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Summary

Single quantum systems interacting with light provide essential functional-
ity for their application as building blocks in future quantum networks, and
also present an opportunity for their own investigation with optical means.
Solids doped with rare-earth ions are an attractive platform, that can act as
such a light-matter interface, capable of reversibly transferring quantum in-
formation between photons and atoms, based on their unique optical and
spin properties. Yet, the implementation of rare-earth ions in scalable quan-
tum architectures remains a challenging task due to diverse reasons. Typi-
cally weak interaction with light, sparsely explored electron spin properties
in dense nuclear spin bath host materials, and limited nanofabrication tech-
nology when compared to other material systems are among the most press-
ing issues. In pursuit of overcoming weak light-matter interaction, several
routes towards rare-earth ion integration into photonic resonators, which al-
lows to boost light-matter interaction, are presented in this work. Further-
more, single rare-earth ions are explored as versatile probes for both, their
unique immediate magnetic environment, and also for a deterministic dop-

ing technique.

This thesis begins with discussing experiments with cerium-ion-related elec-
tron spins in a YSO matrix, which will give insight into electron spin interac-
tion with nearby nuclear spins in a material with a dense nuclear spin bath.
As an introduction, the method of optical isolation of cerium is presented,
fundamental to the experiment. In the following, the electron spin proper-
ties are investigated at cryogenic temperatures, under which circumstances
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the spin lifetime is found to extend to several hundred microseconds. Co-
herent control of the electron spin with microwaves show spin coherences to
persist for durations on the order of hundred microseconds, sufficiently long
to isolate proximal 8°Y nuclear spins from the nuclear spin bath of Y . The
coherent interaction time also allows for the detection of a single nearby 2°Si
nuclear spin, native to the host material with approximately 5% abundance.
These results establish single rare-earth ions to be used as probes for sin-
gle nuclear spins in their environment; single nuclear spins are a potentially
useful resource in quantum error correction schemes, that can ultimately fa-
cilitate scalability for quantum networks. The discussed findings open up
access to a broad range of materials, that can now be considered for quan-
tum applications, due to versatile doping of rare-earth ions into solid state
hosts.

In the second part, a deterministic doping technique is studied. Single rare-
earth ion microscopy on praseodymium in a YAG matrix is introduced as
a means to characterize a Paul-trap-based single ion implantation device.
Based on the appreciably high conversion yield of implanted praseodymium
ions into fluorescent color centers, integer number resolved fluorescence sig-
nals are found in implanted spots, revealing quantized creation of color cen-
ters. These findings provide access to studying color center formation and
also the conversion yield was quantified to up to 50%. The utilized upcon-
version microscopy also allows to describe the spatial quality of the single
ion doping, yielding a positioning accuracy of 72nm and precision of 34nm.
These results establish a novel, material independent deterministic doping
technique as promising tool for various solid-state approaches concerned
with quantum networks.

In the last part of the thesis, rare-earth integration into photonic resonators
is investigated, targeted at enhancing light interaction with rare-earth emit-

ters and enabling scalable light-matter interfaces. Two different material
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platforms are presented, both with their unique approach for realizing rare-
earth-based quantum architectures. Thin films made out of amorphous silicon-
doped titanium dioxide and deposited on various host crystals are intro-
duced as a first photonic platform. Due to films exhibiting a higher refrac-
tive index than subjacent crystals, films support waveguiding of light and
are shown to be shaped into waveguides and photonic resonators with low
propagation loss and high quality factors. Further, evanescent coupling be-
tween light modes in resonators and emitters located in the subjacent host
crystals is demonstrated. During cryogenic experiments, emitter properties
were also identified to be unaffected by the fabrication protocol, laying a
foundation for further resonant studies of emitters interfaced with titanium-
dioxide-based resonators. As a second photonic platform, targeted at Purcell-
enhancement based lifetime shortening of emitters interfaced with photonic
resonators under electro-optic control, the lithium-niobate-on-insulator plat-
form is introduced. The fabrication of photonic structures and their implan-
tation doping with various rare-earth species is demonstrated. Characteri-
zation of fabricated devices show sufficiently high quality factors and low
mode volumes, which in principle allow for measurements of Purcell en-
hancement. Electro-optically modulated lifetime measurements reveal the
degree of lifetime shortening and an appended analysis of doping proce-
dure allows to consider routes for future improvements towards single ion
detection based on integrated resonators. The presented work provides ac-
cess to a novel photonic platform with potentially remarkable control over
individual devices or nodes in a network, yielding a particularly high degree

of scalablility in rare-earth-based quantum architectures.
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Zusammenfassung

Einzelne Quantensysteme, die mit Licht wechselwirken, stellen eine grundle-
gende Funktionalitdt bereit, um sie als Bausteine in zukiinftigen Quanten-
netzwerken zu verwenden und bieten zudem die Moglichkeit an, sie selbst
mit optischen Mittel zu erforschen. Festkorper die mit Elementen der selte-
nen Erden dotiert sind, stellen eine attraktive Plattform fiir solche einzelnen
Quantensysteme dar, welche als Schnittstelle zwischen Licht und Materie
fungieren konnen. Eine derartige Schnittstelle erlaubt es Quanteninforma-
tionen zwischen Photonen und Atomen in einer reversiblen Art und Weise
zu transferieren, und im Beispiel an Ionen der seltenen Erden ist dies auf
deren einzigartige, optische- und spin-physikalische Eigenschaften zurtick-
zufiihren.

Die Implementierung von Ionen der seltenen Erden in skalierbare Architek-
turen von Quantennetzwerken bleibt jedoch aus verschiedenen Griinden eine
besonders herausfordernde Aufgabe. Unter die dringlichsten Probleme fallt
die typischerweise schwache Wechselwirkung von Ionen der seltenen Erden
mit Licht und die nur spérlich erforschten Eigenschaften von deren Elektro-
nenspins, insbesondere wenn sie sich in Materialien befinden, die eine hohe
Dichte an Kernspins aufweisen. Zudem findet man schnell Beschrankun-
gen in der Nanofabrikationstechnologie von seltene-Erd-dotierten Materi-
alien im Vergleich zu anderen, herkdémmlicheren Materialsystemen. Im Be-
streben die relativ schwache Licht-Materie-Wechselwirkung zu tiberwinden,
werden in dieser Arbeit verschiedene Wege présentiert, um Ionen der selte-

nen Erden in photonische Resonatoren zu integrieren, welche es ermoglichen
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die Licht-Materie-Wechselwirkung zu verstarken. Aufierdem werden einzelne
Ionen der seltenen Erden als vielseitige Messsonden in dieser Arbeit vorgestellt,
die einerseits dazu benutzt werden die unmittelbare Umgebung der Ionen
hinsichlicht magnetischer Felder von umliegenden Kernspins zu untersuchen,

und andererseits um eine deterministische Dotiermethode zu studieren.

Die Dissertation beginnt mit der Diskussion von Experimenten an einzelnen
Elektronenspins von Ceriumionen, die sich als Storstellen im YSO-Kristall-
gitter befinden. Durch die Interaktion der Elektronenspins mit benachbarten
Kernspins, konnen Riickschliisse auf die Kernspinumgebung des Ceriumions
im Kristall gezogen werden. Als Einstieg wird die Methode zur optischen
Isolierung von Ceriumionen présentiert, welche grundlegend fiir nachfol-
gende Experimente ist. Danach werden bei kryogenen Temperaturen die
Eigenschaften des untersuchten Elektronenspins untersucht, wobei sich die
Lebenszeit des Spinzustandes auf mehrere hundert Mikrosekunden unter
diesen Bedingungen erstreckt. Kohéarente Kontrolle iiber den Elektronenspin
mittels Mikrowellenstrahlung erlaubt es Kohérenzzeiten des Spins in der
Groflenordnung von hundert Mikrosekunden zu messen. Diese Zeitdauer
ist ausreichend lang, um die dem Ceriumion nahgelegenen 8°Y Kernspins
vom Gesamtbad aller #Y Kernspins zu isolieren. Zustzlich erlaubt diese
kohirente Interaktionsdauer die Detektion eines einzelnen 2°Si Kernspins,
welcher nichstgelegener Nachbar zum Ceriumion im Kristallgitter ist, und
der mit einer Haufigkeit von ungefahr 5% im Material vorzufinden ist. Diese
Ergebnisse etablieren Ionen der seltenen Erden als Messfiihler fiir einzelne
Kernspins in deren unmittelbaren Umgebung. Da einzelne, adressierbare
Kernspins als eine niitzliche Ressource fiir Quantentechnologien betrachtet
werden konnen, bedeutet deren Detektion mittels seltener Erden, dass eine
ganze Reihe neuer Materialien fiir Quantenanwendungen in Frage kommen,
aufgrund der flexiblen Dotierung von Materialien mittels seltener Erden. Ein
Beispiel fiir die Niitzlichkeit von Kernspins ist deren Anwendung in Quan-
tenfehlerkorrekturalgorithmen, deren Implementierung als grundlegend fiir

die Skalierbarkeit von Quantennetzwerken angenommen wird.



xiii

Im zweiten Teil wird eine deterministische Dotiermethode studiert. Hier-
fir wird die Mikroskopie an einzelnen Ionen der seltenen Erde Praseodym
in einem YAG Kristall vorgestellt, welche dazu benutzt wird, eine auf einer
Paul-Falle basierenden Implantationsapparatur fiir einzelne Ionen zu charak-
terisieren. Aufgrund der nennenswert hohen Konversionsrate von in YAG
implantierten Praseodymionen zu fluoreszierenden Praseodymfarbzentren,
konnen ganzzahlige Fluoreszenssignalstufen in den implantierten Stellen ge-
funden werden, welche die quantisierte Erzeugung von Farbzentren offen-
baren. Diese Erkenntnis erlaubt es, die Entstehung der Praseodymfarbzen-
tren genauer zu untersuchen und eine Konversionswahrscheinlichkeit zu
bestimmen, die bis zu 50% erreicht. Die verwendete Mikroskopiemethode
erlaubt es auflerdem die ¢rtliche Auflosung der Dotiermethode fiir einzelne
Ionen zu beschreiben. Die Positionstreue der implantierten Stellen konnte
auf 72nm und die Wiederholgenauigkeit der Positionierung in den jeweili-
gen Stellen konnte auf 34nm beziffert werden. Diese Ergebnisse etablieren
eine neuartige und materialunabhéngige Methode zur deterministischen Do-
tierung, die ein vielversprechendes Werkzeug fiir verschiedene festkorper-
basierte Ansitze darstellt, welche auf die Realisierung von Quantennetzw-
erken ausgerichtet sind.

Im letzten Teil der Arbeit wird die Integration von Ionen der seltenen Erden
in photonische Resonatoren untersucht, welche darauf abzielt, die Wechsel-
wirkung zwischen Licht und den auf seltenen Erden basierenden Farbzen-
tren zu verstirken, um schliefSlich skalierbare Licht-Materie-Schnittstellen
zu ermoglichen. Hierbei werden zwei verschiedene Material-Plattformen
vorgestellt, die beide eine jeweils spezifische Herangehensweise aufweisen,
um eine auf seltene Erden basierte Quantennetzwerkarchitektur zu realisieren.
Die erste Material-Plattform arbeitet mit diinnen Filmen bestehend aus amor-
phem, siliziumdotiertem Titandioxid, welche auf verschiedene Kristalle, die
mit seltenen Erden dotiert werden konnen, abgeschieden werden. Da die
abgeschiedenen Filme iiber einen hoheren Brechungsindex als die darun-
terliegenden Kristalle verfiigen, konnen sie Lichtwellenleitung unterstiitzen;



Xiv

und es wird gezeigt, dass die Filme in photonische Wellenleiter und Res-
onatoren mit niedrigen Propagationsverlusten und hohen Giitefaktoren aus-
gestaltet werden konnen. Desweiteren wird die evaneszente Kopplung zwis-
chen Lichtmoden in Resonatoren und Emittern, die sich im tieferliegenden
Kristall befinden, demonstriert. In Experimenten bei kryogenen Tempera-
turen wird gezeigt, dass die Eigenschaften der seltenen Erden als Emitter
nicht von Fabrikationsabldufen beeintrachtigt werden. Dieser Sachverhalt
schafft die Grundlage fiir weitere resonante Studien an seltenen Erden, die
an Titandioxidresonatoren gekoppelt sind. Als zweite photonische Plattform
wird Lithiumniobat auf Isolator vorgestellt; ein Materialsystem, das auf eine
elektro-optisch kontrollierbare Lebenszeitverkiirzung der Ionen der seltenen
Erden abzielt, basierend auf deren Kopplung mit photonischen Resonatoren
und deren einhergehender Purcell-Verstarkung. Fiir dieses Materialsystem
wird die Fabrikation von photonischen Strukturen, sowie deren Dotierung
mittels Ionenimplantation gezeigt. Die photonischen Elemente weisen kom-
pakte Modenvolumina auf und zeigen in anschlielenden Charakterisierun-
gen ausreichend hohe Giitefaktoren, die es prinzipiell ermdglichen Purcell-
Effekt basierte Lebenszeitverkiirzungen an Emittern zu messen. Die elektro-
optisch modulierten Lebenszeitmessungen offenbaren den Grad der Purcell-
Verstarkung und die anschlieflende Analyse des Dotiervorgangs erlaubt Be-
trachtungen zu zukiinftigen Fortschritten in Richtung Einzelionendetektion
basierend auf integrierten Resonatoren. Die vorgestellten Resultate ermog-
lichen Einsicht in eine neuartige photonische Plattform, die eine potenziell
beachtenswerte Kontrolle iiber einzelne Knotenpunkte in einem festkorper-
basierten Quantennetzwerk ermoglicht, womit sich ein besonders hohes Maf3
an Skalierbarkeit fiir Quantenarchitekturen basierend auf seltenen Erden er-
gibt.



Chapter 1

Introduction

A fascinating range of information processing tasks are enabled by modern
computing based on the seemingly relentless progress made by computa-
tion and information technology. This unprecedented rate of advancement
draws attention to what fundamentally limits information processing. Lim-
its, defined by quantum physics, are being explored with both, scientific and
technological implications.

Current research is motivated by the idea to apply a quantum mechanical
system to quantum information processing tasks, an area coined "quantum
information" and in this spirit, this work focuses on the palpable point of
understanding the physical realization of such a quantum mechanical sys-
tem from different perspectives. This boils down to the exploration of a
unique material system, namely rare-earth ion doped solids and in partic-

ular to three, on first glance, mutually independent topics.

Firstly, the detection of single nuclear spins in the host crystal, by sensing
them on the single spin level with a nearby rare-earth quantum emitter.

Secondly, the generation of single rare-earth dopants in host crystals, by us-
ing a deterministic single ion implantation technique.
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And lastly, in order to access an ever increasing number of different single
quantum systems, the effort to engineer the density of states of rare-earth

dopants by means of optical resonators.

These three points constitute fundamental and ongoing trends for the broad
field of solid-state emitters and they receive ample attention regarding rare-
earth ion doped solids in this work. The topics merge into a coherent pic-
ture of the expansion of accessible tools and materials, and the change of
paradigms, all in the light of unique rare-earth properties and directed at re-
alizing quantum light-matter interfaces to obtain building blocks for future

quantum networks.

1.1 OQOutline of the Thesis

This thesis is the compilation of the work done during my PhD by my col-
laborators and I on developing device fabrication techniques for rare-earth
ion doped solids and on single rare-earth ion spin spectroscopy.

Chapter 1 gives a background for this thesis with an abridged introduction
to quantum information processing, it introduces rare-earth ion physics and
lastly techniques, that allow experimenting with individual ions, which rep-
resents a foundation of this work.

Chapter 2 presents a spin spectroscopic study on single Ce** ions in YSO.
This comprises the optical isolation of a single cerium ion, demonstration of
coherent manipulation of the cerium electron spin and the sensing of a single

nearby nuclear spin.
Relevant publication for Chapter 2:

* Thomas Kornher, Dawu Xiao, Kangwei Xia, Fiammetta Sardi, Roman
Kolesov, Nan Zhao, and Jorg Wrachtrup, Sensing individual nuclear spins
with a single rare-earth electron spin, Physical Review Letters, volume
124, issue 17, page 170402 (2020)
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In chapter 3, I discuss a deterministic single ion implantation technique. Us-
ing this technique, single rare-earth ions were implanted in patterns into a
crystal and subsequently analyzed by optical microscopy. I describe the pro-
cedure of background free microscopy and quantify precision and accuracy.
These are measures that characterize the implantation technique and are de-
duced from optical measurements.

Relevant publication for Chapter 3:

¢ Karin Groot-Berning, Thomas Kornher, Georg Jacob, Felix Stopp, Samuel
T. Dawkins, Roman Kolesov, Jorg Wrachtrup Kilian Singer, and Ferdi-
nand Schmidt-Kaler, Deterministic Single-Ion Implantation of Rare-Earth
Ions for Nanometer-Resolution Color-Center Generation, Physical Review
Letters, volume 123, issue 10, page 106802 (2019)

Chapter 4 focuses on techniques, that are developed for fabrication of op-
tical resonators coupled to rare-earth ions. I discuss an approach based on
evanescent emitter-resonator coupling based on amorphous thin film silicon
doped titanium dioxide films. Additionally, an alternative take that involves
directly embedded rare-earth ions in thin film lithium niobate on insulator,

capable of electro-optic modulation of cavity resonances, is presented.
Relevant publication for Chapter 4:

e Thomas Kornher, Kangwei Xia, Roman Kolesov, Bruno Villa, Stefan
Lasse, Cosmin. S. Sandu, Estelle Wagner, Scott Harada, Giacomo Ben-
venuti, Hans-Werner Becker, and Jorg Wrachtrup, Amorphous Silicon-
Doped Titania Films for on-Chip Photonics, ACS Photonics, volume 4, is-
sue 5, pp. 1101-1107 (2017)
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1.2 Quantum Networks: From Classical to Quan-

tum Information Processing

Progress in computational power over the last decades sprang from devel-
opments in fabrication techniques, that led to an ever-increasing density of
manufactured transistors on computer chips and to the observed exponential
rise in information processing power. Extrapolation tells us, that a further
miniaturization will eventually meet fundamental limits in size. So, in or-
der to maintain progress in computational capabilities, a shift in computing
paradigm from conventional towards quantum computation was proposed
by Richard Feynman in 1982 [1]. This proposal targeted the inability of con-
ventional computers to solve certain problems efficiently, meaning without
an exponential scaling in computation time. The idea of encoding informa-
tion as quantum states, however, allows to project to an exponential increase
in computing power as a function of the systems size and in turn opens up
afore-said classes of problems to be solved. Important examples for such a
problem are the factorization of large numbers, put forth by Peter Shor in
1994 [2] and simulating quantum mechanical systems.

As a consequence, an increasing effort is expended to control and study sin-
gle quantum systems, in order to discover unexpected phenomena, stimu-
late the development of new experimental methods and ultimately to ex-
ploit them to our advantage. Prominent research fields dealing with single
quantum systems are single atoms in traps, quantum dots, superconducting
circuits and amongst others, single impurities in solids. They all share a fun-
damental property: an accessible quantum-mechanical degree of freedom [3,
4].

1.2.1 Quantum bits

In analogy to conventional computers storing information in binary bits in
form of a logical 0 or 1, quantum information is stored in quantum bits, or
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qubits, in form of quantum-mechanical states of individual particles. In or-
der to grasp the advantage of the qubits’ superposition states versus their
classical counterparts logical states, it is sufficient to consider a simple two-
level system. The two different levels, represented by two distict quantum
states, can originate from a variety of physical systems. Most commonly,
photons and their polarization, electrons or nuclei and their spin, Josephson
junctions and their electric charge or superconducting loops and their mag-
netic flux, are used as physical realizations of qubits.

In Dirac notation, where |0) and |1) label the quantum states, an arbitrary

superposition state is given by the wave function ¢ with:

[$) =c0|0) +c1]1) (1.1)

The wave function amplitudes ¢y and c¢; are complex numbers with |co|2 +
|c1/* = 1 and contain the quantum information, such as coherence between
the states. The favorable scaling of quantum information within a registers
becomes apparent for a larger number N of qubits considered. While for a
two-qubit register we have four possible states,

) = o0 [00) + co1 [01) + c10 [10) 4 c11 [11) (1.2)
in the case of N = 3, we have 2V = 8 wave function amplitudes with

[¥) = cooo [000) + coo1 [001) + co10 [010) 4 co11 [011) (1.3)
4100 |100> + c101 |101> + C110 |110> + 11 ‘111> .

The shown exponential growth in number of amplitudes for qubits translates
into exponentially many locigal states a quantum computer can simultane-
ously explore. In contrast, a classical computer with # bits can also have 2"
possible states, but can only be in one state at a time [5].
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Input qubits Output qubits

Control Target Control Target

10) 10) 0) 0)
10) ) 0) 1)
1) 10) 1) 1)
) ) ) 10)

TABLE 1.1: Truth table for the C-NOT operation.

1.2.2 Experimental conditions for Quantum Computing

Just like a classical computer performs operations on one or more bits si-
multaneously in order to change its state, a quantum computer carries out
quantum logic gates during the processing task. It was shown that unitary
single qubit operations as well as a unitary two-qubit gate, in the simplest
case the controlled-NOT (C-NOT) gate (see table 1.1), already represent a
"universal” set of quantum gates [6].

While quantum computing hardware requires only coherent interactions in
the considerations up to now, additional requirements for the physical sys-
tem were proposed by DiVincenzo [7], targeted at achieving quantum com-

putation in a realistic scenario and in order to benchmark different systems:
1. A scalable physical system with well characterized qubits.

2. The ability to initialize the state of the qubits to a simple fiducial state,
such as [000...).

3. Long relevant coherence times, much longer than the gate operation

time.
4. A "universal" set of quantum gates.
5. A qubit-specific measurement capability.

These five criteria are largely intertwined, however, the scalability of a physi-

cal system emerged as key question and can constitute a hard limit that rules
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out usage of matter systems for quantum computation. In principle, each
individual qubit in a register must only interact weakly with its environ-
ment, in order to exhibit long conherence times (3). Simultaneously, qubits
must interact strongly with each other for performing quantum gates (4) and
also with a qubit specific driving field for initialization (2) and readout (5),
in contrast to the need for high isolation from environment. The addition
of a qubit to an existing network of qubits is therefore equivalent to adding
noise to the system and in turn affects the networks properties. In order to
meet these disparate requirements, a high degree of control is required over
the physical system and more specifically, the individual qubits constituting
the network. As a consequence, the study of individual qubits emerged as
flourishing area of research with its own range of approaches and techniques
to identify and address single quantum systems. In this work, examples
for some of these approaches are given and comprise the use of micro- and
nanostructures (see chapter 4) and spatial confinement (see chapter 2). In
general, longer coherence times, faster quantum gates, higher fidelities and
quantum error correction are examples for key aspects that are continually
studied and optimized because they allow for an increased number of qubits
used in a network.

Scalable quantum systems need to preserve coherent quantum states and
perform quantum gates on the timescale of the relevant coherence time of the
system. The constituent qubits and their operations, however, are fundamen-
tally susceptible to errors. In order to account for uncontrolled interactions
with the environment, quantum error-correction has been developed to pro-
tect quantum information. Most notably, fault-tolerant quantum computing
was paved the way by the development of topological error code techniques
[8, 9] that try to realize noise-resilient logical qubits comprised of numerous
physical qubits with a probability of error per quantum gate up to 1%. How-
ever, while a demonstration of error-corrected logical qubits outperforming
their physical constituents has not yet been achieved, coordinated efforts are
being expanded towards this goal [10].
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Ultimately, a quantum computer will only be worth building, if it can out-
perform its classical counterpart in a certain task. This condition is closely
linked to the size of the quantum network, or number of qubits the quan-
tum computer can draw on, its gate operation fidelities and gate modalities
and the problem at hand. Factorizing a large number is a good example of a
relevant problem where a quantum computer can best a classical one. With
a high error tolerance of 1% during gate operations on a two-dimensional
lattice of qubits with only nearest-neighbor interaction, the factorization of
a number with N = 2000 bits would require 2.2 x 108 physical qubits and
a full day of operation. While an error tolerance of about 0.1% can reduce
the number of physical qubits by an order of magnitude to 2 x 107, the ex-
ecution time would stay unaffected [8, 11]. In any case, this surpasses even
the fastest classical supercomputers of today. Heuristically estimated [12],
they would not take shorter than hundreds of thousands of years for this
particular task. Other estimates for usefulness of a quantum computer find
~ 100 qubits [13] as a threshold , or even 53 qubits in the most recent case
[14], where the delicate choice of the problem should be taken with a grain
of salt.

On the basis of DiVincenzo’s list of requirements, different matter systems
can be compared with each other. To what degree different systems are
fulfilling these requirements serves as a measure for their matureness for
quantum computing applications. Several material systems, such as super-
conducting qubits, trapped ions, ultracold atoms and solid-state spins offer
quantum coherence, the central resource that allows for creation of entangle-
ment by controlled interactions [10]. In particular, solid-state spins with op-
tical transitions are seen as promising route to obtaining scalable quantum
networks. Such a network would consist of several quantum nodes in the
form of the spin systems, which are connected through quantum channels,
where photons carry quantum information over long distances at room tem-
perature [15]. There is a multitude of different solid-state spin system that

can serve as light-matter interface, such as various color centers in diamond
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or silicon carbide, donors in silicon, quantum dots and rare-earth ions in
solids [16]. The reason why rare-earth ions are considered a promising plat-
form with potential to go beyond more established approaches, is a unique
set of properties. They combine record-long coherence times in the solid-
state [17], telecom band transitions for long-distance entanglement distribu-
tion [18] and integrability into photonic structures [19, 18, 20], a crucial point
that implies scalability. Additionally, highly efficient creation of rare-earth
ions via implantation techniques [21, 22, 23] underpins their application in
quantum technologies. Specifically, the deterministic implantation with high
accuracy and precision, discussed in chapter 3, shows how interwoven ad-
vances in implantation techniques and the study of single quantum systems

are.

1.3 Rare-Earth Ions in Solid-State Hosts

The spectroscopy of rare-earth ions, by now a decades spanning research
endeavor [24, 25, 26] , put forth a multitude of applications for modern
technology. The scientific interest in unusually narrow optical spectral fea-
tures and their relation to f-shell electrons initiated the widespread study of
rare-earth ions in solids. This led to insights into the fundamental structure
of solid-state systems by studying rare-earth probes in crystalline lattices,
which up until now continues as fruitful research modality of the field. The
findings resulted in technologies like rare-earth activated phosphors, once
used for TV screens and nowadays in light emitting diodes, and develop-
ment of some of the most prevalent laser media, such as Nd3* doped ma-
terials. The example of Er** doped materials, which constitute an essential
part of today’s telecommunication technology in the form of optical fiber
amplifiers, helps to understand the reasoning behind ongoing investigation
of rare-earths. The interlinked fields of rare-earth quantum information and
quantum telecommunication research represent an obvious trend towards
progression of modern technologies [27, 28, 29, 18].
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1.3.1 The Lanthanides

Rare-earths are chemical elements of the lanthanide series, ranging from lan-
thanum with atomic number Z = 57 to lutetium (Z = 71). Contrary to their
naming, they are far from a rare constituent in the earth’s crust, with the
exception of the unstable promethium. Their abundance is comparable to
that of arsenic or lead, neither of them are considered rare; cerium even is
almost as abundant as copper on earth [30]. Their arrangement in the pe-
riodic table is related to their 4f electronic shell filling up with increasing
atomic number, reflected in their electronic configuration [Xe]6s?4f", with
n € {0,...,14}. The fact that they all share the same bonding electrons lo-
cated in the 6s shell translates into their chemically similar properties, such
as the preferred 3+ oxidation state. Their exceptional optical properties can
be understood from the radial extent of the full 5s and 5p shells, which en-
close the partially filled 4f shell, as shown in figure 1.1. These 5s and 5p
shells act as shielding for the 4f electrons from environmental disturbances
imposed by neighboring ions. In this isolation, optical transitions of electrons
within the 4f shell, so-called 4f <+ 4f transitions, give rise to extremely nar-
row optical linewidths in crystals, as small as 122Hz for Eu®t [31] and even
50Hz for Er®* [32]. The fact, that electrons in the partially occupied 4f shell
are shielded by a "Faraday cage" and do not participate in chemical bond
formation is also the reason why a simple approximation allows for estab-
lishing the electronic level structure of rare-earth ions. It is the application
of quantum theory of atomic spectroscopy, that permits to readily construct
free-ion energy levels and only a subsequent perturbation theoretical treat-
ment of crystal-field interactions is needed to explain collective solid-state
effects when the ion is in a condensed phase, what makes the rare-earth ions
unique amongst solid-state systems [26].
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FIGURE 1.1: Radial charge densities for the 4f, 5s, 5p, 6s

electrons calculated for Gd3t , taken from [33]. The 4 f shell

is well enclosed by the 5s and 5p shells and is largely un-

affected by the outer 6s electrons. Inset: Electronic ground

state configuration of cerium. Asterisked shells contain va-

lence electrons that participate in the formation of ionic
bonds for the case of Ce3*

1.3.2 Electronic Level Structure of Rare-Earths

For an N-electron ion without influence of external fields, the terms of the

Hamiltonian are [26]:

H=Ho+ Hc+ Hso

(1.4)
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with
N2 o N oz

Ho = 1212mvi_i=21 ; (1.5)
N 2

He = 2 (1.6)
i<j 1]
N

Hso = ZC(Vi)li'Si- (1.7)

Equation 1.5 contains the kinetic energy and the potential energy of the elec-
trons in in the field of the core of the atom, equation 1.6 denotes the Coulomb
interaction between electrons and equation 1.7 represents the spin-orbit in-
teractions, typically regarded as magnetic dipole-dipole interaction between
the spin and the angular moment of the electrons with the spin-orbit cou-
pling constant {(r;), which is usually determined empirically. While not ab-
solutely accurate for rare-earth ions, the so-called Russell-Saunders, or LS,
coupling scheme serves as starting point for momentum summation. Ac-

cordingly, the total orbital and total spin momentum operators are the sums

N
L=)"1, S=1) s (1.8)
i i=1

The 4f states of rare-earth ions are split into manifolds with the same total
angular momentum J = L + S. Each ] multiplet has 2] + 1 energy levels. In
the LS coupling scheme, ] is a good quantum number and is used to identify
the electronic configurations by 25*1L j. Trivalent rare-earth ions and their
ground state configuration relevant to this work include Ce®* with 2F; /2,
Pr3t with 3Hy, Er®* with 4135, and Yb3* with 2F, /, as examples.

The crystal-field influence onto the free ion is treated as point-charge pertur-
bation and is defined by [34]

Hep =Y, Bka (1.9)
k.q,i
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where B’,; are crystal-field parameters, and Cf;(i) are spherical tensor oper-
ators that transform like spherical harmonics and are summed over all i
electrons of the ion. The 2] + 1 energy levels in each ] multiplet are Stark
split by the electrostatic crystal-field into a local crystal symmetry depen-
dent number of levels. According to Kramers theorem, every energy eigen-
state of a time-reversal symmetric system with half-integer total spin has at
least one more eigenstate with the same energy. In other words, ions with
odd number of electrons, so-called Kramers ions, stay at least doubly degen-
erate. Furthermore, the crystal-field influence can cause a mixing of wave
functions with opposite parity, such as 4"~ 154! states, to the 4f states. This
makes the strictly parity forbidden 4f <+ 4f transitions partially dipole al-
lowed. Since these crystal-field perturbations are typically small, only weak
electron-phonon coupling can be observed for these transitions [35], repre-
sented by narrow optical linewidths and long excited-state lifetimes, charac-
teristic for rare-earth ion spectroscopy. The interest within the field of quan-
tum information in rare-earth ions builds exactly on these properties, namely
the high degree of isolation from environmental effects, which is closely re-
lated to long coherence times of systems. However, the low interaction with
environment and the access to a single quantum system, which is required
to reliably measure said system, are two sides of the same coin.

1.3.3 Previous Work on Single Rare-Earth Ions

Probing single rare-earth ions has emerged as research direction over the last
years [36, 37, 38, 39, 19, 18], with a variety of techniques, that grant access
to previously unaccessible single quantum systems. The identification of a
single rare-earth ion proved to be challenging based on the long excited-state
lifetimes of the characteristic 4f <> 4f transitions. Typically, these optical
lifetimes range between 100us-10ms [40]. This corresponds to a rather low
flux of photons that can in principle be collected in order to observe single

ion signatures.
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To alleviate experimental conditions, the first definitive proof of single rare-
earth ion detection [36] exploited the energetically higher 4f5d states of Pr:YAG
due to the much shorter lifetime of these states. This approach, sometimes re-
ferred to as the "brute force approach” within the rare-earth ion community,
requires broadband UV photons to be detected. This was realized by optical
upconversion, where the 4f electron is promoted to states outside the 4 f shell
and can then decay back within nanoseconds under phonon sideband as-
sisted emission of a photon. Finally, based on the increased emission rate of
the rare-earth ion, sufficient signal can be collected in a confocal microscope
[41]. The main function of the confocal microscope is the additional spatial
filtering it applies to the detected signal, which can be further enhanced by
microscopy of nanocrystals as demonstrated in [36, 39]. Apart from spatial
filtering, spectral filtering with optical filters to reduce background fluores-
cence and most importantly the efficient extraction of fluorescence light from
the ion require special attention for this technique. This does not only in-
clude the use of optical elements with minimum loss in the spectral range of
the signal photons, but also covers micron-sized photonic structures such as
a solid immersion lense (SIL) [42]. SILs fabricated directly onto the surface of
a crystal can cancel refraction and total internal reflection of excitation and
emission light fields based on the index difference between the refractive in-
dex of the crystal and the immersion medium of the microscope objective
lens. This index difference otherwise causes a reduction of resolution and
collection efficiency of the microscope, by effectively reducing the numerical
aperture of the microscope objective lens. In a similar fashion, single Ce:YAG
[37] was detected and subsequently used for coherent microwave manipula-
tion of its spin [43] and for coherent population trapping [44].

A fundamentally different approach to access single rare-earth ions was pre-
sented in [38], where a single electron transistor (SET) is used to detect single
photoionized erbium ions in silicon. The SET functions as a charge sensor,
which detects photoionization events of erbium when a narrow band laser is

tuned into resonance of an individual ion’s #Iy5,, <+* I3/, transition. This
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was the first demonstration, where a single rare-earth ion was selected opti-
cally in the spectral domain. Later, it was followed by [39], where a highly
stabilized laser was used to excite a single Pr:YSO ion, located in a nanoparti-
cle (spatial confinement) and spectrally filtered by excitation with the narrow
band laser. The experiment marks a direct optical detection of single ions via
a4f « 4f transition and it was achieved by collecting signal photons with
the help of a SIL.

Further successful detections of single rare-earth ions were all recently achieved
by coupling either single Nd:YVO [19] or single Er:YSO [18] to a nanopho-
tonic resonator. Selection of the indivudual ions was achieved by narrow
band excitation lasers in the spectral domain. These integrated nanophotonic
structures serve as an efficient light-matter interface, that allows to collect a
well-defined optical mode as signal and they provide an enhancement of the
photon emission rate. They grant access to originally long-lived 4f < 4f
transitions by speeding up the excitation-emission cycle by up to almost
three orders of magnitude [18]. The development of single shot read-out
schemes, based on cycling transitions of resonator-coupled single ions [20,
45] are the most recent and novel demonstrations by this approach. Most im-
portantly, the integration of rare-earth ions in light-matter interfaces presents
a strong shift towards scalable architectures for quantum information tech-
nology, further discussed in chapter 4.
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Chapter 2

Rare-earth Electron Spin

Spectroscopy on Single
Ce’T:YSO

In this chapter, I will summarize the work on single cerium ions in YSO crys-
tals. Starting out by motivating the study and introducing the basic system
properties, the optical isolation of a single Ce®* ion in YSO is discussed with
focus on the experimental microscope setup and the optical initialization of
the single Ce3* electron spin. Based on the single spin access, coherent spin
manipulation by microwaves is shown and used to perform sensing of en-
vironmental nuclear spins, native to the host crystal. I conclude with results
showing the detection of a single 2°Si nuclear spin coupled to a nearby Ce3*+

electron spin.

2.1 Introduction

Hybrid quantum systen have demonstrated exceptional properties [46, 47,
16] for quantum memory applications. These systems are comprised of both,
electron spin and nuclear spin and thus bring together unique properties.
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Here, typically long-lived nuclear coherences can be accessed by the read-
out electron spin. This enables active quantum processing when handled on
the single spin level, for example in quantum error correction schemes [48].
Individual environmental nuclear spins, the key resource at hand, were de-
tected only in dilute nuclear spin bath host materials so far, such as diamond
[49, 50, 51, 52, 53], silicon carbide [54] and silicon [55]. Prior to an imple-
mentation of quantum error correction in the rare-earth ion system, access
to single nuclear spins needs to be demonstrated. Access to a single nuclear
spin was shown for single rare-earth ions with an internal hyperfine struc-
ture and their potential as a quantum memory has been demonstrated [39,
56, 20]. However, the sensing of several environmental nuclear spins prox-
imal to the rare-earth electron spin is shown in the following and denotes
another potentially powerful approach to a memory resource. Additionally,
the detection of a single external nuclear spin closeby the ancillary rare-earth
electron spin is revealed.

A previous study on single Ce®>" ions in a YAG crystal identified the dense
nuclear spin bath of the crystal as the limiting factor for the electron coher-
ence time [43], quantified in Hahn spin echo experiments to T, = 200ns.
The short coherence time likewise affects the sensing capabilities of the elec-
tron spin and generally limits it to sensing high frequencies above 1/T, and
prevented sensing of nearby individual nuclear spins. A host material with
relatively low magnetic noise, namely the YSO crystal, was therefore chosen
for the study of the nuclear spin environment of individual Ce3" electron
spins. Previous work on Er3t [57] and Eu®*t [58] located in the same host
crystal had shown superhyperfine interaction between 8Y3* and the respec-
tive rare-earth ion in ensemble measurements. Extending these observations
to the single spin level in the case of 2Si is demonstrated in the following.
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2.2 Yttrium Orthosilicate: The Host Crystal

Yttrium orthosilicate (Y;5i05, YSO) is a low symmetry crystal with mono-
clinic biaxial structure, that belongs to the C2/c (CS,) space group. The first
growth of this crystal was reported in the year 1967 [59] and later character-
ized by [60]. These early reports mentioned growth temperatures of around
400°C and reported the low temperature set of lattice parameters, listed in
table 2.1. An alternative version of the crystal structure was reported in [61,
62] for a Cr:YSO crystal, grown at high temperature by the Czochralski tech-
nique in a high-frequency heated iridium crucible. Only the high tempera-
ture grown version of the crystal is considered hereafter for the study of Ce3*
ion impurities, as this is the most common method to grow YSO crystals
nowadays and was used for all our studied samples. The crystallographic
properties of the low and high temperature grown versions are summarized
in table 2.1. The unit cell of the crystal consists of eight molecular units of
Y5105 and the high temperature version is shown in figure 2.1.

Method a(d) bA) c(Ad) B(deg)

Low temperature [60] 10.41 6.72 1249 102.65
High temperature [62] 1437 6.71 1039 122.17

TABLE 2.1: Experimental lattice parameters for YSO grown
with different methods.

There are two crystallographically distinct sites for Y3>* , labelled Y1 and
Y2. They are discriminated by their oxygen coordination, where Y1 bonds
to seven oxygen ions (Y1-O7) and Y2 bonds only to six oxygen ions (Y2-O6).
Both Y3* sites have C; point symmetry, a point group with practically no
symmetry. When doped into YSO, rare-earth ions substitute yttrium in the
crystal with 3+ oxidation state, hence no charge compensation is needed.
The crystal was used for demonstrations of particularly narrow homoge-
neous [63] and inhomogeneous [64] linewidths, which can be attributed to
the small magnetic moment of yttrium. Table 2.2 lists the non-zero nuclear
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Silicon

Yttrium

FIGURE 2.1: Crystal structure of yttrium orthosilicate after
[62]. Yttrium, oxygen and silicon ions are displayed in light
blue, red, and beige, respectively.

spin isotopes native to YSO and their relevant isotope data.

Isotope Mass (u) Abundance (%) Nuclear Magnetic
spin (I) moment (y/un)
8y 89.9 100 1/2 -0.137
295i 29.0 4.68 1/2 -0.555
70 17.0 0.038 5/2 -1.894

TABLE 2.2: Isotope data about naturally occuring isotopes
native to YSO with non-zero nuclear spin. Taken from [65].

2.3 Optical Isolation of Single Ce*":YSO

In the YSO crystal, 95% of trivalent cerium substitutes Y3* at the seven-
oxygen-coordinated Y1-O7 site. The remaining 5% Ce3" substitute at the
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Y2-O6 site. These figures are estimated from EPR studies on the LuySiOs
(LSO) crystal [66], which is isomorphic to YSO, hence they share the same
chemical formulation, space group and unit cell dimensions [67]. These two
cerium sites have significantly different optical properties in YSO. For the
cerium at the Y1-O7 site, a blue-shifted characteristic emission with respect
to the cerium at the Y2-O6 site is observed [68], shown in figure 2.2 a).
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FIGURE 2.2: a) Low temperature photoluminescence spec-
tra of the two cerium sites in YSO, taken from [68]. b) An-
gular variation of g? for different crystalligraphic planes
for Ce3* in LSO, taken from [66]. The squares depict ex-
perimental data for cerium in site Y1-O7 and the circle for
cerium in site Y2-O6. Split lines represent the magnetically
inequivalent sites for each of the crystallographic sites.

Consequently, their optical signal can be seperated effectively. Additionally,
they also exhibit different magnetic properties, found in EPR experiments



22 Chapter 2. Rare-earth Electron Spin Spectroscopy on Single Ce’*:YSO

[66] and shown in figure 2.2 b). We can therefore exclude the Ce37 ions lo-
cated at the six-oxygen-coordinated site from further considerations. The
crystallographically unique Y2-O7 site however, consists of a pair of mag-
netically inequivalent sites, represented by a line splitting of the EPR data
shown in figure 2.2 b).

2.3.1 Electronic Level Structure of Ce3>t:YSO

The Ce®* :YSO system can be described by the following Hamiltonian
Hce = Ho + Hso + Hcer (2.1)

in the absence of a magnetic field. As cerium has only isotopes with zero
nuclear spin, there is no hyperfine interaction to be taken care of. Also, with
only one electron left in the 4f shell, the Coulomb interaction between un-
paired electrons can also be excluded from the total Hamiltonian. Based on
the 4f! configuration of Ce®>" , the shielded 4f states consist of two electronic
multiplets 2F5/, and 2F;/,, which are seperated by roughly 2000cm~! [69].
These multiplets are further split by crystal field interaction into three (>Fs,)
and four (2F; /2) Kramers doublets, respectively. The lowest two 5d Kramers
doublets have an energy difference of approximately 6000cm !, taken from
the excitation peak energies in [68] and information about the zero-phonon
line (ZPL) [69]. The schematic energy level structure of Ce3* :YSO is shown
in figure 2.3.

The 5d states, often also referred to as 5d band as indicated in figure 2.3, are
not shielded from crystal field perturbation and thus undergo strong inter-
action with phonons. This manifests in the phonon sideband assisted emis-
sion, which is dominated by parity-allowed electric dipole transitions and
observed in the fluorescence spectrum (taken with Princeton Instruments,
Acton SpectraPro 2300i), when excited with a laser of 355nm wavelength, as
shown in figure 2.4 a). For this experiment, a 0.01% doped Ce:YSO crystal
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FIGURE 2.3: Schematic energy level structure of Ce3* in
YSO.

cooled to cryogenic temperature of 8K was excited with a home-built pi-
cosecond pulsed 355nm laser, capable of promoting the 4f electron of Ce3*
into the 54 band. For this measurement, a narrow multiband notch filter
for 355nm and 532nm wavelength was used as a dichroic mirror, which ex-
plains the gap around 532nm in the spectrum. As previously reported by
[69], the ZPL of Ce3* ions in YSO is expected at 371Inm. In figure 2.4 b), a
high-resolution spectrum of the 0.01% doped Ce:YSO crystal at 8K confirms
this observation. A resonant CW excitation scheme based on the ZPL can
in principle yield a spectral filtering by the narrowband excitation laser and
thus reduce background fluorescence and the corresponding noise in sam-
ples with high Ce3* concentration. However, photostable emission of Ce3*
in YAG crystals under CW excitation was only found in conjunction with
a special annealing treatment in a reducing atmosphere of argon (95%) and
hydrogen (5%) [44], yet to be shown for YSO.

A typical fluorescence decay measurement taken on the 0.01% doped Ce:YSO
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FIGURE 2.4: Fluorescence spectra of 0.01% Ce3* :YSO,

taken at low temperature (8K). a) Low-resolution spectrum

showing the broad phonon sideband assisted emission. b)
High-resolution spectrum showing the ZPL at 371nm.

is shown in figure 2.5. By fitting a single exponential decay, a fluorescence
lifetime of the lowest 5d state of Tce.yso = 37ns is found, in good agreement
with [70]. This short lifetime translates into high emission rate of photons
and through efficient photon collection, it enables optical detection of single

Ce3* ions.

10000 o
m _
£ Toeyso = 37NS
=)
g
&
T 1000+
k=)
2]
[
o
c
[
o
17
o
o 100 4
E]
[T

50 100 150 200 250

Time (ns)

FIGURE 2.5: Fluorescence lifetime measurement of Ce3t in
YSO under pulsed 355nm excitation.
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2.3.2 Confocal Microscope Setup

The experiments for single Ce3* ion detection were carried out in a home-
built laser scanning confocal microscope setup, shown in figure 2.6. Sam-
ples were cooled to cryogenic temperatures in a vacuum-pumped cold-finger
cryostat (CryoVac, Konti-Cryostat Type Micro) with optical access. On the
cold-finger, samples were mounted either directly or on top of a permanent
magnet. During operation of the cryostat, the cold-finger is connected to the
heat-exchanger, which is fed by liquid helium, thus thermalizing cold-finger
and sample to cryogenic temperatures. The actual temperature measure-
ment is taken on the heat-exchanger, which typically yields a slight offset
to the actual sample temperature due to limited cooling power of the heat-
exchanger and finite heat conductivity of the cold-finger/sample- or cold-
finger/manget/sample-stack. The heat-exchanger is mouned on a motor-
ized 3D stage, which covers 10mm x 10mm x 10mm for rough positioning.
For spatial high-resolution fluorescence imaging, the objective lens of the
confocal microscope is mounted within the cryostat vacuum chamber on a
3D piezo translation stage (NPoint, NPXY100Z25-264) capable to position
throughout 100pum x 100pum x 25um with nanometer resolution.

Sample on
3D Stage Obijective 450nm
@ 8K on Piezo 355 nm & 532 nm Egggt_
Y stage notch filter as filter 10 pm

dichroic mirror

I/pinhole
IH PMT

permanent magnet

picosecond-pulsed
laser, 355nm

SM PM fiber

FIGURE 2.6: Sketch of the low temperature laser scanning
confocal microscope setup. PMT: Photomultiplier tube. SP
PM fiber: single-mode polarization maintaining fiber.
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Optical excitation of Ce3* :YSO was done with a home-built 355nm wave-
length pico-second-pulsed laser. This laser was assembled from a dye-laser
cavity, which is synchronously pumped by a 2W output power 532nm picosecond-
pulsed laser (Vanguard, Spectra-Physics). Its layout is depicted in figure
2.7. For synchronous pumping, the dye-laser cavity length is adjusted to
match the 76MHz repetition rate of the pump laser with a computer con-
trolled piezo linear precision positioner. By pumping Pyridin 1 dye, radia-
tion emitting at 710nm can be extracted from the laser. In order to obtain
maximum output power and facilitate externally controlled pulse extraction
from the laser simultaneously, the partially transmissive output coupler of
the dye-laser cavity was omitted and replaced by a highly reflective mir-
ror. Additionally, an externally triggerable Quartz AOM was introduced into
the dye-laser cavity that allowed for intra-cavity extraction of pulses. Ex-
tracted pulses were subsequently sent through a BBO doubling crystal and
converted to second harmonic 355nm wavelength pulses. By coupling the
beam into a single-mode polarization maintaining fiber (Thorlabs, PANDA
PM-5350-HP), a spatial mode cleaning was achieved. After passing through
a A/4 waveplate and reflecting off the multiband notch filter for 355nm and
532nm wavelength, which is used as a dichroic mirror, the excitation light is
focused onto the sample by a high numerical aperture objective lens (Nikon,
LU Plan Fluor, 100x/0.90NA, 1.0mm working distance). Fluorescence is col-
lected by the same lens and passed through a 450nm short-pass filter, in order
to reject parasitic emission from other impurities found in the YSO crystal.
Common residual impurities in yttrium-based crystals like YSO are for ex-
ample other RE ion species. The fluorescence signal was further filtered by
a 10pum sized pinhole for an increase in depth resolution, characteristic for
a confocal microscope. Finally, single fluorescence photons are collected by
a Photomultiplier Tube (Hamamatsu, H10682-210) and detection events are
counted with data acquisition hardware (NI-PCle-6323).
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FIGURE 2.7: Sketch of the synchronously pumped dye laser.

The highly reflective mirror replacing the output coupler

of the dye laser is mounted on a piezo translation, which

allows to fine adjust the cavity length, in order match the

76MHz repetition rate and obtain maximum peak intensi-
ties for efficient doubling. BRF: Birefringent filter.
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2.3.3 Laser Scanning Fluorescence Imaging of Ce>*:YSO

In laser scanning fluorescence imaging, the laser focus is scanned in as small
as nanometer-sized steps throughout the sample and at each position the
fluorescence signal is acquired for a certain amount of time (time bin). The
typically used single photon detectors allow for retrieving a photon count
per time bin and based on the particle nature of light, their noise is fol-
lowing a Poissonian distribution. This so-called shot noise exhibits a stan-
dard deviation which is equal to the square root of the average number
of detected photons N. Accordingly, the signal-to-noise ratio is given by
SNR = N/+v/N = +/N. Maximizing N therefore allows for detection of
small signals like the fluorescence of a single rare-earth ion.

The photon collection efficiency from a color center within a material with
refractive index n is significantly reduced by refraction at the flat air-crystal
interface. Due to the high refractive index of YSO with nysp ~ 1.8 in our
case, the effictive maximum angular semi-aperture 6 of the used air objec-
tive lens with numerical aperture of NA = 0.9 can be inferred by Snell’s law
nysosinff = NA, resulting in § ~ 30°, for the case of a flat polished YSO
crystal surface as depicted in figure 2.8 a). In contrast, if the light emitted
from a point defect is propagating perpendicular to the spherically shaped
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FIGURE 2.8: a) Refraction of light rays at the interface be-

tween air and a plane surface of a crystal with refractive

index n. b) Refractionless transmission of light rays at the
air-crystal interface in the presence of a SIL.

surface of a solid immersion lens (SIL), refraction is inhibited and the full
NA-limited angular semi-aperture of the objective lens can be used for pho-
ton collection, maximizing the collection efficiency for the objective lens in
use, as shown in figure 2.8 b). In the case of NA = 0.9, the lens can col-
lect light for angles 8 < 64°. Equally as important is the fact, that the SIL
improves the microscope magnification by factor #, essential for spatial iso-
lation of single color centers.

FIGURE 2.9: SEM image of SILs on a YSO crystal surface.
The position of the microwave (MW) copper wire used for
spin manipulation is indicated by an orange stripe.
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In the context of single emitters, SILs were originally used in conjunction
with quantum dots [71], and later monolithic versions of macroscopic SILs
were also applied to color centers in diamond [72]. Their miniaturized mi-
croscale versions [73, 44, 74] emerged as versatile tool, which was used for
various crystals. Main contribution to their widespread use is the material
independent fabrication method based on FIB milling. Here, a gallium ion
beam with typically 30keV energy is focused onto the polished surface of
a crystal and is used to sputter material. When done in a controlled man-
ner, hemispherically shaped lenses can be carved into the bulk material, as
shown in figure 2.9 for a YSO crystal, fabricated with a FIB from FEI (Helios
Nanolab 600). The shown SILs have a diameter of 10ym. After gallium ion
sputtering, the YSO crystal was dry etched in argon plasma in order to re-
move the near-surface gallium content, that stays as residual impurity after
the FIB process and can cause background fluorescence.
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FIGURE 2.10: Laser scanning confocal scan of cerium cen-
ters under pulsed 355nm laser excitation. The scan was
taken at the focus of a SIL, 5um below the surface.
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Performing laser scanning fluorescence microscopy in the focus of the YSO
SIL at a depth of 5um below the surface, yields a scan as shown in figure
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2.10. The ultra-pure YSO crystal used for this scan was purchased at Sci-
entific Materials Corp. Bright spots in the scan correspond to fluorescent
cerium ions. From the scan it becomes apparent, that even in the purest
YSO crystals, cerium is an unavoidable impurity occuring in significant con-
centrations considering confocal microscopy application. Residual cerium
concentration in this crystal is estimated at 0.3ppb. In general, native rare-
earth ion impurities, specifically the high cerium concentration is also the
main contribution to background signal throughout the following experi-
ments and can result in more than one single Ce®>* ion to be probed within
the focal volume. Possible ways to reduce the negative impact of high im-
purity concentration of cerium in the crystal are the growth of even purer
samples, which was not at hand for this experiment, or the use of superreso-
lution microscopy techniques, discussed in the following.

2.3.4 Superresolution Microscopy of Ce>*:YSO

The field of microscopy was revolutionized by techniques that surpass the
diffraction limit, such as stimulated emission depletion (STED) [75] or stochas-
tic optical reconstruction microscopy (STORM) [76]. These superresolution
techniques allow for resolving color centers, such as fluorescent dye molecules,
with spacings much closer than the Abbe limit [77]. Application of these
techniques to photostable color centers in crystalline solid state hosts, such as
the nitrogen-vacancy center in diamond [78, 79] opens up all-optical address-
ing of densely packed single quantum systems for quantum information pro-
cessing. This was underlined by a demonstration of the highest resolution in
all-optical imaging of fluorescent centers with STED microscopy on nitrogen
vacancy centers [80]. In the context of quantum information processing, the
spin of the nitrogen vacancy center represents the quantum resource and its
properties are of substantial importance. Hence, the conservation of the spin
properties is a prerequisite for the application of superresolution techniques
in the field of quantum information processing and was confirmed for STED
on nitrogen vacancy centers [81].
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STED microscopy is a variant of fluorescence microscopy, where fluorophores
or color centers are excited with light of a specific wavelength for example,
but they can also be brought into the excited state spontaneously, by heat or
a different mechanism. An essential property for the system in question to
have, is the possibilty to induce the transition from excited state to ground
state by light. This stimulated emission is used to deplete the fluorescent
state and requires the depletion light intensity to be much larger than the
saturation intensity of the transition, in order to efficiently depopulate the ex-
cited state [82]. By controlling the spatial intensity distribution of the deple-
tion light field, the fluorophores or color centers can be selectively brought
into the ground state. Typically, experimental realizations use donut shaped
depletion light fields, where only the very center is not being depleted. In
principle, arbitrarily sharp regions can be created with this method, which
in principle follows a square root law of the saturation level for the resolv-
ing power of the microscope[82, 83]. Recently, deviations from this law were
found and related to a competing depletion mechanism in form of excited
state absorption [84]. In general, a complete depletion of the excited state is
not required for microscopy, as long as the ground state population is large
enough to be distinguished from its sharp counterpart [82].

In our experiments, the STED microscope relies on an excitation laser with a
fundamental Gaussian profile of the beam superimposed with the depletion
laser, that has the form of a donut-shaped beam. The experimental setup is
depicted in figure 2.11. For STED on Ce3* :YSO, a picosecond-pulsed 355nm
wavelength excitation and a picosecond-pulsed 532nm wavelength deple-
tion laser was used, as indicated in figure 2.12. For the picosecond-pulsed
532nm depletion, the pump laser of the home-built sychronously pumped
dye laser was used. The spectral detection window for Ce>* :YSO was con-
tained to the range between 370nm and 450nm by interference filters. The
experimental realization of the STED microscope had both lasers passing
through their respective single mode polarization maintaining optical fiber.
The donut-shaped depletion beam was then realized by sending the 532nm
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FIGURE 2.11: Sketch of the low temperature laser scan-

ning confocal STED microscope setup. PMT: Photomulti-

plier tube. SP PM fiber: single-mode polarization maintain-
ing fiber.

laser through a vortex phase plate of charge 1 (from RPC Photonics) and
combining both beams on a dichroic beam splitter, a narrow multiband notch
filter for 355nm and 532nm wavelength.

Performing laser scanning fluorescence superresolution microscopy in the
focus of the YSO SIL at room temperature yields scans such as the one shown
in figure 2.13 on the right-hand side. Under picosecond-pulsed excitation
and depletion, the natural Ce®* impurities in the YSO crystal showed sta-
ble emission. In order to obtain the highest increase on optical resolution,
laser powers had to be adjusted with respect to each other. The depletion
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FIGURE 2.12: STED microscopy of Ce®>* :YSO. The spec-
trum of Ce®* :YSO is shown, superimposed with the spec-
tral position of the picosecond-pulsed 355nm excitation
laser, the picosecond-pulsed 532nm depletion laser and the
spectral detection window for Ce®>* fluorescence.

beam power was 45mW in front of the objective lens and the 355nm excita-
tion was kept well below saturation threshold of the cerium ions. Also, the
532nm laser pulse arrival time had to be delayed with respect to the 355nm
excitation pulse, in order to not attempt depletion of the population of the
5d excited state of cerium before it is excited in the first place. The timing
was performed by adjusting the lengths of optical paths. Also, overlapping
of the two laser beams and adjusting the divergence of both beams with re-
spect to each other, such that the two wavelengths share the same focal plane
after passing through the objective lens was required for increasing the spa-
tial resolution of the microscope. This need is based in the chromaticity of
the microscope objective in the UV and visible range spectral range, leading
to focal depth differences on the order of several micrometers. The obtained
microscope resolution for confocal STED microscopy and conventional con-
focal microscopy was assessed by measurement of the PSFE. This was done

by a two-dimensional Gaussian fit to several Ce>" centers for both scans,
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shown in figure 2.13. The average FWHM of the conventional confocal mi-
croscope amounted to 262nm. With the STED depletion beam, the confocal
STED microscope achieved an average FWHM of 122nm. This corresponds
to a resolution increase of factor 2.

80
70
60
50
40
30
20
10
0

FIGURE 2.13: Two different confocal laser scans. Left image
was taken without depletion laser, right image was taken
with depletion laser.
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For cerium in another host crystal, namely Ce®t in YAG [84], STED mi-
croscopy was already demonstrated with CW laser excitation and the ob-
served resolution scaling was slower than the expected inverse square-root
dependence on the depletion laser intensity. This anomaly was linked to
ESA of Ce?' and to interaction with nonfluorescing crystal defects in the
proximity of the single Ce3* center and can be seen as competing deple-
tion mechanisms to stimulated emission. This study was performed at room
temperature, and hence no information about the preservation of the spin
properties could be reported. In the picosecond-pulsed STED experiments
with Ce?* :YSO at cryogenic temperatures however, no magnetic resonance
signals could be acquired while the high power 532nm depletion laser was
used. That means, while the resolution enhancement found with STED mi-
croscopy can in principle reduce the background noise significantly, it is not
applicable in conjucntion with spin manipulation. In analogy to prior find-
ings made with the similar YAG host crystal, the high power depletion laser
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for Ce3* :YSO is preventing the optical spin initialization and readout most
likely by ionisation of Ce3* through ESA and through interaction with sur-
rounding traps. All further spin spectroscopic experiments were thus con-
ducted with the standard confocal microscope.

2.4 Spin Initialization and Optical Detection of Ce®*"

Spin Resonance

Ce®" in YSO is a spin S = 1/2 system and under application of a magnetic
field the Hamiltonian presented in equation 2.1 is extended to

Hce = Ho + Hso + Her + Hp- (2.2)

The additional term Hp is due to the Zeeman interaction and is given by

Hy = 2B g S, (23)

where B is the magnetic field, S is the spin operator and g the effective
g-factor of Ce®>" . In the external magnetic field, the seven 4f Kramers dou-
blets split into 14 non-degenerate energy levels and the five 54 Kramers dou-
blets split into 10 non-degenerate energy levels. In the following, only the
transitions between the lowest split 54 doublet, |54 })and |5(711 1), and the
lowest split 4f doublet, [4f! |) and |4f 1 4, are considered for optical spin
initialization. When the magnetic field is aligned in parallel to the optical ex-

citation beam, it was shown for Ce3* :YAG that optical spin-flip transitions
between these four levels show different oscillator strenghts under circularly
polarized excitation light [37]. Based on the high symmetry of the YAG crys-
tal, the 14 crystal field parameters for 4f and 54 states of Ce3* :YAG could
be extracted from optical measurements [86], and hence it was possible to
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FIGURE 2.14: Electronic level structure of Ce>* ion in YSO
crystal. Purple arrows indicate laser excitation and blue
arrows fluorescence. Under circularly polarized excitation
light, directed along the same axis as the applied exter-
nal magnetic field (along the b-axis of the crystal), different
strengths of optical transitions between the lowest 4f level
and the lowest 5d level are indicated by different widths of
arrows in the right part of the depiction. Calculated 4f en-
ergy level data is taken from reference [85].

quantify the different dipolar oscillator strenghts of circularly polarized op-

tical transitions.

In the experiment at hand, a spin initialization of Ce3" :YSO was investi-
gated. To successfully initialize the spin, the spin-flip transition [4f! |) —
|54 1) for example needs to exhibit the strongest optical dipole moment
under ot circularly polarized excitation light out of the four possible transi-
tions, as indicated in figure 2.14. In this case, a selective excitation into the
’5611 1) level can be achieved. Since the corresponding radiative decay ends
up in both 4f ground state spin levels with equal probability, a repeated ex-
citation of the spin-flip transition can be used to polarize the spin in this
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example into the |41 1) state. For the Ce>" :YSO system, cryogenic temper-
atures are needed to maintain the spin polarization in the 4f state for an ap-
preciable amount of time. Circularly polarized excitation light was directed
along the b-axis of the YSO crystal in initialization experiments. In order to
probe these polarization selection rules, the fluorescence signal of Ce®" at a
temperature T = 7.8K is collected as a function of the laser pulse number,
shown in figure 2.15. The initialization measurements capture the dynamic
evolution of the fluorescence signal and show a drop with increasing num-
ber of laser pulses. This behavior reflects the optical pumping of the spin
into the optically ‘dark’ state. Initialization contrasts are varying for differ-
ent Ce>" ions in the sample and were found to range between 5% and 15%,
depending on the local background. For the initialization measurements, a
laser pulse repetition rate of 10MHz was used. Also, in order to reach the
maximum optical initialization contrast, the tilt-angle of the A /4-waveplate
was not 45°, corresponding to perfectly circularly polarized light. Instead,
smaller tilt-angles of 40°, which results in slightly elliptically polarized light
was used.

Both, the birefringence of the YSO crystal and also the narrow multiband
notch filter for 355nm and 532nm wavelength are capable to distort the laser
polarization. Tilt-angles of the A /4-waveplate generating non-perfect circu-
larly polarized light could compensate these distortions to some extent. In
general, laser polarization distortions can lower the selectivity of the spin-
flip transition and thus potentially lower initialization contrasts.

Once polarized, the Ce3* electron spin can be driven with MW radiation,
which is resonant with the ground 4f state spin transition. Flipping the op-
tically polarized spin results in an increase in fluorescence signal, since the
spin is pumped out of the dark state. A sweeping of the MW frequency there-
fore allows for optical detection of the magnetic resonance (ODMR). In the
experiment, a magnetic field with a strength of 970Gauss was applied along
the b-axis of the YSO crystal, in parallel direction to the optical beam. This
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FIGURE 2.16: a) ODMR measurement of an individual Ce3+
ion as a function of MW frequency. A fitted Lorentzian re-
veals a linewidth of 2.2 MHz. b) ODMR measurement of
several Ce* ions in the sample reveals two distinct mag-
netic resonance frequencies. The two magnetically inequiv-
alent sites of Ce3* in YSO are not degenerate for crystal ori-
entations that slightly deviate from the b-axis.

was achieved by mounting the sample on a permanent magnet. MW radi-
ation from a signal generator (SMT03, Rohde & Schwarz) was amplified by
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a 16W high power amplifier (Mini-Circuits, ZHL-16W-43-5+) and then sent
through a lithographically defined copper wire stripe in close proximity to
the SILs, as depicted in figure 2.9. Sweeping the MW frequency while mon-
itoring the fluorescence signal of individual Ce3* ions results in a typical
CW ODMR spectrum as shown in figure 2.16 a). Fitting a Lorentzian re-
veals linewidths between 2-3MHz for different Ce®>" ions, when measuring
with low MW power in order to suppress power broadening of the ODMR
linewidth. The magnetic resonance frequency of 1930.5MHz is in good agree-
ment with the g-factor of ¢ ~ 1.4 of b-cut Ce>* :YSO [66]. Figure 2.16 b)
shows a wide-range ODMR spectrum of several Ce3* ions taken from the
same crystal and reveals two distinct magnetic resonance frequencies. In
general, Ce3* has two magnetically inequivalent sites in YSO. For b-cut crys-
tals, these two sites are nominally degenerate. The small frequency spacing
of roughly 20MHz between the two detected resonance frequencies suggests
a slight angular deviation from the perfectly b-cut crystal, which leads to the

two magnetic sites to be distinguishable.

2.5 Coherent Manipulation of a single Ce>":YSO
Electron Spin

In order to describe the experiments dealing with the coherent manipulation
of a single electron spin, it is expedient to introduce a picture for the mo-
tion of electron spins under oscillatory and static magnetic fields [87]. As
each electron possesses an intrinsic angular momentum 7S, their magnetic

moment p is defined by
K= —8HupS. (2.4)

The sum of all magnetic moments in a unit volume V is then given by

1
M =< Y i 2.5)
i
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and is called magnetization vector. Its motion can be described by the classi-
cal Bloch equations and its relaxation behavior treated phenomenologically
in the same context. The equation of motion of such a spin ensemble located
in a static magnetic field Bg can be described by

dM —8¢B

where M precesses about Bg with the frequency of precession

w, = 1B, 2.7)
fi
also called Larmor frequency. Introducing an additional magnetic field, such
as a time-dependent, linearly polarized magnetic field By .1 (t) = 2By cos(wmwt),
Byyi(t) = By,i(t) = 0 with frequency wwmw is readily achieved experimen-
tally and can be treated as a superposition of a clockwise and a counterclock-
wise rotating rotating field B} and B! with

L) = Bi,xL(t) = By cos(wpwt), (2.8)
B{,yL(ﬂ = _B:ll,yL(t) = By sin(wpwt), (2.9)
() = Biu(t)=0. (2.10)

When Bj and B{ are transformed into the rotating frame, which rotates in
the right-hand sense with frequency wypw about the zl-axis of the laboratory
frame, we obtain B;xL = By, B;yL = B;,zL =0and Bll,xL = By cos(2wmwi), BiyL =
By sin(2aJMWt)BlLZL = 0. Commonly wy = g”hﬂ < 2 - wpmw and therefore
we can neglect B{ if the resonance condition wy, = wyw is fulfilled [87].
In this situation, a second precession about the MW field direction, in ad-
dition to the one about the direction of By, with frequency w; becomes ap-
parent when asked for the equation of motion of the magnetization in the
rotating frame under influence of both, static magnetic field Bg = e,.By
and alternating magnetic field along the x-axis of the rotating frame B} =
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Bl(exL COS(wat) + €L sin(wat)). We then obtain

de

g = lon—ouw)My = LMy, (2.11)
dM B

L= (o)M= S M, = oM oMz, 212)
aM B

Mo = 8By~ oy, (2.13)

with Q) = wp, — wymw. For resonant radiation ((}p = 0), oriented along
the x-axis of the rotating frame and applied for pulse length ¢, integrating
equations 2.11-2.13 with initial conditions M; = My, My = M, = 0 allows
to find the magnetization vector at time ¢):

My = 0, (2.14)
M, = —Mpsin(wity), (2.15)
M; = Mycos(wity). (2.16)

The resonant pulse rotates M by the flip angle ¢ = w;t, about the x-axis.
The choice of the rotating frame direction, for example along x-axis, merely
depends on the phase ¢ of the linearly polarized MW field, as can be seen
when transforming B; ,.(f) = 2By cos(wmwt + @), By i (t) = By,i(t) = 0
into the rotating frame:

By = B COS((P), (2.17)
B1y = Bisin(¢), (2.18)
B, = 0. (2.19)

This is commonly used experimentally, as controlling the phase of MW radi-
ation is conveniently implemented, as discussed later in this chapter.

The precession of the magnetization vector after the application of MW pulses
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generally relaxes back to the thermal equilibrium value My and therefore re-
laxation mechanisms are added to equations 2.11-2.13. Relaxation of the lon-
gitudinal magnetization along z and of the transverse magnetization in the
xy-plane are seperated. While both are modelled as an exponential process,
the longitudinal relaxation happens on the order of the T time, also referred
to as spin-lattice relaxation time, and the transverse relaxation happens on the
order of the T; time, also referred to as spin-spin relaxation time. They are
introduced as phenomenological factors in the Bloch equations as follows:

de _ Mx

o= ~uMy T (2.20)
dM M
Fy = O My —w M, — sz (2.21)
aM, (M, — M)

o= @My e (2.22)

The motion of the magnetization vector can be aptly visualized by a geomet-
rical representation, called Bloch sphere. Here, a two-level quantum system
is represented by a sphere with the radius equal to the magnitude of the
magnetic moment. In general, the two levels correspond to the magnetiza-
tion vector aligned with the static magnetic field and aligned in the opposite
direction of the magnetic field. Alternatively, a single spin is treated with
the two states |1) and ||), as depicted in figure 2.17 a). In accordance with
equations 2.14-2.16, MW radiation of certain amplitude and applied for cer-
tain amount of time is capable to flip the spin by ¢ = 71/2 onto the y-axis.
Once flipped to the xy-plane, a superposition between |1) and ||) is created,
referred to as coherence and represented by a transversal magnetization. Its
T,-decay is depicted in figure 2.17 b) as the dephasing of individual spins,
losing their phase relation through fluctuating magnetic fields. Such fluctu-
ations can for example come from nuclear spins in the proximity of a Ce3*

electron spin and they can contribute to decoherence.

For measurements of coherent manipulation of a single Ce®>* spin, the optical
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FIGURE 2.17: Bloch sphere representation of single spin ma-

nipulation. a) Resonant 7/2-pulse flips the spin around

the x-axis onto the xy-plane and creates a superposition be-

tween the two states |1) and |]). b) During the free evo-

lution of the spin, that was put into a superposition state

between |1) and ||), it precesses around the z-axis and ac-
quires a phase.

initialization of the spin is a fundamental requirement, that allows for sam-
pling the spin starting from a well-defined point, such as the |1) state for ex-
ample. Subsequent application of a resonant MW pulse of variable duration
T and a final readout step allows for measurements of spin Rabi oscillations.
According to equations 2.14-2.16, the continuous application of a resonant
MW field leads to the spin rotating around the x-axis and its projection onto
the z-axis will show oscillatory behavior, also called Rabi oscillations. Ex-
perimentally, the projection onto the z-axis is realized by optically exciting
the Ce®>" ion in the same fashion as done during the initialization. The ac-
quired signal related to the z-projection of the Ce®* spin is the fluorescence
collected during the readout step for a certain amount of time, the so-called
readout time and it ranged between 2-5us, or 20-50 laser pulses in the ex-
periments. Figure 2.18 shows the Rabi measurement and the corresponding
schematic pulse diagram. An exponentially decaying cosine function with
constant offset fitted to the Rabi measurement data reveals a Rabi frequency
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FIGURE 2.18: Top: Schematic diagram of the pulse sequence
used for spin Rabi oscillation measurements. Laser repeti-
tion rate was 10MHz. Bottom: Single Ce3* ion spin Rabi
oscillations. Blue line is an exponentially decaying cosine
function with constant offset fitted to the data, revealing a
Rabi frequency of 5.6MHz and a decay time of 2s.

of 5.6MHz and a decay time of 2us. Generally, the spin Rabi oscillation de-
cay can have multiple dependencies, such as the strength of the driving field,
and the unique spin environment coupling to the decohering spin [88, 89].
Based on this underlying complexity, the Rabi measurements do not give sig-
nificant spectroscopic information, but rather serve as a handy tool to define
certain MW pulses, such as 77/2, 7w and 377 /2.

Hence, prior to performing any pulsed MW experiments discussed in this
chapter, a Rabi measurement for precisely defining the MW pulses was per-
formed. The experimental setup for this included the resonant radiation
at 1930.5MHz to be generated by the signal generator (Rohde & Schwarz,
SMTO03). It was split by a power splitter/combiner (Mini-Circuits, ZFSC-
2-372-5+) and each of the outputs were fed into their own high isolation
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switch (Mini-Circuits, ZASWA-2-50DR+). The switches were controlled by
a high speed programmable pulse generator (SpinCore Technologies Inc.,
PulseBlasterESR-PRO™). By adjusting the respective lengths of the coaxial
cables between the outputs of the two separate switches and the downstream
combiner (Mini-Circuits, ZX10-2-25-5+), a phase difference of 90° between
the two individually controlled MW lines was achieved for the MW fre-
quency of interest. This allowed the application of 77y and 7, pulses, needed
for spin decoupling sequences. After combining the two MW lines, they
were fed into the MW amplifier (Mini-Circuits, ZHL-16W-43-5+), following
a MW circulator and then sent to the sample.
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FIGURE 2.19: Top: Schematic diagram of the pulse sequence

used for FID measurements. The difference between fi-

nal (7/2)x-pulse and final (37/2)-pulse is given as fluores-

cence intensity. Bottom: Ramsey measurement of Ce3* with
Gaussian fit yielding T; = 325ns.
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Measurements with the Ramsey sequence (7/2), — T — (7/2)y, reveal the FID
of the Ce3* electron spin. In the sequence, the first (7/2),-pulse creates the
coherence, that subsequently decays during the waiting time 7. The last
(7/2)x-pulse serves to project the spin to the z-axis of the Bloch sphere in
order to convert the remaining coherence back into a population difference,
that can be measured optically. The signal acquisition, also depicted in fig-
ure 2.19, was done with a balanced measurement sequence. Here, the final
pulses in the sequence were alternatingly projecting the spin to |1) or |/])
by either (7/2),-pulse or (37/2),-pulse. The two signals were subsequently
subtracted from each other. The FID depends on the thermal noise of the
characteristic nuclear spin bath of YSO, consisting of Y and ?Si nuclear
spins and probes the inhomogeneous broadening, also referred to as T time
of the Ce®* spin. Figure 2.19 presents such a typical FID of Ce** and the
Gaussian fit quantifies the inhomogeneous linewidth of the spin transition
to T; = 325ns. This dephasing time is agreeing well with ODMR linewith
measurements. While the interacting nuclear spin bath generally acts as the
main contribution to inhomogeneous broadening of the spin transition, the
short-pulsed optical UV excitation of Ce3* , which is capable to ionize Ce3*
and electron traps nearby, can induce magnetic noise fluctuations due to elec-
tron spins in traps, and can contribute to inhomogeneous broadening. These
measured coherence times are short and do not show fringes, that would
allow for inference about hyperfine coupled spins [90].

Measuring the spin lifetime of the spin state T; quantifies the fundamental
time limit, during which the Ce®* electron spin can be probed and allows
for estimating a limitation for coherent interaction time T, with the follwing
formula [91]:

1 1 1

T an + T (2.23)
With the help of coherent control-pulse methods, the T;-related dephasing
is generally reversible by dynamical refocusing, and the typically ultimate
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FIGURE 2.20: Top: Spin relaxation measurement shows

T; = 610us and T; = 280us for sample temperatures of

7.8K and 8.5K. Bottom: Signal is the difference between the
two depicted sequences.

limitation of the transverse relaxation Ty is given by the energy relaxation
with T2 ~ 2T1

In order to measure the lifetime of the spin state T7, fluorescence in the two
pulse sequences shown in figure 2.20 was acquired and their difference plot-
ted as signal data. During the experiment, the two sequences were alter-
natingly executed and in this way, laser power fluctuations related to the
different waiting times T were accounted for. These laser power fluctuations
emerged on the time scale of milliseconds, and are related to the design of the
synchronously pumped laser with intra-cavity pulse picking, and they were
compensated by the alternating reference pulse sequence design. The T
pulse sequence consists of an optical initialization into a defined spin state, a
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