.3.2. Spectroscopic study of molecular homogeneity . ... ... .. 88
4.3.3. The optical lifetime - Probing the molecular environment . .. 90
4.3.4. Suitability for coherent experiments . . . .. .. ... ... .. 93

44. Outlook. . . . . ... 94

5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-

Pérotcavity . . . . . . . . . ... ... 97

5.1. Silicon vacancy centers in silicon carbide . . . . . ... ... ... .. 98
5.1.1. The Si"-vacancy in4H-SiC . ... ... ... .. ... ..... 99

5.2. A thin SiC membrane inside a Fabry-Pérot resonator . . . ... .. .. 102
5.2.1. Dielectric membranes in cavities . . . . ... .. ... ... .. 103

5.2.2. Calculation of the Purcell effect in a membrane . . . . ... .. 107

5.2.3. Membrane fabrication . . . ... ... ... ... ... .. ... 108

5.2.4. Characterization of the cavity-membrane system . . . ... .. 109

5.2.5. Color center characterization . . . .. ... ... ... ..... 114

5.3. A single color center coupled to an optical cavity . . . ... ... ... 117
5.3.1.  Cavity assisted spectral resolution of emitters . . . . . ... .. 118

5.3.2. Verification of single photon emission . . . ... ... .. ... 122

5.3.3. Investigation of the Purcell enhancement of a single color center 126

5.3.4. High rate emission of coherent, single photons . . . . ... .. 129

54. Outlook . . . . .. . 130

6. Conclusionandoutlook . . . . ... ... ... ... ... ... ... 133
Listof Figures . . . . . . . . . . . . .. 137
Listof Tables . . . . . . ... ... ... ... .. ... .. 141
A. Sampleoverview . . . . . . .. ... e 143
B. Room temperature confocal microscopesetup . . . . . ... ... ...... 145

vi



Contents

C. Cryogeniccavitysetup . . . . . . . .. ... ... ... ... ... ... .. 149
D. Additional autocorrelation measurements . . . . . . . . . .. ... ... ... 153
E. Listofpublications . . . . . . . . ... ... ... ... ... .. ... ... 155
F. Listoftalksandposters . . . . . . ... ... . ... ... ... ........ 157
G. Abbreviationsandsymbols . . . . . . . ... ... ... L L. 159

G.1. Abbreviations . . . . ... ... ... ... 159

G.2. Symbols . . ... 161
Bibliography . . . . . . . . . ... 163

vii






1. Introduction

Quantum technologies are at the forefront of technology development. The United
Nations have declared the year 2025, in which this thesis is submitted, as the “Interna-
tional Year of Quantum Science and Technology” [1], highlighting the transformative
potential of these technologies, and claiming that “quantum science and technology
is vital for economic advancement and that its potential applications could address
basic needs such as food, health, sustainable cities and communities, communications,
clean water and energy, and support climate action” [1]. Certainly, it will be a long
time until these technologies will have such a widespread and direct impact on society.
However, it is undeniable that, as researchers become able to detect and manipulate
single quantum systems, technological applications of these quantum systems arise
[2]. Individual quantum systems can be used as extremely efficient sensors [3, 4, 5].
Quantum computers, while still some way away from offering an universal advantage
over classical computers, have been realized in different implementations, and are being
pushed forwards in all directions [6, 7]. It has been proposed that they could be used
to simulate complex quantum systems, such as the quantum mechanical structure of
molecules, which for example could guide medical drug design [8]. One of the main mo-
tivators for the development of quantum computers is the existence of Shor’s algorithm,
who showed that a quantum computer can factorize prime numbers much faster than
the most efficient classical algorithms [9]. Because most of modern cryptography relies
on factorizing large prime numbers, any actor who could first get their hand on such
a device could potentially decrypt sensitive information. This makes it clear why the
United States, the European Union and China all have identified quantum technologies
as a critical area of research and development [10].

Luckily, quantum mechanics provides a way of secure communication. By encoding
information in the quantum state of a photon, a single quantum of light, any potential
eavesdropping attack can be detected. This is due to the no-cloning theorem, which
states that a quantum state can never be duplicated, or “cloned” [11, 12]. In other
words, any measurement by a potential eavesdropper on the quantum state collapses the
wavefunction, which changes the result for the original receiver, revealing the attack.
Besides the obvious security implications of quantum communication, similar schemes
can be used to share quantum information between individual quantum systems, such
as quantum sensors or quantum computers, improving the capability of the combined
system beyond that of an individual system [13, 14, 15].
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Quantum networks

Individual quantum systems that are linked together are referred to as quantum networks.
Their fundamental building blocks are quantum nodes, which are local quantum systems
that might posses different local processing or sensing capabilities. These nodes are
linked to each other by quantum channels in order to form a quantum network [16, 17].
The only sensible choice for quantum channels that need to cover longer distances are
photonic channels, which are either realized as optical fiber links or using satellite-based
free-space communication [18, 19]. This is because photons interact so weakly with
the environment, that they retain the quantum information under ambient conditions
[20]. Consequentially, the nodes need to be able to map the quantum information of the
local qubit implementation onto a a photon. Often, this is realized by encoding the local
quantum information in the spin degree of freedom of an atom or atom-like system.
The spin energy levels are connected to optically excited states, which then allows to
coherently map the quantum information onto a photon, to be sent over the quantum
channel. This important realization of a quantum node is therefore called a spin-photon
interface. Such spin-photon interfaces have been implemented in different systems,
such as various defect centers in diamond [21, 22, 23], silicon [24] and silicon carbide [25,
26], trapped atoms in vacuum [27], and rare earth dopants in solid state hosts [28]. These
implementations differ in the coherence and capabilities of the local qubit, the efficiency
of the photonic channel, and the experimental overhead and potential scalability. It
is clear that no best candidate has yet been found, and it is doubtful if there will ever
be one best candidate. Instead, a hybridized approach, with different quantum nodes
and channels for different application profiles, seems to be realistic. Consequentially, a
multitude of quantum systems are currently investigated for their suitability as quantum
nodes.

Efficient solid state quantum nodes

In this thesis, I investigate two different possible implementation of solid state spin-
photon interfaces: ytterbium ion dopants in multiple host materials, and silicon vacancy
centers in silicon carbide. Both exhibit optical transitions in the near infrared region of
the electromagnetic spectrum, and a long-lived spin degree of freedom. The solid state
nature is reflected in the fact that they are individual quantum systems located inside
a host crystal. Solid state quantum systems are especially of interest because they can
be scaled up efficiently. In addition, the spin used to create spin-photon entanglement,
can be coupled to nearby quantum systems, significantly increasing the local process-
ing capabilities of the node [29, 30]. One drawback of solid state systems is that they
are intrinsically noisy, which makes careful characterization and material engineering
mandatory to optimize the quantum properties [31].

One fundamental limitation of the efficiency of a quantum network are the entangle-
ment generation rates, that is how long it takes to generate entanglement between two
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nodes. In order to increase this rate, there are two important tuning knobs. First of all,
the harnessed photon rate from an individual node must be made as large as possible.
Secondly, the losses of the transmission channel must be minimized.

The first task can be accomplished by integrating the quantum node with an optical
resonator [32, 33, 34]. Such resonators can boost the light matter interaction, thereby
significantly increasing the coherent photon rates and possibly even making the spin-
photon coupling deterministic, ensuring interaction of a photon with the node. The
channel losses are, for optical fiber links, governed by the fiber losses, which scale
exponentially with the fiber length. To minimize the losses, it is desirable to operate
the quantum channel in the telecommunication C-Band (A ~ 1550 nm), where fiber
losses are minimal. However, the emission wavelength is governed by the investigated
quantum system, and nodes that emit at this wavelength can have other disadvanta-
geous properties. It is worth to note that quantum frequency conversion can be used
to coherently convert the photon wavelength of visible or near infrared emitters to
the telecommunication C-Band using non-linear optical processes. This is however
experimentally challenging and causes additional conversion losses [35, 36]. Therefore,
quantum nodes emitting in the near-infrared range A = 900 nm to 1000 nm constitute
an interesting alternative. The fiber losses are still below 1dB/km, almost an order
of magnitude smaller than for emitters emitting in the visible range (6 dB/km) [32].
Simultaneously, these wavelengths facilitate the integration with highly resonant struc-
ture, because the often limiting intrinsic absorption and surface scattering losses scale
favorably with longer wavelengths. Therefore, near-infrared emitting quantum nodes
warrant investigation of their optical properties and how they can be combined with
optical cavities to form an efficient spin-photon interface, which one day may serve as a
node in a quantum network.

Outline of this thesis

This thesis is structured as follows: In Chapter 2, I introduce fiber-based Fabry-Pérot
cavities, the resonator platform of choice for this work. I present the important figures
of merit that characterize the resonator, and discuss the fabrication and parameter design
choices of the resonators used in this work. I present how these resonators can be used
to enhance the light-matter interaction. Finally, I characterize a novel fabrication method
of Fabry-Pérot resonators using 3D-direct laser writing. I show that this method, while
limiting the resonator performance, offers a high degree of control over the resonator
geometry and its related properties.

In the next chapter, I discuss one of the potential quantum nodes investigated in this
work: ytterbium dopants in yttria nanocrystals. I briefly introduce their optical and
spin properties and discuss their potential for quantum networking applications. Then,
I present a characterization of their room temperature properties, and show that they
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can be integrated in a fiber-based Fabry-Pérot microcavity. I confirm this by observing
characteristic fluorescence signals using cavity-enhanced spectroscopy. Finally, I investi-
gate their spectroscopic properties at cryogenic temperatures. I observe signatures from
dopants in two different crystal lattice sites and determine the homogeneous linewidth
of the dopants, using a saturation spectroscopic technique.

In the next section, I apply the toolbox developed for cryogenic spectroscopy of Ytter-
bium ions to the investigation of Ytterbium based molecular materials. I motivate
the investigation of this novel material class and discuss the peculiarities of these systems
when compared to the more conventional host in the previous section. I spectroscopically
investigate molecular crystals formed by the molecule Yb-Trensal, which has already
shown excellent spin properties, and observe strong optical transitions and narrow opti-
cal inhomogeneous linewidths, demonstrating potential for optical readout of the spin
degree of freedom. In order to verify design principles employed during the synthesis of
these molecules, I systematically compare five different molecular materials and their
spectroscopic properties, and find correlations that corroborate these hypotheses.

Finally, In the last chapter, I turn towards the investigation of defect centers in
silicon carbide by cryogenic cavity spectroscopy. After briefly introducing this
emitter system, I show that it lends itself uniquely to the integration into a Fabry-Pérot
cavity in the form of a thin membrane. I study the emerging cavity-membrane system
and find excellent agreement with the observed behavior and the theoretical model. The
resonator losses introduced by the membrane are minimal and its natural birefringence
ensures an ideal coupling of the cavity to the emitter. Finally, I demonstrate cavity-
enhanced photon emission of a single defect at cryogenic temperatures. The resonator
enhancement is carefully characterized and leads to a high observed rate of coherent
photons, demonstrating a clear enhancement of light-matter interaction using an optical
cavity.

I conclude this thesis by summarizing the results obtained in this work and discuss their
potential for further experiments.
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Optical resonators confine and store light whose frequency matches the resonance
frequency of the resonator. Their applications are manifold: They are used as filters,
frequency references, for sensing applications and are an integral part of lasers. They
also play an important role in quantum optics: By coupling an atomic transition to a
resonance of an optical resonator, one can enhance the light-matter interaction up to
the point where the interaction becomes deterministic, meaning a single photon will
always interact with the atom. This is a desirable property for a node in a quantum
network, where one would like to create spin-photon entanglement at the press of a
button. Further increasing the coupling leads to interesting new regimes of physics, the
strong coupling regime, where the atomic and photonic character of the excitation can
not be separated anymore [37]. The coupling of a quantum system to a resonator is
treated in the formalism of cavity quantum electrodynamics (cQED).! In the following,
I will introduce the optical resonators utilized in this work: fiber-based Fabry-Pérot
cavity (FFPC). I will discuss the quantities used to characterize the resonator performance.
I will report on the fabrication and operation of the FFPCs used in this work. Then, I will
summarize the Purcell regime of cQED, which is relevant for the experiments in this
thesis. Finally, I will present results on an alternative way of fabricating FFPCs, based
on direct laser writing.

2.1. Basics of Fabry-Pérot resonators

The Fabry-Pérot resonator is the conceptually most simple realization of an optical
resonator. It is formed by two opposing mirrors. Incoupled light is reflected between the
two mirrors, confining the light, and leading to interference of the reflected waves. The
interference is constructive when the distance between the two mirrors d is an integer
multiple of a wavelength A:

A

where q is called the longitudinal mode order. The constructive interference leads
to the formation of a standing wave, with ¢ nodes and g + 1 antinodes. This simple

LA cavity is a specific implementation of an optical resonator, but the terms are often used interchangeably.
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(a) Simple illustration of a Fabry-Pérot cavity (b) Exemplary transmission spectrum of a Fabry-Pérot res-

onator.

Figure 2.1.: Simple illustration of a Fabry-Pérot cavity and its resonances. A standing
wave forms when the cavity is length is an integer g multiple of half a wavelength.

picture considers perfect, planar mirrors with reflectivity, R = 1, and an incoming
monochromatic plane wave and is sketched in Figure 2.1. In reality, the light experiences
losses inside the cavity each roundtrip. The losses per round trip stem from:

« The finite mirror transmission T; and T, at the first and second mirror.
« Absorption A; and A; at the first and second mirror.
« Scattering S; and S, at the mirror surfaces due to residual surface roughness.

« Additional extinction E, for example due to a scattering and/or absorbing sample
inside the resonator.

For small round trip losses, which is the case for the resonators used in this work, the
individual cavity resonances can be approximated as Lorentizan lines [38, 39]:

v )
Itrans ~ IOTITZ ; 2 5 (2.2)
HE) + (oo -
(2.3)
where we have defined the finesse ¥ as:
2 2
F z z (2.4)

= Y All Roundtrip Losses T, + T, + A, + Ay + S; + S, + B

An exemplary transmission spectrum of a cavity is depicted in Figure 2.1.
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(a) Transversal intensity profile of the first 16 Hermite-  (b) Transversal intensity profile of the first 16 Laguerre-
Gauss modes. Gauss modes.

Figure 2.2.: Transversal intensity profile of the first 16 Hermite-Gauss and Laguerre-
Gauss modes.

2.1.1. Transversal mode profile

In order to derive the spatial modes of the resonator modes, one needs to solve the
Helmbholtz equation in the paraxial approximation for fixed boundary conditions imposed
by the geometry of the mirrors. For spherical mirrors, the fundamental solution is the
well-known Gaussian beam, characterized by its slowly varying envelope [40]:

2 2
Alp,2) = Ay W”Z‘;) exp (—Wf (Z)) exp (—ikz - ik 15 @) (2.5)
with p = 4/x% + y? and:
Wy = @, (26)
s
2 \2
w(z) = wo[1+ (z_) , (2.7)
0
R(z) =z(1+ (%)2), (2.8)
{(z) = arctan (zi) . (2.9)
0

It is fully determined by the wavelength, A, and the minimal beam waist, wy. The Rayleigh
range z, is related to the depth of focus of the beam and defines the distance over which

the beam waist expands by a factor of V2 from the focus. The phase term ik% is
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related to the parabolic wavefront curvature R(z). {(z) is the Gouy phase, which causes
an additional phase shift of 7 as the beam passes the focus. An attempt at an intuitive
explanation of the Gouy phase can be found in reference [41].

Higher-order Gaussian beams are solutions to the paraxial Helmholtz equation that share
the same parabolic wavefront, and therefore propagate in the same manner, but have a
different transverse mode profile. Depending on the mirror symmetry, either Hermite-
Gaussian, characterized by Hermite polynomials {H;(x), Hp,(y) }, or Laguerre-Gaussian
modes, characterized by generalized Laguerre polynomials Ll,l ! (p) are observed. The
first few modes of both families are displayed in Figure 2.2.

Importantly, higher order modes experience an additional Gouy phase (I + m + 1){(z)
[40]. Consequentially, they appear at slightly shifted spectral positions compared to the
fundamental mode. The resonance condition for a a rotational symmetric mirror profile
with radius of curvature R, for a plano-concave resonator in terms of cavity separation
reads:

dyim = A + l ! 1 (2.10)
=z emrl o _4 ) )
4l 5|9 arccos -

A more detailed treatment can be found for example in reference [42]. Which mode
shape is observed for a resonator depends largely on the degree of symmetry of the
resonator mirrors. When the spherical symmetry is broken significantly, the eigenmodes
are better described as Hermite-Gaussian modes, while for spherical symmetric mirror
profiles, the shape will be Laguerre-Gaussian. More precisely, Laguerre-Gaussian modes
are observed when the cavity resonances for light polarized along the long and short
axes of the mirror are degenerate in frequency.

2.1.2. Figures of merit

After sketching the derivation of the resonances of a resonator, I will in this section
summarize the figures of merit for optical resonators, following reference [38].

Free spectral range

The spectral separation of two fundamental resonances is called the free spectral range
(FSR). It is often useful to express the FSR in terms of the resonant frequencies of a
resonator for a fixed cavity length d:

c
Apsp = —. 2.11
FSR = o7 (2.11)
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Finesse

The finesse ¥ of a resonator is determined by the ratio of the cavity FSR Apgg to the
cavity linewidth Av:

_ Apsr 2

F =

Av Y Roundtrip losses’ (212)
The finesse ¥ of a FP cavity depends only on the roundtrip losses of the cavity and
is notably independent on the cavity length, as long as the losses are independent
of the cavity length. This is usually a good assumption as long as the resonator is
within the stability range and does not experience resonant mode mixing which can
cause sharp drops in the finesse at specific mode orders [43, 44]. An instructive way to
think about the finesse is the number of round trips the light takes in the cavity. More
accurately, the light intensity will be reduced by % after % roundtrips. Experimentally,
the finesse is determined in this work by measuring the free spectral range and cavity
linewidth in cavity length units by recording a cavity transmission spectrum. By fitting
the fundamental mode orders with a series of Lorentzian peaks, the linewidth and FSR
can be determined in one measurement.

Quality factor

The quality factor Q is a measure for how long light is stored inside a resonator. It can
be expressed as the ratio of the absolute frequency of a resonance v and its linewidth in
frequency units Av:

v

Q=wr= A (2.13)
7 is the decay time constant of the light intensity stored inside the resonator, and in a
particle picture can be thought of as the mean cavity photon lifetime. The quality factor
can be measured by determining the resonance frequency and linewidth, e.g. by probing
the cavity resonance with a tunable laser, or by measuring the decay constant of light
coupled into the cavity (Cavity ring-down spectroscopy). Importantly, the quality factor
is also directly related to the finesse ¥ of the cavity by the longitudinal mode order g:

Q=qF. (2.14)

The quality factor is a fundamental property of any resonator, including mechanical and
electrical oscillators. It is often used to compare different types of optical resonators,
such as whispering gallery mode (WGM) or photonic crystal cavity resonators.!

For many resonator types, the quality factors are a better figure of merit than the finesse, because the quality
factor is independent on the resonator dimensions, while for FP cavities the finesse is independent on the
resonator length while the quality factor is not. This is due to the fact that for a FP cavity, losses are assumed
to occur only at the mirrors, i.e. per round trip, while e.g. for WGM resonators, losses are the same at all
points and occur per distance traveled.



2. Fiber-based Fabry-Pérot-resonators

Mode volume

The mode volume is a measure of the spatial confinement of light inside a resonator. It
is defined as:

. [, e(PIEF)2dV

ECCGLEGE) )

For a FP cavity, this quantity is limited by diffraction to values on the order of Vi, ~ A3,
which is only achieved at minimal mirror separation d = A/2. Significantly lower values
can be achieved using near fields which are not limited by diffraction, for example
in photonic crystal cavities or plasmonic resonators [45, 46]. A low mode volume
corresponds to high local intensities, making it useful to enhance e.g. optical transitions
of atoms or non-liner optical processes.

Stability range

Given the requirement that the solutions to the paraxial Helmholtz equation are indeed a
Gaussian beam, that is the Rayleigh range, z, is a real number, leads to the condition:

o<f1+—||1+=]<1 (2.16)
R R,

where the radii of curvature, R;, are defined as positive (negative) when the mirror is
convex (concave) as seen by the impinging ray'. Configurations that fulfill this criterion
are said to be stable.

From this it becomes evident that a symmetric (R; = R;) stable cavity can only be
operated up to a cavity length d = 2R.. A planar-concave cavity, as typically used in this
work, can be operated up to radii of d = R., where R, is the radius of curvature of the
concave mirror. This configuration is equivalent to a symmetric cavity with distance
d = 2R, if the planar mirror is considered as a mirror plane of the system.

In realistic micro-cavity experiments, we often observe drops in the finesse associated
with additional losses long before the theoretical stability limit is reached. This can
be attributed to diffraction losses due to the finite extent of the concave mirror profile
produced by CO; laser milling. For CO; laser machined fiber profiles typically used
in this work, the cavity can usually be operated up to d ~ R./2 before experiencing
additional losses [43]. This can be alleviated by using other fabrication techniques that
can produce large diameter spherical profiles, such as focused ion beam (FIB) or direct
laser writing (DLW). An example of this will be discussed in Section 2.4.

The same result can be obtained by ray optics.

10



2.1. Basics of Fabry-Pérot resonators

Beam waist

For a homogeneously filled Fabry-Pérot (FP)-resonator, the fundamental mode is a
Gaussian beam and the mode volume can be solved analytically. The mode volume is
given by:

mwid

V= , 2.17
. (217)

and depends on the mode waist wy and the cavity length d. For a plano-concave mirror,
the waist is located directly on the planar mirror. It is determined by the radius of
curvature R, of the curved mirror and the cavity length d:

Wy = A—d & - 1. (218)
V 7\ d

The beam radius at any other point is then obtained by propagating the Gaussian beam
according to beam optics. This yields:

A R?
x \Vd(R. —d)’

wy = (2.19)

at the curved mirror. Both quantities are visualized in Figure 2.3 (a). One can see that
the minimal waist is obtained for short mirror separation or when the resonator is
operated close to the maximal stable mirror separation d = R.. For many applications it
is desirable to minimize the beam waist, e.g. to achieve a smaller point spread function or
to maximize the Purcell factor (see Section 2.3.1). This can be achieved by utilizing short
radii of curvature, which however poses a challenge for many fabrication techniques.

Mode matching

Mode matching describes how effectively light is coupled into or out of the cavity. It
is determined by how closely the incoupling- and outcoupling mode, usually either a
Gaussian laser beam or a fiber mode for a fiber-based cavity, matches the cavity mode.
Mathematically, this is determined by the overlap integral of the two different modes:

€= /00 E; (x,y,20) Ec(x, y, z9)dxdy (2.20)
oo 2
- 24 z( 22W°Wf2) , (2.21)
(%_'_%:) +(ﬂn;»gwc)2 Wc+Wf

where E{.r) are the normalized field amplitudes of the cavity and fiber mode at the mirror
position. wy.r} are the respective mode waists, and R, is the radius of curvature of the

11



2. Fiber-based Fabry-Pérot-resonators
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Figure 2.3.: Beam waist and outcoupling efficiency of a Fabry-Pérot resonator.
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Figure 2.4.: Calculated mode matching efficiencies for different settings in a plano-
concave fiber-cavity, for a fiber mode waist of wy = 1.92 um and wavelength A =
980 nm.

mirror [47]. This derivation assumes both the cavity and the fiber mode to be fundamental
Gaussian modes and does not take into account lateral or angular misalignment of the
cavity and the in-coupling mode. Figure 2.4 illustrates the calculated mode matching
efficiency for a cavity mode to a fiber mode for a plano-concave cavity, which is the type
of cavity most commonly used in this work.

12



2.2. Fiber-based micro Fabry-Pérot resonators

Intra-cavity power

The standing wave in the cavity goes hand in hand with an enhancement of the electric
field and the corresponding optical power. At an antinode, the peak power is given by:

rfr-Z
PPeak = 4T1?Pin~ (2.22)

For high finesse resonators the intra-cavity power can become large even for comparably
low input power, such that effects like optical trapping, photo-thermal effects and even
damage to the mirrors can occur [48, 49].

Outcoupling efficiency
The outcoupling efficiency is the probability of a photon scattered into the cavity mode
to leave the cavity via either mirror. It is defined as:

T;
Y All Roundtrip Losses’

for the i-th mirror. For a large asymmetric reflectivity, e.g. Ty >> T,, almost all of the
light is coupled out at the highly transmissive mirror. This is visualized in Figure 2.3
(b) for different additional losses L. This is an important quantity to optimize when
investigating emitters inside the cavity in order to maximize the photon rate at the
detector.

The outcoupling efficiency should not be confused with the transmission and reflection
of a light beam impinging on the cavity. Assuming no additional losses, an impinging
light beam is fully transmitted when on resonance with the cavity for a symmetric cavity.
Meanwhile, a photon scattered into the cavity mode has an equal chance to leave the
cavity at either mirror for the symmetric case.

2.2. Fiber-based micro Fabry-Pérot resonators

While FP-cavities are conceptually simple, they can take many forms dictated by their
applications. In this work the focus lies on minimizing the cavity length and mirror size,
in order to strongly boost the light-matter interaction. Therefore, I utilize fiber-based
Fabry-Pérot cavitys (FFPCs), where one of the mirrors is fabricated on the concave end
facet of an optical fiber [47]. A schematic representation of such a cavity is depicted
in Figure 2.5. This configuration enables operation at very small cavity lengths, while
simultaneously maintaining fast tunability of the lateral and longitudinal mirror posi-
tioning. It also provides an intrinsic coupling to the cavity via the fiber mode. In this
section, I will give an overview over the fabrication of the fiber mirrors used in this
work.

13



2. Fiber-based Fabry-Pérot-resonators
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Figure 2.5.: (a) Schematic representation of a fiber-based Fabry-Pérot scanning
cavity. The fiber can be scanned quickly over the mirror. Green and pink shapes
indicate the types of samples studied in the cavity in this work: thin membranes and
nanoparticles. (b) Picture of a fiber mirror and its reflection in a planar, macroscopic
mirror, forming a cavity. The fiber is glued into a steel needle.

2.2.1. Fabrication of fiber mirrors via CO, laser milling

Many different techniques have been established in order to fabricate concave mirror
profiles for FP resonators. Desirable properties for most applications are:

« Low surface roughness compatible with highly reflective coatings. In the
Rayleigh limit where the surface imperfections are much smaller than the
wavelength, the scattering losses induced by surface scattering can be modeled
as [47]:

47 Orms ?
S= T 5 (224)

where oy is the root mean square (rms) surface roughness over an area as seen
by the cavity mode. The scattering losses and the resulting finesse are plotted in
Figure 2.6 for realistic parameters used in this work. It becomes evident that
operation of a cavity at finesses # > 40000 requires the rms surface roughness to
be significantly below one nanometer.

+ A high degree of control over the profile shape. Being able to control the
ellipticity, radius of curvature, depth and lateral extent of the profiles allows to
tailor the mirror geometry to the desired application. A mismatch of the mirror
geometry to the wavefront of the cavity mode leads to additional diffraction
losses and undesirable mode mixing [43].

« Compatibility with different substrates, i.e. not all fabrication techniques are
suitable to produce profiles on optical fibers.

14



2.2. Fiber-based micro Fabry-Pérot resonators
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Figure 2.6.: Calculated scattering losses (orange) and resulting finesse (green) as a
function of the root mean square surface roughness oyys. Parameters used in the
calculation are: A = 980 nm, Ty = Tp = 25 ppm, A1 = Az = 10 ppm.

+ High reproducibility, i.e. fabrication runs with the same parameters lead to the
same profiles.

« High throughput: Fabrication techniques should either allow for parallel
processing or minimize the time it takes to fabricate a profile. Since the
applications discussed here are focused on research, it is not important to scale
production up to mass fabrication. Nevertheless, fabrication speed should be
high enough to allow for quick iterations and to produce a sufficient amount of
mirror profiles, which consequently allows for less conservative use of the
produced fibers.

There is no technique that fulfills all of these requirements at once. The lowest surface
roughnesses required for high finesse cavities are achieved by mechanical-chemical
polishing [50], different etching techniques [51, 52] and CO; laser machining [47, 53].
Among these techniques, only CO, laser machining is compatible with optical fibers.
Focused ion beam (FIB) milling can produce arbitrary profiles in optical fibers with
high precision, but suffers from long machining times and limited surface quality [54].
Recently, a combination of FIB milling and surface treatment using a CO; laser has shown
promise in combining the two techniques, although the problem of long machining
times persists [55].

Principles of CO; laser machining

Next, I will briefly describe the machining process used to fabricate the FFPCs used in
this work.
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2. Fiber-based Fabry-Pérot-resonators

(a) Front view. (b) Side view.

Figure 2.7.: Photographs from the front and side of machined optical fibers. Image
(a) was taken by Hanno Kaupp, (b) was taken by Julia Benedikter. Reproduced from
[42].

The front part of an optical fiber is stripped of its metallic coating and subsequently
cleaved in order to produce a planar front facet. The fiber is then positioned in front
of a lens, which focuses a high power pulse of mid infrared laser light (A = 10 pm)
onto the fiber end facet. This simultaneously causes surface evaporation creating a
concave depression, and melting of the surface causing a reflow process, which creates
an atomically flat surface [53]. The central part of the produced profile is to first order
proportional to the impinging laser beam, and therefore generally well fit by a Gaussian
1. A much more detailed description and modeling of this process can be found in [53].
The center of this Gaussian profile can be approximated by a parabola of the form ax?,
which corresponds to a sphere with radius R = 1/2a. Since the cavity mode waist is
typically small on the curved mirror, it samples mostly the parabolic part, such that the
mathematical description developed in Section 2.1 can be applied. For larger beam radii,
the deviation from a parabolic shape leads to additional diffraction and clipping losses,
which manifests itself in a drop in the finesse before the stability limit is reached [43].

Depending on how tightly the beam is focused onto the fiber, radii of curvature between
R. ~ 10pm and R. = 200 pm are typically achieved in our setup, although radii of
curvature higher than 1 mm have been produced using this method [56]. The laser
power and pulse length is controlled via an acousto-optic modulator (AOM), which
allows additional control over the created profiles. The created profiles can be charac-
terized in the same setup by using a white-light interferometric microscope. By taking
multiple interferometric images longitudinally offset by 1/4 to each other, and applying

IDepending on the used laser parameters, there is often a bulging observed at the rim due to the reflow process.
For most applications, this is insignificant.
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2.2. Fiber-based micro Fabry-Pérot resonators

a phase-unwrapping algorithm, one can accurately reconstruct the surface profile. Two
exemplary reconstructed profiles are shown in Figure 2.10. In addition to the fabrication
of the mirror profiles, the fibers are typically tapered, that is material is removed from
the sides of the fiber end-facet via a many shot CO, milling process. After the tapering,
only a pedestal centered on the fiber core with a diameter of d ~ 20 pm and a height
of z ~ 20 pm remains. This allows for greater fiber maneuverability when approaching
the fiber closely to a planar mirror. Photographs of machined fibers that also show the
tapering are depicted in Figure 2.7. For a more detailed description of the used setup,
the reader is referred to previous works in our research group [39, 57].

2.2.2. Distributed Bragg reflectors

After producing a sufficient amount of fibers with the desired geometry, a mirror coating
needs to be applied. For high-finesse coatings, the only sensible choice are high-quality
distributed Bragg reflectors (DBRs) grown via ion beam sputtering, which are applied
by a specialized company!.

DBRs are mirrors formed by alternating layers of high and low refractive index materials
that rely on the interference of the partial waves reflected at the interfaces according to
the Fresnel equations [58]. Choosing layer thicknesses of d; = {< leads to constructive
(destructive) interference of the reflected (transmitted) partial waves By increasing the
number of layer pairs, the reflectivity can be made almost arbitrarily large, such that
the maximal achievable mirror reflectivity is only limited by scattering losses due to
surface roughness and absorption losses due to residual impurities in the DBR layers.
Therefore, fabrication methods have been optimized to minimize surface roughness
and achieve very high material purities, enabling ultra-high finesse coatings typically
produced by ion beam sputtering, which can feature losses per mirror of S + A = 1 ppm,
allowing finesses of ¥ > 10° [59]. The details generally depend on the wavelength
utilized. The coatings used here consist of 12 (14) layer pairs of SiO; and Nb,Os for
the high (low) transitivity coating, leading to a transmission of 222 ppm and 25 ppm
at the design wavelength of A, = 985 nm. The coating and resulting transmittance are
plotted in Figure 2.8. The reflectivity decreases when the wavelength is detuned from
the central wavelength. The spectral region where the reflectivity is high is referred to
as the stopband. Its spectral width can be approximated as:

2 An
AwDBR X We— —, (2.25)
7
with the refractive index contrast An = ny — n; and the mean refractive index nn = %
[60]. In reality, some of the layers are not exactly quarter wave stacks d = 4 - By

slightly deviating from the ideal thickness, the reflectivity and the exit phase can be fine

! Laseroptik, Garbsen, Germany
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2. Fiber-based Fabry-Pérot-resonators
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Figure 2.8.: Transmission and layer stack of the two DBR coatings employed in this
work.

tuned. The exit phase is important in cavity experiments, where the sample is placed on
a mirror at a set distance from the interface, since the exit phase determines where the
nodes and antinodes are positioned in relation to the mirror interfaces.

We chose to fabricate two different coatings to be able to employ an asymmetric cavity,
consisting a of a high and low transmittance mirror. This achieves a high outcoupling
efficiency of photons emitted due to emitter-cavity coupling. For the designed coatings,
the outcoupling efficiency according to Equation 2.23 at the low transmittance mirror
side is fcay = 72 %, when assuming additional losses due to scattering and absorption
of E = 60 ppm, which is extracted from the best observed finesse values of ¥ = 20 000
(n =90 % for E = 0).

Because many partial waves need to interfere to achieve high reflectivities, the light
needs to penetrate significantly into the DBR stack. The penetration depth dpe, defined
as an 1/e drop in optical intensity is approximately given by [60]:

Ac

e 2.26
4An ( )

dpen =
This limits the minimal achievable cavity length when using DBR mirrors.
In reality, the penetration depth in Equation 2.26 is not the only relevant length scale:
Different lengths have to be considered when calculating e.g. the reflection phase, the
time delay and the imaging properties of the mirror. A detailed treatment can be found
in [60].
In order to capture all of these effects, our group makes use of a simulation code based
on a transfer matrix model. The code was developed by Julia Benedikter based on the
book by Furman [58] and adapted to Python by Kerim Koster.
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2.2. Fiber-based micro Fabry-Pérot resonators
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Figure 2.9.: Scatter plot showcasing the distribution of radii of curvature and corre-
sponding profile depth of the fibers produced in this work. The color encodes the
asymmetry of the profile and the centering of the core is encoded in the symbols.

2.2.3. Fibers produced in this work

During this work, a set of 110 fibers with coatings centered around 985 nm, compatible
with the cryogenic transition wavelength of Yb3*:Y,05, were produced. At the time, we
considered cavities formed by a fiber mirror and a macroscopic planar mirror, as well
as a fiber-fiber cavity consisting of two fiber mirrors. Therefore, the fabrication run
covered many different fiber mirror geometries, three types of fibers and two coatings,
which were achieved by interrupting the sputtering process and removing half of the
fibers before adding the last DBR layer pairs.

Curved fibers

Curved fibers with radii of curvature between Ry, = 10 um and Ry, = 50 pm were pro-
duced on near infrared (NIR) single mode optical fibers.! The smaller radii of curvature
were chosen to minimize the mode volume and maximize the Purcell factor. The higher
radii of curvature offer a longer stability range, making them easier to set up, and are
compatible with experiments in which the cavity length is constrained by the sample,
for example by a few micron thick membrane. Additionally, a set of curved fibers were

LCu 800,ivg-fiber, A = 800 nm
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2. Fiber-based Fabry-Pérot-resonators
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Figure 2.10.: Reconstruction of a curved and a planar fiber profile produced in this
work.

produced on a multi mode fiber . This can facilitate photon collection via the fiber
due to the large core diameter and higher numerical aperture (NA). An overview of all
the curved fiber profile parameters produced in this work can be found in Figure 2.9.
Fiber asymmetry causes a frequency splitting of the polarization modes [61], and is for
most fibers here kept under 20%. The alignment of the center of the profile is checked
via backside illumination of the fiber core while observing the mirror profile in a high
magnification objective. This is precise to about 1 um. Most fibers have a core distance
below 3 pm. Bad centering significantly reduces the mode matching between the fiber
mode and the cavity mode. This is especially problematic when fluorescence is collected
via the fiber. An exemplary reconstructed surface profile is depicted in Figure 2.10 (a).

Planar fibers

Instead of producing a concave depression, the CO; laser is used to produce reflow of
the surface, leading to a planar but smooth surface. This is achieved by using longer
exposure times with lower pulse powers. The idea is to use these in conjunction with a
curved fiber mirror to assemble a fiber-fiber cavity. This allows for miniaturized and
robust designs, as demonstrated in micro-fluidic experiments in our group [62]. Using a
planar fiber to couple out light compared to a curved fiber maximizes the mode match-
ing into the fiber and therefore maximizes collection efficiency. This is illustrated in
Figure 2.4. The downside of such an experiment is that it is hard to integrate the sample
into the cavity. In his master thesis, Tobias Krom demonstrated the reliable pick-up of
fluorescing nanoparticles on such planar fibers, centered on the single mode fiber core
with a precision of about 1 um. More details about the procedure and more in-depth
considerations about the planar fiber design can be found in his thesis [63]. A prototype
for a cryogenic fiber-fiber cavity that should make use of these fibers was assembled

1G50/125/250, DATWYLER
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2.3. Light-matter interactions inside optical resonators

and characterized by Christopher Hins in his bachelor’s thesis, which I supervised [64].
33 Planar fibers were produced in this work, of which 22 were produced on single mode
fibers and 11 were produced on multi-mode fibers'. An exemplary reconstructed surface
profile is depicted in Figure 2.10 (b).

2.3. Light-matter interactions inside optical resonators

The main application of optical resonators in this work is to enhance the light-matter
interaction between light and an atom-like optical transition. This enhancement can
take many forms, with an entire formalism of cQED devoted to describing such problems.
In the following discussion, I will focus on the regime of weak coupling, which is the
relevant regime for the systems discussed in this work.

2.3.1. The Purcell effect

The Purcell effect [65] describes the enhancement of the spontaneous emission rate of
an optical transition when the transition frequency is resonant with a cavity mode. The
enhancement factor Cy is called the Purcell factor and is given by:
3 2
TV atn Twi

where the right-hand side rewrites the formula for a FP-resonator in terms of finesse ¥
and waist wy using Equations 2.14 and 2.17. n is the refractive index inside the cavity,
where we assume a homogeneously filled cavity. The Purcell effect can be perhaps
most easily understood as the resonator modifying the local density of states, which via
Fermi’s golden rule changes the corresponding transition rate. I will briefly describe this
argument in the following.

Free space emission rate
Following [66], consider an ideal two level system with ground state |g) and excited

state |e). For a purely electric-dipole mediated transition with dipole moment ji = —e7,
the transition rate y;,q is given by Fermi’s golden rule:

ot = o3 (el )| p(@)A (@) (229

1 GI50-125CB, Oxford Electronic Limited
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2. Fiber-based Fabry-Pérot-resonators

In free space, the photon density of states p(w) is quadratically increasing with «,
corresponding to a spherical shell in k-space:

WV,

m2e3’

p(w) = (2.29)

The density of states of the emitter A(w) can be approximated as a delta-distribution

Ee—Eq

A(w) = 8(w — ), where wy = =5—* is the transition frequency of the emitter.

Inserting the vacuum field Ey,. = ,/% and defining the dipole transition element:
Heg = |(elfi - E|g> |, we obtain the spontaneous emission rate:

2 3
1 HegWy

=—=——) 2.30
Yo 0 3mephcd (2:30)

where we have averaged over all possible dipole moment orientations.

Emission into a resonant cavity

However, an optical cavity, or more generally any structured dielectric environment,
can modify the density of states significantly. For an optical cavity, the density of states
is given by the (normalized) Lorentzian lineshape:

Aw?
- ) (2.31)
TAw: 4(0 — we)? + Aw?

plw) =

Inserting this into Equation 2.28, and assuming both perfect spectral overlap of emitter
and cavity (w, = w.) and maximal dipole overlap (ji||E), we arrive at [66]:

3
Ycav = %%%YO = CoYo- (2.32)
It is important to understand the implications of this result. First of all, it is clear to see
that the Purcell enhancement scales with % which is therefore an often cited figure of
merits of a resonator-emitter system. Secondly, the decay due to the Purcell effect is an
additional decay channel directly linked to the resonant cavity mode. This means that
the decay channels yy and yc,y exist simultaneously. The additional decay channel due

to the Purcell effect manifests itself in a reduced lifetime of the excited state:

1 1 1
c = = = 0.
Yot+Yeav Yo+tCoyo Co+1

(2.33)

A Purcell factor of C = 1 therefore corresponds to a reduction of the excited state lifetime
by a factor of two. This lifetime reduction is a clear signature of the Purcell effect and
often used to experimentally determine the Purcell factor. Another key feature of this
effect is that all the photons emitted due to the Purcell effect with rate y.,y are emitted
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2.3. Light-matter interactions inside optical resonators
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the Purcell effect.

Figure 2.11.: (a) Calculated Purcell factor as a function of the emitter linewidth in
terms of cavity linewidth. The dashed lines indicate the limits of the bad cavity and
bad emitter regime. (b) Schematic illustration of the Purcell effect when multiple
decay channels are present. Only the resonant transition is enhanced, leading to a
reduction in the observed lifetime change and an increase in the effective branching
ratio of the enhanced transition.

into the resonant cavity mode, that is their spatial extent, temporal extent, polarization
etc. are determined by the cavity mode. This allows to efficiently collect the photons,
since the fundamental cavity mode for a FP-cavity is a Gaussian mode, which is easy to
collimate or fiber-couple, and focus onto a detector. Because the free space NA of an
optical cavity is generally poor, in an experiment one typically only observes photons
emitted due to the Purcell effect. The fraction of photons emitted into the cavity mode
is given by

Y G

= = 2.34
Yo + Yecav Co+1 ( )

2.3.2. Modifications in realistic systems

When one enters values typical for the FFPCs employed in this work (Q = 10°, V =
8 A%) into Equation 2.27, one obtains large Purcell factors C ~ 1000, which would
correspond to an extreme lifetime shortening by three orders of magnitude. However, the
experimentally achieved Purcell factors are usually significantly lower. This discrepancy
is largely explained by the fact that in the derivation, we have assumed an ideal two-level
system, while in reality, we are largely dealing with defects or dopants embedded in the
solid state. In such systems one needs to account for several effects that distinguish them
from an ideal two-level system. In the following, I will discuss where the differences lie
and how they impact the Purcell enhancement.
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2. Fiber-based Fabry-Pérot-resonators

Finite emitter linewidth

In the derivation, we have assumed an infinitely narrow spectral linewidth of the emitter
Awy by setting A(w) = §(w — wy). This is of course physically impossible, but consti-
tutes a good approximation when Awy << Aw,.. However, solid state emitters usually
experience additional broadening, making their linewidth comparable with that of a
high Q resonator. The correct treatment is obtained by describing the emitter density of
states as a Lorentzian with width Awq [67]:

2 Aa)g

p(w) = (2.35)

AW 4(w — ) + Awd’
One then needs to solve the integral over two Lorentzians. The solution is found to be:

2
Cor = @ _ zlleg @ AWcay + Weay Ay
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where we recover the usual expression for the Purcell factor by replacing the quality
factor of the cavity Q by the effective quality factor Q.g, which accounts for the emitter
linewidth:

-1 -1
Qeﬁz(l + 1) :(%+Awﬂ) . (2.37)

Qcav Qem wcav a)em

It is evident that the broader linewidth dominates this expression and that Equation 2.27
is obtained in the limit @em << Weq0, Which is sometimes referred to as the bad cavity
regime. Equivalently, the other limit weay << Wem is called the bad emitter regime. The
two limits and the effective Purcell factor according to Equation 2.36 are depicted in
Figure 2.11, showcasing their range of validity. It is notable that there is a significant
deviation up to Aweay/Awem = 10 from the idealized formula. Therefore, for an accurate
prediction of the Purcell factor the complete formula 2.36 should be used.

Branching ratio

As opposed to an ideal two-level system, most real atoms and solid state emitters posses
multiple energy levels and allowed transitions connecting them. However, only one
transition (not accounting for degeneracy) is resonant with a cavity mode at a time.
Consequently, only the rate of this transition is enhanced according to the Purcell effect
(Equation 2.27), while the other decay rates remain unchanged. This is schematically
depicted in Figure 2.11. Because the excited state lifetime is the inverse of all decay rates,
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2.3. Light-matter interactions inside optical resonators

the lifetime change due to the Purcell effect is reduced by the branching ratio {; = Z)-/_iy;
J .

of the investigated transition i.
1 1 1

= = T = . (2.38)
(Cri+Xjzivy) (C+1 0 Ceg +1 0

Tc

We define the effective Purcell factor C.g as the Purcell factor that is extracted from the
apparent lifetime reduction as Ceg = ;—2 — 1. In the common case where one is interested
in one specific transition, one nevertheless enhances the rate of “useful” photons by the
ideal Purcell factor C, even though the lifetime is only reduced by Ceg. The fraction of
useful photons is changed by the Purcell effect to:

(€ _ G

= = . 2.39
L 1+(C  1+Ce (2:39)

Spatial and vectorial overlap

In the derivation of the Purcell effect, we have assumed an ideal dipolar overlap with
the electric field (j| IE). The relevant electric field is the vacuum field fluctuation of the
cavity mode, that is the direction is determined fully by the resonant cavity mode field
evaluated at the position of the emitter 7. A non perfect overlap results in a correction
of the Purcell factor by & = cos?(8), where theta is the angle between E (¥o) and [i.
Likewise, we have explicitly assumed that the emitter is positioned at an intensity maxi-
mum by inserting the mode volume of the cavity V o — 1 For an emitter
max(e(F)|E(F)|?))
positioned arbitrarily in the cavity, the intensity has to be evaluated at the position of
£(R) |E(R)

the emitter ry, leading to a correction factor of BT

Considering all of these effects, it becomes clear that in an experiment, the Purcell
factor can easily be significantly reduced. Many of these factors can be alleviated by
accounting for them in the experimental design. For example , a spacer layer of opti-
mized optical path length can be added to a mirror, to position an emitter in an intensity
anti-node. The dipolar overlap can be optimized for solid state emitters by utilizing a
single crystal cut along the right crystal axis to position the dipole in plane with respect
to the cavity mode. Finally, the Purcell effect increases for narrow and stable cavities
and emitter linewidths.

I want to conclude the discussion of the Purcell effect with the comment that even
though I have heavily relied on a quantum mechanical picture in this treatment, the
Purcell effect can be understood in a completely classical manner as an interference
effect (see for example [68, 69]). Such a treatment leads to the same formula. Classical
scattering processes, such as Rayleigh scattering, can therefore also be Purcell enhanced
[69].
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(a) CAD drawing of the target ge- (b) Image of the 3D-direct laser (c) Front view image of the gold
ometry. written profile on the uncoated coated mirror profile.
endfacet of the fiber.

Figure 2.12.: Pictures of the 3D-laser written hemispheric mirror profiles on the
fiber end facets. Reproduced from [70].

2.4. Afiber-based Fabry-Pérot-resonator with highly
symmetric 3D-printed mirror profiles

In the following, I will present the characterization of a FFPC which possesses a large
radius of curvature while maintaining a high degree of rotational symmetry and a close
to spherical shape over its entire diameter. This was achieved by utilizing the additive
fabrication process of 3D-direct laser writing (DLW) to fabricate the mirror profile on
the fiber endfacet. This enables operation close to the theoretical stability limit, where
the beam waist significantly reduces, opening up a new interesting regime of FFPCs. The
results presented in this section are published in [70]. The mirror profiles were produced
by Ksenia Weber in the group of Professor Dr. Harald Giessen at University of Stuttgart.
The measurements where in large parts conducted by Johannes Hoéfer, a bachelor student
in the group under my supervision. I also analyzed previous measurements on a very
similar fiber by Julia Benedikter, a former doctoral student in the group. Further details
can be found in their respective theses [42, 71].

2.4.1. 3D-direct laser writing

3D-direct laser writing (DLW) is an additive micro-structuring technique, that relies
on focusing a laser beam into a photoresist. When light is absorbed, it creates a free
radical which triggers the polymerization of a small volume element referred to as a
voxel. By using a resist where the polymerization is triggered by two-photon absorption,
the polymerization volume is kept small (on the order a few (100 nm)?), because the
intensity in the focus is just enough to trigger the polymerization, which in a simple
model can be described as being triggered when a certain polymerization threshold is
exceeded [72, 73]. This process necessitates high laser intensities, which is typically why
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(a) Reconstruction of Fiber A. (b) Reconstruction of Fiber B.

Figure 2.13.: White light interferometric reconstruction of the two printed mirror
profiles analyzed. The spherical fit yields a radius of curvature of (a) R = 78 pm
and (b) R = 84 um. The residual reveals a wavy structure, which corresponds to
the writing path during the fabrication. Adapted from [70].

pulsed, high power Ti:Sa lasers are used. By moving the focus through the resist, using
for example galvanometer-based mirror positioning systems, one can realize almost
arbitrary 3D shapes, with very little limitations on aspect ratio.

This technique lends itself to the fabrication of micro-optical elements, including but
not limited to: lens arrays, reflectors, waveguides, beam splitters and grating couplers.
A good overview can be found in reference [74]. Furthermore, the technique has been
used to produce resonant optical structures, such as whispering gallery mode resonators
[75, 76, 77], and photonic crystal cavities [78, 79]. The group of Professor Dr. Harald
Giessen, which produced the mirror profiles in this work, has also pioneered printing
of multi-lense systems on the endfacets of optical fibers, that serve as objectives [80].
Furthermore, there have been first examples of monolithic FPs cavities printed on the
end facets of optical fibers, mainly for sensing applications [81, 82].

2.4.2. Spherical mirror profiles produced by 3D-direct laser writing

In this work, this technique was used by our collaborators in the Giessen Group to
produce spherical mirror profiles with radii of curvature around 70 pum to 80 pm. The
utilized fiber is HI 1060 Flex (Corning) and the used photoresin is IPS-S (Nanoscribe
GmbH). They were coated with a 50 nm layer of gold to achieve a reflectivity of R ~
98 %.

Images of the fiber mirrors produced via this method are depicted in Figure 2.12. To
characterize the achieved geometry and surface properties, two fiber profiles (hence
termed fiber A and fiber B) were analyzed in the white-light interferometric setup
described in Section 2.2.1. Reconstructions and fit residuals of both fibers are depicted in
Figure 2.13. The spherical fits yields radii of curvature of 78 pm and 85 pm for Fiber A and
B, respectively. This agrees well with the targeted geometry. During the fabrication and
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2. Fiber-based Fabry-Pérot-resonators

development process, shrinking can occur, which varies depending on the used writing
parameters and photoresist. Therefore, variations are expected. It is worth pointing out
that the profile is well fit by a sphere over the whole lateral extent. This is different to
mirror profiles produced via CO; laser ablation, where significant deviations appear at
the edge of the profile (compare Section 2.2.1). The uniform profile shape should enable
stable cavity operation close to the theoretical stability limit di,y = R..

It is evident from the fit residual that the mirror surface exhibits significant elevations
that follow a spiral shape. These features stem from the direct laser writing process and
follow the path the laser focus takes through the photoresist.

In the following, the operation of the fiber mirrors close to the cavity stability limit is
investigated.

2.4.3. Cavity characterization

A cavity was assembled with a macroscopic, planar DBR mirror (T = 400 ppm @ A =
940 nm), mounted on top of a stack of a 3D positioning unit based on piezo slip-stick
actuation (Attocube), and the fiber mirror mounted inside a v-groove, which can be
longitudinally moved by a few pum via a piezo actuator. The cavity was probed with a
narrow linewidth laser at 940 nm coupled into the fiber and the cavity transmission was
monitored with a sensitive photo diode!. In order to characterize the cavity performance,
the finesse was measured as a function of the cavity length. The result for both fibers
are displayed in Figure 2.14.

The finesse varies between 100 and 200 for the two fibers. This corresponds to additional
losses of between 4 % and 0.8 %. If these losses are fully ascribed to scattering loss at
the printed fiber mirror, this would correspond to a rms surface roughness of 15 nm
respectively 6 nm in the Rayleigh limit. The surface roughness extracted from the fits
displayed in Figure 2.13 is on the order of 40 nm, and therefore even larger losses are
expected. However, because the large variations vary on length scales comparable to
the wavelength, the Rayleigh limit does not fully hold. Interestingly, the spiral printing
pattern matches the circular symmetry of the Laguerre-Gaussian mode, which could
reduce the resulting scattering losses.

The finesse drops when approaching the stability limit d = R.. Additionally, there are
sharp drops at distinct mirror separations. These are commonly attributed to resonant
mode mixing [43]. An intuitive explanation is that the fundamental mode is resonant at
the same time as a higher order mode of a mode family with lower fundamental mode
number g. This facilitates an energy exchange between the two modes. Because the
higher order mode experiences significantly more loss, it serves as an additional loss
channel and degrades the finesse of the fundamental mode.

Notably, we are able to measure cavity resonances for mirror separation d > R./2,

IThorlabs APD130A
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Figure 2.14.: Finesse as a function of the cavity length for both fibers. Dips at distinct
cavity lengths corresponding to resonant mode mixing [43] are observed. The finesse
is generally declining when approaching the stability limit d = R.. The data was
acquired by Julia Benediker (a) and Johannes Hofer (b), respectively. Adapted from
[70].

which is typically the limit for CO;-laser machined mirror profiles due to diffraction
losses at the curved mirror profile. Instead, we observe stable cavity modes close to the
theoretical stability limit of d = R.. This is evident also in Figure 2.15, where we show
the mode spectrum as a function of the cavity length. This is achieved by recording the
cavity transmission as a function of cavity detuning at a certain cavity mirror distance
at zero detuning. The zero detuning cavity length is then gradually offset in steps of
A/2. The first FSR of the recorded spectra are then plotted on top of each other, while
centering the spectra on the first peak. One observes that the cavity dispersion of the
higher order modes agrees very well with the theoretical behavior predicted by Equation
2.10. This confirms the validity of the radius of curvature of R, = 78 um, extracted from
the profile reconstruction in Figure 2.13. It also shows that due to the profile being well
fit by a spherical over a large transverse extent of 40 um, the cavity modes experience
very little diffraction and clipping losses, even when the mode waist on the curved
mirror becomes large. Furthermore, we do not observe a polarization splitting of the
cavity modes. This indicates a high degree of rotational symmetry and the presence of
Laguerre-Gaussian modes over Hermite-Gaussian modes.

2.4.4. Applications of resonators operated close to the stability limit
So far, I have shown that the 3D-printed mirror profiles enable operation close to the

stability limit. The surface roughness, while not outstanding, is compatible with metallic
mirror coatings, enabling operation of a cavity with a finesse ¥ ~ 100 to 200. Now, I
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Figure 2.15.: Mode spectrum of the cavity formed by Fiber A. The dashed-dotted
lines are the i-th higher order modes predicted by Equation 2.10, using the radius of
curvature R; = 78 pm extracted by the fit to the profile reconstruction. The good
agreement between theoretical prediction and measurement is evident. Data was
acquired by Julia Benedikter. Adapted from [70].

want to give a practical outlook how this can be used in applications or experiments.

The main advantage of operating a cavity close to the stability limit is a small mode
waist wy, similar to very short cavity lengths (Recall Equation 2.18 and Figure 2.3). One
consequence is an increase in the Purcell factor, which is proportional to Cy o %{% (see eq.

2.27). It is potentially easier to operate the cavity very close to the stability limit rather
than minimizing the cavity length, since the minimal achievable mirror separation is
often limited by geometrical constraints such as the mirror profile depth. It also allows
for a larger volume to integrate the sample. One exemplary use-case are experiments
on trapped ions, where the ion has to be kept far away from any surface charges [83,
84]. Additionally, operating at long cavity lengths facilitates coupling in laser beams
orthogonal to the cavity axis [83] or crossed fiber cavities [85]. One downside of this
approach is the increased demand on cavity stability, since the longitudinal stability is
often increased by pressing the mirrors into each other [86]. To illustrate the potential
for Purcell enhancement, the expected ideal Purcell factor according to Equation 2.27
is calculated for the measured finesse values ¥ displayed in Figure 2.14 (a) and the
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length. (see Figure 2.14) for slightly different radii of curvature.
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Figure 2.16.: Estimated Purcell effect when operating the 3D-printed cavity mirrors
close to the stability limit. Adapted from [70].

corresponding calculated beam waist wy according to Equation 2.18, The calculated
beam waist and the Purcell effect are shown in Figure 2.16. Evidently, the achievable
Purcell effect is highly dependent on very closely approaching the stability limit, as
it changes significantly for slightly different radii of curvature and therefore different
stability limits. Nevertheless, this illustrates the potential benefits of operating the cavity
in this regime.

In summary, I have shown that 3D-DLW can be utilized to fabricate concave mirror
profiles on the endfacets of optical fibers with a high degree of control over the achieved
geometry. This results in a spherical profile over the whole lateral extent of the mirror
and high degree of rotational symmetry. The surface roughness is sufficient for operating
a cavity with a gold coating, leading to observed finesse values on the order of ¥ =
100 to 200. We study the finesse and mode structure as a function of the mirror separation
and observe a stable cavity up to the theoretical stability limit d = R.. I have outlined the
benefits of operating the cavity in such a regime, such as the increase in Purcell factor.
Unfortunately, this could not be demonstrated directly, since the cavity was operated at
room temperature and no suitable emitter system was available.

In the following, I want to give a short outlook on what I believe could be further
achieved in this system. First of all, an obvious path towards improving the device
would be to further reduce the scattering losses by improving the surface roughness by
more sophisticated fabrication methods. First promising steps towards this have been
achieved by my colleague Jonas Grammel in cooperation with the group of Professor
Martin Wegener. Some of these results can be found in the bachelor thesis of Marc
Schuhmann [87]. By reducing the surface roughness, employing a longer probing
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Figure 2.17.: lllustration of a 3D-printed fiber mirror forming a plano-concave cavity
with side excitation of a nanoparticle via a bent photonic waveguide.

wavelength A = 1550 nm, and applying a DBR coating, finesse values of ¥ > 600 could
be observed. While this is a significant improvement, it is still 2-3 orders of magnitude
smaller than state of the art micro-cavities (see Section 2.2.1) produced by chemical
etching or CO; laser milling. There also is no clear path forward, since high finesse
coating F = 10° require atomically flat surfaces, which requires reflow processes. These
have been demonstrated for polymeric photonic structures, but usually go hand in hand
with an uncontrolled change in the geometry, sacrificing the main advantage of the
bottom-up approach of 3D-DLW. Nevertheless, it would be interesting to investigate
smoothening of the surface, for example by careful thermal treatment using a CO; laser,
as was recently demonstrated for FIB milled mirror profiles [55].

Nevertheless, it seems useful to limit the applications to experiments where the require-
ments on the finesse are relaxed, but that can greatly benefit from creative utilization
of the freedom in the design space of the structure. For example, engineering of the
asymmetry of the mirror profile can be used to define the higher order transverse mode
splittings and polarization splitting, which could be useful for polarization dependent
measurement or imaging methods utilizing higher order modes [88]. One could also
imagine adding additional photonic structures to the end facet. For example, one could
add a photonic waveguide at the side of the fiber and mirror profile with an angled
end facet and possibly focusing optics on top. This would allow illuminating the cavity
volume or a sample on the opposing mirror from the side and using the cavity only for
readout of, for example, resonant light coupled to the cavity mode via the Purcell effect.
Such a scheme would enable efficient excitation of the sample without any limitations
imposed by the cavity mirror coatings, and reduce background fluorescence and scattered
light due to its off-axis nature. A sketch of such a configuration is depicted in Figure
2.17.
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cavity based quantum networks

After introducing the optical resonator platform used in this work in the previous sec-
tion, I now turn to the quantum system that will form a quantum node. In this chapter,
I will introduce a new candidate for a near-infrared emitting node in a cavity based
quantum network, namely ytterbium dopants in yttria (Y;Os3) nanocrystals. I will start
with a quick overview of the properties of rare earth ions in the solid state, which make
them prime candidates to realize a spin-photon interface. I then give an overview of
the various successful implementations of these ions in quantum network applications,
especially when coupling them to optical cavities.

I will briefly discuss the advantages of incorporating ytterbium ions into Y,O3 nanocrys-
tals instead of using bulk samples. Then, I will present a thorough characterization of
the optical properties of these nanocrystals at room temperature. I show that these
nanoparticles can be integrated into a open, fiber-based Fabry-Pérot (FP) cavity and ob-
serve fluorescence signals from the nanoparticles inside the cavity at room temperature.
Finally, I investigate the optical properties of an ensemble of Yb**:Y,03 nanocrystals
at cryogenic temperatures, concluding with an experimental determination of the opti-
cal coherence time T, an important benchmark for a system in quantum information
processing.

3.1. Rare earth ions for quantum information processing

The rare earth metals are composed of the elements from s;La to 7;Lu, which are also
called lanthanides. Additionally, 5;Sc and 39Y are usually also referred to as rare earth
metals, but not as lanthanides. Despite their name implying otherwise, rare earths
are not particular scarce [89]. These elements posses a partially filled 4f shell, which
determines many of their characteristic properties.

When forming complexes in the solid state, rare earth metals predominantly form
trivalent positive ions, with an electronic configuration of [Xe]4fN, where N refers to
the N-th position in the lanthanide series. I will restrict myself to this important case
and will from now on implicitly refer to the trivalent positive rare earth ions simply as
rare earth ions (REIs). For almost all rare earth species, these ions posses highly coherent
optical transitions, ranging from the ultraviolet (Gd3+, A ~ 310 nm) to the near infrared
(Er**, A ~ 1550 nm) [90, 91]. It is the spectroscopy of the optical transitions of these ions
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Figure 3.1.: The partially filled 4f-shell characteristic of rare earth ions is shielded
by the fully occupied 5s and 5p orbitals, making them insensitive to external electric
fields.

that this work concerns itself with.

While rare earth metals can form stoichiometric crystals, their optical properties are more
commonly studied as dopants, that is they replace some native element in the crystal
structure. The fraction of rare earth ions compared to the native elements is called the
doping concentration and is chosen dependent on the application. The optical properties
of rare earths are used widely. The most famous example might be the use of Nd:YAG as
a gain material for a solid state laser emitting at A = 1064 nm. By frequency doubling
the infrared light can be converted to the characteristic green laser light at A = 532 nm.
Nd:YAG lasers find applications in material processing, in laboratories for spectroscopy
and as pump lasers, in medical applications and different sensing techniques [92, 40].
Other REI-based laser systems include fiber lasers, that are used for telecommunication
and high power applications such as material processing [93]. The optical properties of
rare earth ions are also used as fluorophores [94] and for optical upconversion [91]. It
is thanks to all of these developments, dating back to the sixties [95], that the optical
properties of REIs in solids are very well studied. This wealth of knowledge serves
as an excellent starting point for making use of these ions for quantum information
applications. But in order to understand these applications, lets first discuss the physics
of the optical transitions in rare earth ions.

3.1.1. Rare earthionsin solids

Trivalent REIs posses filled 5s and 5p orbitals, while the 4f shell is only partially filled.
The optical transitions of interest in this work are all transitions within the 4f shell. These
transitions are remarkably insensitive with respect to their surroundings. Somewhat
uniquely to solid state emitter systems, this allows one to treat the ion like a free ion in
vacuum, and account for the influence of the surrounding host material in a perturbative
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manner. This perturbative treatment is done via crystal-field theory, which I will touch
on later. The robustness against the environment is reflected in the fact that the optical
properties are very similar for very different host materials. For example, the transition
wavelength typically shifts by only a few nanometers at most between different host
materials [91]. An intuitive explanation for this imperviousness can be obtained when
comparing the center of mass of the radial probability density of the electron r?|¥(r)|?,
or in a simpler picture, the average distance of the electron to the nucleus, between the
different orbitals. The 4f electrons are located much closer to the nucleus. Because the
5s and 5p orbitals are filled, they screen the 4f electrons from the surrounding electric
fields, making them insensitive to the environment. This is schematically illustrated in
Figure 3.1.

Energy level scheme

Since REIs are many electron systems, analytical solutions of the Schrédinger equation
do not exist. Typically, the energy levels are described by a Hamiltonian [91]:

H = 7{0 + (]_{C + (]‘{so. (3.1)

Here, H, describes an electron in the potential of the nucleus, analogous to the hydrogen
atom, Hc are the sum over all the electron-electron Coulomb interactions, and Hso
describes the spin-orbit coupling of an electron. All of these terms sum up the contribu-
tions of all N electrons.

To facilitate solutions,the central field approximation is used, where one adds to the cen-
trosymmetric Coulomb potential of the nucleus an effective centrosymmetric potential
that describes the average potential caused by the other electrons:

N N
—1? 1 Ze? 1 €
f= vy (), (3.2)
Py Zme = 47[60 ri < 47‘[60 rij

To compensate, the electron-electron term then only describes deviations from this mean,
therefore representing a small correction. The central field Hamiltonian can be solved
with the Hartree-Fock method, essentially constructing superpositions of hydrogen-like
solutions while ensuring anti-symmetry of the wavefunctions. The energy levels are in
general split by the Coulomb interaction into different terms, described by the quantum
numbers L and S, which represent the angular momentum and spin. These levels are
further split by the spin-orbit interaction, with a remaining degeneracy of 2] + 1. J is the
total angular momentum as known from atomic physics. Consequentially, these states
are usually labeled in the well-known Russel-Saunders notation 2*1L; [96, 91].!

This implies that S and L are good quantum numbers and J can be calculated in the LS coupling. However,
the contributions from spin-orbit coupling and coulomb interaction are of similar order of magnitude for
many rare earth ions, which technically places them in an intermediate coupling regime. Nevertheless, these
quantum numbers at least describe the predominant wavefunction constituents [96].
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So far, we have treated the ion as completely free. In reality, the ions are doped inside a
crystal and are influenced by their environment. This influence is modeled by an electric
field perturbing the free ion, the so called crystal field. This further splits the J levels
into crystal field levels. The degree to which the degeneracy is lifted is determined by
the site symmetry the ion is doped into: generally the lower the symmetry, the more
levels are observed. These levels are typically labeled by an additional quantum number
(7), which increases within a manifold with increasing energy of the levels.

The crystal field is the reason that optical transitions within the 4f-shell, which are
forbidden by dipole selection rules, are even observable at all: they act as a perturbation
that admixes eigenstates with different parity, therefore weakly allowing electric dipole
transitions [91]. As a consequence, the strength of the optical transition heavily depends
on the site symmetry within the crystal, and therefore the host material, with lower
symmetries typically resulting in stronger optical transitions. Nevertheless, the optical
transitions are very weakly allowed compared to other optically active defects in solids
such as the nitrogen-vacancy center in diamond or the silicon vacancy in silicon carbide.
This is evident by the excited state lifetime, which for rare earth ions is on the order of
1 ms, while typical values for the aforementioned defects are below 10 ns [97, 98, 99].
One further differentiates between ions that posses an even and uneven number of
electrons, which are referred to as non-Kramers and Kramers ions respectively. Kramers
ions posses an unpaired electron spin. Therefore, the crystal field levels are at least
doubly degenerate. The degeneracy is lifted when a DC magnetic field is applied, leading
to a Zeeman splitting.

Finally, for REI isotopes that posses a nuclear spin, the energy levels are further split by
the hyperfine interaction. The magnitude of this splitting is typically 10 MHz to 100 MHz
for non-Krammers and several GHz for Kramers ions.

Energy level scheme of Yb>*

The trivalent positive Ytterbium ion possesses a relatively simple energy level structure,
due to its electronic configuration [Xe]4f'>. Because 13 out of 14 electrons in the 4f-shell
are filled, it can be treated as a one hole system. Therefore, there is no splitting due
to the Coulomb-interaction between electrons and only spin-orbit coupling splits the
levels into two levels *F; /2 and ’F, /2. The crystal field then further splits these levels
into up to (2] + 1)/2 Kramers doublets [100]. Finally, two isotopes of Ytterbium posses
a nuclear spin: ’'Yb (I = 1/2, natural abundance: 14.1%) and "*Yb (I = 5/2, natural
abundance: 16.1 %), and therefore show a hyperfine splitting [101]. A schematic of the
resulting energy level scheme is depicted in Figure 3.2.

For quantum information applications, which require long coherence times, the main
transition of interest is the one between the lowest levels in each crystal field manifold.
The reason is that higher lying levels can easily decay into lower levels, for example via
phonon-assisted mechanisms, fundamentally limiting the achievable coherence times.
For Yb*', this is the 2F;/,(0) — 2Fs/,(0) transition, which is, depending on the host
material, located between 970 nm to 985 nm. A distinct advantage of Ytterbium compared
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Figure 3.2.: Level scheme of Yb3*:Y,03. Note that the hyperfine splitting in yttria
has not been reported and is assumed to be similar to other host materials.

to other rare earth ions is that this transition possesses a large branching ratio ¢, that
is there is a high chance that the excited state decays via this coherent transition [102,
103]. This naturally increases the amount of useful photons. The exact value depends
on the host material and is hard to measure in our experiment. Typical values are in the
range of { ~ 20 % to 30 % (in comparison, the coherent transition in Eu** typically has a
branching ratio of { = 1% [104]).

ZEFOZ point at zero field

The 71Yb isotope, which possesses a nuclear spin I = 1/2, is of particular importance
for quantum information technologies. Related works have shown that in sufficiently
low symmetry sites, the eigenstates are inseparable superposition states of the nuclear
and electronic spin 1/2 states [105]. This makes the transition frequencies insensitive to
first order to magnetic field fluctuations. Such fluctuations are usually one of the main
contributions to decoherence, which makes working at such a point highly desirable.
Note that this phenomena is in principal not unique to '’*Yb: For many rare-earth ions,
such zero first order zeeman (ZEFOZ) points exist for a particular applied magnetic field.
However, finding such a point is experimentally hard and typically requires complicated
crystal field theory calculations to determine the starting point for the search, as well
as very precise instrumentation to stabilize the working point. For 71Yb however, this
point exists at zero magnetic field, eliminating much of the experimental overhead.
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Figure 3.3.: Schematic illustration of how an ensemble of ions forms the inhomo-
geneous line and how the absorption profile can be manipulated via spectral hole
burning, allowing measurements of the homogeneous linewidth even in inhomoge-
neously broadened ensembles.

Inhomogeneous broadening

As discussed before, individual REIs posses exceptionally narrow linewidths When doped
into solids, down to the Fourier transform limit imposed by the lifetime I, = ZHT , which
is on the order of 1kHz [106, 107]. However, the spectral position of the smgle ion
resonances is distributed over a broad spectral range, up to several GHz, due to the inho-
mogeneous crystalline environment [108, 96]. When probing a large ensemble of ions,
for example by spectroscopy of a macroscopic crystal, this inhomogeneous broadening
leads to an observed linewidth that is much larger than the individual ion linewidth. This
is schematically depicted in Figure 3.3 (a). To distinguish the two, the individual ion line
is called the homogeneous linewidth and the observed, apparent larger linewidth is called
the inhomogeneous linewidth due to its source being the inhomogeneous environment *.
In principle, this phenomenon is not unique to rare earth ions. However, the ratio of the
two can be uniquely large, on the order of ‘“:"m ~ 10°.

This property can be both a blessing and a curse. On the one hand, direct measurements
of the homogeneous linewidth are not possible by measuring ensembles, and require
more sophisticated spectroscopic techniques. On the other hand, the large ratio offers

'While the broadening mechanism is different, this has many parallels in the spectroscopy of Doppler-
broadened gases and many techniques can be adapted from this field.
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great potential for spectral multiplexing. The idea is that for a small number of ions, the
individual ion lines can be resolved spectrally using a narrow linewidth laser due to
their inhomogeneously shifted transition frequency, even when multiple or many ions
spatially overlap with the laser beam. Continuing this thought, one can easily address
multiple ions by applying multiple frequency tones. This constitutes a naturally available
multi-ion quantum register within a spatially limited spot. Proposals exist how such a
register can be used, to build for example a small quantum processing node [109]. The
lineshape of the inhomogeneous line depends on the physical origin and homogeneity
of the dominant broadening mechanism [110].

Spectral hole burning

As discussed previously, the inhomogeneous broadening complicates the measurement
of the homogeneous linewidth. However, the homogeneous linewidth is of great in-
terest, since it is directly related to the optical coherence time T, = ﬁ, the metric
that ultimately determines the suitability for many quantum information processing
applications. Spectral hole burning, which relies on optical pumping, is a commonly
used technique to measure the homogeneous linewidth in REIs [96].

Spectral hole burning relies on depopulating at least one ground state via optical pump-
ing. The population is then shelved in another energy level. The missing population
manifests itself in a narrow dip in the absorption profile, a so called spectral hole. The
minimal width of this feature is twice the homogeneous linewidth Ijoe = 2I},om, but the
feature can appear broadened due the experimental conditions, such as power broaden-
ing or laser drifts. The change in the absorption profile is sketched in Figure 3.3 (b).
The shelving state can be the optically excited state with the typical optical lifetime of
~ 1ms, as I will make use of later in this thesis (Section 3.3). I will refer to this case
as transient spectral holeburning, as the hole relaxes with the optical lifetime T; ~ 1 ms.
Alternatively, population can be transferred in adjacent hyperfine levels of the optical
ground state, if the isotopes exhibiting a nuclear spin and the spin lifetime T spin is suffi-
ciently long. These hyperfine-levels can exhibit extremely long lifetimes at cryogenic
temperatures for some REIs, up to several days or even months [111]. I will refer to
this case as persistent spectral hole burning®. This long lifetime allows for shaping the
absorption profile of the inhomogeneous line, which enables many applications, both
for quantum technologies and more conventional techniques. For example, long-lived
spectral holes are used as narrow frequency filters, both optical [108] and for radio-
frequencies [112], and for laser frequency stabilization [113, 114]. In terms of quantum
communication applications, the atomic frequency comb (AFC)-protocol is a quantum
memory protocol that relies heavily on spectral holeburning [115, 116].

IPersistent is to be understood as long compared to the optical lifetime. The hole relaxes with the spin lifetime
T1,spin- Truly irreversible holeburning can occur for example in biological samples.
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3.1.2. Applications of rare earth ions in quantum information processing
Single ions integrated in optical cavities

The development of quantum network nodes has historically been pushed and pioneered
in other material systems than REIs, such as defect centers in diamond, quantum dots,
trapped ions and neutral atoms. Rare earth ions, despite their excellent coherence
properties and being well studied previously, have only come under investigation in the
last 10-15 years. One reason for this is the big initial hurdle of detecting the fluorescence
of a single ion: While for all the aforementioned systems, this can be done in a confocal
microscope quite comfortably, REIs require either extremely sensitive measurement
techniques or an enhancement of the optical transition using an optical cavity. The first
measurements of individual REIs dopants were done using either the dipole-allowed,
and therefore much brighter, 4f-5d optical transition [117, 118], or via electronic readout
of ionization caused by resonant optical excitation [119]. The first optical detection of a
single ion using a 4f-4f transition was achieved for Pr**:Y,SiOs in a confocal microscope
using a solid immersion lens [98]. Still, the extremely low countrate below 100 counts/s
is limiting for most applications or next steps.

A breakthrough in the field was the successful detection of single ions in optical cavities.
The group of Andrei Faraon used a photonic crystal cavity directly milled into YVO,
to detect individual Ytterbium dopants, demonstrating an effective Purcell factor of
Cest =~ 120 [120]. Similarly and simultaneously, the group of Jeff Thompson detected
single erbium ions in Y,SiOs, using evanescent coupling to a silicon photonic crystal
cavity placed on top of the sample. They achieved an effective Purcell factor of Cegr = 660
[121]. Both groups have since improved their setups and pushed the system to the
forefront of solid-state qubits. Highlights include the demonstration of single-shot
readout [120, 122], coherent coupling to an adjacent nuclear spin [123] respectively
spin clusters [29], demonstration of photon indistinguishability [124] and recently also
remote entanglement of two and three ions [28]. These impressive results showcase the
great potential of REIs, but also illustrate how important a well working cavity system
is in order to achieve this.

In parallel, there has also been some effort to couple REIs to open FP-cavities. Our
group has pioneered the approach of integrating nanocrystals in a microscopic FFPC
cavity, although single ion detection has remained elusive for the investigated Eu** ions,
whose particular weak optical transitions are even more unfavorable than other REIs
[125, 104]. Following the same approach, collaborators have detected single erbium ions
in nanocrystals [126, 127]. Another team employed open FP-cavities to detect single
erbium dopants in YSO membranes, demonstrating high Purcell factors of Ceg = 110
[120] and a large spectral multiplexing capability [128, 129, 130].
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Figure 3.4.: Illustration of the two symmetry sites of yttrium ions in yttria. Blue dots
are yttrium atoms, orange dots are oxygen atoms. The rotational symmetry axes
and the inversion point are indicated. After [133].

3.1.3. Ytterbium doped yttria nanocrystals for cavity integration

As discussed above, rare earth ion doped nanocrystals are one promising approach for
integrating rare earth ions into optical resonator, in particular into open cavities such as
FP cavities. The requirements on the nanoparticles are as follows:

« Suitably small in order to introduce minimal scattering loss, enabling cavity
operation with a high finesse in order to achieve the neccesary Purcell
enhancement.

« Coherence properties should be well preserved and as close to bulk values as
possible.

These two requirements seem to oppose each other, since a small particle diameter means
close proximity of a large fraction of ions to the surface, where charges accumulate and
typically lead to spectral diffusion [131]. Also, crystal defects are more likely to occur in
nanocrystals due to their finite extent. Additional reasons for decoherence are “surface
states and modified spin bath dynamics” [132]. It speaks to the robustness of the rare
earth ions in respect to their environment that, even in nanocrystals, good optical and
spin properties have been observed. Yttria (Y,Os3) in particular has proven to be a good
host material, combining suitability for nanoparticle synthesis with good coherence
properties.

Yttria as a host material

Yttria (Y;03) is a transparent crystal with a cubic crystal structure, often used as a
host material for optically active rare-earth dopants. The dopants non-deterministically
replace yttrium atoms in the lattice. There are two nonequivalent yttrium lattice sites
in yttria, which exhibit a C; and Cs; symmetry. There are a total of 32 yttrium ions per
unit cell, with 24 belonging to the C; and eight belonging to the Cs; site [134, 107]. The
two different symmetry sites are depicted in 3.4.

41



3. Ytterbium doped nanoparticles for cavity based quantum networks

Table 3.1.: Summary of homogeneous linewidths Iy, of rare earth ion dopants
measured in Y203 nanocrystals. The homogeneous linewidths are measured by
photon echo spectroscopy on a compressed powder of nanocrystals.

Dopant Thom Temperature | Magnetic field | Particle diameter | Source
Eu** 85kHz 1.4K - 60 nm [138]
Pr’* | 315kHz 1.4K - 150 nm [132]
Ert | 380kHz 3K 100G 150 nm [139]
Nd** 62kHz 1.6K - 380 nm [139]

Nanoparticles used in this work

The nanoparticles used in this work were provided by the group of Philippe Goldner
at Chimie ParisTech. They have an ensemble averaged diameter of @ = 100 nm and a
doping concentration of 100 ppm. They were grown using the method of homogeneous
precipitation. The synthesis is described in detail in [135, 136] and typically yields
mono-crystalline or few crystalline domain nanocrystals. During the final step of the
fabrication, they were annealed at a temperature of T = 800 °C. Subsequent studies have
shown that for other dopants, the coherence properties improve when the nanoparticles
are subjected to an additional oxygen-treatment step and subsequently annealed at a
temperature of T = 1200 °C [137].

Coherence in nanoparticles

The optical coherence for other REI dopants in yttria nanoparticles was determined in
several studies. The measured homogeneous linewidths are summarized in Table 3.1.
All of the conducted measurements used nanocrystals grown by the group of Philippe
Goldner using the same technique as for the samples investigated in this work. Even
though the synthesis and experimental techniques are extremely similar between these
different nanocrystals, some care has to be taken when directly comparing them. For
one, the size differs between them, and additionally some final treatment steps were
done with different parameters. Nevertheless, it is remarkable that narrow optical ho-
mogeneous linewidths have been observed for all of these dopants, encompassing both
Kramers and Non-Kramers ions in these nanoparticles. It should however be noted
that the observed values are still typically roughly two to three orders of magnitude
worse than in high quality bulk crystals, where the optical homogeneous linewidth can
approach the transform limit given by the optical lifetime Iy = ﬁ [107].

There is not as much data available on the spin coherence of the dopant in nanocrystals.
For the case of europium, spin coherence times of T55,i, = 1.2ms, close to the value
reported in bulk (T3spin = 12ms) [140] have been observed [141]. The fact that the
spin coherence is less influenced by the finite size compared to the optical coherence is
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attributed to the different dephasing mechanisms. The optical decoherence is supposedly
limited by an electric interaction with the fluctuating charges at the surface, while the
spin coherence is mainly limited by magnetic fluctuations.

Erbium nanoparticles have been successfully integrated into FFPCs at cryogenic temper-
atures, demonstrating switchable Purcell enhancement of ion ensembles [126] and the
detection of individual Erbium dopants [127]. The progress on a very similar experiment
using Eu**:Y,0; nanoparticles is reported in the PhD thesis of my colleague Timon
Eichhorn [104].

The initial goal of my thesis was to follow the same approach for ytterbium doped Y,03
nanoparticles. I have touched on the motivation for using ytterbium instead of other
rare earth ions previously in Section 3.1.1. To briefly summarize, the relatively strong
branching ratio of the coherent ?F;/,(0) — *F5/5(0) transition should lead to large
effective Purcell factors, facilitating the detection of single ions compared to e.g. Eu®*.
At the same time, the coherence times can still be well preserved due to the existence of a
ZEFOZ point at zero magnetic field. Additionally, cavity operation is slightly facilitated
by reduced scattering losses and background fluorescence, due to the optical transition
wavelength of A ~ 980 nm. One significant drawback of Ytterbium ions is the lack of
highly efficient detectors, due to the transition wavelength lying inconveniently between
the bandgaps of Silicon and InGaAs, making both detector technologies inefficient at
this wavelength. By very literally paying a price on the order of some ten thousand
euros, this problem can be solved by using superconducting nanowire single photon
detectors (SNSPDs), which can have high detection efficiency at these wavelengths as
well as very little dark counts.

3.2. Room temperature studies and cavity integration of
ytterbium in yttria nanocrystals

Before integrating these emitters into a cryogenic cavity, there are two avenues to explore.
On the one hand, one can study the nanoparticles inside a cavity at room temperature.
The expected Purcell factors are too low at room temperature to be useful for long-term
applications. However, it serves as a nice proof of principle experiment, where one can
already address many of the issues that will arise during the cryogenic experiments. At
the same time, the cavity setup is much easier to operate and much easier to iterate on at
room temperature. On the other hand, one would like to determine the optical properties
of the ytterbium doped Y,O3 nanoparticles at cryogenic temperatures from an ensemble
measurement without an optical cavity. Such measurements are easier and quicker!

Ibut not necessarily “easy” and “quick”.
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to conduct than cryogenic cavity experiments, and are needed to determine whether a
cryogenic cavity experiment holds enough promise. In the remainder of this chapter, I
will address these two points, starting with the room temperature characterization of
the ytterbium doped Y,03 nanoparticles.

3.2.1. Room temperature spectroscopy using a confocal microscope

For a first spectroscopic investigation of Yb**:Y,03 nanocrystals at room temperature,
nanoparticles dispersed on a glass slide were investigated in a home-built confocal
microscope. This setup allows for recording confocal microscope images, as well as
taking photoluminescence spectra at distinct points by routing the light to a grating
spectrometer, and finally allows measurements of the optical lifetime. The construction
and use of the confocal microscope is described in detail in the master thesis of Tobias
Krom [63]. A short summary of its properties can be found in the Appendix B. The
presented setup is also used for room temperature characterization of the molecular
complexes discussed in section 4. In the following, I show photoluminescence spectra and
lifetime measurements that were conducted on small features, with their spatial extent
limited by the resolution limit of the microscope. The resolution limit of the microscope
is given by the pointspread function (PSF), which was experimentally determined to
be 0.56 um (see Appendix B). This spatial resolution limit is insufficient to distinguish
single nanocrystals from small nanoparticle agglomerates by their spatial extent.

Photoluminescence spectrum

To measure the spectrum of the photoluminescence (PL), fluorescence light is coupled
into a multi-mode fiber and is sent to a grating spectrometer, where the light is dispersed
on a blazed grating and then imaged onto a cooled CCD camera. Three different gratings
can be chosen. The spectral resolution of the spectrometer in the NIR regime is deter-
mined by measuring an attenuated laser beam at A = 940 nm and fitting the result with
a single Gaussian. This reveals a linewidth of AA = 0.09 nm for the 12001/mm grating,
which provides the best spectral resolution.

The accuracy of the absolute wavelengths determined by the spectrometer relies on an
accurate calibration. Calibration lamps that are commonly used in the visible range
have only few peaks in the NIR. Therefore, I typically calibrated to the laser wavelength,
where the absolute spectral position of the laser is measured with a wavemeter. This
constitutes only a rough calibration and care should therefore be taken when eval-
uating absolute wavelength values. The measured photoluminescence spectra show
no significant differences between different nanocrystals. An exemplary spectrum is
depicted in Figure 3.5 and mainly shows the dominant F; /2(0) — 2F, /2(0) transition at
977.3 nm. The linewidth of the 2F;/5(0) — ?F5/»(0) transition is determined by a single
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(a) Photoluminescence spectrum for a Yb**:Y,03 (b) Single Lorentzian fit to the 2F7/2(0) — 2FS/Z(O)
nanocrystal at room temperature. The excitation transition.

laser at A = 940 nm and the onset of the long pass
filter are visible.

Figure 3.5.: Photoluminescence spectra of Yb3+:Y203 nanocrystals taken at room
temperature.

lorentzian with a width of AA = 2.82 nm. This gives a first indication for the homogene-
ity inside the nanocrystals!. The average linewidth of six investigated nanocrystals is
(2.83 + 0.03) nm.

Optical lifetime

In order to measure the excited state lifetime, the excitation light is pulsed and the
detected photon events are time-correlated with the excitation pulse via correlation
electronics 2. The resulting histogram reveals the decay of the optical excited state.
Unless stated otherwise, all lifetimes given in this thesis are determined from single
exponential fits. On some occasions, bi- or multi-exponential decay with distinct time
constants are observed. This indicates the presence of multiple contributions to the
fluorescence, such as background fluorescence or multiple excited states.

The optical lifetime was measured on several emitters, showing an average lifetime of
7 = (1.48 £ 0.05) ms. Three exemplary measurements are depicted in Figure 3.6. It is
worth to note that the excited state lifetime in nanoparticles is generally higher than in
bulk crystals. This can be understood as the nanoparticle acting as a weak off-resonant
resonator, slightly suppressing the local field [125]. Small variations in the lifetime can be
explained by variations in nanoparticle size and homogeneity. In one case, a particularly

1At room temperature, the concept of homogeneous and inhomogeneous linewidths become somewhat blurred,
because the homogeneous line broadens significantly and can become even broader than the inhomogeneous
line.

2 TimeTagger, Swabian Instruments
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Figure 3.6.: Exemplary lifetime measurements of different Yb>*:Y»03 nanoparti-
cles, showing slight variations. The measurement depicted in (c) shows a signifi-
cantly faster, bi-exponential decay, only observed for one feature.

bright emitter showed both a significantly shorter lifetime and a bi-exponential decay
characteristic, while still showcasing a characteristic photoluminescence spectrum and
appearing as a point-spread limited feature.

3.2.2. Towards cavity integration of ytterbium doped yttria nanocrystals

In this section, I will summarize the efforts on integrating the Yb**:Y,03 nanoparticles
into a FFPC. Nanoparticles were distributed on DBR mirrors using spin-coating tech-
niques. These mirrors were analyzed using cavity scanning microscopy. I found that the
obtained nanoparticle density is suitable for cavity experiments. Finally, I observe room
temperature fluorescence using a double resonance excitation scheme. I will conclude
with a discussion on the expected Purcell factors and signal strengths, with an outlook
on what a cryogenic experiment could achieve using the achieved parameters.

Mirror preparation

Two mirrors, hence labeled M1 and M2, were coated with Y,O3 nanoparticles. The
mirrors are from the coating run described in section 2.2.1 and are chosen from the
higher transmittance coating (230 ppm @ 985 nm) (see Section 2.2.2 for a summary of
the utilized coating). Before depositing the nanoparticles, a checkerboard pattern was
imprinted on the mirror using CO; laser machining. This allows to re-identify the same
area in different setups. I prepared a solution of 250 pg Y;0O3 and 50 pg of sodium dodecyl
sulfate (SDS) in 250 pl of deionized water. SDS is used as a surfactant agent to prevent
nanocrystals from forming agglomerates. For the same reason, a sonotrode was used to
apply ultrasound to the solution for 30 minutes in order to break up already existing
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Figure 3.7.: Large scans and some small features in the confocal microsocope of
M1 (left) and M2 (right). The large scans show part of the CO2 machined grid on the
mirror.

agglomerates. The recipe was adapted from Timon Eichhorn and Julia Benedikter. The
mirrors were exposed to oxygen plasma to remove organic waste and activate oxygen
bonds at the surface. A drop of 20 ul was dropped onto the mirror during an initial
distribution spin-caoting step at 100 rpm for 30s. In a second step, the mirror was spun
at a rotational frequency of 2000 rpm. For M2, the nanoparticle solution was centrifuged
in a centrifuge for one minute at 1000 rpm, before pipetting 20 pl from the surface of
the solution. This should preselect for smaller nanoparticle clusters. The mirrors where
then analyzed using the confocal microscope described in Section 3.2. Some exemplary
confocal scans are depicted in Figure 3.7. Both samples show a suitable density of point-
like emitters, although many of these are likely nanoparticle agglomerates. The feature
density is somewhat sparser for the segment in M2, in agreement with the additional
centrifugation step. Note that while the average countrate of small features is higher for
YM2, which could point to larger agglomerates, the setup was realigned between the
two measurements and is therefore not directly comparable.

To differentiate single particles from agglomerates, I make use of the high sensitivity of
a high finesse cavity to extinction losses. To that end, I assemble a FFPCs from M2 and a
fiber mirror.
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Figure 3.8.: Photographs of the fiber cavity assembly for room temperature.

Cavity assembly

The fiber and mirror were assembled in a home-built positioning unit, based on a design
by Thomas Hiimmer. The utilized fiber mirror is coated with the high reflectivity coating
described in Section 2.2.2, with a nominal transmission of 25 ppm. The cavity is therefore
expected to operate with a finesse 7 ~ 20000 at A = 985 nm.

In the following, I will quickly sketch the principles of operations of the cavity setup.
For a more detailed discussion and analysis of the design, the reader is referred to
Thomas Himmers’ doctoral thesis [142], who originally designed and implemented
these mechanics.

The cavity mechanics are depicted in Figure 3.8. An aluminum base block with high
mass serves as the platform for the mechanics. The macroscopic mirror is clamped to the
platform using a screwable mirror holder. The mirror holder can be moved transversely
using two screws. The fiber mirror is glued into a syringe, with the fiber protruding
only a few hundred micron to minimize bending motions. The syringe is clamped into a
flexure arm, which can be bent and rotated by applying pressure, thereby enabling rapid
movement of the fiber tip over the mirror. To enable these scanning mechanics, we use
piezo-ceramic actuators, which exert forces at the designed contact points, producing
bending motions. Because the bending amplitudes are small, this leads to an effectively
decoupled and linearized movement in all three spatial directions, when actuating the
respective piezo ceramics. The piezo mechanics are driven by analogue-digital converters
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Figure 3.9.: Characterization of the nanoparticle density and agglomeration via
scanning cavity microscopy. Scalebars are estimated from the point-spread function.

! which are suitably amplified and low-pass filtered. In order to achieve a high stability
and the desired piezo travel range, all axes need to be pre-loaded accordingly. This is
achieved using a spring for the z-direction and screws pressing on the piezo actuators
for the x-y direction.

Scanning cavity microscopy

The fast positioning capabilities of the cavity mechanics can be utilized to sensitively
record extinction maps. Therefore, the peak cavity transmission T is recorded stepwise
over the x-y scanning range of the platform. In order to do this quickly, a custom-built
algorithm implemented on a FPGA board? is used to readout the peak transmission
value of the cavity resonances. The observed extinction E can be calculated given the
unperturbed peak transmission Ty and the unperturbed finesse 7, as:

x| h
E—?_\/; 1]. (3.3)

Here, unperturbed refers to a “clean” mirror spot where there is no additional extinction.
For the high finesse values used in this work (¥ = 20000), an additional losses of 65 ppm
results in a drop of the cavity transmission to half of the unperturbed peak transmission

! NI-Card National Instruments
2StemLab 125-14, Red Pitaya, using custom code developed by Thomas Hiimmer
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Tp. Therefore, this constitutes an extremely sensitive extinction microscope, which has
been successfully applied to study different samples. The spatial resolution is limited by
the cavity waist (see section 2.1).

I make use of this sensitivity to study the distribution of nanoparticles. The scatter-
ing losses of a spherical particle of diameter d on a dielectric surface in the Rayleigh
approximation scale as d°:

2
2 2 2
8 dIEIP M hed (nNP nmed)

27 2wt 2 5 (2 2 ’
0 nmed+ 16 nNp nmed

(3.4)

with nnp and npeq the refractive index of the nanoparticle and the surrounding medium,
respectively [104]. The extinction measurement is therefore sensitive to the nanopar-
ticle size and also agglomeration of nanoparticles, which due to small extent of the
nanoparticles is not visible in the spatial extent of the nanoparticles. For the nominal
nanoparticle diameter of 100 nm, and a wavelength of 985 nm, the expected scattering
loss is S = 15 ppm, which corresponds to a drop in transmission to 83 % and a decrease
in finesse to ¥ = 19 000. Figure 3.9 shows an exemplary scanning cavity extinction map
of the mirror Yb-M2. One observes many scattering features which can be attributed
to the dispersed nanoparticles. Many feature show a pronounced extinction, which is
indicative of large nanoparticle clusters. However, there are also spatially resolvable,
fainter features with a peak extinction of 50 ppm, which could be explained by a single
nanoparticle with a diameter of d = 120 nm, as depicted in Figure 3.9 (b). Due to the
background variations observed in the scanning cavity measurement, it is unclear if the
smaller extinction signals, that would be expected for smaller particles, could even be
resolved without further optimization. I content myself with the fact that small scat-
terers, consistent with individual particles, can be resolved. Crucially, they show only
small extinctions and should therefore not significantly perturb the cavity performance,
thereby enabling the envisioned cavity experiments. A caveat is that it is not possible
to assert which of the observed scatterers are indeed Yb**:Y,0; nanoparticles - this
requires spectroscopic measurements, that I will present in the following section.

Fluorescence studies at room temperature

Room temperature studies of fluorescence in a cavity can be quite challenging. First
of all, the expected Purcell factor is low: The homogeneous linewidth is broad - often
more so than the inhomogeneous linewidth, and therefore limits the Purcell factor (see
Chapter 2.3.1). On the other hand, this means that all ions can be excited using a single
frequency drive, which therefore all contribute to the fluorescence signal.

The second challenge is to separate the excitation light from the ion fluorescence. Mul-
tiple strategies can be employed: For one, the two can be separated temporally. An
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Figure 3.10.: Depiction of the double resonance scheme. The cavity length is ad-
justed such that a resonance at 940 nm allows in-coupling of the excitation light,
and the next fundamental mode overlaps with the 2F7/2 (0) — 2F5/2 (0) transition
of ytterbium at 978 nm, which one aims to enhance.

excitation pulse is sent on the sample, while the detection is blocked. The fluorescence
decay after the excitation is recorded, ideally in a time-resolved manner. Due to the long
lifetimes of ytterbium ions, this is achieved rather easily, for example by using AOMs to
shape the optical excitation pulses. Typical rise times achieved in this manner are on the
order of 60 ns, four orders of magnitude lower than the fluorescent lifetime. However,
a high degree of suppression (= 160 dB for 1 mW of excitation) of the excitation light
is required, since sensitive single photon counters are employed for detection. This
requires at least two cascaded double pass AOMs to fully suppress the excitation light.

A second approach is to employ spectral filtering. The ions are excited at a wavelength
of 940 nm using the 2F;/5(0) — ?Fs/5(1) transition. The excitation light is blocked using
suitable longpass filter. This simple approach is complicated by the cavity: Since it
blocks all non-resonant frequencies, the lower wavelength excitation needs to either be
applied from the “side”, that is with an angle to the cavity axis, or be coupled to a cavity
mode that is simultaneously resonant with the *F;/,(0) — ?Fs/»(0) transition. The latter
scheme is henceforth referred to as the double resonance scheme and is schematically
depicted in Figure 3.10. Side excitation is extremely challenging using conventional
optics, since the very low cavity lengths imposes significant geometrical constraints.

In this work, I combine a pulsed excitation with a double resonance scheme to minimize
the background fluorescence. Therefore, the cavity length is adjusted such that there
are cavity resonances at a wavelength of A = 940 nm and at 978 nm, which amounts
to a cavity length of d = % = 12.1 um. Both resonances can easily be monitored
by recording the transmission of a broadband light source through the resonator on a

spectrometer. The spectrum is depicted in Figure 3.10 in green.
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about 1 ms, characteristic for rare earth ions.

Figure 3.11.: Analysis of the fluorescence of Yb3*:Y,03 nanoparticles observed in
the cavity

The cavity is then stabilized to the excitation laser at a wavelength of A = 940 nm and
the fluorescence is detected on a single photon counting module!. A 10 % fraction of the
transmitted light is split off and monitored on a photo diode? to provide the feedback
signal for active stabilization. The remaining 90 % of the transmitted light is guided
into the fluorescence detection path, where the excitation is filtered using an optical
long-pass filter’. When the cavity is on resonance, a slight increase in the countrate is
detected at some longitudinal mode orders. An exemplary signal is depicted in Figure
3.11 (a). The sudden rise occurs once the cavity is stabilized on the excitation laser. The
pink lines in the figure are the average of the 20 highest and 20 lowest values. The

LCOUNT NIR-50, Laser Components
2 APD 130A, Thorlabs
3 FELH950, Thorlabs
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3.2. Room temperature studies and cavity integration of ytterbium in yttria nanocrystals

fluorescence signal is determined as the difference between the two.

In order to verify whether this signal truly stems from ytterbium ions, I first vary the
cavity length, that is the measurement is conducted as a function of the mode order. To
account for the varying intra-cavity power due to the different transmitted intensities of
different modes, the background corrected countrate is divided by the peak intensity of
the transmitted laser intensity monitored on the reference photo diode. This is plotted
as a normalized countrate as a function of the mode order g in Figure 3.11 (b). Two
resonances around q = 27 and g = 17 are visible. The double resonance is expected at
mode order q = 26, in reasonable agreement with the observed peak. The peak at lower
mode order could be explained by a higher order transverse mode being resonant with
the Yb** transition around 977 nm. For the employed fiber mirror radius of curvature
R. = 30pum, the second higher order mode family with m + n = 2 is expected at a
wavelength of 977 nm for the fundamental mode order ¢ = 17. We expect only even
higher order modes to couple to the nanocrystal, since odd mode numbers exhibit a
node in the center of their spatial profile (see Section 2.1.1). Therefore, this agrees well
with the observation. Nevertheless, it is surprising that the signal is stronger than for
the fundamental mode. Because of the higher mode volume and the difficulty to collect
and focus the higher order modes onto a detector, one would expect a smaller observed
countrate than for the fundamental mode order.

In order to further verify whether the observed signal stems from ytterbium ions, I
investigate the optical lifetime in a pulsed experiment. Indeed, an exponential decay
with a time constant of 7 = 1.33 ms is observed, similar to the optical lifetimes observed
in the confocal microscope (see Figure 3.11 (c)). Such long lifetimes are characteristic
for rare earth ions, and background signals usually decay on much smaller timescales.
Due to the broad homogeneous linewidth, the expected Purcell effect is small, such that
no significant change in the lifetime is expected. Finally, I investigate the saturation of
the signal as a function of intracavity power, which is calculated from the transmitted
intensity on the photodiode and the finesse 7. The result is depicted in Figure 3.11 (d). A
clear saturation behavior is observed, which is characteristic for fluorescence stemming
from discrete energy levels, such as rare earth ions.

All together, these measurements corroborate the hypothesis that some part of the
observed signal stems from rare earth ions: the double resonance scheme works at
the expected cavity lengths dictated by the Yb*" transition energies, the long lifetime
characteristic of rare earth ion fluorescence is observed, and the signal shows a clear
saturation behavior. However, the observed countrates are extremely low, on the order
of a 100 counts/s when subtracting the background. In order to understand this, let us
look at the expected signal strength.

Purcell Estimate
In order to calculate the Purcell effect, one first needs to calculate the cavity mode volume.

For the utilized radius of curvature R = 30 pm operating at a mode order of g = 26 at
the resonant wavelength A = 977 nm, this corresponds to a beam waist wy = 2.2 and a
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Figure 3.12.: Calculated effective Purcell factor (green) for Yb3*:Y,03 and mode
volume (orange) for the experimentally realized cavity at room temperature (a) and
extrapolated to low temperatures (T = 4.2 K) (b). The gray dotted line indicates the
working point imposed by the double resonance condition.

mode volume of V = 49 A3, The quality factor is largely dominated by the homogeneous
emitter linewidth determined from the PL measurements in Section 3.2 of Av = 920 GHz.
This results in an ideal Purcell factor of Cy = 0.18, when accounting for a random
transition dipole orientation within the nano-crystal with a factor of 1/3. Assuming a
branching ratio of { = 30 % into the coherent transition, the expected effective Purcell-
factor is Cegr = 0.05. Therefore, it is no surprise that no significant change of the optical
lifetime is observed in the cavity. From the particle diameter and doping concentration,
the number of ions inside a nanocrystal is estimated to be on the order of njons ~ 1000,
which, for the calculated Purcell factor, should lead to a photon rate emitted into the
cavity of 47000 photons. When accounting for the duty cycle (7pyc), the collection
(ol = 50 %) and detection efficiency (n4et = 10 %), as well as the outcoupling efficiency
Neav = 70 %, we roughly expect an combined efficiency npuc#con?dettjcav = 1.7 %, leading
to an expected detected countrate of ~ 1300 cts/s. This is still one order of magnitude
more than the experimentally observed signal, which might be explained by insufficient
collection optics, decreasing n¢op . Overall, the observed count rate and lifetime change
is reasonable within expectations, which further substantiates that the observed signal
is indeed caused by fluorescence of Yb>* ions.

The achievable Purcell factor in this specific configuration, which is an extreme realiza-
tion of the bad emitter regime, scales very favorably with reducing the cavity length,
and thereby the mode volume. This is plotted in Figure 3.12 for the cavity and emitter
parameters realized in this setting. However, the double resonance technique employed
here restricts the experiment to long cavity lengths, as indicated by the dashed dotted
line. Some attempts were made to work at short cavity lengths, relying on resonant exci-
tation together with time-resolved detection. However, it was not possible to sufficiently
suppress the background using this technique here.
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Predicted Purcell enhancement at cryogenic temperatures

The room temperature experiments here serve as a proof of feasibility for the envisioned
cryogenic experiments: Nanoparticles were distributed on the sample mirror with a
suitable density. A scanning fiber-cavity was setup and operated at the design finesse
of # ~ 20000 on clean mirror spots. Weak fluorescence signals were observed when
nanoparticles were placed inside the cavity. I investigated the characteristics of the
fluorescence and found that it shows signatures of Yb** ions.

Thinking back to the motivation of implementing an efficient node in a quantum network,
it is clear that ultimately, cryogenic cavity experiments will be required. The reason is
twofold: For one, the optical coherence time T, becomes significantly longer. This allows
for much higher Purcell enhancement, which in turn will enable the detection of single
ion signals via spectral multiplexing. Secondly, the spin lifetimes T s, and coherence
times Ty spin significantly increase, which is of course a prerequisite to implement a spin-
photon-interface. I estimate the Purcell effect of Y,O3 ions at cryogenic temperatures,
using the room temperature cavity parameters, a finesse of # = 18 000 at the resonant
wavelength A = 977 nm and the experimentally determined homogeneous linewidth of
6 MHz (see the following Section for the determination of the cryogenic homogeneous
linewidth). The result is depicted in Figure 3.12 (b). Like in the case for room temperature
experiments, the Purcell factor significantly increases at low cavity lengths. However, I
find that even for long cavity lengths (q = 26) effective Purcell factors of Ceg = 71 are
feasible. This would enable the detection of single ions with a similar signal strength
than what was achieved in the room temperature setup above for a signal stemming
from 1000 ions. Indeed, for single ion coupling, the effect can be a factor of three larger,
since I included a factor of 1/3 in the effective Purcell factor calculation to account for
the random transition dipole orientation within the nanoparticle.

This parameter estimation, together with the successful room temperature characteriza-
tion, truly motivates the investigation of the Yb**:Y,03 nanoparticles inside the cavity
system at low temperatures. I will return to the discussion of the feasibility of such an
experiment at the end of this chapter. In this estimate, I have already used the cryogenic
homogeneous linewidth. In the following section, I will present how this quantity was
determined experimentally, together with a thorough investigation of the cryogenic
properties.

3.3. Cryogenic spectroscopy of ytterbium doped yttria
nanoparticles - Revealing the homogeneous linewidth

While the room temperature studies in the previous section are encouraging, cryogenic
characterization is needed to determine the optical coherence time and ideally extract
information about the spin properties. This will ultimately determine the suitability for
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coherent experiments. In this section, I present the results of cryogenic spectroscopy
of an ensemble of the ytterbium doped yttria nanoparticles. We study the photolumi-
nescence spectra and photoluminescence excitation spectrum of the particles and can
spectroscopically observe ytterbium ions in both crystal lattice sites. We confirm this
by separately measuring the optical lifetimes of the two sites, and observe a significant
difference, in accordance with the expectations. Finally, we measure the optical homoge-
neous linewidth of the ytterbium ions by performing transient spectral hole burning.
The results presented in this section were obtained in close collaboration with Robin
Wittmann, and additional information can be found in his thesis [143]. I will start by
shortly describing the employed measurement setup, which will also be used in the
following Chapter 4.

3.3.1. Experimental setup

Especially in the first years in the Group, we had only a limited number of cryostats,
which were running complicated experiments, limiting the available space for cryogenic
experiments. What we had however, was an ample supply of liquid helium due to the
existing Helium infrastructure at the institute. My colleagues Evgenij Vasilenko and
Kelvin Chung had already designed and tested a dipstick cryostat. This is mainly an
evacuated metal tube which can be lowered into a Helium dewar [144, 145]. The liquid
helium, which is direct contact with the tube outside, provides the cooling power. A small
volume of gaseous helium is added to the evacuated volume inside of the tube, providing
heat exchange between the sample and the tube walls. This technique is also known as
exchange gas cooling. In later experiments, I used an even simpler variant of the dipstick
concept, where the sample is directly immersed into liquid helium, as depicted in Figure
3.13. The dipstick cryostats relies on the very low thermal conductance of stainless steel
at low temperature to thermally isolate the sample region from the outside of the dewar.
One end of the tube is at room temperature, while the other end is thermalized at liquid
helium temperature. It is remarkable that, nevertheless, liquid helium consumption rates
were on the order of 0.11/h to 0.21/h, enabling continuous cooling of a single sample
for up to three weeks.

Dipstick cryostat

The disadvantage of the dipstick approach is the limited direct optical access, possible
only from the top by means of a window, which implies a reflection geometry for the
measurement. Instead, we chose to forego any optical windows and couple light in
using optical fibers. These are conveniently installed by drilling holes into blind flanges,
feeding the fiber through the hole and then sealing the hole with epoxy glue. After the
gluing process, bending protection can be added to the feed-through and the bare ends
can be connectorized using standard fiber connector gear and techniques. In practice, it
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Figure 3.13.: Schematic sketch of dipstick cryostat and the fully fiber-coupled sam-
ple space used for the cryogenic measurements.

has proven helpful to add an overhead of fiber length on both sides of the feed-through,
to reuse fibers for different samples without having to redo the feed-through.

Sample Geometry

The group of Philippe Goldner has pioneered an approach to measure coherent signals,
such as photon echoes, from nano-crystalline or, more general, highly scattering powder,
rare earth ion-based samples [146]. It is conceptually very simple: The powder is com-
pressed between two glass slides, that are embedded in a copper sample holder for better
thermalization. The thickness of the powder sample is chosen to achieve a sufficiently
high optical depth, while also not being to thick in order to minimize scattering losses
and achieve a measurable rest transmission. The optimal thickness depends of course
on the properties of the sample, such as particle diameter and doping concentration, but
is typically on the order of a few hundred microns [138].

In order to replicate this for fully fiber-based setup, we make use of standard fiber
connectors and mating sleeves. Fibers are glued inside ceramic or stainless steel ferrules
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with a borehole matching the fiber cladding radius. The fibers are cleaved and polished
to be flush with the ferrule endfacets. Then, a mating sleeve matching the ferrule di-
ameter aligns the two ferrule endfacets, and thereby the fiber cores, to each other. The
ferrules are locked in place by a screwing mechanic. Due to precise machining, there
is no discernible air-gap between the two endfacets. By purposely retracting one fiber
before gluing, we can therefore create an enclosed space which we can use to immerse
the sample. Light is then coupled in via one fiber and the transmission collected via
the other. The transmission typically drops by several orders of magnitude once the
scattering powder is introduced in the gap. To maximize the collected signal, we choose
to use a multi-mode fiber with a large core diameter (& = 200 pm) and a large numerical
aperture (NA = 0.5) 1. The sample space is sketched in Figure 3.13.

While this approach is conceptually simple, it took a long time to optimize all possible
parameters, including ideal sample density, preparation methods, types of used fibers,
thermalization, and many more. I started first tries on this approach and developed it
together with the master students Xiaoyu Cheng and Christina Ioannou, whose theses
I supervised. It has been continuously improved and further developed since then by
other members in the group as well, spearheaded by my colleagues Evgenij Vasilenko
and Vishnu Unni Chorakkunnath.

Measurement Setup

The rest of the experiment can be split in the preparation of the excitation light and
the collection and analysis of the transmitted laser or the fluorescence. Sketches of the
collection and detection path are depicted in Figure 3.14.

Optical excitation can be provided by two laser systems: a tunable external cavity diode
laser 2, which emits in a wavelength range of A = 940 nm to 985 nm, and a high power
titanium sapphire laser ®. Both are sent through an AOM in double-pass configuration
to provide pulse shaping and frequency offsets. Depending on the requirements of
the experiment, AOMs are driven by a fixed RF source or an arbitrary wave form
generator (AWG)?, in conjunction with a suitable amplifier >. The light is then coupled
into an optical fiber and sent into the cryostat. The 1% port of a 99:1 fiber beam-splitter
6 can be used to measure the intensity in the fiber via a photodiode. This is useful to
correct the transmitted signal for amplitude fluctuations, which can for example be
caused by sweeping the driving frequency of the AOM.

LFP200ERT, Thorlabs

2Velocity TLB-6719, Spectra-Physics

380IsTiS, M-Squared Lasers

4either M3300A, Keysight Technologies or OPX, Quantum Machines
> ZHL-1-2W+, Mini-Circuits

S TW930R1F2, Thorlabs
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Figure 3.14.: Preparation and detection beam path for cryogenic ensemble spec-
troscopy

In the detection path, light is coupled out via the optical fiber coming from the sample.
It is then collimated, sent through some filters which are exchanged depending on the
measurement and then guided either onto a photodiode or coupled into another fiber
which leads to the same spectrometer as used for the room temperature experiments.
Two different photodiodes are employed depending on the sample and the experiment: A
standard sensitive photodiode! (saturation power 1.5 uW, Bandwidth 0 MHz to 50 MHz),
which enables heterodyning techniques, and a very sensitive (saturation power 15nW)
photodetector with a significantly reduced bandwidth 0 kHz to 100 kHz?, to be able to
resolve even very weak signals.

3.3.2. Spectroscopic observation of two crystal symmetry sites

The results discussed in this section were obtained in close cooperation with Robin
Wittman and reported in detail in his master thesis [143]. I will shortly summarize the
key findings. First, photoluminescence spectra were recorded at T = 4.2 K, as depicted in
Figure 3.15. In contrast to room temperature experiments, the laser needs to be tuned to
an exact resonance of the Yb** ions, because phonon-broadening mechanisms are heavily

1 APD 440A, Thorlabs
2 APD 410A, Thorlabs
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Figure 3.15.: Cryogenic photoluminescence spectra for Yb3*:Y,03. Data was taken
by Robin Wittmann.

suppressed. The ions were first excited at A = 951 nm to record the fluorescence of the
2F7/2(0) — ?F5/,(0) transition. One can observe a significantly narrowing of the peak
compared to room temperature. A Lorentzian fit to the peak yields a linewidth of 0.14 nm,
corresponding to an inhomogeneous linewidth in frequency space of Av = 43 Ghz. It is
evident that the Lorentzian does not perfectly match the lineshape. For a Lorentzian
inhomogeneous line and a Gaussian resolution limit of the spectrometer, one would
expect a convolution of the two, also called a Voigt-profile. However, these fits can also
not appropriately describe the lineshape.

In addition, one observes a small bump around A = 1040 nm, which is where one expects
the 2F;/5(1) — Fs/5(0) and ?F7/,(2) — ?Fs/,(0) transitions. Note that the intensity of
the peaks can not be compared directly, because the spectrometer is not intensity cali-
brated and the quantum efficiency of the silicon based camera drops significantly around
1000 nm, which skews the perceived peak height. To increase the signal of the higher
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(a) Photoluminescence excitation spectrum ofa Yb**:Y,03  (b) Measurement of the optical lifetime for the excita-

nanocrystal ensemble. The inset is a separate measure- tion laser tuned in resonance with the resonance at

ment at a slower scan speed. The excitation light is fillered A = 975.42 nm (orange) and A = 976.40 nm (pink). The

out via a 1000 nm longpass filter. larger difference supports the assignment to two crystal
sites.

Figure 3.16.: (a) Photoluminescence excitation reveals two narrow lines around
A = 976 nm, with one being much more prominent than the other. When selectively
exciting either of these resonances and measuring the optical lifetime in (b), an order
of magnitude longer lifetime is observed. This is consistent with the assignment of
the transitions to the C3 and Cs; crystallographic site, which posses significantly
different transition strengths. Data was taken by Robin Wittmann [143].

wavelength multiplets, the laser is tuned on resonance with the 2F; /2(0) — 2F, /2(0)
transition. The resulting spectrum centered around 1020 nm is depicted in Figure 3.15 (c),
where the sharp increase at 1000 nm is due to the spectral edge of a long-pass filter. The
peaks likely to the ?F;/5(1) — *Fs/2(0) and *F;/,(2) — *Fs/,(0) transitions, although
the noisy spectrum makes it hard to clearly separate them.

The inhomogeneous linewidths observed here are already approaching the resolution
limit of the spectrometer. The optical depth of the sample was too low to observe ab-
sorption spectra, likely because the low ytterbium doping concentration of 100 ppm.
Therefore, photoluminescence excitation (PLE) spectra were recorded by scanning the
external cavity diode laser from 940 nm to 985 nm and detecting the fluorescence at
wavelengths longer than A = 1000 nm. The results are depicted in Figure 3.16 (a). Next
to the the very prominent peak at A = 976.40 nm, there is a much smaller, but similarly
narrow peak at A = 975.42 nm This peak is tentatively assigned to ions doped into the
Cs; crystal site. Because the Cs; site possesses an inversion symmetry, the transition
is purely magnetic, and therefore much more weakly allowed than the electric dipole
transition of the C, site. Together with the lower density of sites per unit cell, this
results in a significantly weaker signal [147, 148]. Lorentzian fits to both lines result in a
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FWHM of Avc,; = 25.9 GHz and Avc, = 22.3 GHz, which are, as expected, smaller than
the values obtained for the photoluminescence spectra. The biggest uncertainty for the
measurement is the calibration of the wavelength axis, which is done by recording the
monitoring output of the ECDL laser. A wavemeter with sufficient measurement speed
was not available for the measurement.

In order to verify the tentative assignment of the two peaks to the two in-equivalent
crystal sites, the laser was tuned in resonance with one peak at a time and measurements
of the fluorescent lifetimes were conducted. The resulting exponential decays are shown
in Figure 3.16 (b). Indeed, an unexpectedly long lifetime of 7¢,, = (14.02 + 0.15) ms
is observed when exciting the weak resonance at A = 975.42nm. In comparison, a
value of 7¢c, = (1.57 £ 0.01) ms is observed when exciting the dominant transition at
A = 976.40 nm, which agrees well with the measurements at room temperature. This
clearly implies that the less intense peak stems from a more strongly forbidden transition,
consistent with the assignment to the Cs; crystal site.!

3.3.3. Determination of the optical coherence time

The property that we are most interested in is the homogeneous linewidth of the
2F7/2(0) — ?F5/2(0) transition, corresponding to the optical coherence time. This
imposes an upper limit on the time the transitions can be coherently manipulated and
also can limit the achievable Purcell enhancement when it is of similar magnitude as the
cavity linewidth. For Europium dopants, photon echoes and spectral hole burning using
the long lived hyperfine levels are routinely employed to measure these quantities using
similar samples and experimental setups. For the sample employed here, both of these
techniques were unsuccessful. The photon echo measurements are likely limited by the
optical depth of the sample, as well as the optical coherence possibly being shorter than
the possible pulse lengths, limited by the AOM rise times.

When attempting persistent spectral hole burning, we do not observe an initial drop in
fluorescence when exciting ions at a fixed frequency, which would be a characteristic
sign for spin pumping. Likely, this is because the hyperfine levels relax quickly, such
that even a strong pump cannot polarize the spins sufficiently.

The spin lifetime in Yb®*:Y, 03 has not been reported. However, it has been studied in
Y;SiOs. There, it was found to scale as Tj gpin o T~° with temperature due to spin-lattice
relaxations via a two-phonon Raman process above T = 6 K[106]. At lower temperatures,
the spin lifetime is limited by resonant flip-flop processes between the Yb>* ions, which
depend on the doping concentration and the probed hyperfine levels [106, 149, 150].
Therefore, longer spin lifetimes are observed in crystals with low doping concentrations.

The group of Philippe Goldner in Paris independently observed the existence of the second, less intense peak
and initially suggested the assignment to the Cs; crystal site in a discussion.
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Figure 3.17.: An illustration of the measurement principle behind the transient
spectral hole burning technique. The nonlinear fluorescence response of a saturated
emitter is used to create a contrast when distributing the optical power over several
frequencies. A detuning dependent measurement reveals an upper bound for the
homogeneous linewidth

A spin lifetime on the order of ~ 100 ms was observed in a 5 ppm doped Y,SiOs sample at
3 K. Due to the comparatively high doping concentration of 100 ppm of our nanocrystal
sample, we expect a significantly shorter spin lifetime.

Instead, we make use of transient spectral holeburning, which relies on transferring a
significant population of the ground state to to the optically excited state. This limits the
timescale of the experiment to significantly shorter than the optical lifetime of ~ 1 ms.
Therefore, the pump and the probe happen simultaneously. The mechanism is the same
as for the well known optical saturation, and consequentially this technique can also
be termed saturation spectroscopy. In the context of rare earth ions, this is also called
transient spectral hole burning to differentiate it from the spin-pumping technique.
The principle is demonstrated in Figure 3.17. A frequency comb with n teeth, equal spac-
ing in frequency and equal teeth intensity is created by modulation techniques. When
the frequency spacing is much less than a homogeneous linewidth, this corresponds to
exciting a single emitter with n times the power. However, when the spacing is much
larger than the homogeneous linewidth, n emitters are excited by a single tooth intensity.
When the optical power per tooth is comparable to the saturation power of a single
homogeneous line, these two conditions lead to very different fluorescence strengths.
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(a) Power dependent transient spectral hole measurements. The data
is mirrored at zero detuning to emphasize the Lorentzian lineshape. In
the experiment, the detuning of the two frequencies is absolute.
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law.

Figure 3.18.: Power dependent measurements of the homogeneous linewidth of
the ?F;/5(0) — Fs/,(0) transition at the C; crystal site in Yb**:Y;03 at A =
976.40 nm. Extrapolating the power dependent linewidth measurement to zero
excitation power yields a linewidth ofl“hc(fm = (6.31+0.09) MHz. Data was acquired
by Robin Wittmann.
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tuning of the two frequencies is absolute.

Figure 3.19.: Measurements of the homogeneous linewidth of the 2F7/2(0) —
2F5/2 (0) transition at the Cs; crystal site in Yb3*:Y,03 at A = 975.42 nm. Power
dependent measurements were not possible due to the much weaker signal strength.
The reference power used for the transient spectral hole measurement is 150 nW.
The fit yields a homogeneous linewidth of icgxin = (5.06 £ 0.56) MHz, slightly
smaller than observed for the C; site. Data was acquired by Robin Wittmann.

Recording the fluorescence! as a function of the teeth detuning reveals a lorentzian dip,
whose width corresponds to twice the homogeneous linewidth. This is illustrated in
Figure 3.17 (b). In our case, an AOM was used to create two teeth by suitable amplitude
modulation. The detuning was monitored by recording the beat signal and the optical
power was measured behind the sample. This reference power is roughly five to six
orders of magnitude smaller than the power in front of the sample, due to the highly
scattering sample. It is important to keep the power constant by compensating the AOM
diffraction efficiency curve, since the expected contrast depends strongly on the used
optical power. This measurement was done for both the C, and Cs; crystal sites. The
results for the C; site are displayed in Figure 3.18. Here, the measurement was repeated
for different excitation powers and the resulting linewidths were fit by square root
power broadening law I = V1 + S Ij,. Extrapolation to zero power yields a homogeneous
linewidth of I = (6.31 + 0.09) MHz.

The measurement for the Cs; crystal site are displayed in Figure 3.19. Because the
transition is much harder to saturate and the overall signals obtained are much weaker,
a power dependent measurement was not possible. The homogeneous linewidth ex-
tracted from the spectral hole burning measurement at a reference power of 150 nW is
[ = (5.06 % 0.56) MHz .

IFor a sufficient optical depth, this measurement can also be done in transmission
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For both measurements, one observes a deviation in the center of the lorentzian: For the
C; site, there appears to be a small peak, while for the Cs; site there is an additional, small
dip. The cause of this is unknown, and could be caused by some flaw in the experimental
setup. An additional, smaller dip could arise from an isotope possessing a significantly
smaller linewidth, as has been observed in Yb3":LiNbOs [151, 152]. However, there is no
such straightforward explanation for an additional peak as observed for the Cj site.

It is worth noting that the homogeneous linewidth obtained by this measurement should
be understood as an upper limit. While the results are unlikely to be limited by laser
stability or power broadening, the high optical powers used here could potentially cause
local heating of the sample. Additionally, photon echo measurements often yield longer
coherence times due to many reasons: they can be detected with heterodyning tech-
niques, making them quasi-background free, they rephase the coherence, compensating
for some decoherence, and they probe the sample directly on the time scale of the coher-
ence time, eliminating effects from spectral diffusion on longer timescales. Therefore,
photon echo measurements might result in longer coherence times T, possibly making
them comparable to the values obtained for other rare earth ions in Y,03 nanocrystals
(as summarized in Table 3.1).

In summary, the Yb*:Y,03 nanoparticles were thoroughly characterized: At room
temperature, small ensembles of a few nanocrystals were probed and the optical lifetime
and photoluminescence spectra were measured. Then, a larger ensemble of nanocrystals
was cooled down to T = 4.2K in home-built dipstick cryostat. Photoluminescence
excitation spectroscopy revealed two distinct peaks that were assigned to the C; and
Cs; crystal symmetry sites. Narrow inhomogeneous linewidths of Avc, = 22.3 GHz and
Ave,, = 25.9 GHz were observed. The corresponding optical lifetimes were found to
differ by a factor of 10, which supports the assignment to the two crystal sites. Finally,
the homogeneous linewidth could be determined via transient spectral hole-burning to
be as low as F}%r‘n = (5.06 + 0.56) MHz. This constitutes the first characterization of this
material system. The coherence properties could potentially be improved by annealing
at a higher temperature and an additional oxygen plasma treatment step, which for
other rare earth ion species in the same nanocrystals have been shown to significantly
improve the coherence properties. The coherence is also expected to improve for a lower
Ytterbium doping concentration. although this would further reduce the signal strength.
In addition, studies at temperatures lower than T = 4.2K would be of interest: both
the optical coherence time and the spin lifetime are expected to improve. Increasing
the coherence time by the aforementioned improvements would enable photon echo
experiments, which have so far remained elusive for this material. Thereby, the coherence
could be probed in a more elegant manner, which is less prone to systematic errors.

Nevertheless, the results presented here are already encouraging and compatible with
the use for quantum information processing. However, the initially presented problem
of the very low photon emission rate still stands, motivating the integration into a cavity
platform. I have already discussed what photon rates might be attainable in a cryogenic
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cavity experiment in Section 3.2.2. In the following, I want to discuss how attainable
such an experiment is with the current status of the cryogenic cavity experiment.

3.4. Outlook

As discussed in Section 3.2.2, a cryogenic cavity experiment conducted on ytterbium
doped nanocrystals should result in single ion count rates sufficient to spectrally resolve
individual ytterbium ions. This would be a first important step towards the realization of
a ytterbium-based quantum network node. However, one challenge arises: the narrow
optical linewidth of 5 MHz was measured with a sample fully submerged in liquid Helium
at ambient pressure, determining the temperature to be T = 4.2 K. However, cryostats
that were available for the cavity experiment rely on cold fingers and plates, with which
the cavity stage, the cavity mirror and finally the sample needs to be thermalized . In
the available cryogenic cavity setup, the lowest achievable temperature measured at
the copper mirror holder, which contacts the sample mirror at the back, was T = 18 K.
The temperature dependence of the optical coherence properties of Yb** ions in yttria
is not reported in the literature. In this work, we could also not investigate this easily
due to the simple nature of the used cryostat. However, the temperature dependence
has been studied in great detail in other host materials, such as Y,SiOs [106]. There,
the homogeneous linewidth is found to scale with Ty, o T2, leading to an increase
of the homogeneous linewidth of almost four orders of magnitude between T = 4K
and T = 20 K. These values are of course hard to compare, since in the referred study
the optical linewidths are also extremely narrow below 6 K (Ij,o, < 1kHz). Still, it
is reasonable to expect a significant broadening of the homogeneous linewidth of the
Yb**:Y,05 nanoparticles at the elevated temperatures imposed by the current cryogenic
cavity design. This might reduce the attainable Purcell factors and importantly makes
the spectral resolution of individual rare earth ions extremely challenging, as they will
start to spectrally overlap. Furthermore, the spin lifetime and coherence has been found
to decrease drastically above temperatures of T ~ 6 K [153]. For these reasons, I did not
pursue cryogenic cavity experiments on ytterbium doped yttria nanoparticles.

Instead, cryogenic cavity experiments were conducted on color centers in silicon carbide,
another promising candidate for quantum network node possessing optical transitions at
wavelengths similar to ytterbium ions. Crucially, the homogeneous linewidths of these
centers do not experience additional broadening at temperatures below 20 K, which
makes them ideally suited for the current experimental realization of the cryogenic cavity
setup. The results obtained in this material platform is detailed in Chapter 5. However,
before further delving into this new material platform, I will discuss an interesting

! Accurately measuring the sample temperature is not straightforward and is best done by measuring some
physical property of the sample with a known temperature behavior, such as the Boltzmann distributed
occupation of ground states.
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variant of ytterbium based quantum emitters, which I investigated using the methods
introduced in Section 3.3: ytterbium ions in organic, molecular crystals.
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4. Ytterbium ionsin molecular systems
for quantum information processing

In the previous chapter, I discussed and analyzed the optical and spin properties of
Ytterbium ions that are doped with low concentration into a dielectric, transparent
host crystal, in this case Y,O3 nanocrystals. While much of the research on rare earth
ions has been conducted in such host materials, rare earth ions have also shown good
optical coherence in more unusual hosts, such as amorphous glasses [154, 155, 156, 157,
158], and recently also molecular crystals [159, 160, 161]. Integrating REIs into organic
molecules is of great interest, because it offers a way to deterministically and repro-
ducibly engineer the ions environment, that is each molecule is identical and possesses
the same symmetry, distance to neighboring ions and ancillaries.

The optical spectroscopy of rare earth ions in molecular complexes is inspired by their
use as molecular magnets, which has been a very active and successful, albeit small field
of research [162, 163, 164]. As an example, the nuclear spin degrees of freedom of a
single Terbium ion in a single molecule can be driven by applying a radio-frequency
tone. The spin state can be read out with a combination of magnetic fields sweeps
and electronic measurements. These experiments are challenging because they require
electronic contacting of a single molecule and low operation temperatures T < 50 mK.
An implementation of the Grover algorithm has recently been demonstrated in such a
system [164]. Adding the toolbox of optical spectroscopy to these systems opens up a
plethora of improvements and new applications: By addressing the optical transitions
of the REIs, once can significantly increase the speed with which the spin state is read
out and initialized. Furthermore, if the optical transitions are coherent, the quantum
information can be mapped onto photons, which can then be used as a resource for
quantum communication, similar to the ideas presented in the previous chapter 3.

Our group has been involved in the work on spectroscopy of rare earth ion molecular
systems from an early stage and I have contributed in various ways to these efforts. In
the following, I will summarize what special considerations apply to molecular rare
earth-ions compared to solid state hosts as discussed in Section 3.1.1. I will then present
optical measurements on Yb-Trensal, a molecule for which coherent control of the
electron spin has already been demonstrated successfully by other groups [165]. We
find narrow inhomogeneous linewidths and a high optical depth, demonstrating the
possibility for optical readout. At the same time, we find that optical spectroscopy is
highly sensitive to variations in the environment of the molecules, and can serve as
a probe for the homogeneity. In order to further study how the chemical structure
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influences the optical properties, four additional molecular complexes were investigated.
I will systematically compare their fluorescent properties and try to correlate them with
their chemical structure. The systematic analysis corroborates the design principles
employed in the synthesis and serve as a starting point for further studies.

4.1. Rare earthionsin molecular crystals

The molecules studied in this work belong to the field of metallo-organic chemistry
and contain at least one rare earth ion. The ion(s) are surrounded (or, in chemistry
terms coordinated) by organic ligands, which are mostly composed of carbon, hydrogen,
oxygen and nitrogen. The large field of chemistry dealing with these types of molecules is
therefore called coordination chemistry. The central ion also referred to as the lanthanide
center. These molecules can crystallize in various crystal structures to form molecular
crystals. Typically, crystallization is achieved from dissolved molecules. Therefore, the
utilized solvent can co-crystallize and be a part of the crystal structure. In this chapter, I
investigate the spectroscopic properties of Yb** ions in such molecules and how they
are affected by their molecular and crystalline environment.

In order to understand why these molecular materials are of high interest for quantum
information processing, one needs to compare them to REIs in conventional, solid
state hosts. These usually Yttrium-based materials can be grown with extremely high
quality, are commercially available and rare earth ions in these materials have already
demonstrated outstanding optical and spin properties. However, it is not clear how much
room for optimization is still left in these “conventional” hosts, as some fundamental
limitations remain. The spatial distribution of ions in the host remain random. Therefore,
if one chooses a low doping concentration, as is desirable for single ion experiments,
the ions are sparse and ion-ion interactions are weak or close to nonexistent. While this
can help to improve the coherence properties, such an interaction can be very beneficial.
It can be used to realize two qubit gates, which are a necessary ingredient for quantum
computing and can turn an ion coupled to a few surrounding ions into a small quantum
processing node [29, 166, 167]. Also, coupled nearby spins can be used as an ancillary
qubits where quantum information is stored, as was demonstrated for example for defect
centers in diamond [168], and recently also a single Erbium ion [123].

Deterministic and reproduceable

For all of these applications, where one couples to a close-by quantum system one would
like for this interaction strength to be known and always the same for each ion. This
is especially important when one aims to scale up the number of quantum nodes in a
network. This requires fixed and known ion-ancillary distances and dipole orientations,
which is not the case for random dopants. In stark contrast, molecules are identical. One
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can therefore synthesize molecules containing multiple rare earth ion centers, with well
known interaction strength, which are the same for every molecule. This offers unique
benefits for scaling up such systems. For example, one could design molecules that
contain both ions that strongly interact with each other and can be used for computing,
and weaker coupled spins that act as memory qubits. Following this approach, one
could even use different rare earth ion species to combine the distinct advantages of the
different species. Ideas like this have already been discussed for dopants in dielectric
crystals [169, 109], but can easily be extended in a more controlled fashion to these
molecular systems.

Engineering coherent properties

Similarly, the strength of this bottom-up approach also gives a lot of freedom to tune
the desired optical properties. Following well known design principles, one can try to
more strongly induce certain transitions by choosing suitably low symmetry sites for
the rare earth ion to increase the branching ratio and reduce the radiative lifetime. In a
similar fashion coherence properties can be improved by attaching suitable ligands to
the molecule, for example separating all species with a high magnetic moment from the
lanthanide center. Thereby, one decouples the REI from the spin bath, which is often the
main source of dephasing. Another well known strategy is deuteration, where hydrogen
atoms in the molecule are replaced by deuterium atoms. Due to the higher mass, they
have a weaker magnetic moment. As we will see later on, this also reduces phonon
eigenfrequencies and thereby suppresses non-radiative decay channels. Furthermore,
the crystal can be diluted by an iso-structural molecule, where the lanthanide center
is replaced with an optically inert center such as yttrium. When co-crystallizing both
molecules, a lower concentration of optically active centers in the molecular crystal is
achieved.

Efficient ion excitation - The antenna effect

Another effect that has been studied in the context of luminescent lanthanide centers
as light sources is the so called antenna effect, or sensitized luminescence. Instead of
resonantly exciting the weak optical transition of the lanthanide, one instead excites
the organic ligand, which typically show strong absorption in the ultraviolet part of the
electromagnetic spectrum. The ligand can then non-radiatively transfer the excitation on
to the rare earth ion via an electron-exchange mechanism [170]. In this work, we usually
chose to resonantly excite the REI center. However, the ligands are usually designed with
the antenna effect in mind, which necessitates a somewhat close proximity of the ligand
to the lanthanide center. This at times can be at odds with other design principles.
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Challenges

While the discussion above paints a bright picture for the future of molecular crystals as
host for rare earth ions, as always in science there are also drawbacks and challenges to
overcome. First of all, the coherence properties that were observed so far are not yet
comparable to the best results in dielectric crystals. The record optical coherence time
for a molecular material containing Eu®* ions are 10 ps for a stoichiometric molecular
crystal, which improved in a diluted crystal up to 40 ps [159]. This material also showed
long spin lifetimes, as indicated by long-lived spectral holes. Just recently, my colleagues
Evgenij Vasilenko and Vishnu Unni Chorakkunnath were able to demonstrate coherent
manipulation of the nuclear spin of the same molecular complex, with coherence times
of up to 2ms!. These results are very promising, and among the best reported for
molecular complexes. Nevertheless, there is still a way to go to achieve the record values
of coherence achieved by REIs in solid state hosts. It remains an exciting question how
fast and how far this gap will be closed in the coming years.

Another well known issue for molecular materials are non-radiative decay channels,
limiting the quantum efficiency and leading to a lower amount of extracted photons. The
predominant limiting mechanism are multi-phonon relaxations due to the high oscillator
frequency of the C-H bonds that are abundant in organic molecules. We will observe
this effect in this chapter when studying different molecular Yb complexes. Therefore, I
will quickly sketch the underlying mechanisms, following reference [171].

4.1.1. Quenching mechanism in organic molecules

The dominating non-radiative decay channel in REI-containing organic molecules is
mediated by multi-phonon relaxation, where the REI relaxes by transferring its energy
to overtones of molecular vibrations in its vicinity [171]. Because the optical transitions
are within the 4f-shell, the electron density changes only slightly, and the distance
between the ligand and the REI remains the same. Therefore, a large energy gap AE,
corresponding to the the frequency of the optical transition, has to be bridged. In the
most simple picture, the quenching rate I};; due to the coupling to an harmonic oscillator
with frequency wy, are described by an energy-gap law:

AE
Lr=A -B—), 4.1
exp(-By ) (&)

where A, B are material dependent constants that are determined experimentally. Clearly,
the rates become higher the lower the energy gap is. It is for this reason that infrared
and near infrared emitting REI species suffer from strong non-radiative decays, while
species emitting in the visible part of the electromagnetic spectrum such as Europium
show quantum efficiencies close to unity.

!Not yet published, Details can be found in Evgenij Vasilenko’s PhD thesis.
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However, this model does not account for oscillator anharmonicity, how well the oscil-
lator overtone matches the transition frequency, and is only valid for high overtones.
Especially the anharmonicity of the oscillator can drastically increase the non-radiative
transition rate. An intuitive explanation is that for a harmonic oscillator, dipole me-
diated transitions involving more than one phonon are forbidden by selection rules?,
and become more allowed as the oscillator becomes more anharmonic. With regards
to organic molecules, stretching vibrations of O-H, C-H, and C=0 bonds in descending
order posses high frequencies and high anharmonicities, and should therefore be avoided
or decoupled from the REL

Multiple strategies exist to minimize the quenching due to multi-phonon relaxations.
One approach is to replace hydrogen atoms by deuterium during the synthesis. This
reduces the oscillator frequency due to the increase in the reduced mass, and simul-
taneously reduces the anharmonicity. This can demonstrably increase the quantum
efficiency by more than a factor of six [172]. Another approach is to increase the distance
between the emitter and the oscillator. The non-radiative decay rate due to a nearby
oscillator drops of with r_l"’ as it can be described as a dipole-dipole type interaction.
Other works suggest that careful removal of any remaining solvent from the molecular
crystal can drastically improve the quantum efficiency [173]. Finally, the quantum effi-
ciency can also be increased by increasing the radiative decay rate, e.g. inducing the
optical transition more strongly. This has for example been achieved in Yb-cryptates
[172]. Generally, the cross-section for vibrational relaxation does not depend on temper-
ature, since phonons are created during the process, which therefore does not depend
on the occupation number of the available phonon modes. However, in some cases,
phonon-stimulated emission can occur, increasing the decay rate at high temperatures.
In addition, molecules might undergo small geometric changes upon cooldown, slightly
influencing the relevant distances and therefore modifying the non-radiative rates. This
effect is expected to be small.

4.1.2. Purcell enhancement of a quenched transition

The quantum efficiency of an emitter is defined as the fraction of transitions that occur
radiatively:

QE = _ Td (4.2)
[rad + Thon-rad
where T4, [hon-rad are the radiative and non-radiative rates. Time-correlated photon
excitation experiments used to determine the excited state lifetime are sensitive to all
decay channels of the probed excited state. For a system with a low quantum efficiency,
the excited state lifetime is dominated by the non-radiative decay.
The maximum countrate one can observe from such a measurement is given by I}.q.

Y| - ex|m) o« (n|(a+af)|m) = Snms1 + Spm-1
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However, this limit requires saturation of the emitter. The saturation power is however
increased by a factor of 1/QF compared to the system with the same transition strength, if
the non-radiative pathway did not exist. In the same fashion as for branching transitions
as discussed in section 2.3.1, the effective Purcell effect is reduced compared to the ideal
Purecell factor by a factor of the quantum efficiency:

Cetf = QF - Cy. (4.3)

Nevertheless, the detected photon rate scales with Cy. Consequentially, the rate of
coherent photons can be drastically increased by Purcell enhancing the transition, even
though the observed lifetime change may be small due to the low quantum efficiency.
The molecular crystals may be integrated into the cavity in the form of thin crystals,
similar to the dielectric membrane approach which I will discuss later in chapter 5.
However, this requires careful optimization of the crystallization process. Alternatively,
the molecules can be dissolved in an optical inert polymer, which can then form a flat,
thin layer of the mirror, using techniques such as spin-coating. This requires further
spectroscopic studies to investigate how such a polymeric matrix changes the molecular
properties. First steps in this direction have been investigated in our group. In the
remainder of this chapter, I will focus on the spectroscopic investigation of ensembles
of molecular crystals, utilizing the techniques developed for nanocrystals described in
3.3.

4.2. Yb-Trensal - An exemplary molecular quantum system

Trensal is a trivial name for the ligand 2,2’,2"-tris(salicylideneimino)triethylamine
(H3trensal)[174, 175]. Its chemical structure is depicted in Figure 4.1 (a). Yb-Trensal
is part of a iso-structural series of Lanthanide complexes, meaning that the Yb can be
replaced by other Lanthanide ions, while retaining their shape and symmetry, with only
slight changes to the bond lengths. Yb-Trensal crystallizes in a P3c1 space group which
posses a trigonal symmetry [174]. It has been studied in detail as a single molecular
magnet. Achieved results so far include coherent control of all hyperfine levels with co-
herence times up to 24 ps, which could be further extended using dynamical decoupling
[165], Rabi oscillations up to 40 MHz and magnetic coupling signatures to nearby hy-
drogen atoms [176]. Recently, high cooperativity coupling of the electronic and nuclear
spin transitions to superconducting resonators at low temperatures T < 600 mK has
been demonstrated [177]. This makes them a well studied system, with the spin degree
of freedom carefully characterized already. While there has been some investigations on
the transition wavelengths of the optical transition, no detailed studies have been done
so far. Adding the toolkit of optics would allow for coherent manipulation using lasers,
fast and efficient readout and potentially relax the requirements on the experimental
setups in order to probe the spin degrees of freedom.
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Figure 4.1.: Chemical structure, optical and confocal images of a Yb-Trensal crystal.

In a related project lead by my coworker Evgenij Vasilenko, to which I also contributed,
we investigated the optical properties of Eu-Trensal, the isostructual equivalent using
Europium. The results are published in [178] and more details can be found in his PhD
thesis. In summary, we found an optical lifetime of T op; = 350 s, an inhomogeneous
linewidth of 90 GHz, a homogeneous linewidth determined by spectral hole burning of
Thom = 2.8 MHz and a very long spin lifetime with two time constant, where the slower
one is up to Ty spin = 460s [178]. These encouraging results on the optical properties
of the Eu-equivalent, together with the well known coherent spin properties, motivate
our investigation of the optical properties of Yb-Trensal, which I will discuss in the
following.

This work was done in close collaboration with the Group of Mario Ruben at the IQMT of
KIT. A team from his group, led by Senthil Kumar Kuppusamy, suggested and synthesized
the molecules and regularly provided feedback.

4.2.1. Optical spectroscopy of Yb-Trensal

Yb-Trensal crystallizes in a long needle shape. The crystals are of various sizes and
up to several millimeters in length. This shape is also visible in confocal microscopy.
Exemplary crystals are depicted in Figure 4.1. Using a room temperature confocal
microscope as described in 3.2, I investigate the photoluminescence and optical lifetime
of the molecular crystals. In subsequent measurements, an ensemble of crystallites
was investigated at low temperatures, using the same setup as described in chapter
3.3. Here, I conducted measurements on the photoluminescence spectra and absorption
measurements of the inhomogeneous line.

Optical lifetime

The optical lifetime was measured both at room temperature and when immersed in
liquid helium. A mono-exponential fit yields a lifetime of 7 = 3.4 ps at room temperature
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Figure 4.2.: Optical lifetime measurements of Yb-Trensal at room temperature and
at cryogenic temperatures.
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Figure 4.3.: Photoluminescence spectrum of Yb-Trensal at room temperature and
cryogenic temperature. The 2F7/2(0) — 2F5/2(0) transition around 972 nm is fit
by a single Lorentzian.

and 7 = 2.3 ps at cryogenic temperatures (see Figure 4.2). This is almost three orders of
magnitude smaller than the ~ 1 ms typically observed for Ytterbium ions in solid state
hosts, as the previous measurements show. As discussed previously, this is likely due to
non-radiative relaxations promoted by the anharmonic vibrational modes of the ligands
[172]. For a rough estimate of the quantum efficiency, I assume a radiative lifetime of
Trad = 1 ms and all other pathways to be non-radiative. This yields a quantum efficiency
of QF =~ % = 0.34 %, indicating that the decay is dominated by the non-radiative
relaxation pathways.
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Figure 4.4.: Photoluminescence spectrum of the higher wavelength transitions of
Yb-Trensal. Two clusters of peaks can be identified.

Photoluminescence studies

Photoluminescence spectra of Yb-Trensal at room temperature and at T = 4.2K are
depicted in Figure 4.3. One clearly observes the strong and narrow ?F;/,(0) — %Fs;,(0)
transition around 972 nm. The observed inhomogeneous linewidth is Av = (355+5) GHz
at room temperature and Av = (62.5 + 0.5) GHz at low temperatures. The linewidth
of the ?F;/;(0) — 2Fs5(0) transition at room temperature is narrower than for the
Yb3*:Y,03 nanocrystal sample (900 GHz, see section 3.2), and only slightly broader at
low temperatures (43 GHz). This indicates a comparable high degree of homogeneity.

Additionally, two distinct peaks centered around 1010 nm and 1016 nm are visible. At
cryogenic temperatures, six (four) individual lines can be resolved for the 1010 nm
(1016 nm) transition. They are hypothesized to belong to the %F;/,(1) — *F5/5(0) and
2Fy7/2(2) — 2Fs;,(0) transition. A zoom on theses transitions is depicted in Figure 4.4.
The inhomogeneous linewidth extracted from lorentzian fits of these transitions are all
of similar magnitude, the average is (98 + 16) GHz for the transition around 1010 nm
and (75 + 15) GHz for the transition around 1016 nm. Notably, the inhomogeneous
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linewidths are only slightly larger than for the coherent ?F;/5(0) — ®F5/,(0) transition.

Observation of different ion classes

The observation of multiple lines is somewhat unexpected. Due to the simple level
structure of Yb>*, one expects a singular peak for each transition, that can be split further
by hyperfine interactions and a Zeeman shift when applying an external magnetic field.
Both effects are too small to resolve them in the photoluminescence spectrum. Therefore,
the likely explanations are either the existence of multiple distinct molecular structures,
so called polymorphs, different crystal symmetry sites similar to the observation of
the two sites in Y,03 in Section 3.3, or multiple crystal structures when an ensemble
of molecular crystals is probed. Due to the unknown exact mechanism, I refer to
these distinct features as ion classes. We will observe similar effects for all molecules
investigated in this work. Formation of multiple molecular classes or crystal sites should
be visible in the X-ray-diffraction spectra used to determine the molecular and crystalline
structure. There are however two caveats: For one, X-ray diffraction is usually carried
out on a single crystal, which are grown in solution. In powder X-ray diffraction, when
looking at a randomly oriented ensemble of small crystals, which is closer to the setting
used in our experiment, one often observes additional peaks that are not predicted by the
single crystal structure [180]. This could be an indication for different crystal structures
or molecular conformations in a multi-crystal powder sample. Secondly, the molecular
crystals studied in this work are grown from solution, and in some cases the solvent is
known to co-crystallize. When performing X-ray diffraction, a crystal is taken out from
the solution and analyzed. However, we obtain the samples as dried crystals and crystal
powders, giving the volatile solvent enough time to partly vaporize. This can lead to
changes and damage in the crystal structure.

Absorption spectroscopy

To finely resolve the inhomogeneous lines, I record the transmission through the sample
as the laser frequency is swept. Only the 2F;/,(0) — *F5/5(0) transition around 971 nm
is visible in the absorption spectrum, although the 2F;/,(0) — %Fs/»(1) transition is
expected around 950 nm. This transition is weaker and harder to resolve, which can
explain its absence in the absorption scan. The peak in the optical density around
971 nm is fit by a lorentzian, yielding a linewidth of AA = 0.18 nm or Av = 57.3 GHz.
This is slightly narrower than the inhomogeneous linewidth extracted from the PL
measurements, indicating that for the PL measurement, there is small broadening from
the instrument response function of the spectrometer.

Overall, the strong singular transition and reasonably narrow inhomogeneous linewidth,
together with the well-known good spin properties, are encouraging. Highly of interest
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Figure 4.5.: Absorption scan of the “F;5(0) — %F5,(0) transition in Yb-Trensal.
Fit by a single Lorentzian.

would be a measurement of the optical homogeneous linewidth. However, even after
repeated attempts, neither spectral hole burning due to spin pumping, nor photon echoes
could be observed. Using a transient spectral hole burning technique as discussed in
section 3.3 was not possible, since we were unable to observe fluorescence saturation
of the sample. As discussed in 4.1.1, the low quantum efficiency, together with the
inefficient delivery to a scattering ensemble in the used setup, makes it difficult to
achieve significant optical saturation.

In an attempt to overcome this, we chose to investigate diluted samples, which has been
proven to improve the spin properties by reducing the Yb-Yb interactions. I will report
on this in the following.

4.2.2. Optical spectroscopy of diluted Yb-Trensal

Our collaborators synthesized a batch of Yb-Trensal which was diluted with the iso-
structural yttrium analogue Y-Trensal, with a Ytterbium ratio of roughly 5%, estimated
from the weight ratio of the precursors used for the synthesis. The resulting crystals
appear visually identical. We repeat the spectroscopic measurements conducted for the
diluted sample.

Photoluminescence Studies

Photoluminescence studies of an ensemble of crystals in the aforementioned fiber—
ferrule based setup were conducted. The spectra at room temperature and at 4.2K are
depicted in Figure 4.6, together with a fit to the inhomogeneous line belonging to the
2F7/2(0) — %Fs/2(0) transition around 972 nm. Interestingly, the observed inhomoge-
neous linewidths are significantly broader than for the undiluted sample, both at room
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Figure 4.6.: Photoluminescence spectrum of the diluted Yb-Trensal molecule at
room temperature and cryogenic temperature. The 2F7/2(0) - 2F5/2(0) transition
around 972 nm is better fit by a gaussian at cryogenic temperatures.

temperature (undiluted: AA = 1.12nm, diluted: AA = 3.04 nm) and cryogenic tempera-
tures (undiluted: AA = 0.20 nm, diluted AA = 1.15 nm). In addition, the inhomogeneous
line of the diluted sample is fit better by Gaussian lineshape at cryogenic temperatures,
indicating a different dominating broadening mechanism than for the undiluted sample.
This is in line with studies analyzing broadening as a function of REI doping concentra-
tion in dielectric hosts [181, 182, 183].The argument is that the inhomogeneous line is
a measure for the homogeneity of the sample. The highest degree of homogeneity is
obtained either for very low concentrations, where the chance of another dopant nearby
is very low, or for very high concentrations, where all substitutional sites are occupied by
a dopant. However, the increased inhomogeneity does not necessarily worsen the single
ion properties: The homogeneous linewidth can nevertheless remain narrow [183].

When investigating the sample at cryogenic temperatures, again multiple lines at higher
wavelengths are observed in the photoluminescence. Clusters around A = 990 nm and
1016 nm are depicted together with Lorentzian fits in Figure 4.7. However, the spectral
structure significantly differs from the transitions observed in the undiluted Yb-Trensal
sample. The spectra are directly compared in Figure 4.8. Note that the ions are excited
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Figure 4.7.: Photoluminescence spectra of the higher wavelength transitions of the
diluted Yb-Trensal molecular crystal. Two clusters of peaks can be identified.
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Figure 4.8.: Comparison between the photoluminescence spectra of the diluted
and undiluted Trensal sample at T = 4.2 K. Grey-dashed lines are an guide to the
eye, indicating the peak positions of the diluted sample.

at a wavelength of A = 940 nm, where no sharp feature is observed in the absorption
spectrum. We therefore assume that the excitation excites different classes in an equal
manner.

For the stoichiometric sample, at least ten individual lines can be resolved in the spectral
region between 1000 nm to 1025 nm. Meanwhile, in the diluted sample, only five peaks
are clearly resolved in the same region. The only peak that can be identified in both
spectra, based on the spectral position and height, is the peak located at 1009 nm. How-
ever, it is unclear whether this is due to an identical class in both samples, or simply a
coincidence.

The peaks around 990 nm are analyzed in a similar fashion. Interestingly, they are much
more clearly resolved for the diluted sample, because they appear smaller. To quantify
this, an automated fit was performed on all visible lines. The average linewidth of the five
peaks observed for the diluted sample is (0.28 = 0.03) nm, respectively (0.63 + 0.28) nm
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for the 13 peaks observed for the undiluted sample, where the indicated error is the
standard deviation of the mean of the linewidths as extracted from the fit.

The overall higher number of peaks observed for the undiluted sample is surprising.
As discussed for the undiluted sample, the observation of multiple lines can be due to
different classes of ions. Naively, one would expect this phenomenon to be stronger for
the diluted sample, because the dilution introduces additional sources of disorder. The
observation of less lines in the diluted sample is also inconsistent with the observation of
a broader inhomogeneous linewidth of the 2F; /2(0) — 2F, /2(0) transition in the diluted
sample, which is indicative of an increased disorder.

Absorption spectroscopy

In a next step, the optical transitions are probed by recording the transmission of
the laser through the sample. The transmission spectrum and resulting optical density
OD = —log(T) is displayed in Figure 4.9. Multiple strong and narrow absorption features
are observed. Two clusters can identified: Cluster 1 in the range of 948 mn to 958 mn,
and Cluster 2 around 969 nm to 972 nm. An additional peak is observed at 975.7 nm,
which likely belongs to Cluster 2. Due to their spectral position, I assign the transitions
belonging to Cluster 1 to the transition *F7/,(0) — Fs/»(1) and the transitions belonging
to Cluster 2 to the coherent “F;/,(0) — 2Fs/,(0) transition, based on the values reported
for Yb** ions in other hosts. Clearly, more lines per cluster are observed than can be
explained by a single class of molecules. As I discussed when analyzing the photolumi-
nescence spectra, one expects only a single line for each crystal field transition.

Again, the peaks belonging to each cluster are fit with Lorentzian lines (see Figure 4.9
(b-d)). The by far most prominent peak at A = 971 nm can not be fully resolved via the
absorption measurement, because the transmission in the center of the peak becomes
smaller than the detection threshold of the detector. To more accurately determine
the linewidth of the transition, I manually exclude the flattened top from the data and
only perform the fit on the well resolved slopes. This is of course only an estimate, and
information on any otherwise resolvable substructure is lost in the progress. The fit
results are summarized in Table 4.1 and 4.2. The inhomogeneous line widths of the
weaker satellite lines belonging to Cluster 2 are surprisingly narrow, down to 6 GHz.
This approaches an interesting limit, since the hyperfine splitting is known to be on the
order of 2 GHz to 3 GHz [177]. When the inhomogeneous linewidth becomes smaller
than the hyperfine splitting, individual hyperfine transitions can be addressed optically,
which is useful for spin manipulation and can even boost coherence times [150].

It is worth to note that the observation of many spectral features is somewhat coun-
terintuitive, especially in comparison to the undiluted sample. In the undiluted sample,
the analysis of the photoluminescence suggested more ion classes than for the diluted
sample. However, the absorption spectrum only showcased a single spectral feature.
For the diluted sample, the photoluminescence analysis of the “F;/,(1) — Fs;,(0) and
?F7/2(2) — ?F5/2(0) transitions points towards a lower inhomogeneity, while the inho-
mogeneous linewidth of the ?F;/,(0) — 2Fs/,(0) transition indicated a higher degree
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Figure 4.9.: Absorption spectrum of the diluted Yb-Trensal sampleat T = 4.2K.
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Table 4.1.: Fit results for the transitions around 950 nm in the diluted Yb-Trensal
sample, as shown left to right in Figure 4.9 (b). opwrm is the fit uncertainty.

Peak Number Center Wavelength (nm) FWHM (GHz) opwnm (GHz)  Optical density

1 948.65 36.7 0.7 1.00
2 951.58 85.2 1.9 0.54
3 952.55 56.0 0.9 0.90
4 955.12 53.0 0.6 1.32
5 956.27 101.1 3.1 0.36

Table 4.2.: Fit results for the transition around 972 nm in the diluted Yb-Trensal
sample, as shown left to right in Figure 4.9 (c) and (d). opwrMm is the fit uncertainty.

Peak Number Center Wavelength (nm) FWHM (GHz) opwum (GHz) Optical density

1 969.7 6.5 3.1 0.10
2 970.18 3.4 1.9 0.12
3 970.59 31.9 0.4 3.45
4 970.86 8.0 3.2 0.11
5 971.17 7.2 1.0 0.34
6 971.37 8.0 0.6 0.56
7 975.69 16.1 0.4 0.10

of inhomogeneity compared to the undiluted sample. The absorption spectrum of the
diluted sample clearly shows the existence of many observable clusters as individually
well resolved lines assigned to the ?F;/,(0) — %Fs/5(1) and 2F;,(0) — *F5/5(0) transi-
tion, respectively.

One possible explanation could be the fact that the experiments on the diluted sample
showcase a significant higher optical depth, because anticipating the lower Yb** concen-
tration, significantly more sample material was used in the experiment. It is possible
that similar faint absorption features as observed for the diluted sample also exist in the
diluted sample, but could not be resolved due to the overall lower optical density.

Conclusion

In summary, we found that multiple narrow lines appear around the coherent ?F;/,(0) —
?F5/5(0) transition in the diluted sample. Some of these lines are very narrow, down to
a few GHz. To the best of my knowledge, these are the most narrow inhomogeneous
linewidths observed in an Ytterbium based molecular complex. At the same time, we
achieve a large optical depth, even in a diluted sample. This is encouraging for future
works.

Initially, the dilution was motivated by the reduction of the homogeneous linewidth.
Unfortunately, I could not observe coherent signals from the sample. The extremely
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Figure 4.10.: Structural formulas of all Yb-based molecular materials investigated
in addition to Yb-Trensal in this thesis.

low quantum efficiency makes the detection of these usually weak signals extremely
challenging. Transient spectral hole burning, which was successfully applied to Yttria
nanocrystals, relies on optical saturation. Achieving optical saturation was not possible
for this sample, likely due to the low quantum efficiency, as discussed in section 4.1.1.
Further possible directions to extract a homogeneous linewidth could be deuteration of
the molecule, which is expected to improve the quantum efficiency and might enable
transient spectral hole burning. In addition, studies on diluted samples at lower tem-
peratures would be of interest, as the spin lifetime is expected to increase, which could
enable persistent spectral hole burning experiments due to spin pumping.

4.3. Comparing different molecular design strategies - An
overview

During the course of this thesis, several different Yb-based molecular complexes were
investigated in varying detail. Yb-Trensal, as discussed above, stands out because its
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usefulness for quantum information processing has already been demonstrated. How-
ever, it is clear that its low quantum efficiency limits the usefulness for many quantum
communication protocols. As discussed above in Chapter 4.1.1, multiple strategies are
known to increase the quantum efficiency. In the literature, one molecule has been
reported to showcase the characteristic Yb** excited state lifetime r ~ 1 ms, indicating
a high quantum efficiency [173]. Nevertheless, even if these design ideas are pursued
in the synthesis of molecules, experimental investigation of the molecules is needed to
determine the properties of interest, such as the excited state lifetime and the coherence
properties of the molecular complexes.

Unfortunately, probing the homogeneous linewidths is difficult, as persistent spectral
hole burning via spin pumping is usually not possible due to the short spin lifetimes. Pho-
ton echo spectroscopy is the most promising technique, but already requires a minimum
optical coherence on the order of ~ 1 ps. Transient spectral hole burning requires satura-
tion of the optical transition, which requires much higher powers than for conventional
solid state hosts, due to the low quantum efficiency. In contrast, the inhomogeneous
linewidth is easily measured, using PL-, PLE- and absorption spectroscopy, and can serve
as a first indicator of the homogeneity of the sample. In the following, I will give an
overview over the investigated molecules and try to link trends in the observation to
the design principles which guided the synthesis. The investigation of these complexes
were done in close cooperation with Robin Wittmann during his master thesis, which I
supervised [143].

4.3.1. Overview of the investigated molecules

In addition to the already detailed discussion of Yb-Trensal, two other molecular com-
plexes were prepared by the group of Mario Ruben. The complexes were synthesized by
Soren Schittenhardt, and a lot of detailed information can be found in his thesis [180]. In
the following, I will refer to these complexes as Yb-A1 and Yb-A2. Yb-A1 and Yb-A2 are
based on the well-established (phen)-ligand (phen = 1-10,phenanthroline). The ligand
used for Yb-A1 added two pyrazole ((CH)3N2H) units to the 2 and 9 position. The ligand
for Yb-A2 is further modified by adding two methyl groups to each pyrazole unit. The
resulting molecular structures of Yb-A1 and Yb-A2 are depicted in Figure 4.10.

Two additional molecular complexes were provided by Timo Neumann, a PhD student in
the Group of Michael Seitz at Eberhard Karls University of Tiibingen. The first, labeled
Yb-B1 here, is based on a tpip-ligand (Tetraphenylimidodiphosphinate (tpip)) [184]. The
second molecular complex Yb-B2 utilizes a Bipyridine ligand.! The molecular structures
of the complexes are depicted in Figure 4.10.

All of these ligands strongly absorb in the UV spectral region and can be used to excite

ISee Appendix A for matching the names employed in this thesis to the names used in the research group.
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Figure 4.11.: Comparison of the spectral properties of the phen-ligand based
molecules Yb-Al and Yb-A2. Data was acquired by Robin Wittmann.

Table 4.3.: Fit results for Yb-Al and Yb-A2 of the transitions depicted in the absorp-
tion spectrum in Figure 4.11 (b). opwpMm is the fit uncertainty of the linewidth.

Yb - Al
Peak Number Center Wavelength (nm) FWHM (GHz) opwum (GHz) Height (OD)
1 960.72 890 39 0.5
2 961.55 130 20 0.23
3 967.54 361 8 0.92
4 971.47 40 20 0.08
5 973.23 236 4 1.12
Yb-A2
Peak Number Center Wavelength (nm) FWHM (GHz) opwum (GHz) Height (OD)
1 963.26 356 8 0.40
2 969.16 370 21 0.16
3 972.7 123 1 1.42
4 973.75 70 9 0.15
5 975.43 150 4 0.50

the REI via the antenna effect. They all follow a strategy to isolate the REI ion from close-
by C-H ,N-H, O-H oscillators or solvent molecules in order to minimize non-radiative

decay pathways.
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4.3.2. Spectroscopic study of molecular homogeneity

In studying Yb-Trensal, we have found that the photoluminescence and absorption
spectra can serve as a sensitive probe for the homogeneity of the sample. For one, we
observe much more lines as are expected for the Yb** crystal field levels, pointing to
different classes of molecules. This could be, among other reasons, due to the formation
of dimers, the existence of different molecular conformations, or in-equivalent crystal
lattice sites. This can be evidenced further by comparing the signatures of the individual
resonances such as optical lifetime of PL spectrum upon selective excitation.
Additionally, the inhomogeneous linewidth of the individual features indicates the
homogeneity of the ions belonging to this class. From this, information about for example
the crystal quality can be extracted. In the following, I will give a short summary about
these properties of the studied molecules. For the sake of clarity, similar molecular
complexes are compared to each other first.

Yb-Al and Yb-A2

The absorption spectra in the range of 960 nm to 980 nm for both Yb-A1 and Yb-A2 are
depicted in Figure 4.11. Both show more lines than expected in this spectral region,
indicating the formation of multiple classes of ions or molecules. Upon selective excita-
tion the emission features change: the photoluminescence spectra become significantly
different, as depicted in 4.11 (a) and (c). The observed excited state lifetime also depends
on which resonance is excited, as indicated in Table 4.5. This confirms that these indi-
vidual resonances really belong to different classes of ions or molecules. The observed
inhomogeneous linewidths in absorption are again reasonably narrow: The dominant
peak around 971 nm to 973 nm is Av = 123 GHz wide for Yb-A2, and Av = 236 GHz wide
for Yb-A1. Some of the weaker features reach inhomogeneous linewidths on the order
30 GHz to 70 GHz. The fit result are summarized in Table 4.3. For Yb-A1 and Yb-A2,
powder X-ray diffraction and magnetic susceptibility measurements performed by Soren
Schlittenhardt also indicate the existence of at least one additional polymorph of the
molecule [180], in accordance with the observation of multiple peaks here.

Yb-B1 and Yb-B2

Yb-B1 and Yb-B2 are chemically not directly related as the two complexes discussed
above. Still, their photoluminescence spectra are similar in a sense that they show
significantly less structure, hinting towards a higher degree of homogeneity. This is
already evident from the absorption measurement of both molecular species depicted
in 4.12. Both species show two transitions in the spectral region between 960 nm to
980 nm. For Yb-B1, one transition around 970 nm is both significantly stronger and more
narrow. In the case of Yb-B2, the two transitions are of similar strength and width, but
significantly more broad than the narrow transition in YB-B1. The fitted linewidths
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Figure 4.12.: Comparison of the spectral properties of the molecules Yb-B1 and
Yb-B2. Data was acquired by Robin Wittmann.
Table 4.4.: Fit results for Yb-B1 and Yb-B2 of the transitions depicted in the absorp-
tion spectrum in Figure 4.12
Yb - B1
Peak Number Center Wavelength (nm) FWHM (GHz) opwum (GHz) Height (OD)
1 969.85 92 2 0.56
2 965.09 429 21 0.11
Yb-B2
Peak Number Center Wavelength (nm) FWHM (GHz) opwnam (GHz) Height (OD)
1 970.46 668 41 0.16
2 975.92 450 27 0.22

and peak positions are summarized in Table 4.4. The lowest inhomogeneous linewidth
is observed for the transition at 969.85 nm for Yb-B1, with a FWHM of (92 + 2) GHz,
which is comparable to the values observed in other molecular complexes. No significant
difference in the photoluminescence is observed when selectively exciting the resonances
of both complexes. Still, only one transition is expected in this spectral window due to
a single class of ions. The spectra are somewhat reminiscent of the two distinct peaks
observed in Yb**:Y, 03 for two inequivalent lattice sites (compare section 3.3). Possibly,
the crystals studied here also posses two distinct lattice sites.

Discussion

As discussed above, the complexes Yb-A1, Yb-A2 as well as Yb-Trensal show clear signs of
several classes of molecules or ions in the sample, which are in one case also corroborated
by x-ray diffraction measurements. Meanwhile Yb-B1 and Yb-B2 show these effects to a
lesser extent, although their spectra can not be fully explained by a single class of ions.
When comparing the chemical structure, it becomes clear that the multi-class samples
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Table 4.5.: Overview of the measured excited state lifetime and their coordina-
tion spheres for the investigated Yb-based molecular complexes. Total number of
hydrogen atoms bound to carbon atoms, if present, are given in brackets.

Molecule Yb-Trensal Yb-A1 Yb-A2 Yb-B1 Yb-B2
1st Coordination sphere N,O3 N4Os N4O¢ O¢ N;O,
2nd coordination sphere Co(6H) N5(1+)Cs(2H) N;5C¢ Py H,C14(8H)
Lifetime 7 (us) RT 3 28 27 43 4.1
Lifetime 7 (us) 4.2 K 2.4 29 (974 nm) 31 (975 nm)  46.5(964.9 nm) 1.6

38(971.8nm) 26 (973 nm) 53 (969.75 nm)

tend to have lower symmetry. This makes the existence of frustrated conformations
more likely, leading to multiple possible binding conformations. Another reason could
be the non-uniform loss of lattice solvent during the crystallization, leading to damage in
the crystals. This is especially relevant for both Yb-A1 and Yb-A2, as they co-crystallize
with chloroform.

4.3.3. The optical lifetime - Probing the molecular environment

Optical lifetimes were recorded using pulsed excitation at A = 940 nm, unless specified
otherwise. For some complexes, we observe different lifetimes when resonantly exciting
different transitions. This is a further indication of the formation of different molecular
classes. The results are summarized in Table 4.5 and visualized in Figure 4.13. One can
broadly differentiate between molecules with low lifetimes on the order of a few s,
(Yb-Trensal, Yb-B2) and lifetimes which are approximately an order of magnitude higher
25 ps to 50 ps (Yb-A1, Yb-A2, Yb-B1).

Yb-A1 and Yb-A2 are easy to directly compare, since they only differ by the four additional
methyl groups in the ligands of Yb-A2. Yb-A2 therefore possesses 12 additional C-H
bonds, which are however pretty far removed from the lanthanide center. The observed
excited state lifetime is slightly smaller for Yb-A2, indicating an increased non-radiative
decay rate due to the additional C-H oscillators in agreement with the expectation.
Yb-B1 features the longest optical lifetime, of all the studied complexes with 7 = 53 ps.
This is in accordance with the first C-H bond only appearing between the fourth and
fifth coordination sphere. Even then, there are only two C-H bonds at this position per
Phenyl group, making it eight C-H bonds in total at a relatively large distance from the
Ytterbium ion.

Yb-Trensal differs from the long-lived molecules mainly in that it posses 14 sp3-hybridized
C-H bonds between the second and third coordination sphere. Consequentially, there
are more nearby high-frequency oscillators available to promote non-radiative decays.
Finally, the measured excited state lifetime for Yb-B2 is 1.6 ps, the lowest optical lifetime
observed for any of the studied molecules. The result for Yb-B2 is surprising, since a
significantly longer lifetime of 14 us have been reported for this complex in [185], albeit
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(c) Comparison of the metric calculated according to equation 4.4 and the inverse lifetime.

Figure 4.13.: Comparison between the optical lifetime and distribution of C-H bonds
in the molecule. Metric A is normalized to the inverse lifetime of Yb-Trensal.
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in solution (D;0). Possibly, the molecule sample deteriorated between the synthesis and
the measurement. However, the short lifetime is in accordance with Yb-B2 possessing
two N-H bonds between the first and second coordination sphere, as well as additional
C-H bonds between the second and third coordination sphere.

In an attempt to correlate this result with the mechanisms discussed in 4.1.1, the distance
of the Ytterbium ion to the surrounding C-H oscillators was determined. Published
structural files of the complexes Yb-Trensal, Yb-A1, Yb-A2 and Yb-B1 [186, 187, 179]!
were analyzed using the software OLEX2 [188]. Since there is no structural file published
for Yb-B1, the Lutethium analogue was used instead. The program allows measuring the
distance between the REI center and the hydrogen atoms, which are connected to carbon
atoms. For Yb-Trensal and Lu-B1, which posses a trigonal symmetry, the distances
were only determined for one of the ligand groups and assumed to be identical for the
ligand groups. A violin plot in Figure 4.13 (b) depicts the statistical distribution of the so
determined distances. The observed trend seems to roughly agree with the expectations:
Notably, Yb-Trensal possesses many C-H oscillators with a distance below 4 A, and also
showcases the by far shortest lifetime. Yb-A1 and Yb-A2 are, as expected, very similar
in terms of their optical lifetime and the distribution of hydrogen atoms around the
lanthanide center. The slight changes in lifetime between the two are not evident from
this simple analysis. Finally, Yb-B1, as expected, possesses many hydrogen atoms which
are placed more than 6 A away from the REI center, which can help explain the relative
long lifetime.

As discussed in section 4.1.1, the non-radiative decay rate per C-H bond is expected to
scale with % for a dipole-dipole interaction. To get a feeling for the expected rates, a

metric A defined as:
1
A= Z (4.4)

—
H "Yb-H

was calculated, where the sum is calculated over all hydrogen atoms in the molecule?.
The resulting metric is expected to be proportional to the non-radiative decay rate. The
resulting values are visualized in Figure 4.13 (c). In accordance with the hypothesis, this
metric is the largest for Yb-Trensal. However, when looking at the other complexes, one
observes the inverse correlation, that is the metric would predict the longest optical
lifetime for Yb-A1. Also quantitatively, the metric differs by a factor of 2-4 between the
studied molecules, while the optical lifetime varies by a factor of 10-20. Clearly, in order
to achieve a qualitative understanding of these effects, a much more intricate modeling
beyond the scope of this work would be required. Overall, this analysis is of course
very crude and does not account for many relevant factors, such as the orientation of
the lattice vibration, or how resonant the multi-phonon process is with the energy gap
that needs to be bridged. Nevertheless, it illustrates that the hypothesized chemical
design principals have been adhered to and show the right trend. While some attempts

land private communication with Séren Schlittenhardt
2All of the hydrogen atoms are bound to carbon atoms in the investigated molecules.
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Figure 4.14.: Fluorescence saturation curves of Yb-B1 and Yb-B2. Powers are mea-
sured before coupling into the fiber to the sample. Data was acquired by Robin
Wittmann.

were made, such as taking into account the expected rlﬁ scaling, no satisfying more
quantitative correlation could be found. Nevertheless, this analysis may serve as a

starting point for the design of future lanthanide-ligand complexes.

4.3.4. Suitability for coherent experiments

On most of these molecules, attempts were made to achieve spin-pumping or photon
echoes, which were however unsuccessful. As discussed before, the most suitable way
to measure the optical coherence times without these techniques is transient spectral
hole-burning. As discussed a prerequisite is to achieve strong optical saturation in order
to achieve a sufficient contrast. The fluorescence saturation of both Yb-B1 and Yb-B2
were recorded by integrating photoluminescence spectrum taken for different excitation
powers and are depicted in Figure 4.14. We observe the onset of saturation for Yb-B1.
By fitting a simple saturation curve of the form I(P) = Imax(m% where I is the
intensity of the measured signal and S is the saturation parameter, we obtain a saturation
power of (145 + 8) mW. Therefore, transient spectral hole burning seems attainable with
this molecule. However, as mentioned before, a lot of laser power overhead is required
experimentally. First, the laser power needs to be distributed onto two frequency tones.
When increasing the distance between these tones, the laser power further decreases.
Finally, the involved powers become so high that care needs to be taken in order not
to damage any of the fiber-optical components involved. For these reasons, we were
so far unable to perform transient spectral hole burning on this complex. However,
I believe that by further optimization of the delivery of the laser to the sample, this
should be attainable, hopefully revealing information about the coherent properties of
the tpip-ligand based molecular complex Yb-B1.
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In contrast to Yb-B1, Yb-B2 shows no signs of saturation in the investigated regime.
However, the maximal probe power is significantly lower than for Yb-B1, as due to
laser downtime, an ECDL laser with a maximal output power of 30 mW had to be used.
Therefore, the curves can not be compared directly. Formally, one would expect a higher
optical saturation power due to the faster relaxation of the excited state observed in
section 4.3.3.

4.4, Outlook

In this section, five Yb-based molecular materials were studied using cryogenic laser
spectroscopy. By recording absorption and photoluminescence spectra, information
about the homogeneity of the samples could be extracted. We found that all of the inves-
tigated complexes tend to form different classes of molecules, as seen by one transition
being visible at different frequencies slightly shifted to each other, and showing different
signatures upon selective excitation. I analyzed the excited state lifetime and found sig-
nificant differences of more than a factor of 20, showcasing the extreme sensitivity of the
Yb3* ion to the surrounding ligands. While even the longest-lived molecule complex is
more than one order of magnitude below the expected radiative lifetime, this showcases
the potential of careful chemical design of the molecular complexes. The molecule in
question, Yb-B1, also showed a reasonably narrow inhomogeneous transition linewidth
(90 GHz) and fluorescence saturation upon strong laser illumination, making it the most
suitable candidate to investigate its coherent properties. While achieving transient spec-
tral hole burning with the current molecular complex might be feasible by upgrading the
experimental apparatus, it is also of interest to investigate a more refined version of this
molecule. By deuteration of the complex, non-radiative relaxation rates could potentially
be reduced even further, which also should lead to a reduced optical saturation power. In
addition, it might also help the coherent properties, since deuterium’s magnetic moment
is also reduced compared to hydrogen. In addition, investigation of the molecules at
lower temperatures T < 1K would be highly interesting, as the spin properties are
expected to significantly improve, which might allow to detect spin signatures optically,
for example via spectral hole burning.

By studying the optical properties of Yb-Trensal, I found evidence for the formation
of additional molecular classes when diluted with an Yttrium equivalent. The diluted
Yb-Trensal sample possessed the narrowest inhomogeneous lines at low temperatures of
all molecular complexes studied in this thesis, on the order of a few GHz. This value is !
smaller than the values reported for any other Yb-based molecular complex, comparing
to [189]. Considering that Yb-Trensal has long been established as a excellent spin-qudit,
this warrants further studies to gain information about the homogeneous linewidth of
the complexes. As discussed above, both deuteration and working at lower temperatures

!to the best of my knowledge.
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are expected to improve the coherent properties.

Clearly, the investigation of Yb-based organic complexes for quantum information tech-
nologies is still in the early stages, and progresses slower than for example the Eu-based
analogues. Eu-based complexes have the additional advantage of the naturally high
quantum efficiency and much higher spin lifetimes, enabling spin-pumping based spec-
tral hole burning experiments [159, 178]. However, the impressive work conducted on
Yb-Trensal and the newly reported (thiolfan)YbCI(THF) [189] show the promise that
Yb-based molecular complexes hold. By employing its electronic spin, one can easily
couple to magnetic fields, enabling sensing applications and strong microwave driving.
This holds potential for many applications. For example, transduction of microwave
photons, as they are used for quantum computing platforms, to optical photons could
be realized. This has been demonstrated using Yb3*+:YVO [190, 191]. Crucially, efficient
conversion requires both a high dopant density and a narrow inhomogeneous lines,
which makes the use of stoichiometric molecular crystals appealing. By using custom-
tailored molecular complexes, one could imagine matching the microwave and optical
frequencies to existing platforms, while also controlling the transition strengths and
coherences.
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5. Color centersin asilicon carbide
membrane coupled to a fiber-based
Fabry-Pérot cavity

Up until this point, I have reported on the spectroscopic investigation of Yb>* ions in
different host materials and their suitability for integration into open access cavities,
including a proof of concept experiment at room temperature. In order to achieve a
significant enhancement of the emission rate, cavity-based experiments need to be per-
formed at cryogenic temperatures. However, the available cryostats hosting the cavity
experiment can only achieve temperatures down to T = 15K at the sample, due to the
bulky nature of the cavity setup. This is expected to significantly worsen the coherence
properties of Yb** ions. Therefore, cryogenic cavity experiments were instead conducted
with another candidate for a spin-photon interface, namely the V2 color center in silicon
carbide (SiC). This was motivated by the observation that the optical coherence of these
color centers is well preserved up to temperatures of T = 20 K, making them ideally
suited for the cryogenic cavity setup utilized here. Because these defects emit coherent
light around A = 917 nm, I can still make use of the cavity mirrors originally designed
for the Yb** experiment.

In this chapter, I will present how we use a thin membrane of SiC to couple both multiple
and individual color centers to an open fiber-based Fabry-Pérot cavity at cryogenic
temperatures. I will start by introducing the silicon vacancy center in SiC. I will then
present how we fabricate a thin membrane of SiC and incorporate it into a fiber-based
microcavity. I study and model the coupled membrane-resonator system and observe
a high membrane quality, as evidenced by a high cavity finesse. This allows me to
extract information about the birefringence of the material and the thickness of the
membrane. Finally, I will present cavity-enhanced measurements of silicon vacancy
centers at cryogenic temperatures. I show that the cavity can be used to spectrally resolve
several color centers in a single spatial mode. I confirm the single emitter character of
such features by second-order auto-correlation measurements. By measuring the optical
lifetime as a function of the cavity-emitter detuning, I demonstrate Purcell enhancement
of the coherent transition of the V2 center. This results in a high rate of extracted
photons, paving the way towards an efficient spin-photon interface.
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The project presented in this chapter was done in collaboration with Jonathan Korber,
a PhD student in the group of Jérg Wachtrup working on silicon carbide.! The results
presented in this chapter are published in [192].

5.1. Silicon vacancy centers in silicon carbide

Many wide-bandgap semiconductor materials can host optically active lattice defects,
where a lattice atom is either missing or replaced by an impurity atom. The resulting
dangling electron bonds form an energy level scheme that resembles a free atom and can
exhibit optical transitions. Color centers in the solid state have been studied for many
years. While in the beginning, the investigation was driven by fundamental research,
it was quickly realized that they can posses narrow optical transitions and often also
an unpaired electron spin, which allows experiments at the intersection of spin physics
and quantum optics [193]. In particular, the discovery of the nitrogen vacancy center
(NV center) in diamond was a milestone, which spurred the rapid development of the
field. Still today, the various color centers in diamond are the leading material platform
for the realization of a solid state spin-photon interface [194, 99, 168]. However, there
has been a growing interest in color centers in other materials. Among these, silicon
and silicon carbide stand out [24, 195, 25] . Both host materials are extremely mature
semiconductor materials: They can be grown with high purity and high control of the
doping, they can be easily processed using established cleanroom technologies, and the
processing can be scaled up to the wafer scale. Silicon suffers from its small bandgap
(Eg = 1.12 eV), which makes it absorptive in the visible wavelength regime. This limits
the useful color centers to those that emit in the near-infrared part of the spectrum. In
any case, due to the small bandgap the defects are easily ionized upon optical excitation,
which leads to blinking and spectral diffusion. The bandgap of 4H-SiC is 3.26 €V, placing
it between Si and diamond (E; = 5.47 eV) [196, 197].

Silicon Carbide

Silicon Carbide is a wide bandgap semiconductor material, where each Si atom is coordi-
nated by four carbon atoms and vice versa, forming a tetrahedron. In a closed-packed
hexagonal stacking, there are three possible types of Si-C bylayers arbitrarily labeled
{A,B,C}. By stacking them in different periodic orders, different polytypes of SiC can
be created [198]. Different polytypes are labeled according to the number of layers of

Jonathan Korber initialized the experiment, fabricated the samples, initiated the implantation and irradiation
runs and characterized the implanted emitters in a room temperature and cryogenic confocal microscope.
He also did first cavity characterizations of the membrane-cavity system at room temperature in a scanning
cavity microscope setup which I built. I continued the measurements in a cryogenic scanning cavity setup
which was built by Maximillian Pallmann, a former PhD student in our group.
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Figure 5.1.: lllustration of the crystal structures of the most common SiC polytypes.
Reprinted with permission from [198].

Si-C bylayers € {A,B,C} inside a unit cell, and the overall crystal symmetry. Over 150
different polytypes are known, which can vary significantly in their physical properties.
A schematic illustration of the most common polytypes is depicted in Figure 5.1. In the
following, I will limit the discussion to the 4H polytype, which is among the most studied
and the polytype of all samples investigated in this work. There are two inequivalent
silicon lattice sites in 4H-SiC, the hexagonal (h) and cubic (k) site. Silicon carbide is
commonly used for high power electronic applications. This is due to a combination of
a large bandgap, high critical electric field strength and ease of doping and fabrication
[199]. It has also been studied for integrated photonic applications, where the combina-
tion of a high refractive index, a large bandgap and a high Kerr non-linearity makes them
especially suitable for nonlinear photonics [200]. Silicon carbide can host many optically
active defects with distinct properties. Conceptually simplest are the Si™- vacancies,
where a silicon atom is missing from the lattice, and binds an additional electron from
the lattice. Moreover, there are for example chromium and vanadium centers where the
dopants replace the silicon atom, as well as divacancies formed by a missing silicon and
a missing neighboring carbon atom [201, 202, 203, 204, 205]. A detailed discussion and
comparison of these defects exceeds the scope of this work and the interested reader is
referred to the multiple review articles published on this matter [201, 25, 206]. In the
following, I will focus on the Si™-vacancy in 4H-SiC.

5.1.1. The Si~-vacancy in 4H-SiC

The Si~ vacancy is formed when a silicon atom is removed from the lattice and binds
an additional electron. The resulting dangling bonds are strongly localized and point
towards the silicon vacancy. Therefore the Cs, symmetry of the defect is preserved [207,
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208]. The four electrons from the dangling bonds together with an additional electron
lead to a spin S = 3/2 system. Both, the ground and the optical excited state, consist of
two doubly degenerate Kramer doublets with mg; = +3/2 and ms = £1/2. The optical
transitions are spin conserving, resulting in two optical transitions. The properties of
the center depend on whether the missing silicon atom is at the hexagonal (h) or cubic
(k) lattice site. The two centers are for convenience often referred to as the V1 (h) and
V2 (k) center.

For both defects, the optically excited state can relax directly or via a phonon-assisted
process [209]. The phononic relaxation is incoherent and spectrally broad. The coherent,
direct emission results in a narrow line at low temperatures, and is commonly referred
to as the zero phonon line (ZPL). The broad, incoherent emission is called the phonon
side band (PSB). An exemplary, cryogenic PL spectrum of the V2 center depicting these
two features is depicted in Figure 5.2 (b).

In order to give an overview over the achieved results of this platform, I will briefly
introduce both centers, although the experimental investigation in this work focuses on
the V2 center.

The V1 center

The zero phonon line of the V1 center is at A = 861 nm. The excited state lifetime is
7y1 = 6ns. The experimentally reported branching ratio into the zero-phonon-line !
is around { ~ 8 %, roughly a factor of three higher than for the NV center in diamond
[209].2 The two spin doublets in the ground state can be driven efficiently with a resonant
microwave drive, enabling coherent manipulation of the electron spin. Dephasing
times of T,' = 20 us and coherence times measured via single-spin echo sequences of
T;Ch" ~ 0.8 ms of the electron spin have been reported at cryogenic temperatures [212].
For single V1 centers, narrow optical linewidths, down to a factor of two away from the
transform limit and high single photon purity have been observed, even under strong
off-resonant excitation [213]. This led to a demonstration of spin-controlled two-photon
interference via Hong-Ou-Mandel interference [213], and recently the experimental
realization of spin-photon entanglement [26]. Measurements and DFT calculations show
that the homogeneous linewidth remains narrow up until temperatures of T = 5K [209].
This allows for integration into standard liquid *He cryostats, given that the sample is
well thermalized.

In the context of vibrational assisted decay mechanism listed here, this is commonly referred to as the
Debye-Waller factor.
%In earlier works, the value was erroneously reported to be much higher [210, 211].
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(a) V2 center level scheme. (b) PL spectrum of a V2 center.
Figure 5.2.: (a) Simple level scheme and graphical representation of the V2 center in
SiC. The ground and excited state respectively consist of two Kramer doublets split
by a zero field splitting. The ground and excited state are connected by two optical
transitions Aj and Ay separated by 1 GHz. (b) Photoluminescence spectrum of a V2
center at cryogenic temperature, showcasing the narrow zero-phonon-line and the
weak phonon side band. The resolution of the spectrometer is insufficient to resolve
the two spin-conversing transitions that make up the ZPL. Data was provided by
Jonathan Kérber.
The V2 center

Despite their conceptual similarity, the different lattice site of the V2 center leads to
slightly different properties. The zero-phonon line of the optical transition is situated at
A =917 nm. The excited state zero-field splitting is Ags & 1 GHz [214], and the ground
state zero-field splitting is Ags ~ 70 MHz [215]. A simple level scheme of the V2 center
is depicted in Figure 5.2. In contrast to the V1 center, the two excited states show very
different lifetimes (7;/, = 6.1ns, 73/, = 11.3ns) when selectively probed [216]. This
is attributed to different coupling to non-radiatively relaxing, metastable states. The
overall dynamics are quite complex, but have been studied in detail in [216]. An effective
model considers three additional metastable states and an excitation power dependent
coupling from one of the metastable states to a higher lying excited state.

In contrast to the V1 center, the optical linewidth of the V2 center only begins to broaden
at temperatures above T = 20K, relaxing the requirements on the utilized cryostat
[209]. This is especially important when thinking about technological applications in
the future, where one will need to build many quantum processing nodes or repeater
units. There, looser temperature requirements make the uspcaling more cost-efficient
and less error-prone.

Recently, the V2 center has been used to demonstrate single-shot readout of an ancillary
nuclear spin [217, 218], and was successfully integrated into a whispering gallery mode
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resonator while retaining optical linewidths close to the lifetime limit [219]. In this work,
I focus on the V2 center because of its relaxed requirements on temperature and its ZPL
wavelength of A = 917 nm, making it compatible with the mirror coating designed for
Yb** ions.

Remarkably, the good optical coherence properties of both V1 and V2 centers are pre-
served in nano-structures, even though they do not posses inversion symmetry like
the Group-IV color centers in diamond. This makes them suitable for nanophotonic
integration, one of the key requirement for scalable and efficient spin-photon interfaces.
This is usually attributed to similar electron densities of the ground and excited state
[216, 210, 209]. These arguments have not been confirmed experimentally and are
based on density functional theory calculations. Some people in the community have
expressed doubts about these arguments and ascribe the good coherence properties in
nanostructure to a natural surface passivation of the nanostructures due to the formation
of an oxide layer.! I tend to agree with this argument, as a strong linear stark tuning of
V1 and V2 centers has been demonstrated in reference [220].

5.2. Athin SiC membrane inside a Fabry-Pérot resonator

Again, one needs to consider how to best integrate the host material of the defect into
the cavity, while minimally impacting both the cavity performance and the emitter
properties. An especially promising approach to introduce solid state quantum emitters
into a FFPC is in the form of a thin membrane, which is bonded to a cavity mirror. This
configuration is schematically depicted in Figure 5.3. This approach has been used and
studied in various solid state quantum emitter systems, such as color centers in diamond
[221, 222, 223, 224], rare earth ions in Y;SiOs [128, 129, 130], and molecular thin films
[225]. A special case are epitaxial grown quantum dots, where the defect can be grown
directly in the DBR stack which later forms the cavity [226, 227].

The membrane thickness needs to be chosen such that an emitter located in the center
of the membrane is well isolated from the electric noise at the surface and therefore
retains good coherence properties. On the other hand, the membrane should be as thin
as possible in order to introduce minimal absorption losses and to enable operation at
short cavity lengths to maximize the Purcell enhancement. Furthermore, the surface
roughness of the membrane should be small to minimize scattering losses. Recent
work has shown that V2 centers can retain excellent coherence properties even in thin
membranes. Optical linewidths below 100 MHz have been reported in membranes as
thin as 0.6 pm [228]. This is encouraging for the integration of such a membrane into a
FP cavity.

INot published, mentioned in a talk by Christopher Anderson during 816. WE-Heraeus-Seminar: “Silicon
Carbide: Classical and Quantum Technologies”.
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Figure 5.3.: lllustration of the fiber-cavity membrane configuration. Reproduced
from [192].

In the following I will first introduce how the cavity behavior changes when a dielectric
membrane is introduced into the cavity. Then, I will shortly describe the fabrication
procedure. I then present a careful characterization of the cavity performance upon
integration of the membrane into the cavity. Finally, I will briefly discuss the creation of
color centers and a characterization of their properties inside a thin membrane.

5.2.1. Dielectric membranes in cavities

In this section, I will give an overview of the effects that emerge upon introduction of a
dielectric membrane directly bonded onto a dielectric mirror into a Fabry-Pérot cavity.
This has been studied in detail in previous works, most commonly related to diamond
membranes [229, 230, 231]. For a more in depth analysis I refer to the the doctoral thesis
of my colleague Maximilian Pallmann [232].

When introducing a membrane into a FP resonator by bonding it onto a dielectric mirror,
one essentially adds an additional interface to the cavity. Every roundtrip, a fraction
of the light field propagating in the cavity is reflected at the air-dielectric interface and
the dielectric-air interface according to 7277t The reflected fields then interfere with all
other field components propagating in the cavity. This interference is determined by the
optical length of the air-gap and the optical length of the dielectric membrane. Therefore,
it is useful to study the emerging effects as a function of the membrane thickness and
the probing wavelength.

An instructive way to understand this system is to think of it as two coupled resonators
filled with air and the dielectric respectively. The coupling strength is determined by
the refractive index difference between the membrane and the air. As we will see in the
following, due to this coupling a characteristic anti-crossing behavior is observed in the
cavity dispersion.
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Figure 5.4.: Modification of the mirror transmission when a d = 6.2 pm thick silicon
carbide membrane is bonded to the DBR stack of the planar cavity mirror. The
periodic modulation is caused by constructive and destructive interference of the
partial fields reflected at the membrane-air interface. Data is obtained via a transfer-
matrix model simulation.

Bragg reflectors modified by dielectric membranes

It is instructive to first understand how the membrane changes the transmission of the
DBR stack that forms the mirror. The membrane can be understood as an additional
high refractive index layer. It is straightforward to extend the previously mentioned
transfer matrix model for the DBR stacks to account for the membrane, by simply adding
another refractive index slab to the coating. The resulting transmission is depicted in
Figure 5.4 and is compared to the bare transmission of the mirror. We observe that the
transmission of the modified coating shows a periodic modulation with the wavelength.
The period of this modulation is given by ﬁ, which is the free spectral range of the
weak Fabry-Pérot etalon formed by the dielectric membrane. Note that for the coating
used here, the transmission can be significantly reduced due to the membrane. This
can be explained by the fact that the mirror coating is terminated with a low refractive
index material. The membrane therefore adds as an additional high index layer, and can
increase the reflectivity.

Cavity dispersion

The mixed mode character of an air-like and dielectric-like mode additionally manifests
itself in the cavity dispersion, that is how the resonance wavelength shifts when the
cavity air-gap is changed. For an empty cavity, the cavity resonance wavelength is
Ay = 243 and exhibits a linear slope 2/q. If one considers the membrane simply as a

dielectric slab of length dpem, it acts as a Fabry-Pérot etalon with resonance wavelengths
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Figure 5.5.: The cavity dispersion of a membrane-cavity system can be understood
as a coupling of air-like and dielectric like modes. The dispersion (purple) is obtained
from a transfer matrix model. One observes an anti-crossing behavior between the
air-like and dielectric-like modes.

Ay = M, where u is the mode order of the etalon mode. The resonant wavelength

is independent of the cavity air-gap. Figure 5.5 shows these two different resonance
conditions, together with a simulated cavity dispersion of a full cavity-membrane sys-
tem. The simulated cavity dispersion can be understood as a coupling between the
pure air (green) and dielectric resonator modes (orange). Therefore, resonances that
exhibit a steep dispersion are termed air-like, while resonances that exhibit a shallow
dispersion are termed dielectric-like. These correspond to the low transmission and
high-transmission cases in Figure 5.4, respectively.!

Field distribution in the cavity

We can further make use of the transfer-matrix model to study the field distribution
inside the cavity for the case of an air-like and dielectric-like cavity mode. Figure 5.6
depicts the normalized absolute square of the electric field distribution along the cavity
axis for the respective cases.

In the air-like case, the field inside the air-gap is enhanced compared to the field inside
the membrane. Meanwhile in the dielectric-like case, the field is equally high inside the
membrane and the air-gap.

Additionally, due to the boundary conditions, an air-like cavity mode possesses a field

IThis is not necessarily the case, but depends on the details of the DBR mirror.
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Figure 5.6.: Top: Simulated intensity distribution for the two edge cases of an air-like
(a) and a dielectric-like (b) cavity mode. The membrane is colored in gray. Bottom:
Zoom of the field at the membrane surface, where the cavity field posses an node
(antinode), respectively. Additionally, the local cavity dispersion is shown on the
bottom right, which is steep for the airlike and shallow for the dielectric-like case.

node at the air-dielectric interface, while it showcases an anti-node for the dielectric-like
case. This is shown in the insets of Figure 5.6.

Membrane Losses

As we have seen, the cavity field has a node (antinode) at the membrane surface for an air-
like (dielectric-like) case. This directly affects the scattering loss the cavity experiences
due to the membrane surface roughness. The loss is enhanced for the dielectric-like and
suppressed for the air-like case. Taking the refractive index of air as nq = 1, this can be
described analytically as [229]:

27N memdmem + 1+ 4 2
Smem = Sin2 ( il 1 (P) ( nmem) (1 - nmem)z (%) P (5~1)

nmern

where ¢ captures the relative phase due to the exit phase of the bare mirror coatings
(¢ = 0 if both mirrors are terminated by a high refractive index stack) and S, are the
scattering losses at the membrane-air interface. Additionally, absorption losses inside
the membrane occur according to Beer’s law. They are described by:

Apern = 1 — e 2%mem ~ 20 (5.2)
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5.2. A thin SiC membrane inside a Fabry-Pérot resonator

The intensity within the dielectric membrane compared to the air-gap can be derived by
enforcing continuity conditions at the air-dielectric interface, yielding:

2
nmemEmax,mem _ ( 1 sin? (Z”nmemdmem

: 2 Nmem@mem + §0))_1 .

+ q)) + Nem COS> ( 3

2
Emax,a Nmem

(5.3)

The absorption losses, and any other losses that occur within the membrane need to
be rescaled by this factor. In the same manner one can rescale the bare planar mirror
transmission by this factor to obtain the modulated transmission of the membrane-mirror
stack.

Therefore, the total losses, which can be used to calculate the finesse as F = % read:
nmemErznax,mem
Ltot = Tﬁber + (Tmirror + Amem + Smem) . (5-4)

2
Emax,a

5.2.2. Calculation of the Purcell effect in a membrane

The figure of merit to maximize in our experiment is the Purcell factor. in this section,
I will discuss how the mode hybridization influences the expected Purcell factor. It is
convenient to use the formulation of the Purcell factor in terms of the mode volume V'
and the quality factor Q:
3
= (55)
mén’V

The effective quality factor can be extracted from a measurement of the cavity linewidth
and the emitter linewidth, and their absolute wavelengths. This can be realized experi-
mentally for the cavity linewidth by recording the cavity transmission while scanning a
resonant laser over the cavity and monitoring the wavelength using a wavemeter. The
mode volume is heavily dependent on the mode character of the cavity mode, since
it is normalized to the intensity at the position of the emitter. As I discussed above,
the relative intensity inside the membrane is significantly higher for a dielectric-like
mode character. Again, I make use of the transfer matrix simulation to calculate the
field distribution inside the resonator. Because the model is one-dimensional, it does
not allow for a direct calculation of the mode volume. However, one can calculate an
effective energy distribution cavity length, which captures the relative intensities, as:

[ n(2*IE(2)*dz
~ max(n(2)?[E(2)[2)’

eff (5-6)
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5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-Pérot cavity

where care is taken that the denominator is evaluated inside the SiC membrane, corre-
sponding to the maximal intensity for an emitter positioned in a field antinode. From
this effective length, the mode volume V' can be calculated as:

2

V= TLeff, (57)
recovering the well-known formula for a FP cavity (Equation 2.17), which in this situation
depends on the effective energy distribution cavity length L.g. Additionally, the mode
waist wy is also affected by refraction of the mode at the dielectric interface. It can be
calculated by matching two Gaussian beams inside the membrane and inside the air-gap
at the interface [229]. This yields:

s [ ) (s =) B it o
T Nmem Nmem T

L’ is a geometric length which allows to rewrite the beam waist formula in the same
form as for a homogeneously filled cavity (see Equation 2.18) and is defined as:

dm m
L =d, + —=, (5.9)

Nmem

not to be confused with the effective energy length defined above. One can see that the
influence of the dielectric like membrane on the waist is reduced compared to that of
the air gap by a factor of HL

5.2.3. Membrane fabrication

I investigate two different SiC membranes in this thesis, henceforth labeled Membrane A
and B (see Appendix A). Both samples were fabricated by Jonathan Kérber at University
of Stuttgart. I will briefly summarize the fabrication procedure. For a more detailed
description, the reader is referred to [192] or Jonathan Kérbers doctoral thesis’.

+ The starting material for the membrane is a high quality, roughly 10 pm thin,
epitaxially grown monolayer (epilayer) of SiC, which is grown on commercial

wafer cut along the crystallographic a-plane 2.

« The sample is thinned down to a thickness of d ~ 40 pm to 60 pm using a
chemical-mechanical polishing technique.

INot yet published
2The epilayer was grown by Misagh Ghezellou in the group of Prof. Jawad Ul-Hassan at Linképing University.
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Figure 5.7.: Measured height map of representative spots on the membrane
recorded using an AFM. The root mean square (RMS) and arithmetic average (RA)
surface roughness calculated over the entire map is shown in the inset and typically
below 0.4 nm. Maps were recorded and provided by Jonathan Korber.

The epilayer side of the sample is van der Waals bonded to a planar DBR mirror
with a design transmission of T = 230 ppm at A = 985 nm (The coating is
described in section 2.2.2).

The sample is thinned down to the final membrane thickness of 4 pm to 8 um
using a reactive ion etching technique. Thereby, only the high-quality epilayer
part of the sample remains and forms the membrane. For membrane B, a mask is
used during the etching to prevent damage to the membrane, such as etching pits
and so-called micromasking.

A microscope image of Membrane B is depicted in Figure 5.3. After the fabrication, the
surface quality is characterized using an atomic force microscope (AFM). Representative
AFM images are depicted in Figure 5.7. The observed root mean square surface roughness
is typically on the order of oyys = 0.4 nm, corresponding to maximal scattering losses of
30 ppm, assuming a field anti-node at the interface.

5.2.4. Characterization of the cavity-membrane system

I assemble the cavity in a setup similar to the one described in 3.2.2. The cavity stage is
located inside a closed-cycle cryostat!. The cavity mechanics and electronics were built
up by my colleague Maximillian Pallmann. Details on the design and characterization
can be found in his PhD thesis and in [86]. I exchanged the fiber mirror, sample mirror

ICryostation, Montana Instruments
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Figure 5.8.: Exemplary cavity transmission scans on Membrane A and B. Stripes are
scan artifacts that appear due to tilt when moving the fiber. Scalebar is estimated
from the feature size of the observed defects.

and rebuilt the collection optics in order to be compatible with NIR wavelengths. Addi-
tional information about the optical and mechanical setup can be found in Appendix C.
The assembled cavity is formed by the planar mirror with a DBR coating with a design
transmission of T = 230 ppm at A = 985 nm, to which the SiC membrane is bonded, and
a fiber mirror with a design transmission of T = 25 ppm at A = 985 nm. Due to the effects
discussed in Section 5.2.1, the cavity losses heavily depend on the mode character, as we
will see in the following.

The cavity was characterized, using a probing laser! with a wavelength between 940 nm
to 985 nm. As a first characterization step, I perform scanning cavity transmission mi-
croscopy (see Section 3.2.2 for an explanation of the measurement technique). Exemplary
transmission scans are depicted in Figure 5.8. I typically observe homogeneously bright
areas with localized defects stemming from the fabrication. Notably, I do not notice
a strong modulation of the transmission in the scan region, which would be expected
if the mode composition changes significantly due to a varying membrane thickness
[230]. This indicates that the membrane thickness typically varies significantly less than
Ad = ﬁ ~ 90 nm over an area of roughly 40 pm X 40 pm.

Birefringence

The birefringence of silicon carbide [233] manifests itself in two different mode families
with orthogonal polarization corresponding to the ordinary and extraordinary refractive
index. For a given wavelength and position, the measured finesse and transmitted

Velocity TLB-6719, Spectra-Physics
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(c) Simulated cavity dispersion of Membrane A. (d) Simulated cavity dispersion of Membrane B.

Figure 5.9.: Simulated and measured cavity dispersion for two SiC membranes A
and B. The extracted membrane thicknesses are dy = 6.2 pm and dp = 2.85 pm.
Reproduced from [192].

intensity is significantly different between the two mode families. This is because their
mode composition is different due to the different optical path length in the membrane.
Since the birefringence is a much stronger effect than any other polarization dependent
effect, it fully determines the polarization mode splitting. For some measurements, the
additional resonances are confusing and may prevent automated data evaluation. One
mode family can be suppressed by either adjusting the polarization of the probing beam
or filtering the transmitted light using a polarization filter. This unambiguously confirms
the origin of the two mode families.
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5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-Pérot cavity

Cavity Dispersion

In order to study the cavity-membrane system and extract the membrane thickness,
I measure the cavity dispersion. Therefore, I couple a broadband light source! to the
cavity and record the transmission spectrum using a spectrometer for varying cavity
lengths. An exemplary dispersion measurement for two membranes with two different
thicknesses are depicted in Figure 5.9. We observe the anti-crossing behavior characteris-
tic for the hybridization between air-like and dielectric-like cavity modes. The two mode
families corresponding to the two refractive indices can be identified. The same mode
families possess the same local slope for a given wavelength. For both measurements,
higher order modes are visible as faint, slightly offset traces. The periodicity between
the dielectric- and air-like mode character in wavelength is larger for Membrane B than
Membrane A. This indicates that Membrane B is thinner than Membrane AZ.

In order to model this more precisely and extract the membrane thickness, I again make
use of the transfer matrix model code used to simulate the DBR mirror coatings. This
allows to simulate the cavity dispersion for different membrane thicknesses. The simu-
lated cavity membranes are depicted in Figure 5.9 (c) and (d). Clearly, we observe a good
agreement of the simulated dispersion with the measured cavity dispersion, confirming
the suitability of our model. The best agreement with the measured cavity dispersion
is obtained for thicknesses of dy = 6.2 pm and dg = 2.85 pum for Membrane A and B
respectively. These values are within the expected range for thickness measurements
conducted after the fabrication, using a profilometer and a white-light interferometer.

Finesse

I measure the finesse at different wavelengths, and observe finesse values as large as
F = 40000. Notably, this value is twice as high as the highest finesse values observed for
the same coating combination without the membrane. This is explained by the increased
mirror reflectivity for an air-like cavity mode character, as discussed in Section 5.2.1.
In order to study this effect in more detail, I measure the finesse as a function of the
probing wavelength at a clean mirror position for both polarization modes. The result-
ing wavelength dependent finesse is depicted in 5.10. One clearly observes the strong
modulation caused by the varying mode composition. To extract the losses introduced
by the membrane, I fit a full model based on the expected mode dependent losses given
by Equation 5.4 to the data.

The result is depicted in Figure 5.10 (b). The refractive index was calculated using Sell-
meyer equations with the coefficients reported in [233]. These values are fixed for the
fitting procedure, which leaves the rms surface roughness oy, the membrane thickness
and the additional losses scaled with the relative mode character as free parameters.
The fits yield a surface roughness of o;,s = (720 % 30) pm (0yms = (580 + 60) pm)

! Amplified spontaneous emission (ASE) background of a diode laser.
YJust like a longer FP-resonator has a smaller free spectral range.
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(a) Wavelength dependent finesse for both polarization
modes.

(b) Fit of a full loss model to the wavelength dependent
finesse.

Figure 5.10.: Wavelength dependent finesse for both polarization modes. (a) Shows
the finesse of four consecutive longitudinal mode orders (light to dark points) per
polarization mode and wavelength step . (b) A full loss model is fit to an exemplary
set of data per polarization branch and shows good agreement with the data. (a)
Reproduced from [192].

and additional losses weighted by the relative field intensities of E = (215 + 7) ppm
(E = (211 £ 15) ppm) for the two polarization modes, showing good agreement between
the two datasets. The extracted surface roughness is slightly higher than the values mea-
sured with an AFM (0yms = 400 pm to 500 pm), which might be due to a locally slightly
increased surface roughness. Another possible explanation are additional scattering
losses at the mirror-dielectric interface.

The additional losses of 200 ppm that scale with the mode character can be ascribed to
a mix of absorption and effects due to the wavefront curvature of the cavity mode at
the membrane interface [232]. Another possible reason could be additional scattering
centers within the membrane, possibly created by the electron irradiation.

The membrane thicknesses extracted from the fit are d = 7.03pm and d = 7.10 um.
This indicates that the literature values for the refractive index used in the simulation
(taken from [233]) do not perfectly describe the system. This is not surprising, as we
expect additional strain in the membrane due to the bond to the mirror, which can
affect the refractive indices. Both obtained values are slightly thicker than the value
d = 6.2 um extracted from the dispersion measurement depicted in Figure 5.9 (a), which
was performed on the same membrane. I ascribe this to the fact that the measurements
were performed at different positions on the membrane. A variation of the membrane
thickness of 1 pum over the lateral extent of the membrane is plausible.

In these measurements, the system was probed around the center of the mirror coating
stop-band, due to the availability of a far tuneable laser system. The V2 center ZPL
lies around 917 nm. The finesse measured at this wavelength was up to & = 10000,
depending on the mode character, which varies between different spots on the membrane
due to variations in the membrane thickness.
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5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-Pérot cavity

In summary, I extensively studied the cavity-membrane system. I find a high homo-
geneity of the sample and high finesse values exceeding & = 40000, twice as high
as for the system without a membrane. This shows that the SiC material platform is
excellently suited for the integration as a membrane into an open resonator platform.
The birefringence of SiC leads to two families of modes with distinct polarizations. I
model the cavity membrane system using a transfer-matrix model and find excellent
agreement with the measurements. Having established that the cavity-membrane system
performs exceptionally well, I now turn to investigate the properties of the color centers
in the membrane.

5.2.5. Color center characterization
Implantation

There are multiple strategies to create the desired color centers, which offer different
degrees of control over defect density, lateral and depth position, and damage introduced
to the crystal. Initially, we utilized an ion beam of *He to create defects '. This allowed
to create single defects at predetermined lateral positions at a desired depth. However,
we observed the creation of many fluorescing defects during the etching fabrication
step. Therefore, the comparably low defect density utilized here was too low for cavity
experiments.

Therefore, we subsequently made use of electron beam radiation. The sample is exposed
to an electron beam with an average electron kinetic energy of 5 MeV and a fluence of
~ 1.4 X 10'3 cm ™22, This leads to a higher color center density, which makes it harder to
address single defects within an optical cavity, but makes the initial search easier. As we
will see in the following, the observed emitter density is, depending on the membrane
thickness, well suited for single color center experiments. Usually, samples are annealed
after implantation or irradiation, in order to heal some damage introduced in the crystal
and thereby reduce spectral diffusion of the defects. This was done for sample B, which
was irradiated before bonding it to the mirror. Sample A was already bonded to the
mirror before the electron irradiation, and therefore not annealed 3. It should be noted
that electron irradiation due to the low interaction cross-section creates defects with an
equal likelihood at every depth of the membrane. Therefore, we expect a large variation
in the emitter-cavity coupling, dependent on whether the emitters are located at a cavity
field node or antinode.

The ion beam implantation was done by Georgy Astakhov at Helmholtz-Zentrum Dresden-Rossendorf.

2The electron irradiation was carried out by Wolfgang Knolle at the Leibniz-Institute of Surface Engineering.

3Technically, we also tried to anneal a sample that was already bonded to the mirror. The result was not pretty.
It turns out that DBR coatings start to delaminate around T = 200 °C, causing the membrane to burst in
many fragments.
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Figure 5.11.: Characterization of Membrane B in a confocal microscope. (a) Exem-
plary confocal scan of Membrane B, showcasing a high emitter density. (b) Exemplary
(top) and stacked (bottom) PL spectra at cryogenic temperatures, showcasing an
offset of 1 nm of the ZPL wavelength. (c) Exemplary cryogenic PLE scans of a single
emitter (top) and statistical distribution of extracted ZPL linewidths for 14 investi-
gated color centers (bottom). The mean linewidth observed is (471 + 132) MHz.
Measurements were conducted by Jonathan Korber. | assisted for the cryogenic
measurements. Adapted from [192].

Confocal Microscopy

In order to get a feeling for the emitter density created by the electron irradiation,
room temperature confocal microscopy was carried out at the University of Stuttgart
by Jonathan Korber. A typical confocal image is depicted in Figure 5.11 (a). As can be
seen from the images, the emitter density is quite high. Notably, we observed during
one fabrication run, where confocal microscopy was carried out before and after the
etching of the membrane, that many of these defects seemed to appear during the etching
process. Therefore it is unlikely that all of the observed point-like defects are V2 centers.
In order to get a feeling the V2 center density, we followed a two-step characterization

process:

1. The polarization of the emitted light is checked by comparing the countrates on

two detectors after a polarizing beam splitter. The polarization is adjusted

beforehand on a “verified” V2 center, such that the countrate is equal on both
detectors. Since the V2 centers emission dipole is always oriented along the
crystallographic c-axis, this is a signature of V2 centers.

2. The potential candidates identified in the first step were checked for a

characteristic optically detected magnetic resonance (ODMR) signal at the

characteristic electronic ground state splitting of 70 MHz.
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Using this method, we found that of 14 preselected pointspread limited fluorescent spots,
eight showed a characteristic ODMR signal. If we consider that the lateral extent of

2 2
the optical cavity mode is a factor of ( ‘Lﬁ‘;) ~ ( (1):22 tﬂ) ~ 10 larger than that of the

confocal microscope, we expect there to be at least one V2 center inside the cavity mode
on average for such a dense sample. This is not a bad density to start with, since it makes
it easier to spatially locate and screen emitters, as we will see later on. Note that the
confocal measurements were conducted on the thicker Membrane A (d = 6.2 um). We
therefore expect half the V2 center density for Sample B (d = 2.8 pm).

Cryogenic characterization and determination of optical linewidths

In order to characterize the optical properties of the V2 centers inside the membrane,
cryogenic PL and PLE measurements were conducted on Membrane A. The measure-
ments were carried out at the University of Stuttgart together with Jonathan Korber.
Photoluminescence spectra of pre-selected centers were taken at a temperature of T = 8 K.
The obtained PL spectra are depicted in Figure 5.11 (b). All investigated centers showed
the characteristic ZPL around 917 nm. However, for this sample we observed that the
mean center frequency was slightly shifted to longer wavelengths (AzpL = 917.5nm)
compared to the typically observed center frequency in bulk centers A = 916.5 nm. This
may indicate a global strain in the membrane, possible due to the bonding to the DBR
mirror.

In order to determine the homogeneous linewidth, PLE measurements were performed.
Care has to be taken to avoid optical pumping into the unprobed spin level during the
excitation. In order to avoid this, a second frequency tone of the resonant excitation laser
was created using AOMs. The second tone is offset by 1 GHz and therefore resonant
with the second spin-allowed optical transition, ensuring that both optical transitions
are driven simultaneously and therefore avoiding optical pumping. However, this might
slightly broaden the observed optical linewidths compared to a single frequency scan.
The homogeneous linewidth was determined this way for 15 different emitters. The
result is depicted in Figure 5.11 (c). The mean observed linewidth is (471 + 132) MHz.
Significant contributions from power broadening and temperature broadening were
excluded by conducting temperature and power dependent measurements. The observed
linewidths are a factor of ~ 20 times larger than the Fourier transform limited linewidth
of Iy, = 22 MHz. Certainly, the membrane thickness of d = 6.2 um can have an influ-
ence on the linewidth due to the proximity of the emitters to the surface. However,
previous studies have shown optical linewidths below 150 MHz in similar membranes
with thicknesses below d = 1um [228, 234]. Possible reasons could be the missing
annealing step after electron irradiation, variations in the sample purity, or be related
to strain, as possibly indicated by the shift of the ZPL center frequency. The additional
broadening certainly poses a limit for experiments that require a high degree of photon
indistinguishability such as quantum communication protocols. However, the linewidth
is smaller or comparable to the expected cavity linewidth of the resonator. Therefore,
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at least the demonstration of cavity enhancement is not expected to be limited by the
additional broadening of the emitters. At the same time, the encouraging results on
small linewidths in thin membranes show that while the linewidths in this sample might
limit applications, this problem is not intrinsic to the defect or platform and can be
solved by optimizing the fabrication process. Finally, it is worth to note that due to
time constraints, we only investigated membrane A in this setup, while many of the
measurements presented in the following were conducted on the thinner membrane B,
which also was fabricated from a different batch of starting material. The fabrication
process was also slightly altered, for example the sample was subjected to an additional
annealing step after the electron irradiation, which is expected to improve the optical
transition linewidth.

In summary, we have seen that the produced membranes are exceptionally well suited
to integrate them into optical cavities. We have also studied the properties of the created
emitters and found a suitable V2 center density and reasonably narrow optical transition,
which should not limit the expected Purcell enhancements significantly for the expected
cavity parameters. Equipped with this knowledge, we now turn to study the emitter
properties within the optical cavity.

5.3. Asingle color center coupled to an optical cavity

Cavity fluorescence experiments rely on Purcell enhancing the zero phonon line. In order
to achieve a sufficiently large Purcell enhancement, the ZPL needs to be smaller than
the cavity linewidth (compare Chapter 2.3.1). Therefore, cavity-enhanced spectroscopy
of V2 color centers requires cryogenic temperatures. The cavity setup is mounted in a
closed-cycle cryostat with a nominal base temperature of T = 2.5K . Due to the large
thermal mass of the cavity setup, the minimal base temperature achieved is T = 8 K. We
measure the temperature at the copper mirror holder, which is the closest to the sample,
to be Tgample = 16.5 K at the lowest. This is principally sufficient for experiments with
V2 centers. However, the sample mirror is clamped from the backside, which is why the
sample is still isolated from the mirror holder by the few millimeter thick mirror. For
the experiments presented in the following, we therefore added a copper strip thermally
connecting the SiC membrane with the sample holder. However, we are not able to
measure the temperature directly at the sample. Consequently, the color centers might
experience additional broadening due to temperature. I will return to this question when
discussing the measurement results.

When cooling down the cavity setup, the fiber mirror position in relation to the membrane
changes as the many materials involved contract. To avoid crashing of the fiber mirror
into the sample, the cavity resonances are monitored and the cavity length is adjusted
using DC motors. Lateral drifts also occur during the cooldown, but are generally not
problematic, since the membrane shows an excellent homogeneity. It just precludes
a precise pre-characterization at room temperature, since one ends up at a different
location on the membrane at cryogenic temperatures.
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At cryogenic temperatures, we observe clean spots on the mirror where we also measure
finesse values comparable to the high values observed at room temperature for an air-
like cavity. Spatially locating emitters solely by their fluorescence is experimentally
challenging, although possible [222]. Due to the high emitter density in our sample, I
choose to position the cavity on the clean spots where the cavity performs well and
check for emitter fluorescence. For strongly coupling emitters that warranted further
investigation, the spatial overlap was manually optimized by observing the countrate at
different spatial positions.

5.3.1. Cavity assisted spectral resolution of emitters

In order to investigate the color center fluorescence, I off-resonantly excite the emitters
by coupling a laser at a wavelength of 785 nm into the fiber mirror. The mirror coating
is almost transparent at this wavelength, which means that excitation light is present in
the cavity for all cavity lengths. Due to the residual reflectivity, a small modulation of the
transmission is nevertheless observed when scanning the cavity length. I account for this
by referencing power dependent measurements on the transmitted excitation intensity.
I use two different lasers depending on the experiment: A continuous-wave diode laser
emitting at 785 nm!, and a pulsed super-continuum source? which is spectrally filtered
using an acousto-optic tuneable filter (AOTF)®. The excitation light is subsequently
spectrally filtered using optical long-pass filters, and guided onto either a spectrometer
or two single photon counting modules arranged in a Hanbury-Brown-Twiss (HBT)
configuration. More information of the measurement setup can be found in Appendix C.
When the cavity is non-resonant with any sharp ZPL, I observe a weak, broadband
background fluorescence. This allows probing of the cavity transmission spectrum using
a spectrometer, just as I have done when characterizing the cavity-membrane dispersion
in Section 5.2.4. An exemplary measurement is depicted in Figure 5.12 (a). When varying
the cavity length, I again observe the characteristic dispersion features, revealed by a
spectrally broad background fluorescence.

In addition, one observes bright and spectrally narrow features for specific cavity lengths
and therefore specific resonance wavelengths. This is due to the cavity Purcell enhancing
the ZPL emission, which is fully scattered into the optical cavity mode and can therefore
be collected efficiently. Many of them are clustered in the spectral region of 916 nm to
920 nm, where the V2 center ZPL is expected. Notably, the measurements show that
only one mode family couples to the V2 color centers. This is explained by the fact
that the optical dipole transition of the V2 center is oriented along the crystallographic
c-axis, as is the extraordinary refractive index principal axis. Conversely, this means

I'DBR785s, Thorlabs.
2SuperK Fianium, NKT Photonics.
3SuperK Select, NKT Photonics.
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Figure 5.12.: (a) Under off-resonant excitation, a broadband background from the
sample reveals the cavity dispersion. When individual emitters with sharp optical
features are resonant with the cavity, they appear as bright spots in the dispersion,
due to the Purcell effect. Noticeably, only the extraordinary refractive index mode
couples to the ZPLs around 917 nm. (b) and (c): By integrating the spectrum along
the wavelength axis and interpolating the local cavity dispersion, the spectral struc-
ture of the defects is extracted. (d) Zoom on the brightest peak in (c), showing the
excellent fit by a single Lorentzian. Adapted from [192].
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5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-Pérot cavity

Table 5.1.: Fit results of the resonances depicted in Figure 5.12 (b) measured in
Membrane A. Peaks are labeled left to right. opwM is the uncertainty of the fit.

Peak Number FWHM (GHz) opwnm (GHz) Intensity (int. Counts)

1 13.6 0.7 4200
33 0.8 1800

Table 5.2.: Fit results of the resonances depicted in Figure 5.12 (c) measured in
Membrane B. Peaks are labeled left to right. opwm is the uncertainty of the fit.
Spectral resolution is limited by the cavity linewidth of Ay, cay = 3.44 GHz.

Peak Number FWHM (GHz) opwnm (GHz) Intensity (int. Counts)

1 4.88 0.11 10400
-2 4.84 0.03 35200
3 3.94 0.23 5000
4 3.79 0.68 1400

that there is an ideal dipole overlap with the color centers transition dipole, which
otherwise would reduce the Purcell effect. Therefore, the strong birefringence, which
fully determines the polarization axis of the cavity, inherently ensures an optimal dipolar
overlap with the emitter. This a clear advantage over comparable platforms, such as
color centers in diamond. There, the polarization splitting of a fiber cavity is determined
by the mirror asymmetry and possibly strain inside the membrane. In-situ adjustment
of these influences is experimentally challenging, usually leading to a non-ideal overlap
of the cavity polarization axis with the emitter dipole, reducing the Purcell effect.

Determination of emitter linewidth

In order to further characterize the spectral properties of the emitter, I performed highly
resolved dispersion scans on promising features. Exemplary measurements are depicted
in 5.12 (b) and (c). Because the cavity dispersion is revealed by the broad background
fluorescence, we can use the local dispersion to calibrate the applied piezo voltage
in terms of resonance frequency shifts by fitting the local dispersion with a linear
slope. Applying this calibration and integrating all spectrometer counts for each voltage
position leads to a spectrum of the observed emitters. Crucially, the spectral resolution of
the so-obtained spectrum is not limited by the spectral resolution of the spectrometer, but
instead only by the cavity linewidth. Multiple narrow spectral features are seen in both
dispersion measurements. However, we observe a stark contrast between Membrane A
and B. The emitters in Membrane A are spectrally close to each other, within a range of
Av =~ 100 GHz. The individual emission lines of the V2 centers are overlapping, and the
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5.3. A single color center coupled to an optical cavity

most pronounced central peak is broad and shows some substructure, indicating that it is
made up of multiple zero-phonon lines. On the other hand, for Membrane B, we observe
spectrally narrow peaks that are distributed over a large frequency range of roughly
Av = 1300 GHz. This can be explained by the substantially thinner membrane ( dy =
6.2 pm, dg = 2.85 pm). For one this reduces the probed volume and we consequentially
on average expect half the amount of color centers within the cavity mode. Previous
studies have shown that the spectral spread increases for thinner membranes, presumably
due to the proximity to surfaces and additional stress in the membrane [228]. For the
experimental investigation of single color centers, a more sparse distribution as observed
in Membrane B is advantageous, since it allows to unambiguously select individual
features using the spectral resolution capability of the cavity.

The measured spectra are fit with a series of Lorentzian peaks. The resulting FWHM
widths are summarized in Tables 5.1 and 5.2. The values for Sample B are more reliable
because there the individual peaks are well resolved and do not overlap. For this sample,
the mean linewidth observed is 4.35 GHz. The difference between the highest and lowest
measured value is more than 1 GHz. This can be an indication that some broadening
contribution stems from the emitter linewidth and not solely the cavity linewidth.
However, systematic errors such as cavity drifts might also explain this difference.

Influence of the cavity linewidth

Because the cavity linewidth is limiting the spectral resolution power, I measure the
cavity linewidth for Membrane B by scanning a resonant laser over the cavity linewidth
and recording the transmission while monitoring the laser wavelength using a waveme-
ter I. Exemplary scans are depicted in Figure 5.13. The mean linewidth calculated
from 12 scans at a speed of 6.4 GHz/s is (3.44 + 0.05) GHz. With this scan speed the
cavity linewidth is probed on a few second time scale, and the measurement is therefore
sensitive to cavity length fluctuations and drifts that occur on smaller timescales. This
is comparable to the timescale on which the color center resonances are sampled in
the spectrometer dispersion measurements in Figure 5.12. The extracted linewidths are
therefore similarly broadened due to cavity length fluctuations and drifts. This indicates
that the linewidths observed in the spectral measurements are not entirely limited by the
cavity, but experience some additional broadening from the emitter. Because the convo-
lution of a Lorentzian with FWHMSs Av; and Av;, is again a Lorentzian with FWHM Av,
+ Av,, this would correspond to emitter linewidths between 0.4 GHz and 1.5 GHz. This
is not entirely unreasonable, when we consider that the local temperature at the sample
might be elevated. It is also worth to note that the confocal linewidth measurements
were conducted on Sample A, which is more than twice as thick, and might therefore host
defects with narrower optical linewidths. Finally, the fiber is brought into contact with
the membrane during the measurement in order to reduce cavity length fluctuations. We

1671 Series, Bristol Instruments
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Figure 5.13.: Cavity linewidth measurement by scanning a resonant laser over the
cavity linewidth (Scanspeed = 0.1 Hz). Scans are manually offset to each other.
Colored lines are single Lorentzian fits to the measurement. The average cavity
linewidth is (3.44 + 0.05) GHz. Reproduced from [192].

suspect that this can introduce additional charge fluctuations on the membrane surface
due to residual charges on the fiber.

In summary, I have investigated the spectral properties of the color centers in two SiC
membranes of different thicknesses. We have found that the spectral distribution of
ZPLs is narrow for the thicker Membrane A, while Membrane B shows a more sparse
distribution which is spread over a larger spectral range. We also observe that the ZPLs
of the V2 center only couple to the extraordinary refractive index axis, in accordance
with the expectations. The spectral width of the color centers ZPL is in the range of
0.5 GHz to 1.5 GHz, indicating some additional broadening compared to the cryogenic
PLE measurements discussed in Section 5.2.5.

In the next section, we now investigate the properties of individual narrow spectral
features. From now on, I will focus on Membrane B, since the signals are stronger and
the individual lines are well resolved.

5.3.2. Verification of single photon emission

Membrane B shows well-isolated emission lines, that are well fit by a single Lorentzian.
This indicates that these features correspond to the ZPL of a single color center. In order
to verify this, one needs to make use of photon statistics, which can be recorded using
the HBT setup in the detection path. I will very briefly explain the concept, following
Fishman et al. [235].
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5.3. A single color center coupled to an optical cavity

Second order intensity function

The second-order intensity correlation function, or auto-correlation function, is defined
as:

IMI(t+7) (@' (Da'(t+1)a(t+7)a(t))

i - 5.10
97 (1) I(1)* (@ (Da(0) (a' (1 + Da((t + 1)) (5.10)
_ (Nia(t0)
T (NL() (N2 (1) (5.11)

Here, brackets () indicated a time average, and I is the light intensity. By assuming a
single mode incident on the detector g'® (7) can be written as a product of annihilation
operators a and creation operator a'. Finally, it can be expressed in terms of the number
of detected photons N; at either detector and the number of coincidences N ;(7) at delay
time 7.

g? (1) measures the probability to detect a photon at a time delay 7, given that a photon
was detected at a time 7 = 0. From this, information about the photonic quantum
state and its corresponding photon statistics can be extracted. A coherent state, which
describes for example laser emission, exhibits a Poissonian photon statistics in the Fock
state basis |n), and is characterized by a “flat” autocorrelation function ¢(* (7) = 1. In
contrast, a single photon Fock state |1), which is characteristic for a single emitter, is
characterized by a dip at zero time delay g‘® (0) = 0. The temporal shape of the dip
depends on the detailed rate dynamics of the photon source, and careful analysis of this
can reveal a lot of information about these dynamics, especially when there are more
than two levels involved [236]. In many quantum optics experiments, it is simply used
as a verification that the emission stems from a single emitter, when the auto-correlation
dips below g‘® (0) < 0.5 at zero time delay .

The second order auto-correlation is usually measured in a HBT type setup, were the
incoming light is split in equal parts on a beam splitter and guided onto a single photon
counter each. The electronic pulses signals from both detectors are analyzed using
time-correlation electronics?, which can record the timestamps of the incoming pulses
with high accuracy, and also calculate the second order auto correlation in real time. It is
not strictly necessary to use two detectors in every case, and rather a way to circumvent
a technical limitation: The single photon detectors have a certain dead-time (typically
40 ns to 50 ns for our detectors), where no event can be detected after a previous de-
tection event. For many quantum optical systems, the characteristic timescales are on
the order of a few nanoseconds, such that a single detector can not fully resolve the

IThis not a strictly sufficient criterion. There are some cases, for example for two emitters of different
brightness, that can also lead to a autocorrelation value g(z) (0) < 0.5 [235]. This is however mostly relevant
in fringe cases, e.g. when g (0) is close to 0.5.

2TimeTagger, Swabian Instruments
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Countrate (arb. units)

Cavity length (arb. units)

Figure 5.14.: Comparison of emitter spectrum recorded by sweeping the cavity
extracted from a spectrometer measurement (same Data as in 5.12 (c)) and using
single photon counting avalanche photodiodes (APD). Both measurements agree
well with each other. The arrow marks the line we will investigate more carefully in
the following.

short timescale dynamics. For rare earth ions, with characteristic optical lifetimes on
the orders of milliseconds, one detector is fully sufficient.

Experimental Determination of g(?) ()

I analyze the emission from the the brightest peak observed in Membrane B using
the single photon counters. To verify the alignment, I first measure the fluorescence
emission when scanning the cavity under off-resonant excitation. This is essentially the
same measurement as the spectrometer dispersion measurement reported in Figure 5.12,
without the spectral resolution provided by the spectrometer grating. To avoid unwanted
contributions from emitters that lie outside the spectral region of interest, I add a narrow
bandpass filter, which only transmits light in the spectral region 915 nm to 922 nm!. This
also helps greatly to suppress any background illumination impinging on the sensitive
single photon detectors. Performing this measurement, I observe the same individual
lines as in the integrated spectrometer measurement, confirming the alignment. The
measurements using both techniques are compared to each other in Figure 5.14. The
maximal countrate observed for the brightest peak is 35 000 cts/s for an excitation power
of 640 uW, measured after the cavity. We focus on this bright feature to reduce the
acquisition time of a highly resolved ¢® (7) function with a high signal-to-noise ratio
2, Therefore, the cavity length is adjusted at the peak of the resonance. The observed
countrate is monitored and an automatic repositioning to maximize the countrate is

'FBH920-10, Thorlabs
2The acquisition time for a given signal to noise ratio scales quadratically with the emitter count rate for a
second order auto-correlation measurement, because every data points corresponds to two events.
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Figure 5.15.: (a) Pulsed second order autocorrelation measurement measured with
the cavity resonant with a strong emission line. The grey shaded area is excluded
from the fit due to artifacts, as discussed in the main text. (b) Artifacts in the g(z) (1)
measurement caused by recombination emission of the silicon detectors, seen by
the other detector. Reproduced from [192].

performed when the countrate drops below a certain threshold due to slow drifts of the
cavity position.
The resulting auto-correlation is depicted in Figure 5.15. Note that this measurement was
done using a pulsed laser source, because the available cw-laser caused large thermal
drifts of the cavity length due to power fluctuations. This results in peaks corresponding
to the fluorescence resulting from the excitation pulses, spaced in time by the pulse
repetition rate. The temporal shape of the pulses is governed by the dynamics of the
emitter. The peak amplitude is modulated by second-order autocorrelation envelope. We
observe that the peak at zero time delay drops very close to zero. I fit the experimentally
observed data, excluding the central peak, by a series of exponential decays with a fixed
spacing corresponding to the repetition rate. All peaks share the same amplitude and
FWHM. The amplitude is multiplied by an envelope function that includes a bunching
term A = aye”!"I/%_ The bunching is caused by the metastable states of the V2 center.
Then, I separately fit the central peak with a exponential decay that has the same
temporal width as the outer lying peaks. I compare the peak area extracted from the fit
of the central peak to the area of the outer lying peaks where the bunching has rolled off
to extract the value for () (0) = (0.024 + 0.024). The error is as large as the value, since
the peak is barely resolvable. This demonstrates the strong single photon character of
the emission of the investigated optical feature, clearly proving that the emission stems
from an individual color center.
It is worth to emphasize that the single photon character is observed despite there being
many emitters spatially located in the cavity mode. The combination of the spectrally
detuned emitters and the spectral resolution power of the cavity allows to selectively
couple to a single emitter, even though the excitation is non-discriminatory. This could
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5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-Pérot cavity

in the future enable spectral multiplexing by quickly switching the cavity length on
demand to be resonant with different color center ZPLs.

Artifacts in the g(?) (r) measurement

In the ¢'® () measurement depicted in Figure 5.15 two peaks at time delays 7 = +19ns
were excluded from the fit, indicated by a gray background. These are artifacts of
the setup, which I was unfortunately unable to fully suppress. The peaks stem from
recombination photon emission within the silicon detector chip, that are observed by
the other detector, leading to a strong correlation. This is a known phenomenon which
was investigated in detail already more than twenty years ago [237]. The temporal shape
of the peak matches the expected temporal profile of the recombination emission, and
the temporal offset between the peaks of 7 = +19ns corresponds to an optical path
length of 5.7 m. This matches well with the path length traveled for either photo detector
to the cavity and back. Indeed, I observe that this artificial signal is always present,
except, when the detectors are illuminated and the optical path to the cavity is blocked.
I therefore assume that the artifact is generated from a recombination flash at either
detector, is then collimated by the focusing lens, reflected from the backside of the cavity,
which is highly reflective for any non-resonant light, guided back and finally hitting
the other detector. It is astonishing that despite this highly inefficient path, the effect
is so clearly visible. In the end, this is a demonstration of the high sensitivity of the
correlation measurements, which can reveal strong correlations even for small overall
amount of events. Often, spectral filtering is used to get rid of similar artifacts. In our
case, this is not possible since the emission spectrally overlaps with the investigated
emitter fluorescence. Other experiments used polarization filtering to prevent crosstalk
between the detectors [238]. This is principally built into our setup as well, as we use a
polarizing beam-splitter which polarizes the light on the way to the cavity and guides
it back onto the detector that caused the flash on return. Even after adding additional
polarization filtering, the artifacts were still visible. Therefore, I chose to simply exclude
them from the fit. Ideally, an optical isolator based on the Faraday effect could be used
to only transmit light from the cavity to the detectors and block any back reflection.
After having established that the emission stems from a single color center, I now turn
to investigate and quantify the Purcell enhancement.

5.3.3. Investigation of the Purcell enhancement of a single color center

In the following, we investigate the same bright feature we have analyzed in the previous
section, which was found to stem from a single color center. In order to determine the
Purcell enhancement, I now conduct measurements of the optical lifetime as a function
of the cavity emitter detuning. The repetition rate of the pulsed supercontinuum source
is reduced to 7.8 MHz to fully resolve the optical decay dynamics. Figure 5.16 shows
the different decay for a varying emitter-cavity detuning, measured as the mean count
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Figure 5.16.: Investigation of the Purcell effect of a silicon carbide color center
coupled to an optical resonator. (a) Fluorescence decays at different cavity-emitter
detunings. Gray lines are monoexponetial fits to the data with an offset to account
for the background. The different detuning levels are displayed in (b), together with
a sweep of the cavity over the emitter in gray. The extracted lifetimes as a function
of the mean countrate and the corresponding effective Purcell factor during the
measurement are plotted in Figure (c). The minimal lifetime observed is 7¢cay =
5.6 ns. The gray line is a fit to the data used to extract the free space lifetime (see
main text). Reproduced from [192].

rate observed during the measurement. Figure 5.16 (b) shows the corresponding single
photon count traces, compared to a scan of the cavity line over the emitter line. The
cavity is positioned at the respective detuning and manually kept on the same level
for the duration of the measurement. I observe a faster decay as the cavity is more
resonant with the emitter. The resulting lifetimes extracted from a mono-exponential fit
are plotted as a function of the mean countrate during the measurement in Figure 5.16
(c). As expected, we observe a decreasing lifetime as the cavity is shifted into resonance
with the emitter ZPL. This is a clear sign of Purcell enhancement of the emitter ZPL. The
shortest optical lifetime observed when the cavity is fully in resonance with the emitter
is Tcay = 5.6ns. For a conservative estimate, we assume the longest optical lifetime
measured on the fringe of the resonance, 7y = 7.3ns to be the free space lifetime of
the emitter, in good agreement with the values reported in the literature (7 = 7.08 ns)
[97]. Taking this as a reference value allows us to calculate the effective Purcell factor as
Cef = =% — 1, which is also depicted in Figure 5.16 (c). The maximal effective Purcell

Tcav
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factor I observe is Cer = 0.3. While this value appears low, it is important to consider
that only the radiative emission into the ZPL is enhanced, which is only a small fraction
of all decay channels. We can calculate the Purcell effect using the values reported in
the literature for the branching ratio into the zero-phonon-line { = 0.08 [209] and the
quantum efficiency QF = 0.3 [216], yielding Cy = ;lefE ~ 13. Therefore, the coherent
photon emission rate is enhanced by a factor of 13 as the cavity becomes resonant with
the emitter. Note that this calculation relies on the literature values, and it is unclear how
strongly these are affected by the proximity to the surfaces and strain in the membrane.
An alternative way to determine the free space lifetime, and therefore the effective Pur-
cell enhancement, is to perform a fit to the lifetime as a function of the countrate of the
form rof;rc and extrapolate the lifetime at no cavity enhancement. The fit is indicated as a
gray dashed line in Figure 5.16 (e). The extracted free space lifetime is 7o = (8.0 £0.5) ms.
This corresponds to an effective Purcell factor of Ceg = (0.40 + 0.10) and an ideal Purcell
factor of Cy = (18.1 + 4.0). The caveat is that the extracted free space lifetime is higher
than typically reported for bulk V2 centers. I therefore will use the more conservative

value of Cy = 13 in the following.

I compare the measured Purcell factor to the predicted values. The predicted Purcell
factor is calculated as discussed in Section 5.2.2. I use the linewidth extracted from
the dispersion measurement depicted in Figure 5.12 to calculate the quality factor Q =
~ = Tscmieiesam = 6-8X 10%. As discussed previously, this measurement contains
both the emitter and the cavity linewidth, which are therefore both accounted for in the
calculation. Making use of the transfer matrix model, the effective energy density cavity

length is calculated to be:

L —‘/ |n(Z)E(Z)|2dZ 4.28 5.12

M max(n B e (512

Together with the mode waist in the membrane wy; = 1.66 pm, the mode volume is
calculated to be:

2
7wy Lest 5
V= — =12.0A5 (5.13)

This results in a predicted Purcell effect of Cy = 25.7, twice as much as is observed
experimentally. The discrepancies can be explained by a non-perfect spatial overlap of
the emitter with the cavity mode, both transversally and along the optical axis. The
observed lifetime change is therefore consistent with our expectations. We expect that
through meticulous search and optimization, twice as high Purcell factors should be
obtainable with the current experimental parameters. Nevertheless, the experimentally
observed Purcell factor Cy ~ 13 already results in a high rate of detected, coherent
photons from a single emitter, and therefore constitutes an important first step towards
an efficient quantum network node. I will shortly discuss this in the following.
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Figure 5.17.: Saturation measurement of a bright, cavity-coupled V2 center. Ref-
erence power is the time average of a pulsed laser measured after the cavity. The
orange line is a saturation law fit to the data, which however shows an extremely
high uncertainty, indicating that no significant saturation is observed. Reproduced
from [192].

5.3.4. High rate emission of coherent, single photons

In order to quantify the achievable photon detection rates, I record the peak count
rate observed when scanning the cavity over the ZPL as a function of the excitation
power. Again, I make use of the pulsed super-continuum light source (repetition rate
= 78.2 MHz). The referenced powers are mean continuous wave values recorded after
the cavity. The resulting data is depicted in Figure 5.17. The maximum peak countrate
observed is 35 kct/s. There is no clear sign of saturation observed. A saturation law
fit of the form: P(Ix.) = Hﬁ:‘ﬁ to the data showcases only a linear behavior in the
accessible power range. Conversely, this means that the countrate could be increased
by a factor of five to ten, by simply utilizing a laser strong enough to drive the emitter
into saturation. Additionally, it is worth to note that the silicon-based single photon
detectors used to detect the emission have a poor detection efficiency in the NIR spectral
region of n4et & 30 %. By using state of the art superconducting nano-wire single photon
detectors, this could be enhanced by another factor of three. Therefore, I estimate that
the observable single photon countrate could be realistically increased by an order of
magnitude, without any changes to the cavity-membrane system. I emphasize that
all detected photons are scattered in the ZPL and can therefore be used for quantum
communication protocols.

In order to gauge this, it is useful to compare this to the typical detected photon rates
from a single emitter in the literature. Many works concerned mainly with the spin
properties of the V2 center solely use the fluorescence to read out the spin-state. This
can be done incoherently by collecting the PSB photons. In a state of the art confocal
microscope, typical countrates of saturated single V2 centers are on the order of 10 kcts/s.
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By using solid immersion lenses or nanopillars, the detected photon rate can be increased
to about 50 kcts/s [239, 238]. Recently, antenna structures were employed to detect up
to 150 kcts/s from a single color center [234] !. Selecting coherent photons from such a
source requires additional spectral filtering and reduces the observed rate to 8 % of the
observed value, even when the implemented filtering is lossless.

Reports on resonant enhancement of the ZPL are rarer. Single V2 center photon coun-
trates, Purcell enhanced by a whispering gallery mode resonator of 400 kcts/s were
reported by Lukiin et. al [219]. When considering that they drive their emitter into
saturation and use SNSPD detectors, these rates are comparable to the ones observed
in our work. Earlier works on V1 centers and di-vacancies in photonic crystal cavities
observe significantly higher Purcell factors of Cy =~ 80 [240] and Cy ~ 50 [241]. Open
access FP-cavities, such as the one used in this work, have the benefit of a high the-
oretical mode matching efficiency and a high directionality when properly designed.
Consequentially, the observable photon count rate can be higher than for other cavity
designs featuring comparable Purcell factors.

5.4. Outlook

In summary, I have demonstrated the Purcell enhancement of a single V2 center in
silicon carbide when coupled to a high finesse FFPC. The sample is integrated into the
cavity by bonding a thin membrane to a planar mirror. I find that SiC lends itself very
well to this approach, that has previously been pioneered with diamond membranes: I
observe a high finesse up to # = 40000, which is almost twice as high as for the bare
cavity system without the membrane. This is caused by a favorable interference effect for
the appropriate membrane thickness, increasing the mirror reflectivity. While this is not
unique to this material system, the membrane introduces only minimal additional losses
to the system, which is a big challenge for the diamond platform. Additionally, the strong
birefringence of SiC naturally ensures an optimal dipole overlap of the cavity mode
with the emitter dipole transition moment, which is important to maximize the Purcell
factor. I study the mode hybridization of the cavity membrane system and find that it
can be described excellently by a mathematical model. When cooling down the system
to cryogenic temperatures, narrow spectral features can be resolved using the cavity
enhancement and an off-resonant excitation. Some of these features are well-separated
and are well fit by a single Lorentzian. By analyzing the photon-statistics, I find a clear
single photon character, proving that the emission stems from a single color center. The
optical lifetime is analyzed as a function of the cavity-emitter detuning to determine

The observed countrate is not a good figure of merit, because it depends on the detector efficiencies and how
well the collection optics are aligned. An enhancement factor compared to an unstructured environment in
the same setup is therefore commonly given. In our system, the enhancement is given by the Purcell factor,
which however can not be directly compared to the empirically determined enhancement factor commonly
quoted for the photonic structures discussed above.
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the Purcell enhancement. I find an effective Purcell factor of 0.3, corresponding to an
enhancement of the zero-phonon line by a factor of 13, which enables the detection
of ZPL photon rates of up to 35 kcts/s. Thereby, I have realized an efficient source of
coherent photons.

In the following, I want to give an outlook on further directions and improvements that
this experiment could take. I will focus on realistic improvements, i.e. one that could
be realized with equipment already present or soon available in the lab. The first thing
that becomes apparent is that we observe high finesse values of up to ¥ = 40000 in the
center of the stop-band, e.g. at A = 980 nm, but we investigate transitions at 917 nm at
the edge of the stop-band, where the maximal finesse values observed are rather on the
order ¥ = 4000. The reason for this is that the mirror coating was originally designed in
order to enhance the coherent transition of Yb** ions, as discussed at length in chapters
2 and 3. By utilizing an optimized mirror coating, we could therefore achieve a finesse of
F = 40000 at the emitter wavelength of A = 917 nm. In this regime, the cavity linewidth
is quite narrow (on the order of 400 MHz). This is more narrow than what we estimate
from the observed linewidths in cavity experiments and on the same order as observed
during the characterization in the confocal microscope. Therefore, the thermalization
would likely need to be improved as well. The most straightforward approach would be
to utilize an exchange-gas cryostat instead of the cold finger architecture employed here,
as has been successfully demonstrated by my coworkers [242]. If realized, this could
lead to a significant higher Purcell enhancement.

Another interesting direction to pursue is to focus on the spin properties of the V2 center.
So far, our experiments can not probe these characteristics. There are multiple ways one
could work towards this. An implementation of a direct and efficient microwave drive
of the V2 center ground state would be one important ingredient. Recently, driving of
a NV center electronic spin in a similar cavity-membrane architecture was achieved
using striplines fabricated between the membrane and the mirror [243, 224]. Winding
an antenna around the fiber mirror has been investigated in our group and was used to
demonstrate driving of the electron spin of an ensemble of NV centers. One can also
envision striplines fabricated on top of the membrane, although the design needs to
provide sufficiently large gaps to not perturb the optical cavity mode, while still pro-
viding sufficiently strong driving. This would have the added benefit that it might also
improve the local thermalization. Having realized a microwave drive, a first step would
be the demonstration of ODMR. Here, the enhanced photon rate due to the cavity would
speed up the measurement time due to the higher available count rates, even though the
measurement scheme is equally sensitive to zero-phonon line photons and phonon-side
band photons. This assumes that the cavity linewidth is of a similar magnitude as in
this work (Aveay = 3.4 Ghz), larger than the splitting of the two optical, spin-conserving
transitions of the V2 center (Av = 1 Ghz), and therefore enhances both transitions in an
equal fashion.

The situation changes when the cavity linewidth becomes smaller than the splitting:
Then the cavity can selectively enhance one or the other transition, just as it was used
to spectrally select individual emitters. By enhancing only one spin-allowed transi-
tion, the rates of the system are heavily modified. Such a scheme could be used to, for

131



5. Color centers in a silicon carbide membrane coupled to a fiber-based Fabry-Pérot cavity

example, increase the contrast of an ODMR measurement or to initialize the emitter
into a certain spin state. This setting is comparable to an experiment where one uses
resonant lasers to selectively address the optical transitions, with the cavity replacing
the laser as the spectrally selective element. However, it is very difficult for resonant
experiments to extract ZPL photons from the sample, because one needs to separate the
fluorescence from the excitation light. In the cavity setting sketched above, one can still
use an off-resonant excitation, because the cavity takes care of the spectral selectivity.
Therefore, it is straightforward to spectrally filter out the excitation light at 785 nm in
the detection path and extract ZPL photons from the system. One can even envision
a dynamic adjustment of the rates of the optical transitions by detuning the cavity to
the transition, which might enable new protocols. Switching speeds as low as 100 ps
have been demonstrated in FFPCs [126]. Such a scheme would make use of the quick
tunability of open-access cavities, which is a distinct advantage compared to integrated
nanophotonic resonators.

I want to point out that the presented cavity architecture can be easily extended to study
other defects in silicon carbide such as the di-vacancies, or the vanadium center, by
using a different mirror coating. This is another advantage over integrated photonic
resonators, where a different emission wavelengths might require a fundamentally dif-
ferent design due to their lack of tunability. However, whether these novel defects offer
a real advantage over the V2 center is at this point an open question.
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6. Conclusion and outlook

In this thesis, I have investigated ytterbium ions and defect centers in silicon carbide
for their suitability as cavity-based quantum nodes in a quantum network. Here, I want
to summarize and contextualize the results and give an outlook how this work may be
continued.

Ytterbium ions were studied as dopants hosted in yttria nanoparticles. I have demon-
strated that the nanoparticles can be integrated into a high finesse FFPC without signif-
icantly hindering the cavity performance and observed first fluorescence signals that
show characteristic signs of Yb>* fluorescence at room temperature. Cryogenic ensemble
measurements allowed for the detection of the homogeneous optical linewidth in this
material, revealing an upper limit of the single ion linewidth of 5 MHz. Cryogenic cavity
measurements on this material platform were precluded due to the cryogenic cavity
design not achieving suitable low temperatures at the sample, limited by the design of
the cavity mechanics and the employed cryostat.

Instead, I investigated color centers in a thin silicon carbide membrane in a cryogenic
cavity setup. I studied the cavity-membrane system experimentally and found a good
agreement with a simulation-based model, and only small losses introduced by the
membrane. At cryogenic temperatures, the cavity was used to spectrally resolve indi-
vidual color centers. I studied the emission properties of a well-coupled color center,
and demonstrated a Purcell enhancement of the zero-phonon-line by a factor of 13,
resulting in a high detected rate of photons scattered into the coherent zero-phonon-line.
Thereby, I achieved one of the main goals initially laid out for this work: by coupling the
optical transition of an individual quantum system to a Fabry-Pérot resonator, I could
significantly enhance the coherent emission. Thereby, I have demonstrated that the
cavity-membrane system presented here can be used to realize an efficient spin-photon
interface, which might serve as a node in a quantum network.

Ytterbium ions or V2 centers

Having characterized two different quantum emitters in this work, the question which is
more suited as a quantum network node naturally arises. In some way, it is not surprising
that the V2 center cavity experiments were successful in demonstrating single emitter
fluorescence: Due to the significantly shorter optical lifetime of 7 ~ 7 ns, even a moderate
Purcell enhancement is sufficient to obtain a photon rate that is comfortably detected
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6. Conclusion and outlook

using a single photon counting module. This is true despite the fact that the V2 centers
optical properties are actually not that well-suited for coherent photon emission: due to
the low branching ratio into the ZPL ({ ~ 8%) and the existence of non-radiative decay
mechanisms (QE ~ 30%), only ~ 2.4% of excited state decays result in the emission of a
coherent photon. In other words, a saturated V2 center emits a coherent photon every
300 ns without any photonic enhancement (every 22 ns for the Purcell enhancement
Co = 13 demonstrated in this work).

When considering the long optical lifetime of ytterbium ions (z = 1.5 ms for the nanocrys-
tals investigated in this work), it becomes clear that an extremely large Purcell enhance-
ment of Cy ~ 17 000 is required to match even the non-enhanced coherent photon rates
of the V2 center. That is despite the fact that a significantly larger fraction of the emitted
light is scattered into the coherent “F;/,(0) — Fs;,(0) transition. The required enhance-
ment is an order of magnitude higher than the highest Purcell factors achieved in state of
the art experiments on such systems. Therefore, the achievable communication rates of
REI-based quantum nodes will likely remain significantly lower than for the V2 center.
Even though they were not the focus of this work, the spin properties of the quantum
emitter are equally as important when it comes to building a spin-photon interface. Spin
echo coherence times of 10 ms have been reported in Yb**:Y,SiO5 [244]. Values reported
for the V2 centers electron spin coherence are on the order of 10 ps to 100 ps, which
could be extended to 20 ms by decoupling pulse sequences [217, 245]. Fundamentally,
the coherence time of ytterbium ions could likewise be extended by a suitable decoupling
sequence, as has been demonstrated in Yb**:YVO, [120]. In summary, the coherent spin
properties of the two quantum systems are comparable, although decoupling sequences
are needed in order for the V2 center to match the spin coherence of an ytterbium ion
measured in a standard echo experiment.

When comparing the state of the art results obtained in SiC color centers and ytterbium
ions in solids, it seems like the color center are naturally better suited for the use as
quantum nodes in a network, because of their stronger optical transitions together
with a comparable performance concerning their electron spin properties. One distinct
advantage Ytterbium ions offer is their multiplexing capability: Due to their narrow
homogeneous linewidths and large inhomogeneous broadening, many ions can be spec-
trally addressed in one spatial mode, making them inherently scalable.

Adapting the cavity-membrane system to ytterbium

The cryogenic experiments on the silicon carbide platform showcased the potential
for integrating emitters in thin membranes. The cavity performance was ultimately
limited by the non-ideal mirror coating, which was originally designed for enhancement
of ytterbium fluorescence around A = 980 nm. I already discussed the potential for
cryogenic cavity experiments on the investigated ytterbium-doped nanoparticles in the
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respective section. However, what about instead integrating ytterbium ions in the form
of a thin membrane?

This approach is not entirely new and has been used successfully for erbium ions
in a Y,Si0s membrane [128, 129]. First steps on a similar experiment designed for
praseodymium ions were conducted in our group by my colleague Séren Bieling. It was
found that a well-fabricated membrane introduces minimal losses to the cavity, similar
to the observations in this work.

Applying the membrane approach to ytterbium has multiple, distinct advantages. Firstly,
it enables working in Y,SiOs, the most mature host material for rare earth ions. Ytterbium
ions doped into Y,SiOs at very low concentrations have shown excellent spin properties,
as discussed above. At the same time narrow homogeneous linewidths of T}, = 122 Hz
which are predominantly limited by the optical lifetime, and narrow inhomogeneous
linewidths (Ijhn ~ 1Ghz) have been observed [246, 247]. The second big advantage
membranes offer is that they enable working at much lower doping concentrations. The
probed volume in an eight micron thick membrane is approximately a factor of 5000
larger that that of a 100 nm diameter nanoparticle. Conversely, the doping concentration
could be reduced by this factor to the sub ppm level, while still probing thousands of
ions in the cavity mode volume. Crucially, the coherence properties of ytterbium would
greatly benefit, as Yb-Yb interactions have been found to be a limiting factor even in
strongly diluted samples.

If we assume the membrane performance to be similar to the studied SiC membrane
(F = 40000 at A = 980 nm) and similarly thick membranes (d = 3 pm), ideal Purcell
factors on the order of C; = 300 can realistically be obtained. Such values are large
enough to enable the detection of single dopants when accounting for setup efficiencies,
although the resulting signal will be dimmer than what I observed experimentally
for individual V2 centers. Besides single ion experiments, one could also make use
of the relatively small inhomogeneous broadening, which can be on the order of the
cavity linewidth, to couple many ions to a single cavity mode. This might enable cavity
mediated collective effects, which can boost light matter interaction further, and may
lead to various interesting physics to study.

Promise of the rare earth ion based molecular platform

The rare earth ion based molecular quantum emitters, which I investigated, hold the
most transformative potential for future use in quantum networks. As evident from the
results presented in this work, they are still in an early and exploratory stage, and far
away from the performance of the more established quantum emitters in conventional
host materials. However, as presented in this work, a large variation in their properties
by attaching different ligands to the lanthanide centers has been found. Therefore, the
promise of precise tailoring of their optical and coherent properties to match a targeted
application by engineering the molecular environment, while still far away, seems to be
attainable. This could break the cycle of blindly studying the many native color centers
in semiconductor hosts, hoping to find one that lends itself naturally to the desired
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application. Perhaps one day, it will be possible to come up with a list of requirements,
for example for a quantum network node, and then design and synthesize a suitable
molecular material that ticks all of the boxes. Somewhat ironically, quantum computers
might be an important tool to accurately predict the molecules properties and guide
their syntheses.

Only time will tell what technologies will form the backbone of quantum technologies in
the future. What is clear is that any useful technology will not only need a well-working
quantum system, but also integration into devices that serve to control and, in some
aspects, enhance it. Hopefully, this thesis contributes a small part to the quest for efficient
quantum nodes.
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A. Sample overview

In this thesis, I have simplified the nomenclature of the investigated samples in order to
improve readability. Here, I summarize the names of the investigated samples and their
original identifiers.

Table A.1.: Ytterbium based molecular complexes

Name in this thesis Name used internally =~ Chemical identifier

Yb-Al SOR-156 (phen)-ligand with
two additional Pyrazole units

Yb-A2 SOR-145 Additional Methyl Groups

Yb-B1 Yb-9 t-pip (Tetraphenylimidodiphosphinate)
ligand

Yb-B2 Yb-13 Bypiridyne ligand

Yb-Trensal Yb-Trensal (SKR-129)  2,2’,2”-tris(salicylideneimino)

triethylamine ligand

Table A.2.: Investigated silicon carbide membranes

Name in thesis/publication ~Name internally

Membrane A Membrane B
Membrane B Membrane D
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B. Room temperature confocal
microscope setup

Here, I briefly describe the room temperature confocal setup utilized in Section 3.2 and
Section 4.2. An image of the setup is depicted in Figure B.2. A detailed description
can be found in Tobias Kroms master thesis, wo initially built the setup for Europium
nanoparticles and wavelengths [63].

Laser system

The workhorse of the experiment is a tunable external cavity diode laser !, which emits
in a wavelength range of A = 940 nm to 985 nm. The wavelength can be tuned coarsely
over the full range with a motor acting on a grating and finely via a piezo actuator acting
on the grating. The laser outputs up to Ppax = 40 mW of power and the short-scale laser
linewidth is specified to be less than §, < 200kHz. To prevent strong back-reflection
into the cavity, an external optical isolator? with 80 dB of suppression was added to the
system. We use an AOM? in the so-called double pass configuration to temporally shape
the pulses and provide frequency shift of up to 100 MHz. The light is then fiber-coupled
and sent to the experiment.

Confocal Microscopy Setup

Excitation light is coupled out of a fiber, collimated with a lens and guided onto a dichroic
mirror. It is then focused onto the sample by a high NA objective, which is mounted to
a 3D positioning unit. The sample itself is clamped in a custom sample holder, which
is mounted to a stack of nano-positioners, which enable movement in all three spatial
axes with a precision of ~ 100 nm and a travel-range of several micrometer *. When
a fluorescing sample is brought into focus, the fluorescence is collected via the same
objective, but passes the dichroic mirror due to its longer wavelength. Additional filters
are used to suppress any remaining excitation light and possible to select spectral bands

Velocity TLB-6719, Spectra-Physics
2FI-980-5TIC, LINOS

3 AOM 3200-124, Gooch and Housego
4ECS3030, Attocube
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B. Room temperature confocal microscope setup
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Figure B.1.: (a) Confocal images of Yb>*:Y,O3 nanoparticles dispersed on a glass

substrate. (b) Experimental determination of the PSF by imaging a Yb3*:Y,03
nanoparticle.

of interest in order to suppress background fluorescence. The fluorescence light is then
routed to either a single photon counting module ! via coupling to a single mode fiber,
which simultaneously acts as a pinhole for the confocal microscope, or a fiber-coupled
spectrometer 2.

This setup was routinely used to characterize Yb**-based emitters at room temperature.
Besides creating confocal scans, it can be used to measure the optical lifetime by em-
ploying a pulsed excitation and correlation electronics to record the fluorescence decay,
and to record PL spectra via the spectrometer.

Confocal scan

By raster scanning the sample through the focus using the nanopositioners and recording
the fluorescence counts at every position, a fluorescence image or confocal microscope
image is created. This shows the spatial distribution of fluorescing emitters with a spatial
resolution given by the point-spread-function. For an exact derivation of the point-
spread-function, see for example [248] . The point spread function can be determined
experimentally by imaging a point-like feature (meaning much smaller than half a
wavelength). A measurement of the point spread function using a Yb**:Y, 03 nanoparticle
yields a PSF with waist wy = 0.56 um and is depicted in Figure B.1, together with an
example of a large scan spanning more than 200 x 200 pm?.

LCOUNT NIR, Laser Components
2Shamrock 500i equipped with iVAC316 LDC-DD camera, Andor Technologies
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B. Room temperature confocal microscope setup

Figure B.2.: Photograph of the confocal microscope setup. Excitation beam path is
indicated in red and detection beam path is indicated in pink.
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C. Cryogenic cavity setup

Setup and beampath

As mentioned in the main text, the cryogenic cavity was built up by my colleague
Maximillian Pallmann, and a detailed description, explanation of design choices and
characterization can be found in his thesis [86]. Here, I briefly describe it.
Photographs of the cryogenic cavity setup are depicted in Figure C.1. The cavity is
situated inside the sample chamber of a closed-cycle cryostat !. The main mechanics
are balanced on springs to decouple it from high frequency mechanical noise. The top
parts are thermalized to the cryostat cold plate using braided copper links. As described
for the room temperature setup in 3.2.2, the fiber mirror can be scanned quickly using a
combination of piezo ceramic actuators and a lever-arm mechanic. In addition, both the
fiber mirror as well as the macroscopic mirror can be coarsely moved using DC motors
and gears. The optical setup used for the SiC experiment is depicted in Figure C.2.

Figure C.1.: Photographs of the cryogenic cavity setup from different angles.

ICryostation, Montana Instruments.
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C. Cryogenic cavity setup
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Figure C.2.: Optical beampath for the SiC experiment. Adapted from [232].

Cryogenic cavity stability

For most experiments in this work, one desires to keep a cavity resonant with a specific
frequency, such as that of the probe laser or with the emission frequency of an emit-
ter under investigation. Due to the high finesse cavities employed, this translates to
high requirements on the cavity length fluctuations. A useful benchmark is the cavity
linewidth in terms of cavity length detuning, that is how much the cavity length needs
to be changed to cover one FWHMs of the cavity resonance. The cavity linewidth in
detuning is given by

A

Ad = —.
2F

(C1)
For a finesse of ¥ = 20000 at a wavelength of 1 = 985 nm, the design parameters for
the asymmetric coating used in this work, this translates to a cavity length variation of
Ad = 25 pm. In the experiment, it is desirable to keep the length fluctuations significantly
below that value, for example in order to maximize the Purcell effect. The rigid design
employed in our positioning unit results in low cavity length fluctuations, typically on
the order of tens of pm, with record values significantly below 1 pm [86].

Operating a cavity in a noisy cryostat, such as the cold cycle cryostat employed in
this work, is technological extremely challenging, and often a limiting factor for such
experiments. Here, I want to emphasize the works of my colleagues Timon Eichhorn
and Maximillian Pallmann, who carefully engineered and improved these cavity systems
for years, to the point where cavity length fluctuations on the order of few picometer
rms fluctuations are possible. For in-depth discussion and characterization on improving
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C. Cryogenic cavity setup
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Figure C.3.: Noise spectrum and cumulative rms length fluctuations of a FFPC for
two different configurations inside a closed-cycle cryostat. (a) Open cavity configu-
ration (b) Fiber mirror is brought into contact with the membrane. Reproduced from
[192].

the cavity length stability, I refer to their PhD theses and their joint paper [86, 232, 104].
I was very lucky to take over one such running system and therefore saving a lot of time
which would otherwise need to be spent on optimizing the stability.

The longitudinal cavity stability was measured for the experiment with the SiC membrane
described in section 5.3 during the experimental run where all the cryogenic data
presented here was obtained. Therefore, the resonator was positioned on the flank of
a Lorentzian shaped cavity resonance of known finesse ¥ = 1400 and height. The
deviations from the set point can then be converted by the linearized slope into cavity
length fluctuations. Additionally, spectral information about the noise can be extracted
via its Fourier transform. The resulting noise spectrum is plotted together with the
integrated cavity rms noise in Figure C.3 for two different configurations. In Figure
(a), the cavity is operated in a standard open configuration, that is there is a significant
air-gap between the mirror and the membrane. For the measurement depicted in Figure
(b), the fiber mirror is pressed into the membrane, forming a quasi-monolithic cavity.
Even in this configuration, the cavity length can still be tuned by several 100 nm, even
though significantly higher voltages need to be applied to the piezoceramic actuators.
However, the cavity length fluctuations are heavily reduced, in this case by a factor of
three, from 45 pm to 15 pm. All fluorescence measurements presented in Section 5.3
were taken in this configuration.

However, the contact configuration also has some downsides. For one, it is unclear how it
affects the local sample temperature. The fiber is not well thermalized and may introduce
local heating at exactly the position that is investigated. Additionally, experiments on
fiber-coupled optical waveguides have supposedly shown that fibers can introduce free
charge carriers stemming from the fiber surface into a semiconductor material when
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C. Cryogenic cavity setup

they are brought into contact !. In addition, strain may be introduced in the membrane.
All of these effects can perturb the emitter properties. Strain is an exception insofar as
some semiconductor color centers, such as the tin-vacancy center in diamond, actually
profit from high strain environments and strain engineering is therefore of high interest
for the community. However, strain tuning would ideally be independent from tuning
of the resonator frequency.

Private communication with University of Stuttgart
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D. Additional autocorrelation
measurements

In the main text, the discussion focuses on one bright ZPL in Membrane B. The cavity-
resolved fluorescence spectrum in the thicker Membrane A showed a more narrow
distribution of ZPLs frequencies, making it harder to resolve individual ZPLs. However,
by investigating far detuned emitters, individual emitters could also be resolved in this
system. Figure D.1 shows a pulsed ¢(*) () measurement for a far detuned ZPL (marked
by a pink arrow). The extracted value for ¢(® (0) is ¢/® (0) = (0.15 + 0.09) without
background correction, indicating a clear single photon character.
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Figure D.1.: (a) Cavity resolved emitter spectrum. The arrow marks the detuned ZPL
were the auto-correlation was investigated. (b) Fitted second-order auto-correlation
measured on the marked linein (a).
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G. Abbreviations and symbols

G.1.

cQED
NV
SiC
FFPC
FP
DBR
FSR
LIGO
WGM
FIB
DLW
AOM
NIR
NA
ZEFOZ
InGaAs
SNSPD
PSF
AWG
FWHM
ECDL
ASE

Abbreviations

cavity quantum electrodynamics
nitrogen vacancy

silicon carbide

fiber-based Fabry-Pérot cavity
Fabry-Pérot

distributed Bragg reflector

free spectral range

laser interferometer gravitational-wave observatory
whispering gallery mode
focused ion beam

direct laser writing
acousto-optic modulator

near infrared

numerical aperture

zero first order zeeman

indium gallium arsenide
superconducting nanowire single photon detector
pointspread function

arbitrary wave form generator
full width at half maximum
external cavity diode laser

amplified spontaneous emission
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G. Abbreviations and symbols

PLE
(0))]
rms

SiC

ZPL
PSB
HBT
ODMR

160

rare earth ion

atomic frequency comb
sodium dodecyl sulfate
photoluminescence
photoluminescence excitation
optical density

root mean square
silicon carbide

atomic force microscope
zero phonon line
phonon side band
Hanbury-Brown-Twiss

optically detected magnetic resonance



G.2. Symbols

G.2. Symbols

d cavity length

A wavelength

q longitudinal mode order
T; mirror transmission

Aj; mirror absorption

S scattering losses

E additional cavity extinction losses
I intensity

¥ finesse

wo mode waist

Zp Rayleigh range

4 Gouy phase

Apsg  free spectral range
Av cavity linewidth

(0] quality factor

<

cavity lifetime

\4 mode volume
R, radius of curvature
€ mode matching factor

Pyeac  intracavity power at an antinode

ni outcoupling efficiency

Omms  root mean square surface roughness
Co (ideal) purcell factor

b4 transition rate

u dipole moment

p(w) photon density of states

A(w) emitter density of states

79, T;  excited state lifetime
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G. Abbreviations and symbols

Tc Purcell enhanced lifetime
B collection efficiency

4 branching ratio

Cesr effective purcell factor

I'hom  homogeneous linewidth
Iinhom inhomogeneous linewidth
T, coherence time

QE quantum efficiency

(0))) optical density

9@ (r) second order autocorrelation function
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