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Abstract

For quantum communication and computing to work reliably, qubit systems need to
perform at their best. The underlying processes are highly complex, and even tiny errors
can cause major disruptions, making the ‘quantum’ disappear. In recent years, many
different qubit platforms have been explored, with color centers playing a major role in
enabling scalable quantum networks. Among these, the negatively charged tin-vacancy
(SnV) center in diamond has emerged as a promising candidate for optically addressable
spin qubits due to its stable optical transitions and long spin coherence times. In this
thesis we investigate coherent microwave control of SnV centers within superconducting
waveguides, addressing key challenges such as phonon-induced decoherence, strain effects,
and microwave induced heating.

We first analyze the fundamental electronic and spin properties of SnV centers, deriving
an effective Hamiltonian that accounts for spin-orbit coupling, strain, and Zeeman inter-
actions. With precise experimental measurements of the optically allowed and forbidden
transitions in a magnetic field, we determine the quantization axis of the SnV center
with unprecedented precision. This allows us to describe the quenched orbital-Zeeman
interaction in the spin-orbit doublets of the optical ground and excited states. Since the
performance of the SnV center as a qubit relies heavily on the stability of its optical
transitions, we outline a rigorous method for identifying suitable emitters, in diamond
samples with low surface quality and low yield of stable emitters. Further, we analyze the
spin dynamics of the SnV center with regard to spin initialization, readout, and phonon-
induced decoherence. We specifically focus on the effects of an externally applied magnetic
field to identify the optimal measurement conditions for coherent control. By using the
SnV center as a calibrated temperature sensor we characterize the losses of normal and
superconducting coplanar waveguides, allowing us to evaluate the role of superconducting
coplanar waveguides in mitigating thermal effects and maintaining qubit performance. By
leveraging dynamical decoupling techniques, we demonstrate improved coherence times,
setting a record for the SnV center platform of T = 10 ms.

These results contribute to the development of robust spin-photon interfaces and hybrid
quantum computing architectures, and demonstrate the potential of SnV centers for
quantum networking and distributed quantum computing applications.






Zusammenfassung

Damit Quantenkommunikation und -rechnung zuverlassig funktionieren, miissen Qubit-
systeme ihre maximale Leistungsfiahigkeit erreichen. Die zugrunde liegenden Prozesse
sind duflerst komplex, und selbst kleinste Fehler konnen erhebliche Stérungen verur-
sachen, wodurch das ,Quantum® verschwindet. In den letzten Jahren wurden zahlreiche
Qubitplattformen erforscht, wobei Farbzentren eine zentrale Rolle bei der Realisierung
skalierbarer Quantennetzwerke spielen. Unter diesen hat sich das negativ geladene Zinn-
Fehlstellenzentrum (SnV) in Diamant als vielversprechender Kandidat fiir optisch adressier-
bare Spinqubits erwiesen, insbesondere aufgrund seiner stabilen optischen Uberginge
und langen Spinkohérenzzeiten. In dieser Arbeit untersuchen wir die kohérente Mikrow-
ellenkontrolle von SnV-Zentren in supraleitenden Wellenleitern und adressieren dabei
zentrale Herausforderungen wie phononinduzierte Dekohédrenz, Verspannungseffekte und
mikrowelleninduzierte Erwarmung.

Zunachst analysieren wir die fundamentalen elektronischen und spindynamischen Eigen-
schaften der SnV-Zentren und leiten einen effektive Hamiltonoperator her, welcher Spin-
Bahn-Kopplung, Verspannung und Zeeman-Wechselwirkungen beriicksichtigt. Durch
prazise experimentelle Messungen der optisch erlaubten und verbotenen Uberginge
im Magnetfeld bestimmen wir die Quantisierungsachse des SnV-Zentrums mit bisher
unerreichter Genauigkeit. Dies ermoglicht es uns die unterdriickte orbitale Zeeman-
Wechselwirkung in den Spin-Bahn-Dupletts des optischen Grund- und angeregten Zus-
tands zu beschreiben. Da die Leistungsfahigkeit des SnV-Zentrums als Qubit stark von der
Stabilitat seiner optischen Ubergénge abhingt, stellen wir eine rigorose Methode vor, die
zur Identifikation geeigneter Emitter in Diamantproben mit schlechter Oberflichenqualitét
und geringem Ertrag Erfolg verspricht. Dariiber hinaus analysieren wir die Spindynamik
des SnV-Zentrums im Hinblick auf Spininitialisierung, Auslese und phononinduzierte
Dekohérenz. Besonderes Augenmerk legen wir auf die Auswirkungen eines externen
Magnetfelds, um die optimalen Messbedingungen fiir eine koharente Kontrolle zu iden-
tifizieren. Durch die Verwendung des SnV-Zentrums als kalibrierten Temperatursensor
charakterisieren wir die Verluste normal- und supraleitender koplanarer Wellenleiter,
was uns ermdglicht, den Beitrag supraleitender Wellenleiter zur Minderung thermischer
Effekte und zur Erhaltung der Qubitleistung zu untersuchen. Mithilfe von dynamischen
Entkopplungstechniken demonstrieren wir verbesserte Kohédrenzzeiten und setzen mit
T, = 10 ms einen neuen Rekord fiir die SnV-Zentrum-Plattform.

Diese Ergebnisse tragen zur Entwicklung robuster Spin-Photonen-Schnittstellen und
hybrider Quantencomputerarchitekturen bei und zeigen das Potenzial von SnV-Zentren
fir Quantennetzwerke und verteiltes Quantencomputing auf.
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1. Introduction and Motivation

The evolution of color centers in quantum science reads like a quiet reminder from nature
that sometimes, flaws are a beautiful feature. In the early 20th century, researchers observed
a peculiar phenomenon: glass developed distinct hues when exposed to radioactive or X-
radiation [3-5]. This was the beginning of the study of F-centers [6], eventually leading to
some of the most exciting advancements in quantum science. The term F-center, originates
from the German word Farbzentrum meaning color center.

At first glance, these color centers appear as nothing more, than tiny defects where
electrons are trapped at vacant lattice sites within an ionic crystal [7]. Yet these "flaws’
revealed an atomic-like behavior, almost as if nature had locked single atoms inside the
crystal’s framework. In a twist of irony, the gemstone industry’s pursuit of more vivid
colors fueled research into a new direction: color centers in diamond. Scientists seized the
opportunity and systematically studied radiation damage in diamond [8], that eventually
led to one of the most intriguing discoveries: the nitrogen-vacancy (NV) center [9, 10],
a defect consisting of a substitutional nitrogen atom adjacent to a carbon-atom vacancy.
The NV center marked a major turning point for quantum technologies, as researchers
began to unravel the electronic structure and dynamics of this defect [11, 12].

By the 1990s, researchers had reached an exciting milestone: they isolated single NV
centers and characterized them with optical microscopy [13]. Soon, its potential for
quantum computing was recognized [14], and scientists demonstrated its capability as
a room-temperature quantum bit (qubit). The first landmark experiments in the 2000s,
demonstrated coherent control of single NV center spins and entanglement with nearby
nuclear spins[15, 16]. These achievements established a foundation for using color centers
as spin qubits in quantum information, sparking further excitement about their poten-
tial [17].

However, the very features that made the NV center rise as a quantum technology also led
to limit its performance. The strong sensitivity to nearby spins, impurities and electromag-
netic noise [18] make it difficult to achieve stable and narrow optical lines, an important
requirement for scalability in the complex world of quantum optics technologies.

Since the random changes in its local electrostatic environment disturb the optical transi-
tion frequency, the question was whether there is a way around this problem. Consequently,
throughout the 2000s and 2010s, researchers broadened their scope and explored other
color centers in diamond with their attention gradually shifting to group-IV color centers
around 2010-2015 [19, 20]. In these defects a group-IV element (silicon, germanium, tin, or
lead) substitutes for two carbon atoms in a split-vacancy configuration within the diamond
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lattice. The inversion-symmetric configuration of these defects causes electric field shifts
to largely cancel out, leading to much more stable transition frequencies [19, 21]. For this
very reason, the negatively charged silicon-vacancy (SiV™) center literally emerged as a
bright star and alternative to NV centers due to its exceptionally stable optical emission.

In 2014, experiments showed that SiV centers could generate coherent single photons with
nearly identical spectra, even when the photons originated from separate emitters [22, 23].
The discovery hinted at the possible "impact on the application of single-photon sources
for quantum optics and cryptography"[22].

Over the last decade, there have been further advancements in the quantum networking
and quantum computing frontier, for both, the NV center and the SiV center in diamond.

State-of-the-art demonstrations for NV centers show
« remote entanglement of two qubits over a spatial separation of three meters [24],
« loophole-free Bell test over a distance of 1.3 km [25],
« entanglement distillation of distant electron-nuclear two-qubit nodes [26],
« deterministic delivery of remote entanglement [27],
« and a three-node quantum network built on NV centers [28].
For SiV centers key demonstrations are:
« memory-enhanced quantum communication [29],
+ a two-qubit quantum network node with integrated error detection [30],

« and a two-node quantum network each composed of a SiV™ electron spin and a
strongly coupled nuclear spin [31].

Unfortunately, the SiV center struggles with its own set of challenges: it demands ultra-low
temperatures in the mK-regime to function reliably [32]. This limitation stems from the
electronic structure of group-IV defects [33], where their symmetry grants them an extra
degree of freedom: a second orbital branch [34]. The separation between these branches
dictates the phonon coupling, and thus the temperature at which these defects can be
efficiently operated [35].

This is where the real opportunity lies: by engineering the orbital branch separation [36],
tuning the qubit-phonon coupling [37], or leveraging defects with naturally larger split-
tings [38], we can push beyond the SiV center’s constraints. And that’s precisely where
heavier group-IV centers shine. Germanium-, tin-, or lead- vacancy centers stand out by na-
ture, with greater orbital separation and enhanced spin-orbit coupling, drastically reducing
phonon-induced decoherence and expanding their operational temperature range.

Now, lets leave history behind us and dive deeper into the remarkable properties that
make group-IV defects a driving force in the future of quantum technologies.



1.1. Distributed Quantum Computing with Color Centers

1.1. Distributed Quantum Computing with Color Centers

Have we ever truly questioned our own drive to explore exotic quantum systems like color
centers? Beyond the academic fascination, what do these defects in diamond have to offer
— practically, technologically, even socially? Are they just a curiosity, or could they be the
key to something revolutionary?

We want to motivate our research with one particularly promising application: distributed
quantum computing, where color centers play a crucial role in enabling scalable quan-
tum networks. In the following, we will explore the fundamental principles behind this
concept, the role of color centers and why it could shape the future of computation. For
interested readers, we refer to [39] for a summary on this topic and for more elaborate
surveys detailing algorithms, networking, compiling and simulation to [40], as well as for
a technical overview to [41]. For a summary on quantum networks based on color centers
in diamond, we suggest [42].

1.1.1. The Vision of Distributed Quantum Computing

Quantum computing is believed to offer a benefit over classical computing in certain
tasks by taking advantage of quantum mechanical properties like superposition and
entanglement [43]. Through the smart design of quantum operations and algorithms,
it enables the potential for exponential speedups in various fields, including machine
learning, chemistry, optimization and secure communication [44].

However, in the currently available quantum devices!, many application require thousands
of qubits and simply scaling a monolithic (one single) device is not an effective solution,
as maintaining quantum coherence gets exponentially harder due to environmental noise
and excessive coupling complexity [46]. 2 These factors make it extremely difficult to build
large scale quantum computers on a single chip.

This led to the idea, of building a modular quantum computer, consisting of many smaller
processors that are connected within a quantum network just like classical computer
clusters. This architecture is referred to as Distributed Quantum Computing (DQC),
allowing to increase the computational power of the system through networking, rather
than brute-force increasing the number of qubits on one chip. As an example, IBM is
"developing ways to link processors together into a modular system capable of scaling
without physics limitations", and for 2025, plans to "introduce the 1,386-qubit multi-chip
processor, Kookaburra. With its communication link support for quantum parallelization,
three Kookaburra chips can connect into a 4,158-qubit system." [47]

1 We are currently in a state that is referred to as the noisy intermediate-scale quantum (NISQ) era charac-
terized by qubits, that are noisy and suffer from loss of information [45]

2 In addition, engineering constrains arise, such as extensive control wiring and increased heat load in
cryogenic setups.
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Figure 1.1.: Quantum circuit model and entanglement swapping. (a) depicts a quantum circuit acting on two
QPUs. The circuit describes the single qubit H-gate to |q;) and three two-qubit CNOT-gates successively
applied from |q1) to |q2), from |q2) to |g3) and last from |g3) to |q4). All qubits are entangled after the gates
are processed. The second CNOT-gate is non-local between the two separate QPUs. (b) shows the process of
entanglement swapping between distant users. Bob possesses two flying qubits (green dots), each entangled
separately, one with Alice and one with Charlie. Acting as a relay, Bob performs Bell measurements and
communicates the outcomes to Alice and Charlie via a classical channel. Based on this information, they
apply the appropriate quantum gates to their qubits. Consequently, Alice and Charlie establish an entangled
state, contingent on Bob’s measurement results. Figure (a) is inspired by [40] and (b) by [41].

But how exactly should we imagine such a cluster of different quantum processors, and
what conditions must it fulfill? In 2000 David DiVincenzo proposed the famous criteria that
have to be satisfied for a quantum computer to work, but besides the commonly known
first five, he included two additional criteria necessary for quantum communication [48].
The criteria state, that a competitive quantum computer must have:

1. A scalable physical system with well characterized qubits;
. The ability to initialize the qubit states to a simple state, i.e., |0000...);

. Long relevant decoherence times, much longer than the gate operation time;

= W N

. A “universal” set of quantum gates;

5. A qubit-specific measurement capability;

6. The ability to interconnect stationary and flying qubits;

7. The ability to properly transmit flying qubits from one location to another.

The ability to interconnect stationary and flying qubits means to transfer quantum in-
formation between two types of qubits: stationary qubits, that store and process data
within a quantum processor (QPU) and flying qubits, that carry quantum information over
distances, usually using photons.

Currently, there is no single platform of stationary qubits, that excels in all criteria:
Superconducting [49, 50] are currently leading the race in terms of scalability, and error
correction progress, semiconducting qubits [51-53] offer promising prospect due to fully
industrial processing [54], but both lack efficient native interfaces for quantum networking.
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Trapped ions [55, 56] lead in gate fidelity, but scaling the amount of qubits to large numbers
is challenging. Neutral atoms in optical tweezers [57] are great in scalability, but lack
behind in gate-fidelity. Color centers in solid state lack in scalability, but stand out in
quantum networking with several state of the art demonstrations, due to their natural
photonic interface [28, 31]. The point is that it is difficult to meet all the criteria within a
single processor, but distributing the computational task across (distant) devices, might
just do the trick.

Quantum gates and processes across multiple processors can be tricky to describe for
larger systems. That’s why we first focus on explaining quantum gates on a single device
for which we partly follow the description in [40]. Quantum logic gates are the basic circuit
operations on a qubit and are described by unitary matrices relative to some basis, meaning,
a quantum operation is always reversible. The unitary operations (U) describe rotations
and the most relevant single-qubit operation is the Hadamard-gate (H). It transform the
basis state vectors to a superposition state with equal amplitudes:

0) — 1)
V2

For a multi qubit system, we can describe the total state as a tensor product of the individual
quantum states, e.g. for a two-qubit system, we can write |a) ® |b) = |ab). Now lets assume
that we have a two-qubit system consisting of a control qubit (|¢.)) that determines whether
an operation should happen to a target qubit (|¢;)), if some condition is fulfilled. A quantum
gate following this idea is the controlled not gate (CNOT), and the operation is described
by the following condition:

10) + 1)

H|0) = and H|1) = (1.1)

‘ (1.2)

Xlpey, if |pc) = [1).
with I denoting the identity operation (where nothing happens) and X the Pauli X-gate
that rotates the state around the x-axis by x (flipping the state). The combination of the
H- and CNOT-gates is the key to entanglement. It allows us to create a state that cannot
be described as a simple product of individual qubit states. For example, if we start with
two qubits in the state |00) and apply a H-gate to the first qubit, it will transform into a
superposition state. If we follow with a CNOT-gate, with the first qubit as control qubit,
we obtain

{Ikm, if |gc) = 0)

|00) + [10) cNor |00) + |11)
V2 V2

The resulting state is the Bell state |®*) and the two qubits are now entangled. > We can
generalize this process to entangle multiple qubits by iteratively applying CNOT-gates to
the remaining qubits. For instance, in the case of three qubits, after entangling the first
two, the second qubit would serve as the control while the third qubit acts as the target
for the next CNOT-gate.

=|®"). (1.3)

3 The collection of all four Bell states are {|®*),|®~), |¥*),|¥ ")} and are given by applying the described
operations on the two qubit states {|00),]10),|01) [11)}
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To visualize multiple quantum gates and describe different quantum circuit operations
in a simply manner, we can use the widely adopted quantum circuit model [58], where
quantum operators are represented as quantum gates. An example of this is shown in
Figure 1.1 (a), which illustrates a quantum circuit. The circuit includes a single-qubit
H-gate applied to |q;) and three two-qubit CNOT-gates represented by a line connecting
a dot and a circled cross, one of which is non-local, between two separate QPUs.

We now aim to explain, how such a non-local operation is conducted. In order to communi-
cate between several QPUs, within the same or over different nodes, an interface is required
for entanglement distribution. This interface is provided by the so-called flying qubits,
which act as carriers for transmitting quantum information between different devices.
These qubits must be highly mobile and efficiently coupled to the respective quantum
platform [41]. Several proposed implementations include short distance electronic states
in semiconductor devices [59], cold microwave links for superconducting devices [60] and
single photons for ion traps, neutral atoms and color centers [42].

For evident reasons, photons are the optimal carriers of quantum information over long
distances. They interact weakly with the environment and can travel at the speed of light
without decohering. The biggest limitation is given by the loss in the optical fibers over
many kilometers distance.* Photons also provide multiple degrees of freedom for encoding
quantum information. For instance, qubit states can be represented using polarization or
the spin degree of freedom. Additionally, standard telecom fiber technology can transmit
these qubits with minimal loss.

1.1.2. Entanglement Swapping

One important entanglement-based communication protocols is entanglement swapping
via Bell-state measurements (BSM). > An example is depicted in Figure 1.1 (b). Alice and
Charlie send a flying qubit (green dot), entangled with a material qubit in their node (blue
dot), to Bob. Bob performs a BSM that un-entangles the two qubits. ® As Alice’s and
Charlie’s qubits collapse into an unpredictable entangled state, Bob informs them of the
BSM outcome through the classical channel. By applying a unitary correction to their
qubits Alice and Charlie now share an known entangled state, making further quantum
operations reliable.

State of the art experiments use bidirectional quantum frequency conversion (QFC), to convert the photons
from visible light into telecom wavelength (O-band), where attenuation is much lower (< 0.3dBm™" in a
conventional telecom single-mode fiber [31]).

A second protocol is quantum teleportation, where an unknown quantum state is transferred from one
node to another, without physically sending the state itself [61].

In general, Bob performs a BSM by simply applying a CNOT-gate with one of his qubits as the control
and the other as the target. Following a H-gate on the control qubit a measurement in the basis states of
the qubit is performed. Specifically for photonic entanglement swapping, we refer to the proposal of [62]
and the experimental demonstration in [24].
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Figure 1.2.: Schematic representation of a DQC architecture. The system consists of two nodes. At the
center, a quantum repeater facilitates the connection between Node 1 and a Node 2. Both nodes do not
necessarily have to be of the same quantum hardware. A classical network enables communication between
the different modules.

Finally, we present a schematic representation of a DQC architecture in Figure 1.2. A
classical network enables communication between different modules and nodes by trans-
mitting measurement outcomes and control signals. This allows for the coordination of
quantum operations and implementation of entanglement-based tasks such as quantum
teleportation and entanglement swapping. The system consists of two nodes. Node 1
includes two QPUs, which could, for example, be two interconnected color center systems
linked via an optical cavity. At the center, a quantum repeater facilitates the connection
between Node 1 and a second node, which does not necessarily have to be composed of
the same quantum hardware. For instance, Node 2 could consist of trapped ions. Intra-chip
connectivity for the second node is exemplified by the solid and dashed lines connecting
different qubits. Solid lines represent strong connections, typically observed between
nearest neighbors, while dashed lines indicate weaker connections to more distant qubit
pairs. The limitations in connectivity arise due to factors such as overall noise effects and
physical space constraints resulting in a reduction in coupling strength. [40].

Given that no single platform is perfect, a practical approach to Distributed Quantum
Computing may involve such a hybrid architecture. By combining different quantum
systems, each leveraging its unique advantages in terms of scalability, coherence times,
and gate fidelities, performance for specific computational tasks can be optimized. Hybrid
architectures facilitate fault tolerance by simply distributing workloads across the spe-
cialized platforms. As a consequence, the future of quantum computing is expected to be
modular, with quantum nodes interconnected through quantum and classical channels.
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Figure 1.3.: Structural representation of a group-IV color center in diamond, where a group-IV atom (Si, Ge,
Sn, or Pb) replaces two carbon atoms in a split-vacancy configuration (here represented with a red tin atom).
This unique defect structure provides inversion symmetry, leading to stable optical transitions and long spin
coherence, making it a promising candidate for quantum technologies.

1.2. Group-IV Color Centers

With a broader perspective in mind, we now shift our attention to group-IV defects in
diamond and provide an overview of their key properties and differences. Rather than
arguing that one particular defect is superior to the others, an approach that would miss
the bigger picture, we aim to briefly highlight the unique advantages and trade-offs of
each system.

Group-IV defects refer to structural defects in which an element (Si, Ge, Sn, or Pb) is
positioned between two vacant carbon sites in the diamond lattice. The structural rep-
resentation of a group-IV color center in diamond, created in Blender, is illustrated in
Figure 1.3. We are interested in the negatively charged state of these defects and from this
point forward, we refer specifically to the negatively charged color center when discussing
these defects. Their split-vacancy configuration provides a unique combination of stable
optical transitions and accessible spin degrees of freedom arising from their inversion
symmetry [63, 64]. This offers a crucial advantage, which protects their optical transitions
from linear Stark shifts, though not from quadratic Stark effects, as we will explore in
Section 2.4.1. The insensitivity to electric field fluctuation results in narrow zero-phonon
lines (ZPLs) with high Debye-Waller factor (npw), which quantifies the fraction of emission
into the ZPL.

For example, the SiV center exhibits a Debye-Waller factor of approximately ~ 70 % [65],
orders of magnitude higher than the 3-4 % of the nitrogen-vacancy (NV) center [66]. Since
quantum communication requires a high yield of coherent photons. We additionally need
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to consider the quantum efficiency (7gg), defined as the ratio of radiative to total decay.
Among group-IV defects, the SnV center leads in this metric, with a quantum efficiency of
~ 80 % [67]. In total, when assessing their suitability for quantum technologies, we must
consider the total ZPL emission rate npw X 7og and the overall excited state lifetime (7),
which impacts the repetition rate of quantum protocols.

Another interesting characteristic of group-IV defects is the fine structure of their optical
transitions. The ground and excited states of these defects experience an internal splitting
due to spin-orbit interaction (A8). This results in multiple closely spaced ZPL transitions,
with splittings that strongly depend on the specific defect type. For example, the SiV center
features a ground-state splitting of 50 GHz [65], while SnV center exhibits a significantly
larger splitting of 820 GHz [68]. This difference has far-reaching implications: SiV centers
require ultra-low temperatures (in the milli-Kelvin) to prevent phonon-induced relaxation
of spin states [19]. Contrary, the larger splittings in SnV centers and PbV centers natu-
rally suppress phonon interactions, allowing operation at higher temperatures [69, 70],
potentially avoiding the need for dilution refrigeration.

The fabrication and charge stabilization of these color centers in diamond present additional
challenges, which vary for each impurity. Due to differences in atomic size and properties,
a single fabrication technique is universally not applicable. For example, GeV centers have
been successfully incorporated into diamond via both in-situ doping during chemical vapor
deposition growth and ion implantation of Ge* ions. In contrast, incorporating Sn into
diamond is more difficult due its larger atomic radius compared to carbon, which increases
the probability of introducing lattice defects [63]. While high-temperature annealing under
high pressure has been shown to produce high-quality SnV centers [68], it comes at the
cost of diamond surface quality, presenting an additional trade-off.

At last, we want to discuss qubit performance as a key metric. The relaxation time T
and coherence times T, and T, are temperature dependent due to the orbital doublet
in the ground state [71]. However, all group-IV centers exhibit impressive coherence
when sufficiently cooled. For instance, the SnV center can achieve spin relaxation times
exceeding 1s at an operating temperature of T,, ~ 1K [1]. The spin coherence time, in
diamonds with a natural *C abundance of 1.1 %, is in the range of T, ~ 1.5 us to 2.5 ps [72].
Furthermore, by using dynamical decoupling techniques, coherence times exceeding 10 ms
have been demonstrated [1, 72]. In Table 1.1, we offer a summary of the key characteristics
of the different group-IV defects, including the NV center as a reference.

In summary, group-IV defects have emerged as a highly promising qubit platform among
diamond color centers, offering a pathway to scalable quantum systems. They achieve an
optimal balance between spin coherence and optical performance, exhibiting bright and
stable emission with a high fraction of coherent photons. Moreover, they have already
demonstrated key milestones, such as distant entanglement and continue to show great
potential. As techniques for their fabrication and control advance, group-IV defects are
set to have a bright future.
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Table 1.1.: Summary of the key characteristics of the different group-IV defects, including the NV center as a
reference. The table has been adapted from [73] and [42].

Azpr, (nm) 1NQE npw T (ns) A8 (GHz)  Top (K)
Siv_ 737[29]  0.10 [74] 0.7 [65] 1.7[74] 50 [65] 0.1 [19]
GeV  602[20] 04[75] 06[75] 14-6[75] 170[75] 0.4
SnvV 620 [1,67] 0.8 [67] 057  45-7[76,77] 820[1,67] 1.2[69]
PbV 550 [78] - - ~3.5 [78] 3900 [78] 8
NV 637[79] ~085[80] 0.03[66] 11-13[81,82]  NA NA

1.3. Outline of this Thesis

The SnV center has emerged as a promising candidate for optically addressable spin
qubits [1, 69, 70], yet its full potential relies on precise control of its electronic and
spin properties. Key challenges include mitigating phonon-induced decoherence and
microwave control bottlenecks. In order to solve these and many other problems, a
combination of different tasks have to be addressed, such as strain engineering, optimizing
spin initialization by precise magnetic field alignment and overcoming thermal limitations
by using superconducting materials. These key points, along with several other factors,
play a crucial role in determining the qubit performance of the SnV center and its suitability
for scalable quantum technologies. As part of this work, we will address and analyze all
important aspects in detail. In the following, we outline the key aspects along with the
sections where each is addressed:

« Basic properties of the SnV center (Chapter 2): In this chapter we discuss the
basic properties of the SnV center as an optically addressable spin qubit.

+ Effective Hamiltonian and the fine structure: To understand the effects of the
different interaction terms the derivation of the effective Hamiltonian is necessary
(Section 2.2). The fine structure governs the resonance conditions of the optical- and
magnetic transitions in the electronic ground and excited states of the SnV center
(Section 2.3). It assists us to asses the optical linewidths, which impact spin-photon
interface efficiency [32, 38].

« Magneto-optical properties (Section 2.4): The stability of optical transitions
over time (Subsection 2.4.1) is affected by charge fluctuations and strain variations.
Spectral diffusion, primarily caused by charge noise, degrades optical coherence
and impacts the efficiency of spin-photon interfaces [36, 63]. The fine structure is
strongly modified by external magnetic field interaction. For example, the qubit’s
frequency is determined by the Zeeman interaction in the magnetic field and further
influenced by spin-orbit coupling and strain. It requires precise knowledge of the
several interactions to control the qubit [1] (Subsection 2.4.3).

« Spin Dynamics of the SnV Center (Section 2.5) When a qubit is prepared in a
pure quantum state (e.g., |0)), the accuracy of the preparation is described as the
initialization fidelity. For SnV centers, both initialization and readout fidelity are
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strongly dependent on the magnetic field orientation. Low-fidelity readout can limit
efficient coherent control [65, 83](Subsection 2.5.1). In addition, the time over which
a spin qubit relaxes from the initialized state back to its thermal equilibrium state
is described by the spin relaxation time Ti. This parameter reflects the lifetime
of the qubit and is influenced by phonon-induced relaxation and environmental
coupling [35] (Subsection 2.5.2)

Microwave line and heating effects (Chapter 3): In this chapter we discuss the
properties of the microwave transmission line for spin qubit control (Section 3.1).
By using the SnV center as a calibrated temperature sensor (Subsection 3.2) we
characterize the losses of normal and superconducting coplanar waveguides (Sub-
section 3.3).

Coherent control and its necessary requirements (Chapter 4): The rate of
coherent oscillation between the qubit’s spin states under an external driving field
(e.g., microwave pulses) [84] is defined as the Rabi frequency Q (Section 4.1). A
high Q enables fast qubit gates, but excessive driving can introduce heating and
dephasing [65, 69]. The time over which a qubit loses phase coherence due to
fluctuating magnetic fields or interactions with nuclear spins is determined by the
coherence times T, and T,. The coherence can be extended using techniques like
spin-echo or dynamical decoupling (Section 4.2). The distinction between T, (free
induction decay time) and T, (spin-echo coherence time) is crucial for evaluating
noise sources. [71]
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2. Tin-Vacancy Center: From Orbital
Structure to Spin Dynamics

Figure 2.1.: Illustration of the SnV center in diamond with an integrated microwave line for spin manipulation.
A tin atom (Sn, red) positioned between two vacancies (V, white) forms an SnV center. This SnV center is
embedded in a diamond lattice composed of 2C (black) and 3C (brown) atoms. The system is optically
addressed with a laser (red beam) and coherently controlled via a coplanar microwave line (gray structure).
The dimensions of this model are exaggerated to visualize the idea of the SnV center as a spin qubit in
diamond.

First of all, we would like to draw attention to the illustration of the SnV center in diamond
as an optically addressable spin qubit, as depicted in Figure 2.1. The 3D model presents a tin
atom (Sn, red) positioned between two vacancies (V, white), forming the SnV center within
the diamond lattice. This defect is positioned within the gap of a coplanar microwave
structure, where the microwave line generates localized oscillating magnetic fields to
enable coherent spin manipulation. Optical addressing is achieved by a (resonant) laser,
represented by a red beam. The diamond lattice is composed of 2C (black) and '*C (brown)
atoms, with the latter highlighting the potential use of the 3C nuclear spin for multi-qubit
applications. The dimensions of the model are exaggerated to enhance the visualization
of the SnV center as a spin qubit in diamond. In the following we start by discussing the
electronic structure of the SnV center.
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Figure 2.2.: Energy-level diagram depicting the ground and excited state configurations of the negatively
charged tin-vacancy (SnV~) center in diamond. The defect states are formed by e, and e, molecular orbitals,
which arise from the interaction of dangling bonds on carbon atoms and tin atomic orbitals. Electrons (red
spheres), holes (blue spheres), and their associated spins (black arrows) are displayed. Optical excitation is
represented by the green arrow, promoting an electron from the e, orbitals to one of the e, orbitals.
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2.1. Electronic and Orbital Structure

The electron configuration of the SnV center is determined by the symmetry of its molecular
structure. The defect consists of six neighboring carbon atoms and two vacant sites,
with a tin atom occupying an interstitial lattice position between the vacancies. The
dangling bonds of the carbon atoms can be schematically described as sp3-orbitals, which,
together with the tin atomic orbitals, form the defect and determine its symmetry and
invariance under symmetry operations. Using group theory and the identified symmetries,
the SnV center can be assigned to the D3q point group.! The constructed irreducible
representations include two non-degenerate representations, A, and Ay, along with
two two-fold degenerate representations, E; and E,. The subscripts 'g’ (gerade) and "v’
(ungerade) denote even and odd parity, respectively.

The notation with capital letters refers to the irreducible representations as defined by
group theory. These irreducible representations describe the symmetry properties of the
molecular orbitals in an abstract manner. Essentially, they tell us how a set of orbitals or
wavefunctions transforms under the symmetry operations of the molecule’s point group
(such as rotations or reflections). The actual physical orbitals that are derived from these
irreducible representations are denoted with small letters. These are the specific molecu-
lar orbitals that electrons occupy, derived from symmetry-adapted linear combinations
(SALCs) of atomic orbitals. SALCs are constructed by combining atomic orbitals in ways

For a thorough derivation of the symmetry-adapted linear combinations (SALCs), which are constructed
by combining atomic orbitals to respect the symmetry of the molecule or defect, of the dangling bond
orbitals using the D54 group as described for silicon-vacancy centers, we refer to the doctoral thesis of C.
Hepp [34].
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that reflect the symmetry properties of the molecule’s point group, allowing them to
transform according to irreducible representations. The electron density is delocalized
within the SALC orbitals corresponding to a particular irreducible representation, rather
than being confined to a single atomic orbital. The molecular orbitals form orthogonal
eigenstates, hence they do not overlap, are independent and are denoted as aig, azu, ey,
eg. In the neutral state of the SnV center, the orbitals contain ten valence electrons: six
from the dangling bonds of the carbon atoms and four from the Sn atom. In the relevant
negatively charged state, SnV™, an additional electron is captured from nearby donors,
resulting in eleven electrons in total. From here on, we will refer to this negatively charged
state. Considering the spin degree of freedom, each orbital can accommodate two electrons
of opposite spin {T, | }. Density functional theory (DFT) calculations [38] indicate that the
a1z and ay, orbitals are energetically located within the valence band of the diamond. As a
result, these orbitals do not contribute to the electronic states within the bandgap and are
excluded from the perturbation analysis.

The two-fold degenerate orbitals e, and e, can be expressed by two orthogonal eigenstates
egx/y and e,y y, again with an additional spin degree of freedom. These orbitals are
positioned within the bandgap, as shown in Fig. 2.2, with the e/, orbital close to the
valence band edge. In the ground state configuration, the ey, /, orbitals are occupied by
three electrons, leaving a hole in one of the four e, states. This state is described by the
eﬁeg (2E;) configuration [34]. The defect’s properties are determined by the state of the
hole, leading to a spin of S = 1/2 for the SnV center. When an electron is excited from the
ey state to the e, state, as indicated by the green arrow, the resulting configuration for the
excited state is eie‘gl (2Ey). The degenerate orbitals e; and ey, can be described by the four
possible states that the hole can occupy. Each hole state is represented by a basis vector,
including both orbital and spin information. The basis sets for the ground and excited
state orbitals are as follows:

2E, ground state: {|egx T), |egx 1), legy T). legy 1)} (2.1)
2E, excited state: {|eux T), [eur 1), |euy 2 |euy L} (2.2)

The defined eigenstates provide a basis for analyzing the effect of various perturbations
on the system. First, we consider internal perturbations such as spin-orbit coupling that
introduces mixing between the orbital components while preserving spin degeneracy. In
addition, strain can modify the orbital overlap, leading to changes in the energy spectrum.
By applying external magnetic fields, we can split or shift the energy levels via the Zeeman
effect, directly affecting the spin components of the eigenstates. These perturbations allow
us to explore the complex interactions within the SnV center. In the next section we
will derive a matrix representation of the Hamiltonian, focusing on the ground state for
simplicity. This derivation applies equivalently to the excited state.
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2.2. Derivation of the Effective Hamiltonian

The Hamiltonian for Group-IV defects was initially derived from measurements on silicon-
vacancy centers [19] and subsequently extended to predict the behavior of heavier Group-
IV elements [38]. However, due to the lack of necessary experimental data to validate the ab
initio calculations, certain interactions have not been accurately predicted or have instead
been incorrectly defined by assuming that average pre-factors could be used [1]. The aim
of this section is to derive the effective spin Hamiltonian in a manner analogous to [38].
The key difference is that we present the various contributions in a matrix representation
for the SnV center’s electron spin Hamiltonian. This approach is more intuitive from an
experimental perspective and helps illustrate why averaging the different contributions is
incorrect in certain cases. By doing so, we aim to achieve a comprehensive characterization
of the SnV center’s experimentally observed optical and magnetic properties shown in
section 2.4.

The interaction terms of the system can be described by four contributions, namely, the

spin-orbit coupling ﬁsgg , the strain components Hffftstram, where we absorb the Jahn-Teller

effect into the interaction term of the strain Hamiltonian, the orbital Zeeman effect H'%il
and the spin Zeeman effect lr-AI%Su Hence, the effective Hamiltonian is:

y&U _ y8u | fygu U, Fy8u
Heff - HSO + HJT+strain + HZL + HZS : (2'3)
While deriving a matrix representation of the Hamiltonian, we focus on the ground state
for simplicity, noting that the same derivation applies to the excited state. Additionally,
we set i = 1 throughout the derivation and indicate the basis used for determining the
interactions using superscript notation. The xy-basis is defined by equations 2.1.

Spin-orbit coupling With an interaction strength of approximately 820 GHz [67, 68, 85],
spin-orbit coupling is the most significant perturbation across the majority of investigated
and utilized SnV centers. It is a relativistic effect arising from the interaction of the
electron with its orbital motion. In the potential of the Sn nucleus, the electron experiences
a magnetic field in its rest frame due to its orbital motion around the nucleus. This leads to
a spin-orbit interaction, where the electron’s spin magnetic moment couples to its orbital
angular momentum. As a result, the four-fold degeneracy of both the ground and excited
states is lifted. The energy levels are split into two, corresponding to the two possible total
angular momentum states. In the {xy}-basis of the electronic states, the Hamiltonian for
spin-orbit coupling is thus given by [34, 86]:

Hyd = —28L.S,. (2.4)
This term accounts for the effective spin-orbit splitting, with the strength of the spin-orbit

coupling given by A8 for the orbital ground states. The negative sign was introduced in [34]
due to the fact that we are dealing with a hole. L, and S, are the z-components of the angular
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2.2. Derivation of the Effective Hamiltonian

momentum operator L= (ﬁx, ﬁy, EZ)T and the Pauli-matrix vector § = %(6,0 Gys 6,)T.
The transverse components of the L operator vanish, as they do not couple the eg and ey
states.

The L, and &, operators are given by the matrices [34]:

. (0 i . (1 0
LZ_(—i 0) andaz—(o _1), (2.5)

respectively.

The spin-orbit splitting Hamiltonian follows as

Hy = —28L,S, = : (2.6)

O O O

=
o O Owl%q

ono o
o onfEo

|

which is derived by performing the outer product between the L, operator and the 6,
Pauli matrix. The non-zero off-diagonal elements indicate that the spin-orbit interaction
results in coupling between different components of the orbital states. By diagonalizing
the matrix one can determine the Eigenvectors and Eigenvalues in the basis dominated by
the spin orbit interaction as:

A8 ) A8

lex T) = 7 (|egx 1) +ilegy 7)) with E; = +?, and with E; = 5 (2.7)
: . A8 . A8

le |) = T (|egx 1) —ilegy 1)) with E; = +?, and with E, = ey (2.8)
: . A8 . A8

le- T) = T (legx T) — ilegy T)) with E5 = - and with E5 = +? (2.9)

g g
lex ) = T (legx 1) +ilegy 1)) withEy = —%, and with E4 = +% (2.10)

in accordance with [34] according to [38]

In the ab initio calculations of G. Thiering and A. Gali, the ordering of the eigenvalues
has been swapped. Specifically, they note "the negative sign which originates from the

three-electron many-body E, and E, states. As a consequence, B2

g.u
than the Eg/u, in contrast to the previous assignments." [38] Here, the total effective
angular momentum is expressed as the sum of the orbital angular momentum and the
spin quantum numbers m; = m; + my = {+2, +3}. We will follow this ordering from

here on with a side note: we will later see from the experimental measurements, that are

is lower in energy

shown in Section 2.4.4, that the qubit frequency of the lower Ez/uz doublet scales stronger
in an external magnetic field than that of a free electron, with @ = 28 MHz mT™!. This
indicates that the orbital and spin momentum are aligned in the lower doublet. Unlike
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2. Tin-Vacancy Center: From Orbital Structure to Spin Dynamics

in the hydrogen atom, where the j = 7 state with anti-aligned orbital and spin momenta
lies lower in energy, the defect system shows the opposite behavior. When the orbital
and spin angular momenta are aligned (e.g. {+ T}), the state’s energy is reduced, whereas
anti-alignment (e.g. {— T}) results in a higher energy state. Finally, we can display the
Hamiltonian in the new {so}-basis with states

{esl T el eI el )}, (2.11)
-2 0 0 0
. o -& o0 o
A = 2 2.12
as Iy, 0 0 /lz_g 0 ( )
o o o &

It is evident that the originally four-fold degenerate states are split into the two spin-
degenerate doublets Eg/uz and Eé,/uz , with their Eigenvalues in the upper and lower half of
the matrix diagonals, respectively. We connect the {xy}-basis and the {so}-basis with a

transformation matrix T, which diagonalizes HYY with the relation:

TV.HY T=H. (2.13)

Solving this equation results in the matrix

i 0 —-i O
0 —-i 0 i

T = 10 1 0 (2.14)
0 1 0 1

One can now describe the remaining interactions in the basis that is more intuitive from
an experimental approach. The transformation matrix allows to easily switch between the
two bases to combine the different interactions into a single Hamiltonian.

Jahn-Teller effect and strain The Jahn-Teller effect (JT) involves the coupling of the
electronic states to vibrational modes (phonons) of the crystal lattice, leading to symmetry-
breaking distortions and lower symmetry of the system [87]. This coupling leads to a
dynamic JT effect, where the energy barriers between different nuclear configurations are
low enough for the system to tunnel between them. As a result, the electronic wavefunction
becomes delocalized over multiple configurations, affecting properties like the g-factor
by effectively quenching spin-orbit coupling and altering magnetic parameters [38, 88],
and is referred to as the Ham-reduction [87]. The JT effect induces a linear displacement
of the nucleus, similar to the effect of strain, and thus is often incorporated into the
strain Hamiltonian. It is experimentally indistinguishable from strain-induced symmetry
lowering [34].
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2.2. Derivation of the Effective Hamiltonian

The response of the electronic levels to strain has been investigated in [36] for SiV centers,
by changing its static strain environment with a nano-electro-mechanical system. The
description of the ground and excited state is independent, due to the different parities.
Hence, Hgirain is identical in form for E, and E, [36], with differing numerical values.
The strain components with respect to the symmetry of the Group-IV defect, based on
equations 2.1 follow as:

€a, = t1 (Exx + €yy) + €z (2.15)
€, = d(exx — €yy) + fezn (2.16)
€g, = —2dexy — fey;, (2.17)

The strain response of the orbital states can be fully described by the four strain-susceptibility
parameters ¢, t||, d, and f, which are determined for the SnV center in density functional
theory (DFT) calculations by X. Guo [69]. These parameters account for how the orbital
states respond to both perpendicular and parallel components of the strain. The strain
Hamiltonian can be written in the form:

A €A1 — €EE €E 1 0
ny = x y 2.1
strain €E, €Al + GEX) ® (0 1) ’ ( 8)

The wave function’s spin component is represented by an identity matrix in the strain
Hamiltonian since lattice deformation mainly modifies the Coulomb energy of the orbitals,
leaving the spin characteristics unaffected [36]. The diagonal elements €4; accounts for
a global emission wavelength shift [69] and will be ignored. Further, since we cannot
experimentally distinguish eg, from eg, for individual SnV centers, we sum up the contri-
butions in an effective term @®. This strain parameter causes mixing and relative shifts of
the spin-orbit eigenstates {|e;), [e-)}, transforming them back to pure {|es), |e,)} orbitals
for mainly transverse-oriented strain [36]. Hence, we place the strain component in the
diagonals of the {xy}-basis with opposite sign. The strain Hamiltonian in both bases is
given by:

a8 0 0 0 0 0 —-at 0
A 0 ot 0 A 0 0 0 -t
Xy S0
strain 0 0 -8 0 ’ H strain o 0 0 0 (2- 1 9)
0 0 0 -—at 0 -a® 0 0

Note that we also include effects from Jahn-Teller interaction in the same coupling constant
a.
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2. Tin-Vacancy Center: From Orbital Structure to Spin Dynamics

Orbital-Zeeman effect Earlier, we mentioned that the dynamic Jahn-Teller effect sup-
presses the orbital moment, thereby effectively quenching the spin-orbit coupling. The
same interaction reduces the orbital-Zeeman interaction of the SnV center by a factor f,%}.,
that will be further explained in the following based on parts from Karapatzakis, Resch
et al. Phys. Rev. X 14, 031036 [1]. We can express the orbital Zeeman interaction in the
form:

Ao = s (£5) 1B, (2.20)

(+13)

The term includes the Bohr magneton up and the quenching factor f,,%j, which adjusts the
orbital Landé g-factor to account for the reduced splitting compared to the expected value
for a quantized magnetic moment. The quenching factor can be expressed as fn%j = p,gnj -glg,

where p,g,,j represents the contribution from the dynamic Jahn-Teller effect, also known as
the Ham effect, and glg is Steven’s orbital quenching factor, which arises due to the reduced
symmetry of the system [38]. We cannot distinguish between these two components in
our measurements, but we can determine the overall magnitude of the orbital quenching

r%,- separately for the total effective angular momentum m; = {i%, +3}. The states with

quantum number m; = +1 correspond to the spin-orbit doublet with higher energy +4&

while m; = i% corresponds to the doublet with energy —%. Within the orbital-Zeeman

interaction, the states are further split by the applied external magnetic field B,.

This approach is different from all previous publications, where the quenching factor of
the two doublet states has been merged within an average quenching factor ffverage =

% - ( flg + ff) Generally, this approach provides an almost accurate characterization for

Siv cénteré, where the crystal strain is comparable to or much greater than the spin-orbit
coupling of approximately ~ 48 GHz, for defects utilized in experiments such as [65, 89].
Strain of a similar order to spin-orbit coupling induces mixing of the pure m; eigenstates,
thereby averaging the effective quenching factors.

However, the same approach fails to accurately describe the level structure of the SnV
center, which is typically found in low to moderate strain environments relative to the spin-
orbit coupling, as demonstrated in [69, 70]. This discrepancy arises from the significantly
stronger spin-orbit coupling in these defects of approximately ~ 820 GHz , making much
stronger strain necessary, to yield the same orbital mixing effect. Therefore, we assign
separate quenching factors to the doublet states with corresponding m;. Finally, by
leveraging the differing degrees of orbital mixing across varying strain environments,
from unstrained to highly strained emitters, we accurately determine orbital quenching.

We will see in Section 2.4.4 that, for an unstrained emitter, the qubit frequency correspond-
ing to the splitting of the EZ/ ? doublet is purely determined by the m; = i% orbitals. As
the strain magnitude increases, the m; = i% states start to contribute more significantly,
allowing for an indirect determination of the corresponding quenching factor.
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2.2. Derivation of the Effective Hamiltonian

Following the ordering of the eigenstates as defined in Equation 2.11, we can construct
the matrix representation of the orbital-Zeeman effect in the spin-orbit basis in a straight-
forward way:

g
fi» O 0

0
g

\ £ 0 0

Hy =nBy| ?2 ol (2.21)

o o0 0 f&

We have the gyromagnetic factor y; = 14 GHzT™! [90], the magnetic field component
parallel to the SnV-center’s quantization axis Bj and the quenching factor f,%i where the
fractional line has been omitted for better readability. For the following matrix representa-
tion in the {xy}-basis, we will also omit the superscript g:

—ﬁz + féz 0 lf12 + 1]%2 0
Y yiBj 0 fiz — fa2 0 ifiz +ifs (2.22)
ZL™ o |=ifiz—ifs 0 —fi2 + faz 0 ' '

0 —ifiy — ifs 0 fiz = fr2

We can directly see the similarities to the spin-orbit Hamiltonian H.>, meaning that the
orbital-Zeeman effect mixes the orbitals of the eigenstates in the {xy}-basis, while leaving
the spin unaffected.

Spin-Zeeman effect Unlike the orbital-Zeeman effect, the spin-Zeeman interaction leads
to mixing of the spin states in both bases when a transverse magnetic field component
B, is applied, relative to the quantization axis of the SnV center. In contrast, parallel field
components B result in the splitting of the m; doublets without mixing the spin states.
The performance of a spin qubit is very sensitive to spin mixing effects, such as enhanced
coupling to phonon modes, as we will discuss in detail in Section 2.5.2. In both cases,
the orbitals remain unaffected by the magnetic field. This results in zero 2x2 blocks in
the off-diagonal positions. The spin-Zeeman Hamiltonian with the gyromagnetic factor
¥s = 28 GHz T~! [91] in both bases is expressed as:

B|| B, 0 0 B||ys 0 0 By

XY & BJ_ —B” 0 0 Aso ﬁ 0 —B”ys BJ_YS 0

Ms=%1o o B B |""57 % 0 By By o (2.23)
0 0 BJ_ _B|| BJ_Ys 0 0 —B”ys

Effective Hamiltonian The derivation of the effective Hamiltonian perturbations aimed
to establish a matrix representation capable of accurately explaining the experimentally
observed interactions of the SnV center with its environment. Using this matrix-based
approach, we were able to analyze the Hamiltonian in both the xy and so-basis, depend-
ing on which basis could explain the interaction more intuitively, with the eigenvalues
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2. Tin-Vacancy Center: From Orbital Structure to Spin Dynamics

corresponding directly to the energy level structure of the SnV center. The description
of the SnV center’s fine structure, along with an experimental verification, is provided
in Section 2.3. In order to obtain an accurate and reliable description of the SnV center,
certain parameters of the Hamiltonian must be constrained or known in advance, other-
wise it is underdetermined. For instance, we use a three-axis vector magnet with precisely
calibrated coil-generated field strengths. The field strengths are initially estimated through
simulations based on the geometric configuration and then calibrated through experi-
mental measurements of the nuclear spin bath surrounding the SnV center. This allows
us to optimize alignment of the magnetic field with the spin dipole, as we will show in
Section 2.4.3. In addition, multiple emitters with varying strain parameters are analyzed,
enabling the successive and iterative determination of accurate quenching factors. The
followed procedure is described in Section 2.4.4 and involves the measuring of optically
allowed and forbidden transition frequencies between the ground and excited states E,
and E, under different strain and magnetic field configurations.

Having derived and discussed the individual contributions to the SnV center’s interactions
we now combine these terms to construct the total Hamiltonian. Finally, the effective
Hamiltonian, formulated in both the xy and so bases is given by:

(y1(fs2 = fiz) + ¥s)B) + 2 YsBL iyi(fiz + f32) B — iA® 0
A =1 ysBy (n(fiz = f32) = vs)B) + 2ax 0 iyi(fiz + f32) By + i2€
W2 (=iy(fiz + fr2)) By + iA® 0 (ni(fsz = fi2) +y5)B) — 2a YsBL ’
0 —iyi(fiz + f32)B) — iA® ¥sB. (vi(fiz = f32) = vs)B) — 2a
(2.24)
(2fz2y1 + y5)B — A8 0 —2a YsB1
g =1 0 (=2f32y1 — Ys)BH — A8 YsB1 —2a
s0 = 3 —2a ysB. (=2fizy1 + vs)By + A8 0
YsB1 —2a 0 (2fi2y1 — ys)B) + A8
(2.25)

We note that we can rewrite this Hamiltonian by introducing the commonly used mean
g.u g.u g.u g.u
reduction factors f&" = 2 + =2 and the mean asymmetries § = f322 — 2 as well as

2 2 2
Y1 = Vs/2, leading to:

. SBJ.
(fyi+dn+5)B - & 0 N ‘;‘ T
= 0 (=fri— 5yzB— L e -
—a L2 (—fri+on+5)B+% 0
Zn —a 0 (fri=dn-5)B+ %

(2.26)

This matrix, accounting for the freedom to rearrange the columns, corresponds to the
same Hamiltonian as reported in [38].
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S D
— o ] C/

3 THz > 3 THz
—— E32 5
C ..... Al

619 nm
> _EP e at
........................ I iy
............ -
4 < 8200 GHz > 820 GHz o

R s E3? .Y Y 5§
T §

Spin-orbit Jahn Teller electron
coupling + Strain Zeeman

Figure 2.3.: Energy level diagram of a strained SnV center in a magnetic field. The figure illustrates the
progression of energy levels for a SnV center under different interactions. In the grey panel, the unperturbed
ground and excited states are shown as four-fold degenerate levels. The blue panel depicts these levels under
additional spin-orbit interaction. The labeled transitions C and D highlight the prominent zero-phonon
line (ZPL) transitions at low temperature and are indicated by blue and red arrows for clarity. The red
panel represents the Jahn-Teller effect and strain, which further modify the level structure. Finally, in the
orange panel, an applied magnetic field introduces further splitting of the spin states. The optically allowed
transitions are marked by black arrows, and the forbidden transitions by grey arrows. The qubit states are
represented by the orange-colored energy levels. This figure is adapted from Figure 1 in Reference [1].

2.3. Energy Level Structure

To best understand the electronic properties of the SnV center, it is helpful to validate the
effective Hamiltonian, derived in the previous Section 2.2 through a synergistic approach
combining the group-theoretical analysis with experimental data. The group-theoretical
description provides a foundational framework, enabling a systematic characterization of
the defect’s electronic states. Experimental observations, in turn, supply critical parameters
and constraints to refine the theoretical model and address interaction strengths that are
difficult to predict. This interdependence ensures that the Hamiltonian accurately captures
both the symmetry-driven properties and experimentally observed perturbations, resulting
in a consistent and clear description of the SnV center’s electronic structure. Building upon
the derivation, we now explore the progression of the SnV center’s energy levels under
varying perturbations. Following, we incorporate experimental results from Karapatzakis,
Resch et al. Phys. Rev. X 14, 031036 [1] to visualize the underlying interactions. For
information on the devices and the sample fabrication we refer to Appendix B. For details
on the experimental setup, please see Appendix C.

Fine structure of the SnV center Figure 2.3 schematically illustrates the evolution of the
SnV center’s energy level structure under the influence of spin-orbit coupling, strain,
Jahn-Teller effects, and an applied magnetic field, with the interaction strengths decreasing
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2. Tin-Vacancy Center: From Orbital Structure to Spin Dynamics

from left to right. Each subsequent interaction introduces characteristic splittings that
define the optical and spin properties of the defect. The unperturbed four-fold degenerate
ground (GS) and excited (ES) states, are depicted as four solid lines in the grey panel. The
energy required to excite an electron from the GS to the ES is E = 2.0 €V, corresponding
to a wavelength of A = 619nm. Spin-orbit coupling splits these states into two-fold
degenerate levels (blue panel), with separations of A& = 820 GHz for the ground states
(Eg) and A" ~ 3THz for the excited states (Ey) [68, 85]. Upon optical excitation, decay
occurs primarily via the prominent zero-phonon line transitions C and D, highlighted by
blue and red arrows, respectively, in sub-10 K environments [85]. The splitting is further
increased by strain and Jahn-Teller interaction, that are experimentally indistinguishable
contributions in our experiment. The interactions are collectively represented in a single
strain term, as we are only interested in the effective combined interaction. These strain
parameters a®" are related to the experimentally measurable splitting of the ZPLs (of the
C and D transitions) by the relation

Agu = \/ (A89)% 4 4(aBv)?, (2.27)

Given that the spin-orbit interaction values are well-established from measurements in
high-pressure and high-temperature (HPHT) samples [68], a first estimation of the strain
magnitude of the ground state can be extracted from relatively uncomplicated experimental
measurements, such as a photoluminescence (PL) spectrum.

In the same panel, the total angular momentum m; = m; + m is indicated as superscript
for the ground and excited states and is assigned accordingly to the lower and upper
degenerate doublet levels, denoted as Ez/f and Eé/uz , respectively. The electron Zeeman
interaction, consisting of the orbital-Zeeman and spin-Zeeman effects, is illustrated in
the rightmost panel, completing the fine structure. The Egl{l doublets are split, fully lifting
the degeneracy of the SnV center. The resulting energy levels are labeled on the right
in accordance with their energetic order. The most relevant levels for utilizing the SnV
center as a spin qubit in diamond at operating temperatures below 4 K are the qubit states
|1) and |2) of the ground state, represented by orange solid lines with corresponding spin
states {|, T}, respectively. In the lower excited state, the relevant levels consist of |A) and
|B), each additionally associated with spin states {|, T}. However, these spin states are
represented as tilted relative to those in the ground state. The quantization axis in the
excited state is assumed to be slightly misaligned due to the stronger spin-orbit interaction,
if a transverse magnetic field is applied.

To effectively manipulate the qubit levels, initialization is essential. This is achieved by
driving the spin-conserving optically allowed transitions A1 or B2. However, under certain
conditions, such as strong transverse magnetic fields, the spin-flipping (optically forbidden)
transitions A2 and B1 can also be driven. The allowed and forbidden transitions are shown
as black and grey arrows, respectively. The process of spin initialization and readout is
elaborated in detail in Section 2.5.1.

Zero-phonon line transitions As noted earlier, upon optical excitation, decay occurs
mainly via the prominent zero-phonon line (ZPL) transitions C and D. These transitions
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Figure 2.4.: (a) Reduced energy level diagram of an unstrained SnV center (blue panel) and a strained
SnV center (red panel). The relevant ZPL transitions are shown for both cases, color-coded to match the
transitions visible in the graphs in (b). (b) PL spectrum of an unstrained SnV center (SnV-D), with the C
(blue) and D (red) transitions marked in the top graph. Below, the PL spectrum of a strained SnV center
(SnV-B) is shown. The measurements were performed at 4 K, where the C and D transitions are the dominant
ones. This figure is adapted from Figure 1 in Reference [1].

are depicted in a reduced energy level diagram for an unstrained SnV center (blue panel)
and a strained SnV center (red panel), in Figure 2.4 (a). The ZPLs are highlighted with blue
and red arrows for the unstrained case and with green and yellow arrows for the strained
case. To gain further insight, we now focus on these ZPL transitions from an experimental
perspective.

Following off-resonant excitation, such as illumination with high-energy light at a typical
wavelength of 532 nm, decay of the electron occurs predominantly via the ZPL transitions,
especially below 10 K. The resulting fluorescence from the SnV center can be observed
in a photoluminescence spectrum captured by a spectrometer. Figure 2.4 (b) presents
such a measurement. The top graph shows the PL spectrum of an unstrained SnV center
(SnV-D), highlighting the C (blue) and D (red) transitions. Below, the PL spectrum of
a strained SnV center (SnV-B) is displayed for comparison. The ground-state splitting
Ag can be easily determined by fitting the ZPL transitions and measuring their spectral
separation. Then, via Equation 2.27, the pure spin-orbit interaction for the ground state can
be determined from measurements on unstrained emitters, such as SnV-D. We determine
A8 = 822(1) GHz [1], matching previous reports for HPHT treated samples [68].

In the next section, we will explore the magneto-optical properties of the SnV center.
To do so, we must first identify the optical transition frequencies. This will allow for
the characterization of the optical stability and for the selection of the best SnV centers,
which will then enable us to study the separated optical transitions in a magnetic field
environment.
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2. Tin-Vacancy Center: From Orbital Structure to Spin Dynamics

2.4. Magnetic and Optical Properties

In this section, we examine the magneto-optical properties of the SnV center, which play a
critical role in its suitability as a qubit for quantum information applications. We begin by
characterizing and identifying suitable SnV centers based on their optical properties and
explaining how the Stark effect influences the spectral stability of the defects. Building on
the insights gained from the fine-structure analysis in the previous Section 2.3, we explore
how the energy levels respond to external magnetic fields and how the quantization axis
can be determined by leveraging the SnV center’s symmetry. We categorize the SnV
centers based on the strain magnitude and investigate the orbital quenching factors, which
influence the splitting of the ground and excited states under magnetic field perturbations.
The goal is to provide a comprehensive understanding of the spin behavior to implement
efficient protocols for initialization, manipulation, and readout of the SnV center’s electron
spin.

Pulsed resonant lifetime and photoluminescence excitation of the SnV center Once the
fine structure lines of the ZPLs have been identified via spectroscopy, a narrow-band laser
is used to probe the exact optical transition frequency (see Appendix E.1 for details). At
cryogenic temperatures, the electron relaxes into the lower ground-state doublet EZ/ 2
making the C-transition the relevant resonance. A photoluminescence excitation (PLE)
spectrum is then recorded by sweeping the laser frequency across the estimated resonance,
while detecting emission through the phonon sideband (PSB). When the laser is resonant
with the optical transition, the SnV center is driven into excitation, and spontaneous

emission via the PSB provides a direct signal of resonance.

By actively driving the identified optical transition on resonance and thereby exciting
the electron into the ES, the lifetime 7 of the defect can be determined by measuring
the decay time of the fluorescence signal after the resonant laser pulse is switched off.
Figure 2.5 (a) shows such a measurement for SnV-B, yielding a lifetime of 7 = 5.22(15) ns.
The pulsed resonant lifetime of this SnV center has been measured by Jeremias Resch using
an electro-optic modulator (EOM). The relationship between the excited-state lifetime ¢
and the line’s full width at half maximum (FWHM) in the energy domain, derived from an
exponentially decaying state amplitude is:

h 1
I'= hAa)FWHM =—orAv=——-01! (2.28)
T 2t
With a measured lifetime of 7 = 5.22(15) ns, a linewidth of Av = m = 30.49 MHz

follows in the Fourier-limit. In Figure 2.5 (b), an exemplary measurement of a single-scan
photoluminescence excitation spectrum of SnV-B is depicted. Interestingly, despite the
considerable strain in SnV-B, its optical properties remain unaffected, demonstrating the
suitability of SnV centers for quantum optical integration [74]. The linewidth matches the
theoretical lifetime limit, indicating that it is Fourier-limited. The PLE measurement is
performed by resonantly sweeping the laser across the optical transition at a scanning
speed of ~ 28 MHz s™!. Typically, a low resonant laser power of 1-10 nW is used to excite
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Figure 2.5.: Pulsed resonant lifetime measurement and single PLE scan. (a) shows a pulsed resonant life
time measurement, yielding a lifetime of 7 = 5.22(15) ns. (b) single-scan photoluminescence excitation
spectrum in of a SnV center. The spectrum is obtained by sweeping the laser across the resonance of the C
transition. The data is fitted with a Lorentzian, revealing a lifetime-limited width of 30.17(112) MHz.

the defect and to avoid power broadening.? The low excitation power, combined with
a stable charge environment of the emitter, allows the resonance to be probed without
the need for charge repumping, as commonly required in comparable studies [70, 73].
This capability is highly advantageous for subsequent coherent control measurements
on the SnV center (see Section 4), where initialization is achieved by continuously and
resonantly driving of the electron until emission occurs via an optically spin-flipping
transition (see Section 2.5.1). The reduced need for a repump pulse significantly simplifies
the measurement scheme, facilitating the overall experimental process.

2.4.1. Spectral Stability

In the following we will identify and discuss the factors that negatively impact the optical
properties of Group-IV defects. There are two primary factors limiting optical stability.
The first is charge instability, which is caused by a transition of the SnV center into the non-
resonant charge state SnV?~ [92], with differing energy levels from the SnV~ center [93].
This instability complicates long-term operation, necessitating periodic charge-state reset
via off-resonant repump pulses to maintain the emitter in the desired charge state SnV~ [69,
70]. The second limiting factor is spectral diffusion, which manifests as fluctuations in
the optical transition frequency over time. These fluctuations arise from electric field
variations near the defect, mainly caused by electrons hopping between adjacent vacancies
or lattice defects [63].

We focus on the spectral stability by considering the sensitivity of atom-like defects to static
electric fields. Atom-like defects are sensitive to static electric fields via the well-known

2 P
We use »

sat

power on initialization and emission in detail in Section 2.5.1.

< 1, where pg,; is the saturation power of the defect. We discuss the influence of the excitation
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DC Stark effect. However, unlike non-inversion symmetric color centers, such as the
nitrogen vacancy center in diamond, the inversion symmetry of the SnV center suppresses
the linear Stark effect, resulting in a negligible linear response and a pronounced nonlinear
Stark effect [64]. This characteristic allows Group-IV defects to be effectively integrated
into nanostructures while preserving their favorable optical properties, including low
spectral diffusion and near lifetime-limited emission [94].

In the following, we will discuss the influence of varying electric fields. The Stark shift to
the electronic transition, induced by an electric field F acting on the defect, is described to
second order by:

1
hAv = —ApF — EAO(FZ, (2.29)

with Planck’s constant denoted by h and the frequency shift Av. Further, Ay is the change
in the dipole moment and A« represents the polarizability difference between the excited
and ground states [64, 95]. Due to the inversion symmetry of the SnV center the permanent
dipole moments of the ground and excited state are negligible, i.e. there is no charge
separation within the system. On the other hand, the polarizability describes how easily
a dipole moment can be induced (by distorting the electron cloud) through an external
electric field. The greater the difference in polarizability between the ground state and
the excited state, the more pronounced the change in the transition frequency due to
the quadratic scaling of the interaction. Therefore, if Ao dominates, we can estimate the
influence of a localized charge e in the proximity of the SnV center by

hAv ~ A—f (2.30)
r
where the spectral shifts scale with the fourth power of the inverse distance r of the
charge. This relationship implies that the SnV center is insensitive to background electric
field noise but highly sensitive to nearby charges. In particular, bistable charges jumping
between damaged lattice sites, introduced during ion implantation, can significantly affect
the spectral stability [63].

Two studies, one by De Santis et. al [64] and the other by Aghaeimeibodi et. al [96],
investigated the Stark effect in the SnV center through direct current electrical tuning,
accurately measuring the resonance frequency shift as a function of the local electric field
at the defect. These investigations demonstrate that the permanent electric dipole moment
and polarizability of the SnV center are several orders of magnitude smaller compared to NV
centers in diamond [96] and mark the first direct confirmation of the inversion symmetry
protection characteristic of Group-IV defects [64]. The results indicate an almost negligible
permanent electric dipole moment and low polarizability. The quadratic shift coefficients
reported range from Sa = 0.051 MHz m? MV ™2 3 [64] to Sa = 0.275 MHzm? MV~2 * [96],

3 In [64], the original value is directly given as the quadratic frequency shift.
4 The original polarizability value in [96] is given by Aa = 0.55 MHz m? MV~2, which corresponds to a
frequency shift 2 - Av, therefore, we use half of this value for da.
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Figure 2.6.: Multistable SnV center. (a) shows 8 h photoluminescence excitation measurement of an SnV
center, showing two stable optical positions separated by ~ 4.3 GHz and ~ 330 MHz. In (b) the central
positions of the fitted PLE scans from (a) are histogrammed, illustrating the distribution of the observed
spectral shifts. In (c) the total counts of all PLE scans that are fitted with Lorentzian curves highlight the
distinct optical resonances.

respectively. Thereby, the quadratic frequency shift induced by an effective electric field
Feg acting on the SnV center, is expressed as:
Av = =5a - F. (2.31)

We can estimate the electric field Fc from a nearby point charge g in the diamond acting
on the SnV center using Coulomb’s law [97], where the electric field amplitude follows
as:

| =

Fo= 1

= . (2.32)
4mepe, 1

w

where q is the charge, ¢ is the vacuum permittivity and €, = 5.7 the relative permittivity
for diamond [98] . Here, 7 is the vector pointing from the point charge to the SnV center,
and r is the magnitude of this vector, representing the distance between the charge and
the defect.

We want to make a simple assumption, namely, that electrons hop from far away into
lattice defects or vacancies near the SnV center, and we aim to estimate the distance of
the charge to the SnV center. To achieve this, we shift our attention to an SnV center
with multistable optical transition frequencies, depicted in Figure 2.6 (a). This SnV center
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2. Tin-Vacancy Center: From Orbital Structure to Spin Dynamics

exhibits clear signs of spectral jumps with separations of approximately 4.3 GHz and
330 MHz. These frequency shifts suggest changes in the local electric field due to a nearby
charge.

Using the magnitude Av of the spectral shifts, we estimate the distance of the charge
from the SnV center by calculating the electric field with Equation 2.32 that would cause
such a spectral jump, as determined through Equation 2.31. For the estimation of the
distance r, we assume a mean value of Sa = 0.2 MHz m? MV 2, consistent with the order
of magnitude reported in the studies by De Santis and Aghaeimeibodi. For the determined
frequency shifts, we obtain the distances:

o _5_a g 2\ 1
| Av \4rege,

=1.32nm

-r |Av=4.3 GHz

and r|AV:0.33 GH, = 2-5nm.

The narrow histogrammed transition frequencies in Figure 2.6 (b) of the PLE scans from (a)
demonstrate that the jumps are discrete, with no indication of overall spectral diffusion,
even after the long scanning duration of eight hours. Additionally, the summed counts
of all PLE scans are shown in (c) and are fitted with Lorentzian curves to highlight the
distinct optical resonances. Interestingly, the investigated SnV center maintains its charge
state over the entire duration of the scan, making sequential off-resonant repumping
unnecessary, as required in comparable studies [70, 73, 93], except in rare cases’. The use
of low resonant excitation power in the nanowatt range, combined with an overall stable
charge environment of the emitter, thus allows the resonance to be probed continuously
without the need for charge repumping.

In the following, we pursue a simple idea: if the lattice environment of the SnV center is
as defect-free as possible, then the spectral diffusion should be minimal, and the charge
stability correspondingly higher. This is because the SnV center would be less likely to
ionize by losing its charge to nearby lattice defects or vacancy. Hence, we meticulously
characterize all detected SnV centers following the workflow diagram in Figure 2.7, to
determine suitable SnV centers for coherent control and precise fine-structure analysis.
The process begins with a spatial scan of the area of interest under resonant excitation.
The spatial scan under resonant excitation is to be understood as a scan where SnV
centers coincidentally match the set laser frequency, thereby identifying emitters around
~ 619.2 nm. For unstrained samples, we limit the search range to approximately +100 GHz
around 484.130 THz, aiming to find SnV centers comparable to the high-quality SnV
centers identified in high-temperature, high-pressure samples from the study by Narita et
al. [68].

In general, it is advisable to optimize for parameters such as spatial position, z-focus and excitation power
of the resonant laser in a way that yields optimal countrates while maintaining the charge state of the
SnV center unaffected during a continuous excitation of several minutes. This enables the acquisition of
long-term PLE measurements, or more complex coherent control measurements, where the charge state
remains stable for several days.
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Figure 2.7.: Workflow for identifying and characterizing emitters. The process begins with a spatial scan
under resonant excitation, identifying emitters around ~ 619 nm within the are of interest (here: coplanar
waveguide gap). Emitters are categorized by stability, with SnV centers exhibiting any instability immediately
discarded. Multi-hour PLE measurements are conducted on Fourier-limited defects for temporal stability
verification. Defects showing multistability or spectral diffusion exceeding > 20 MHz are also discarded.
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In the example shown in the referenced figure, we scan one end of the coplanar waveguide
gap to locate all SnV centers within this specific region. If an emitter has a resonant
transition matching the laser frequency, we detect a burst of fluorescence counts. If no
fluorescence is detected, we adjust the laser frequency in small steps of 50 — 100 MHz and
rescan the same region. In the first step, we categorize all detected SnV centers by checking
for a stable emission count rate under resonant excitation. If we observe any signs of
telegraph-like fluorescence® or blinking behavior’, we discard the defect immediately. If
the SnV center shows a stable emission, we perform initial PLE measurements to determine
the linewidth and check for signs of spectral diffusion or narrow spectral jumps. We discard
all emitters that are not Fourier-limited or exhibit short term spectral diffusion. In the final
step, we conduct multi-hour PLE measurements to assess the long-term stability of the
SnV center. Defects exhibiting multistability or spectral diffusion exceeding 20 MHz are
also discarded. Although this entire process is time-consuming and yields a low number
of suitable emitters® we believe the effort is justified. The use of carefully selected SnV
centers significantly simplifies subsequent measurements and ensures high-quality results.
We observe that defects identified through this process remain spectrally stable even
when a charge repump is required, as there are no nearby defects that can be populated
by excited electrons to cause spectral jumps. To regain the SnV™ charge state, if lost,
we use an excitation power of ~ 50nW for the off-resonant 532 nm laser pulse. This
ensures that the overall surrounding charge environment of the SnV center remains
unchanged. Using higher off-resonant excitation powers can shuffle the local charge
environment [93] and cause an offset in the effective transition frequency. Although this
is an interesting aspect that could be used to spectrally overlap two defects with simple
means, it is counterproductive in our case.

In Figure 2.8, the linewidth and optical stability of the highly strained SnV center (SnV-B),
which fulfills all the aforementioned criteria, are illustrated. This defect is used in the
subsequent coherent control measurements in Section 4. Panel (a) shows the photolu-
minescence excitation of the C transition recorded over a period of four hours. Notably,
the defect’s transition line remains visible across 400 individual sweeps without the need
for charge state repumping, again demonstrating the exceptional stability and potential
of the SnV center. The center position of the resonance is tracked for all sweeps and
the resonance’s frequency shift is histogrammed in Figure 2.8 (b). This benchmarks the
stability of the resonance position, revealing a stable behavior. In this particular defect,
the center position drifts less than 20 MHz over the whole duration of the PLE scans. In
addition, we histogram the linewidth and fit the data to a log-normal distribution. The
fitted histogram is shown in Figure 2.8 (c), yielding a mean Fourier-limited linewidth of
28.05(344) MHz. This analysis is necessary to confirm the spectral quality of the SnV

If the SnV center exhibits discrete spectral jumps, the fluorescence will display telegraph-like behavior, as
the resonance of the defect moves off and on the laser frequency.

Under strong resonant excitation, some SnV centers exhibit blinking behavior, likely due to charge state
transfer [93].

In the diamond samples used for the measurements in this thesis, we achieve a yield of less than 1%
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Figure 2.8.: Linewidth and optical stability of the SnV center. (a) displays the PLE of the C transition over a
duration of four hours, consisting of a total of 400 single sweeps. (b) illustrates the stability of the resonance
position, showing spectral diffusion below 20 MHz. (c) Histogram of the linewidth from the PLE scans. The
data are fitted to a log-normal distribution with a mean Fourier-limited linewidth of 28.05(344) MHz.

center, as a Fourier-limited linewidth indicates minimal phonon-mediated dephasing and
highlights the defect’s suitability for high-fidelity quantum operations.
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2.4.2. Magnetic Field Interaction

To utilize the SnV center as a potential candidate for quantum information applications,
it is necessary to quantify the properties of the ground and excited states under strain.
More importantly, the relevant qubit transitions must be determined and characterized,
particularly in the presence of an external magnetic field, where the fine structure of the
electron levels becomes fully resolved. We will first explore the fine structure of the SnV
center under two very specific configurations of the external magnetic field to gain an
initial understanding of the defect’s magnetic properties. Figure 2.9 (a) illustrates the
energy levels of the SnV center under a magnetic field B parallel to the SnV-center’s
quantization axis. In (b), a matching PLE measurement for a parallel magnetic field sweep
from —100 mT to 100 mT is shown. In contrast, Figure 2.9 (c) presents a PLE measurement
of the SnV center during an angular DC magnetic field sweep for mainly perpendicular
magnetic field B, at constant field strength.

Figure 2.9 (a) is key to understand the energy levels of the SnV center. It illustrates the
reduced energy level diagram of a lower-strained SnV center in the left panel with a
ground state splitting of Ay ~ 825 GHz, corresponding to a strain value of a® = 35 GHz.
In a magnetic field, the electron Zeeman effect lifts the remaining two-fold degeneracy,
as illustrated in the right panel. The energy levels are adjusted to reflect the splitting
differences for a magnetic field parallel to the SnV’s quantization axis. This behavior can
be intuitively derived from the final Hamiltonian in Equation 2.25 (Section 2.2), under
the conditions of negligible strain and zero transverse magnetic field. In simple terms,
the Eg/uz doublets exhibit a stronger splitting for B = B)| due to the parallel alignment of

the orbital and spin magnetic moments, while the Eé/uz doublets shows a weaker splitting
due to the anti-alignment of these moments. In this reduced energy level diagram, only
Eé/ %is depicted, for clarity. The resulting optically allowed transitions (A1 and B2) to the
excited state are shown with solid arrows, while the forbidden transitions (A2 and B1) are
indicated with dashed arrows.

Figure 2.9 (b) shows the diverging transitions of A1 and B2 with increasing magnetic field
strength. From the energy level structure shown in (a) it is clear, that the spin Zeeman
effect cancels out for the two transitions, and the difference translates directly to the
deviation in the orbital Zeeman effect between the ground and excited state orbitals. We
will discuss the details in the following section.

Figure 2.9 (c) aims to demonstrate the peculiar interaction of the SnV center with primarily
transverse magnetic fields. The color plot displays all optical transitions (both allowed
and forbidden) for an angular DC magnetic field sweep with a constant field strength
of B = 200 mT around the perpendicular axis of the SnV center. Without going into the
experimental and theoretical details, we briefly discuss the key characteristics evident
from the measurement.

One can observe that the optically forbidden transitions, whose progression are overlaid
with dashed-line fits, are prominent when a purely perpendicular magnetic field (6 = 0°)
is acting on the SnV center. These transitions fade as the magnetic field deviates from
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Figure 2.9.: Reduced energy level diagram with electron Zeeman effect. (a) shows the energy level diagram
of a lower-strained SnV center (left panel) in a magnetic field environment (right panel). The electron
Zeeman effect lifts the remaining two-fold degeneracy, with the lower ground state doublet used for quantum
control. The optically allowed transitions (A1 and B2) to the excited state are shown with solid arrows,
while the forbidden transitions (A2 and B1) are indicated with dashed arrows. (b) shows a matching PLE
measurement for varying parallel magnetic field strength. In (c), optical transitions are shown for an angular
DC magnetic field sweep around the perpendicular axis of the SnV center, displaying the crossings and
anticrossings of the different transitions. Under this configuration, the selection rules are relaxed, making
the forbidden transitions visible alongside the allowed ones.

the perpendicular direction, indicating a dependence of the transition cyclicity on the
magnetic field orientation. This effect and its implications for the initialization properties
of the SnV center will be discussed in more detail in Section 2.5.1.

For the allowed transitions, one would intuitively expect a crossing for perfect perpen-
dicular field alignment, in the absence of strain. However, even in a weakly strained
environment, the degeneracy is lifted under this configuration, and the crossing occurs
when the magnetic field deviates from the perpendicular direction. The qubit frequency of
the lower ground-state doublet can be directly determined by measuring the difference
between the dashed and solid yellow transitions (A1 - A2) or the green transitions (B1 -
B2), respectively. A clear minimum in the qubit frequency occurs near the perpendicular
field orientation, with the frequency increasing as the field deviates from this orientation.
Additionally, the splitting of the lower excited-state doublet can be determined in a com-
parable manner by calculating the difference between the transitions B1 - A1 or B2 - A2,
respectively. We observe that the excited-state qubit frequency increases more rapidly
as the magnetic field deviates from the perpendicular direction. This provides an initial
intuition for the orbital quenching factors: since the Eéf doublet features aligned orbital
and spin magnetic moments, the quenching factor for the excited state must be larger
(indicating less quenching) than that for the ground state. This explains the faster increase
in the excited-state qubit frequency compared to the ground state. We will now discuss
how to determine the SnV center’s quantization axis, strain and the quenching factors, in
detail.
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2.4.3. The SnV Center under Angular Magnetic Field Sweeps

In the following, we want to explore the magnetic properties of multiple SnV centers by
analyzing their behavior under varying magnetic field configurations and strain conditions.
Using detailed photoluminescence excitation measurements we create optical transition
maps to illustrate how the magnetic field orientation influences the electronic ground
and excited states. We begin by analyzing the response of an unstrained SnV center to
angular magnetic field sweeps, highlighting the lifting of degeneracies and demonstrating
how to determine its exact quantization axis, which is defined by the interplay of spin-
orbit coupling and the diamond lattice symmetry. Subsequently, we examine the optical
transitions of SnV centers under low-strain, and high-strain conditions. Next, we discuss
the quenching factors for the ground and excited state doublets, which quantify the
suppression of orbital magnetic moments due to symmetry and strain effects. By leveraging
the symmetry of the Hamiltonian, we provide a straightforward method to approximate
these parameters and gain insight into the orbital contributions to the magnetic response.
Finally, by fitting the spin Hamiltonian to an extended set of experimental data of both
optical and magnetic transitions, we achieve a precise determination of the strain and
magnetic field parameters that dictate the energy level splittings.

The precisely determined quenching factors enable a straightforward method for estimating
the strain magnitude in previously uncharacterized defects, by either measuring the
qubit frequency or the two optically allowed transitions at a known magnetic field angle.
This approach significantly simplifies the characterization process for new SnV centers
and allows us to infer the optical and qubit transitions for all other angles, simplifying
the experimental overhead. Together, the following analysis offers a comprehensive
picture of the SnV center’s magnetic characteristics that are essential for robust spin qubit
applications.

Symmetry of the unstrained SnV center With the derivation of the effective Hamiltonian
in Section 2.2, we expect to observe specific symmetries in the SnV center’s properties
during angular magnetic field sweeps. The optically allowed transitions A1 and B2 are
the simplest to measure with high precision. With this in mind, we perform angular
sweeps of the magnetic field while observing these transitions in the lab frame of our
experimental setup. In practice, this involves fixing the magnetic field strength, for example
to B = 200 mT in the experiment, and rotating the field direction at first within the xy-plane
of the lab system. Assuming, of course, that the magnetic coils are calibrated or that their
field strength is known with sufficient certainty. Regarding the calibration of our coils we
refer to Section C.3.2.

Since the diamond sample is glued with its surface approximately parallel to the xy-plane,
aside from minor misalignments, we anticipate a rotationally symmetric pattern of the
transitions. Given the four possible orientations of the SnV center in the diamond lattice,
dictated by crystal symmetry, this sweep allows us to directly determine the projected
orientation of the SnV center within the lattice on the xy-plane.
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Figure 2.10.: Magneto-optical properties of an unstrained SnV center (SnV-E) under angular magnetic field
sweeps. Lab frame: The magnetic field is swept in the three planes xy, xz, and yz, from left to right—in
the laboratory frame, as defined by the axes of the 3D vector magnet. For each angle in the measurement
plane, a single PLE measurement is performed, which determines the radial axis of the resulting polar plots.
The resonance positions of the measured allowed transitions, A1 and B2, are plotted with color-coding in
a 3D plot below each polar plot, with each plane added from left to right and the axis of the SnV center
indicated in purple. SnV frame: The same measurements are conducted in the reference frame of the SnV
center, aligned along the z-axis, demonstrating the system’s radial symmetry. For all sweeps, the magnetic
field is held constant at 200 mT.
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In our experiment, we use a square diamond membranes with a width of 1 mm, cut along
the (110) directions and oriented with a (001) surface. Hence, we expect the symmetry
axis projected onto the xy-plane to be oriented either in the x or y direction, regardless of
the spatial axis in which the defect is aligned along z.

As demonstrated in Figure 2.10, this behavior is clearly observable in the top-left polar
plot. This image shows PLE measurements spanning a scan range of 3.3 GHz, where the
laser scan frequency is represented on the radial axis, and the magnetic field direction
is represented in polar coordinates. The resolution of the field direction, denoted as A¢,
is 5°. Each PLE measurement is fitted with Lorentzians for each direction to precisely
determine the transition frequencies of A1 and B2. The resonance positions of these
allowed transitions are further depicted with color-coding in a 3D plot below the polar
plot, aligned in the xy plane of the image.

While the axis of the SnV center in the lab frame is indicated by the purple line in the
3D plot, a single-plane scan is insufficient to determine this axis correctly. To achieve a
precise determination, we repeat the measurement in the xz plane. The corresponding
PLE measurements are shown in the top center panel, and the A1 and B2 transitions are
added to the 3D plot below in blue. In theory, scanning two planes is enough to determine
the exact quantization axis of the system. However, for greater reliability, especially if
the scanned planes do not align closely with the SnV center’s quantization axis, it is
advisable to perform a third scan. Therefore, we conduct an additional measurement in
the yz plane, depicted in the top right panel with red coloring. By combining all three
scans, the quantization axis of the measured SnV center becomes clearly visible in the 3D
plot. The measured vectors representing the SnV center’s quantization axis 7, and its
corresponding perpendicular directions 3, ./, are given by:

0.0294 0 —0.9996
O, = |0.8419], Ty, =]0539 |, T, =] 00248
0.5388 ~0.8423 0.0158

With the given vectors and the corresponding conversion factors for the magnetic coil’s
field strength, we can repeat the measurements in the SnV-frame. This serves two purposes:
first, to validate the correct determination of the quantization axis, but more importantly,
to precisely determine the energy levels of the defect. These energy levels are essential for
the subsequent fitting of the Hamiltonian’s quenching parameters.

The scans in the SnV-frame are illustrated in the lower half of Figure 2.10 and follow the
same ordering as in the lab-frame. The z axis of the SnV center is shown as a purple dot in
the coordinate axis pictogram and as a solid axis in the 3D plots. The rotational symmetry
is clearly visible as a perfect circular transition band in the xy plane. For this unstrained
emitter (SnV-E), the degeneracy of the doublets is nearly preserved, with only minimal
splitting observed for a purely perpendicular magnetic field.

Since the qubit frequency is fundamentally defined by the difference between the optical
transitions A1-A2 or B1-B2, it becomes immediately clear that for quasi-unstrained emitters,
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operating at a field that is purely perpendicular to the quantization axis is unfavorable.
This is because particularly high field strengths, which can negatively impact properties
like the spin relaxation time T; (as discussed in Section 2.5.2), are required to achieve
sufficient spectral separation of the transitions. Avoiding spectral overlap during electron
spin initialization is essential to achieve high-fidelity control. Nevertheless, there are also
advantages to performing the measurements with a perpendicular magnetic field. On the
one hand, this orientation helps to isolate the SnV center from perturbations, such as the
electron spin bath noise in the surrounding of the SnV center % [1, 70]. On the other hand,
coherent control of the electron spin can be significantly more efficient under this field
configuration '° [84]. We will skip the details for now but will revisit and explain them
later in the course of this work.

As the field orientation shifts from perpendicular to parallel, the transitions visibly separate,
reaching a maximum energy splitting at B = B);. The polar scans in the xz and yz planes,
are shown in the lower center and lower right panels, respectively. These scans further
demonstrate the perfect rotational symmetry of the SnV center.

Strain-dependent optical transitions in SnV centers Figure 2.11 compares the optical
transitions of an unstrained (SnV-E), lower-strain (SnV-A), and higher-strain (SnV-B) SnV
center. These transitions are measured in the SnV-frame of each respective defect, using
the same approach as described for SnV-E in the figure above. This comparison provides
useful insight into the effects of strain on the system’s optical properties. Here, the z axis
aligns along the SnV center’s symmetry axis and is marked in red. The unstrained SnV
center, that is already described in the previous figure, serves as a reference for comparison
with the strained defects. Introducing strain leads to the lifting of the degenerate states
for perpendicular magnetic field. For the lower strain SnV center, both allowed and both
forbidden transitions become visibly seperated. The strain-induced mixing of the orbital
states relaxes the selection rules for this defect, making forbidden transitions accessible
for measurement.

In the higher-strain case, the strain results in the splitting of the forbidden transitions to a
level far beyond the scanning range of 3.3 GHz for an overall magnetic field strength of
200 mT. This highlights the sensitivity of the SnV center to strong strain together with a
magnetic field.

In all, these results confirm that the symmetry of the SnV center remains intact, even
under significant strain, and demonstrate the ability to probe both, allowed and forbidden
transitions, depending on the strain environment. These measurements highlight the
importance of understanding strain effects for optimizing the handling of SnV centers.

? The free electron Larmor precession scales faster than that of the SnV under perpendicular field orientation,
effectively decoupling them. See Section 4.1.2 for details.

10 Strain is essential for effective microwave control, enabling efficient driving of the electron spin for nearly
arbitrary DC field orientations. See Section 4.1 for details.
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Figure 2.11.: Measured transitions of unstrained, lower strain and higher strain SnV centers. The magnetic
field is rotated within the respective frame of the SnV center at constant strength of 200 mT, where the
z axis aligns with the symmetry axis of the SnV center, as indicated in red. For the unstrained case, the
resulting blue circles in the xy-plane correspond to the fourfold degenerate optical transitions. Under lower
strain the degeneracy of the allowed and forbidden transitions is lifted and for this specific SnV center, the
selection rules are relaxed, making the forbidden transitions visible alongside the allowed ones. In the case
of higher strain, only the A1 and B2 transitions are visible, as the forbidden transitions are split far out of
the scanning range. The measurements demonstrate that the symmetry of the SnV center is preserved in

Mz

the strained environment. Parts of the figure are adapted from Figure 2 in Referece [1].
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2.4.4. From Quick Estimates to Comprehensive Quenching Factor Analysis

In the following, we discuss the orbital quenching factors of the SnV center, introduced
during the derivation of the Hamiltonian in Section 2.2. These parameters play a defining
role in the orbital Zeeman interaction and are crucial to estimate the qubit frequency for
arbitrary fields. This is particularly helpful for partly characterized or uncharacterized
emitters, where finding the optical transition can be challenging below 4 K. Due to the long
spin relaxation time of the SnV center at these temperatures, the optical transitions turn
dark under resonant excitation when a magnetic field is applied. Continuous excitation
eventually pumps the electron spin into the opposite state!!, making it difficult to identify
the optical transition. This process is the same mechanism used to initialize the electron
spin for coherent control measurements. Furthermore, if the optically allowed transition
is not precisely hit, measuring the qubit transition becomes nearly impossible because the
required population transfer cannot be probed.

To estimate the quenching factors through an intuitive approach, we explore the orbital and
spin Zeeman interactions in combination with straightforward experimental measurements
of the optically allowed transitions and the qubit frequency. This includes leveraging the
symmetry of the Hamiltonian under specific constraints, such as the absence of strain.
These measurements provide initial estimates for a precise determination by fitting the
complete Hamiltonian to extended experimental data from SnV centers with varying strain
magnitudes.

First, we want to recap the key points regarding the orbital quenching factors. Unlike
the conventional approach, which averages the quenching factors across the doublet
states, we assign separate values to each doublet, corresponding to their m; values. This
distinction is particularly important for SnV centers, given their strong spin-orbit coupling
of approximately ~ 820 GHz. Especially in low to moderate strain environments averaging
can lead to significant inaccuracies. By analyzing the orbital mixing across varying strain
magnitudes, starting with unstrained emitters and progressing to highly strained ones, we
achieve a precise determination of the orbital quenching.

We will follow the same approach as in Karapatzakis, Resch et al. Phys. Rev. X 14,
031036 [1], but provide a more detailed description of the process and visualize the results
through straightforward measurements. The eigensvalues of the Hamiltonian described
in Equation 2.25, correspond to the diagonal elements of the matrix under the constraints
of negligible strain, «®" < 18", and a purely parallel magnetic field, B = By, since the
off-diagonal elements vanish under these conditions. The energies of the two qubit levels
can be directly extracted as the matrix elements Hfl = |2) and Hfz = |1) of the Hamiltonian
HE, for the ground state. Accordingly, we can extract H|, = |B) and H}, = |A) of the
Hamiltonian HY for the excited state. For a visual representation of the electronic levels,
we refer to Figure 2.3. Clearly, these energy levels depend solely on the quenching factors
ﬁgz,u’ associated with m; = i%.

1 For example, when probing the A1 transition, a spin flip will bring the electron into resonance with the
B2 transition.
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The ground state qubit frequency can be directly determined as the energy difference
between the two eigenstates:

B19 = |2) — |1)
=By (2f2y1 +ys), fora® < A%and B = B, (2.33)

where we label the equations analogously to those in [1], such as B19, to allow for easier
comparison. Examining this equation, we observe that the qubit frequency is determined
by two contributions: the spin Zeeman term, y,B);, which is equivalent to that of a free
electron in a magnetic field, and the orbital Zeeman term, y;B|, scaled by a factor ]‘:f_fz <1,
thereby quenching its contribution. The factor of 2 arises from the alignment of both
orbital and spin angular momentum in the spin-up direction for the state |2) and in the
spin-down direction for the state |1). Since no other quenching factor contributes in this
example, the value of f3g2 can be directly determined by measuring the qubit frequency of a
low-strain emitter under a parallel external field. Figure 2.12 (a) shows such a measurement
for SnV-A with B = 100 mT, yielding a qubit frequency of w,; = 3.55 GHz and ffz = 0.268.
The solid red line represents the expected qubit frequency for f3g2 € [0, 1], with the position
of the measured value indicated by the dashed crosshair.

The optically allowed transitions, such as A1, are defined as the energy difference between
states in the excited and ground states. For instance, A1 = |A) — |1). Consequently, the
difference between both allowed transitions, A1 and B2, is given by:

B20 = A1 - B2
=2B) (f5 - fi3) i, for a®" < A¥" and B = B. (2.34)

This equation is independent of the spin Zeeman effect and is solely determined by the
difference in the orbital Zeeman effect between the ground and excited state orbitals.
Essentially, the splitting of the allowed transitions reveals how much more the excited
state qubit splits compared to the ground state. In other words, it reflects how much more
the ground state levels are quenched relative to the excited state levels. For the ground
state, we previously determined j;gz = 0.268. The value of f;5 can now be obtained by
measuring the difference in the optically allowed transitions under the same conditions.
Figure 2.12 (b) shows the resulting measurement, which yields f;5 = 0.485.

To determine the quenching factors flgz’u, associated with m; = i%, it is necessary to first
precisely determine the strain of the respective SnV center. By examining the Hamiltonian
described in Equation 2.25, we simplify the calculation of the eigenvalues by setting
B = B, in contrast to the previous considerations. Diagonalizing the Hamiltonian under
this condition yields the qubit frequency of the ground state as:

B21 =|2) — |1)
. %(\/(YSBl — 208)% + (28)?
_ \/(},SBL + 2ag)2 + (/1%)2), for B=B, (2.35)
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Figure 2.12.: Quenching factors 3g2’u for the lower ground and excited state doublets. (a) shows the resulting
qubit frequency |2) — |1) for a quenching factor f3g2 in the range from 0 to 1, in the case of negligible strain
and a parallel magnetic field of B = 100 mT. A single measurement point w; corresponding to SnV-A is
plotted in red. In (b), the difference between the allowed transitions A1 — B2 is depicted for a quenching
factor f3; in the range from 0 to 1 and the fixed value for ng = 0.268 from the previous equation. A single
measurement point is also depicted in red.

This equation'? depends solely on the ground state strain a8, the well-known value of the
spin-orbit interaction A8, and the spin Zeeman interaction y;B, .

Figure 2.13 (a) shows the qubit frequency as a function of the ground state strain, including
measurements from two SnV centers. SnV-A, a defect with negligible strain, is represented
by the red data point. This center exhibits a small splitting of wy; = 0.24 GHz for a
100 mT off-axis magnetic field, corresponding to a ground state strain of approximately
a® ~ 35GHz. In contrast, the highly strained SnV-B shows a qubit frequency nearly
an order of magnitude larger, at w,; = 2.25 GHz, corresponding to a® ~ 550 GHz. This
comparison highlights the significant sensitivity of the qubit’s working point to strain
under transverse magnetic fields.

12 Note the corrected sign of the equation compared to [1]
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Figure 2.13.: (a) shows the resulting qubit frequency |2) — |1) in the case of a perpendicular magnetic field,
B, =100mT. The red data point corresponds to a measurement on SnV-A with a coupling of a8 = 35.04 GHz,
while the blue point represents SnV-B with o = 553.55 GHz. In (b), the excited state strain is determined
using the previously obtained values of @8, with red indicating SnV-A and blue indicating SnV-B.

Now that the ground state strain is determined, we turn our attention to the excited state
strain. This value can be pinpointed by measuring the difference in the allowed transitions.
Using the procedure and constrictions analogous to the previous measurement, we get:

B22 =A1- B2
= 2 (VB - 200)? + (o
(B, +2a%) + (A2
~ (B - 2a8)% + (282

+ \/(ysBl +208)? + (Ag)z), forB=B,.

(2.36)

For the spin-orbit interaction, we assume a value of A" = 3 THz, as determined in [85].
Figure 2.13 (b) presents the results of the measurements, yielding an excited state strain of
a ~ 60 GHz for SnV-A and " ~ 1000 GHz for SnV-B. This demonstrates the significantly
larger strain sensitivity of the excited state compared to the ground state, particularly for
the highly strained SnV-B.

We have now pre-characterized all the necessary parameters to determine the quenching
factors associated with m; = -_F%. To achieve this, we take advantage of the fact that
the high strain in SnV-B causes the flgz’u parameters to contribute to the energy level
structure when the Hamiltonian is diagonalized. Following the approach of the previous
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Figure 2.14.: Quenching factors lgz’u for the lower ground and excited state doublets for fixed quenching
factors f3g2’u. (a) shows the resulting qubit frequency |2) — |1) for a quenching factor flg2 in the range from 0
to 1, in the case of substantial strain and a parallel magnetic field of B = 100 mT. A single measurement
point wy; corresponding to SnV-B is plotted in the blue crosshair. In (b), the difference between the allowed
transitions A1 — B2 is depicted for a quenching factor f’, in the range from 0 to 1 and the fixed value for

1g2 = 0.482 from the previous equation. A single measurement point is also depicted in the blue crosshair.

measurements, we first examine the qubit frequency for B = B of this strained emitter.
The qubit frequency is defined by the following equation:

B23 =2 — |1)
1

) (\/(Ag — VB (flgz + f3g2))2 + 4(a8)?

=By (15 + £5))° + 4y
+ 2y1B) (flgz - f:,,gz) - ZB”}/S), for B = B. (2.37)

From this equation, it is evident that all parameters defining the Hamiltonian in the ground
state play a role, with the quenching factor 1g2 being the last remaining unknown variable.
Figure 2.14 (a) plots the qubit frequency as a function of flg2 € [0, 1], with the measurement
data point indicated in the blue crosshair.
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Finally, we determine the remaining factor f’, for the excited state Hamiltonian by mea-
suring the difference in the allowed transitions, as defined by the following equation:

B24 = A1 - B2
= (2B (- F -+
+ (@) + (B (£ + f3) v + )
@) + (By (£ + £3) ye + Av)°
+
+

- \/4(0fg)2 =By (f + £) o+ 29)°

+ \/4(053)2 B (fS+f5)n+ Ag)z), for B = By (2.38)

Figure 2.14 (a) plots the difference as a function of f} € [0, 1], with the measurement data
point indicated by a blue crosshair.

A closer examination of the previous equations reveals that the qubit frequency and the
difference in allowed transitions mainly scale with the asymmetry of the quenching factors,
specifically oc f;gz - 1g2 and o f;3 — f} and the sum of the quenching factors o f3g2 + 1g2 and

o« f;; + f}5. We now understand why, for strongly strained SnV centers, the Hamiltonian
gu U

can be described using averaged reduction factors f&" = <& + =Z-. We can generalize the

Hamiltonian, as described in Equation 2.26, consistent with the description derived by
g.u 8.u

G. Thiering et al. [38], by including the mean asymmetries § = ]0372 — =2-. However, it is

important to note that precise measurements are necessary to accurately determine their

values. In the following, we will discuss how these quenching factors are determined with

high accuracy by fitting to an extended dataset.

Figure 2.15 and Figure 2.16 present the complete measurements for SnV-A and SnV-B,
respectively. The red data points represent the absolute value of the difference between
the optically allowed transitions Al and B2, extracted from the angular magnetic field
sweeps described in Figure 2.11. For SnV-A, the forbidden transition difference B1-A2 is
also shown in green within a narrow range around B, . The qubit frequency of the ground
state doublet, measured via optically detected magnetic resonance (ODMR)'?, is depicted
as blue data points.

The quenching parameters are extracted by fitting the Hamiltonian to the observed optical
and qubit transition frequencies using a comparable methodology to that described earlier
and including the angle dependency. First, an initial guess for the strain magnitude is
inferred from photoluminescence (PL) measurements of the respective SnV center. The
ground state strain af is related to the ground state splitting via the equation Ay =

V(A8)? + 4(a®)?. The exact ground state strain magnitude is then refined by matching the

strain to the minimum of the qubit transitions wq(6) around 6 = 90°, as their frequency

13 See Section 4.1.1 for details on the measurement technique
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Figure 2.15.: Fit of the electronic energies of SnV-A to the observed optical spin-conserving transitions
A1l and B2 in the SnV frame (red points) and the spin-forbidden transitions A2 and B1 (green points), as
measured by PLE. The qubit transition frequencies (blue points) are measured in ODMR scans at 50 mK. (b)
A zoom into the anticrossing around the perpendicular field orientation is shown. All measurements are
performed at B = 200 mT. This figure is adapted from Figure 11 in Reference [1].

depends solely on a® for a given magnetic field strength. For the excited state strain ", we
fit the Hamiltonian to the measured allowed transition splitting (and forbidden splitting for
SnV-A), assuming a spin-orbit coupling strength for the excited state of A" = 3000 GHz [38,
85]. Next, we determine f3g2 by fitting to all qubit transitions of the low-strain emitter (SnV-
A) using the determined strain magnitude 8 = 35.0(15) GHz. This value is independent of
all other quenching factors. Once ngz is fixed, we determine f;; by fitting it to all allowed
transitions of SnV-A.
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Figure 2.16.: (a) Fit of the electronic energies of SnV-B to the observed optical spin-conserving transitions
A1 and B2 in the SnV frame (red points), as measured by PLE. The qubit transition frequencies (blue points)
are measured in ODMR scans at 50 mK. The spin-forbidden transitions A2 and B1 are not measured due to
their large splitting. (b) A zoom into the allowed and ODMR transitions is shown. All measurements are
performed at B = 200 mT. This figure is adapted from Figure 11 in Reference [1].

The flgz’u values cannot be determined in cases of low strain, as their influence is negligible
due to the absence of orbital mixing. However, for moderate and high strain, where the
condition ¢ < A no longer applies, the influence of the quenching factors associated
with m; = i% becomes significant [1]. After determining the strain magnitude for the
highly strained SnV-B using the same approach as for SnV-A, we leverage the previously
determined values of f3g2’u from SnV-A to extract flg2 This is achieved by fitting the
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Hamiltonian to the qubit transitions of SnV-B.!* Finally, we determine f}} by fitting the
Hamiltonian to the allowed transitions of SnV-B.

Precise Hamiltonian parameters are essential for understanding spin polarization, readout
processes, and the angular dependence of optically allowed transitions, as well as the qubit
frequency. Moreover, these parameters are invaluable when working with uncharacterized
SnV centers, particularly in cases where the optically allowed transitions A1 and B2 become
undetectable due to optical spin initialization at temperatures below 4 K.

The analysis of the potential error range for the quenching factors was conducted by
Jeremias Resch as follows: An estimated uncertainty of +0.5% in the magnetic field
amplitude was applied to the fitting results described above. The quenching parameters
f were evaluated by varying the field strength within this error range, following the
relation

B('il’cL(x) = Bﬂ;ian(l +x-0.5%), where x € [-1,1]. (2.39)

This uncertainty is motivated by empirical observations: the measured qubit frequency
deviates by approximately +0.5 % when the magnetic field is cycled on and off. The effect
is attributable to small hysteresis effects in the magnetic field coils. Further, uncertainties
from the fits of the allowed and ODMR transitions were omitted, as these are at least an
order of magnitude smaller than those associated with the magnetic field uncertainty.

14 The 1gz sublevel of the ground state significantly contributes to the qubit energy levels in the diagonalized
Hamiltonian. However, it remains insensitive to f; from the excited state [1].

Table 2.1.: Parameters of the SnV center Hamiltonian. The spin-orbit splitting A% is measured by PL
measurements from an unstrained SnV center (SnV-D, Figure 2.4 (b)). For the magnetic field magnitude
values, we estimate an error of 0.5 %. The strain components and orbital quenching factors are obtained by a
fit to the electron spin Hamiltonian. This table is a reprint from Karapatzakis, Resch et al. Physical Review X
14, 031036.

Parameter Value Fitted? Source
Vi 14GHzT™! - [90]
¥s 28 GHz T™! - [91]
A8 822(1) GHz yes SnV-D
v 3000 GHz - [38, 85]
fiz 0.268(13) yes SnV-A
i 0.251(12) yes SnV-A
13 0.486(15) yes SnV-B
15 0.500(8) yes SnV-B

SnV-A SnV-B SnV-C

a® 35.0(15) GHz  577.3(34) GHz  530.0(40) GHz
" 60.0(70) GHz  961.90(49) GHz 921.4(32) GHz
By 193.44(97) mT  193.46(97)mT  193.47(97) mT
B, 193.48(97) mT  189.03(95)mT  193.45(97) mT
56 —0.08(2)° —0.54(2)° —0.46(18)°
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Figure 2.17.: The spread of the quenching parameters f derived from fits to SnV-A and SnV-B, assuming a
+0.5% uncertainty in the B-field amplitude, is illustrated. For each magnetic field strength, the Hamiltonian
is fit, and the resulting f parameter is represented in the corresponding pixel. As outlined in this section,
the fitting process proceeds sequentially: first f3g2 is determined, followed by flg2 [+, and £, with each step
incorporating the previously determined quenching parameter. The overall spread of the f parameters in
each subplot is used to calculate the standard uncertainty for the respective parameter. This figure is adapted
from Figure 12 in Reference [1].

Similarly, uncertainties in A% and strain a® were considered negligible by comparison and
were not propagated to the quenching parameters.

The resulting quenching parameters and their distributions, are shown in Figure 2.17.
This figure illustrates the spread of the f parameters derived sequentially: f3g2, followed
by flgz, f35, and f5. At each step, the previously determined quenching parameters are
incorporated into the fitting process. The spread of the f values in each subplot provides
the basis for calculating their standard uncertainties. The final fitting parameters, along
with their corresponding errors, are summarized in Table 2.1.
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2.5. Spin Dynamics

In Section 2.3, we analyzed the energy structure of the SnV center, identifying the lower
ground states |1) and |2) as optimal candidates for a spin qubit. In the following, we
elaborate on the preparation and measurement of these qubit states. Efficient initialization
of the qubit into one of the basis states is crucial to implement quantum gates and to enable
reliable quantum computing operations. The quality and precision of both initialization
and subsequent state readout are characterized by the initialization and readout fidelity, a
measure which quantifies the accuracy in achieving the desired spin state.

In addition, we analyze the spin relaxation processes that can limit the coherence and
fidelity of the SnV center. These processes become particularly significant when operating
above 1K, which will be discussed along with the following measurements.

2.5.1. Three-Level System Interactions

In the following, we describe the dynamics of a resonantly driven three-level system to
analyze the emission and polarization properties of the SnV center, following the derivation
presented in [99] and [100]. This allows for the simulation of spin initialization, which is
facilitated by a spin-flipping transition. The three-level system is illustrated in Figure 2.17
and consists of the two ground states |1) and |2) forming the spin qubit and the excited
state |A). In this simplified energy level diagram, an electron excited to |A) with frequency
Q relaxes from this state to the ground states |1) and |2) with probabilities P4; (at a rate
Ya1) and Py, (at a rate ya2), respectively. The transition |A) — |1) is a spin-conserving
transition (allowed), while |[A) — |2) is a spin-flipping transition (forbidden).

|A)

.\
LA

/
/
/
/
/
/
y

Y12
) =

Figure 2.18.: Simplified energy level diagram of a driven the three-level system. The spin qubit is formed
by the two ground states |1) and |2), with transition from |1) to the excited state |A) driven at frequency
Q. Relaxation from |A) occurs to |1) and |2) with rates y4; and ya2, respectively. To account for phonon-
mediated interaction with the upper ground states |3) and |4) (excluded from this model), effective transitions
between |1) and |2) are introduced, as characterized by the rates y,; and y;,. The energy levels are color
coded to match the populations in the simulations of Figure 2.19. Figure adapted from [99].
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The ratio of these probabilities is defined as the cyclicity A = ﬁ—fé. It serves as a measure of

state overlap. Using the cyclicity and the condition P41 + P4, = 1, the probabilities can be

reformulated as [99]:
A 1

Py =——, Py = .
Al 1+A A2 1+A

(2.40)

To account for phonon-mediated interactions between the lower ground states and the
upper ground states |3) and |4) (in addition to spin flipping interaction within the qubit
states), which are excluded from the model, an effective interaction term between |1) and
|2) is introduced and characterized by the rates y,; and y12, respectively. At the operating
temperatures during the coherent control measurements of the electron spin, that are
far below 1K, these interactions can be neglected. At these cryogenic temperatures the
spin relaxation time significantly exceeds the spin initialization time. However, as we
will describe in detail later in Subsection 2.5.2, spin relaxation is highly dependent on
magnetic field parameters, such as the strength of the off-axis component B, and the type of
phonon interaction (single-phonon or two-phonon processes) [36]. For now, the introduced
interaction serves as a means to quantitatively characterize the spin initialization by
including this thermally induced absorption and emission process. The rates y,; and y;2
are given by:

ya1 = yo(n(w) +1),  y12 = yon(w). (2.41)

Here, y, denotes the interaction strength, and n(w) is the phonon occupation number
at frequency w, determined by the Bose-Einstein distribution. The total transition rate
Y = Y21 + Y12 corresponds to the inverse of the spin relaxation time T;.

To fully capture the the quantum behavior of the three-level system, including coherence
effects and population dynamics, we need to describe the system using the density matrix
p. While the state vector |i/) describes pure states only, the density operator p allows
the description of both pure and mixed states. Mixed states are far more common in
experimental settings, especially when the preparation of the system is not fully known
or entangled with another system.

For the three-level system described above, the basis for the description of the density
matrix is given by the orthonormal vectors {|1),|2),|A)}, which represent the pure states
of the system. The density matrix in this basis can be written as:

N
p=> pisli) (i, (2.42)
i,j=1

with the trace of the matrix }}; p;; = 1.

For a closed quantum system, the Hamiltonian H evolves according to the von Neumann
equation (or Liouville-von Neumann equation) [101]:

dpt) _

n —i[H(t), p(1)]. (2.43)
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For an open quantum system, where a system interacts with an external environment or
reservoir, such as our qubit interacting with its surroundings, the von Neumann equation
must be extended to include dissipative and decoherence effects, since the interaction of the
open system with the large reservoir is irreversible. [101] The most common generalization
is the quantum master equation in Lindblad form (with 7 = 1):

dp _
dt

+ 1
=—i[H,p] + ) % (Lka,L ~ S{L{Lip} |- (2.45)
k

—i[H, p| + LI[pl, (2.44)

where L[ p] represents the Lindblad superoperator and accounts for the interaction with
the environment. L are the jump operators that characterize specific dissipative processes,
such as relaxation, dephasing, or spontaneous emission and y; are the rates (with the
dimension of an inverse time) associated with the dissipative channels. For a short intro-
duction into the Lindblad master equation, see [102]. The Hamiltonian H is not necessarily
the free Hamiltonian of the system S, but can also contain additional terms due to the
coupling of the system to the environment, such as interaction with a resonant laser beam.
In the following, we will describe the evolution of our three-level system in the rotating
frame under resonant driving of the Al-transition. The Hamiltonian, with the energy of
the lower ground state |1) set to zero, is expressed as [100]:

H=A|A) (Al +512) <2|+%(|1> (Al + |A) (1]). (2.46)

Here, A denotes the laser detuning, Q represents the strength of the driving frequency,
and § corresponds to the energy difference between |2) and |1) We can now model the
system using the quantum master equation in Lindblad form. For the three-level system
under consideration, the jump operators are given by:

La; =1|1) (A], representing decay from |A) to |1), (2.47)
Las =12) (A|, representing decay from |A) to |2), (2.48)
Ly =|1) (2|, representing phonon-mediated relaxation from |2) to [1),  (2.49)
Li; =|2) (1], representing phonon-mediated excitation from |1) to |2). (2.50)

The optical decay rate is given by the lifetime of the state |A) and is defined as y = ya; +ya2.
Using these operators, the full dynamics of the system, including both coherent and
dissipative processes, can be described. The resulting equations of motion for the density
matrix elements are:
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Figure 2.19.: Simulated dynamics of the driven three-level system. In (a) the coherences are included in the

simulation, leading to short-term oscillations between the populations pq1(t) and paa(t),

which decay on

a timescale much shorter than the initialization duration. The coherence term Abs{p;4(t)} is also shown.
(b) A quasistationary state is assumed, with coherences neglected by setting p1A = pA1 = 0. The resulting
dynamics highlight the population transfer between py1 (), p22(t), and paa(¢) in the absence of coherent

oscillations.

Qpia + QpAl),
2 2

P11 = —Y12P11 + Y21P22 + YAa1pAA — 1 (—

P22 = Y12P11 — Y21P22 + YA2PAA,
QPlA QPAl)

PAA = —YAIPAA — YA2PAA — I ( 2 2

_ Y2 YA1 YA2 qu QPAA
p1a = ——P1A - —P1A - —P1A —i|-Apia - 9 + T

_ Y2 Ya1 Ya2 Qp11 Qpaa
pa1 = __pAl - —PA1 - —PA1 -1 APAI + 5 - T

These equations can be analytically solved under the condition pi4

(2.51)
(2.52)

(2.53)

) , (2.54)

(2.55)

= pAl = 0. An

analytical derivation of pg4(t) can be found in [100]. This quantity is proportional to the
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fluorescence intensity and is thus the observable measured in the experiment. Note that
the referenced derivation excludes phonon-mediated interactions.

To account for all interactions, we numerically simulate the dynamics of the driven three-
level system using the odeint package in Python. The results, depicted in Figure 2.19,
illustrate the temporal evolution of the driven three-level SnV system, including phonon-
mediated interactions and spontaneous emission.

We distinguish between two simulation conditions:

(i) Full coherence dynamics (Figure 2.19 (a)), where the system evolves without con-
straints on coherence terms, and

(ii) Quasistationary assumption (Figure 2.19 (b)), where coherences are eliminated by
imposing pia = pa1 = 0.

The simulation is initialized with the following density matrix elements:

p11(0) =0.5,  p32(0) = 0.5, paa(0) = pai(0) = p1(0) =0.
Finally, the parameters governing the system dynamics are given by:

T; relaxation rates: yj; = 1kHz, ;3 = 1kHz,
Excited-state decay: % =30.5 MHz
Branching ratio: A = 100,
State-dependent decay: ya2 = ﬁ, Yar = A - yaz,

Detuning and driving: A=0, Q=5-y.

The parameters for the simulation are chosen to capture the short-term coherent oscil-
lations between the populations p11(¢) and paa(t). However, in the experiment, we find
weak resonant excitation below the saturation power of the SnV center to yield the best
results regarding the readout fidelity, while maintaining a stable charge state of the SnV
center over several hours of measurements. Below the saturation power, no significant
coherences are generated. The good fidelity can be attributed to the long spin relaxation
time of the electron and minimal leakage of the excitation laser into the collection path,
which remains negligible at low laser powers. The readout fidelity F is given by [103]:

It—)oo

F=1-

, (2.56)
' Imax

where [, represents the maximum detected intensity during initialization, and I;_,, is the

steady-state intensity. The factor of 2 is necessary when assuming a thermal equilibrium

state distributed with 50/50 occupancy between the spin-up and the spin-down state. In

general, the pre-factor depends on the initial population of spin states.

In the following, we determine the initialization fidelity of the highly strained SnV-B,
that has been described in Figure 2.11. This SnV center is used for the coherent control
measurements following in Section 4. In Figure 2.20, we show initialization measurements
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Figure 2.20.: Initialization fidelity measurements of SnV-B under three magnetic field orientations: perpen-
dicular (8 = 90°), at an angle (6 = 20°), and parallel (8 = 0°) to the SnV axis. Experimental data (blue points)
are compared with fits derived from the Lindblad simulation (red dashed lines) and an exponential decay
model (green dashed lines). The fixed and fitted parameters for the simulation are noted in each panel. In (a)
we derive the Rabi frequency Q by assuming the worst-case cyclicity of A = 1. In (b) and (c), we minimize
paa(t) against the data and extrapolate the corresponding value for the cyclicity. The initialization fidelity
is determined through the exponential fit to the data.
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2.5. Spin Dynamics

on SnV-B with the external magnetic field oriented perpendicular in (a), at a 20° angle in
(b), and parallel in (c). The angle is defined with respect to the SnV center’s z-axis. The
depicted initialization curves are extracted from Rabi measurements on the electron spin.
Thereby, the resulting averaged population of the spin states are 50 % in the spin-up state
and 50 % in the spin-down state.

The goal of the measurements is to estimate the lower bound of the cyclicity of SnV-B by
fitting the simulated dynamics of the driven three-level system to the experimental expo-
nential decay curves while optimizing the cyclicity value. First, however, it is necessary to
determine the Rabi drive frequency Q, as the dynamics strongly depend on this parameter.
The Rabi frequency of the optical drive is related to the defect’s saturation power pg,;.

We note that a measured saturation power of an inspected defect can vary significantly
depending on the accuracy of the optical z-focus on the defect and the spatial alignment
in x and y. While we carefully optimize the spatial positioning prior to each measurement
batch to ensure optimal readout fidelity, even slight spatial misalignments, variations in
power coupling, or temperature drifts can result in saturation power variations by several
factors. Therefore, we determine pg,¢ through the initialization curve in (a) by assuming the
minimal cyclicity of A = 1 and minimizing paa(t) against the experimental data instead
of directly measuring a saturation curve. > The minimized curve for ps(t) is depicted as
a dashed red line in the plots. Using [104]

p 207

/ p
- Q= 2.57
psat Yz zpsaty ( )

we find Q = 0.177y for an applied laser power of p = 1nW?¢, which is the same power
used in (b) and (c). The corresponding saturation power follows as psat ~ 16 nW. The
inferred saturation power obtained through the measurement of Q in (a) is then applied
to the measurements in Figure 2.20 (b) and (c), allowing the determination of cyclicity.

Using psat # 16 nW, we determine the cyclicity to be A(20°) = 82.36 and A(0°) = 1712.5,
representing the lower bound for the respective angles in (b) and (c). Additionally, we
independently fit the normalized data to an exponential decay function, I(t) = I-exp (—f) +
¢, with the fit shown as a dashed green line in the plots. We use Equation 2.56 to extract the
fidelity via the exponential fit. For the parallel field orientation the fidelity is F|| = 99.84(8) %
demonstrating an almost perfect initialization. For perpendicular field orientation a fidelity
of F; =99.98(2) % is achieved. The relatively longer initialization duration, compared to
the decay time, for the perpendicular field orientation, allows for full initialization. The
Fidelity is limited by the fitting error of the constant variable ¢, since we subtract the
average dark count of the photon-detectors. To achieve higher initialization fidelity for
parallel field orientation, one would have to increase the initialization time, but this comes
at the cost of measurement time. All relevant fit values are noted within the plots for a
clearer overview.

IS If A > 1 is assumed, the ratio p/ps, must be larger to achieve the same initialization time (i.e., a higher
Q), leading to higher cyclicity values for the measurements in (b) and (c). By assuming the worst-case
cyclicity of A = 1, we can estimate the lower bound of the cyclicity for different angles.

16 The optical power levels are defined in front of the input window of the cryostat.
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Figure 2.21.: Phonon-induced relaxation pathways. The red panel shows pathways for phonon-mediated
spin flips, where direct relaxation via a single-phonon resonant to the qubit frequency w, is depicted in (a).
The two possible channels for a two-phonon process involving the upper orbital branch are shown in (b).
Off-resonant two-phonon processes are illustrated in (c). The blue panel shows spin-conserving transitions
that are responsible for dephasing. The figure is based on figures 4(a) and 8 in [36].

2.5.2. Phonon-Induced Relaxation Pathways

In the previous discussion of the dynamics of a resonantly driven three-level system
(see Section 2.5.1), we introduced the interaction between the qubit states |1) and |2) to
quantitatively characterize the influence of spin relaxation on spin initialization. Here, we
dive deeper into the spin relaxation mechanisms that determine the relaxation time T; of
the SnV center in diamond. Specifically, we describe the coupling between spin states and
lattice vibrations (phonons), that can limit qubit performance and coherence under varying
strain, magnetic field, and temperature conditions. Our analysis combines theoretical
models, following the work of S. Meesala [36] and I. Harris [71], with experimental data
for validation!’. Figure 2.21 illustrates phonon-mediated spin relaxation and dephasing
mechanisms in SnV centers. The red panel highlights pathways for spin flips, e.g. single-
phonon transitions resonant to the qubit frequency wq in (a). In addition, two-phonon
processes are possible. Resonant transitions, are referred to as an Orbach process. Off-
resonant Raman-scattering, involving the upper orbital branch or a virtual level are
illustrated in (b) and (c), respectively. The blue panel shows spin-conserving transitions
that are responsible for dephasing.

The ground states are labeled on the far-right of the energy levels with their respective
orbital and spin angular momentum, e.g., |- |), differing from the nomenclature used in
Figure 2.3, to clearly represent spin-conserving and spin-flipping transitions. In Section 2.2,
we characterized these eigenstates as defined by the spin-orbit interaction, where the
orbital and spin angular momentum are well-defined in the absence of off-axis strain
or magnetic fields. Subsequently, we discussed the influence of strain and introduced
the strain Hamiltonian, ﬁstrain, in Section 2.2. From the form of the strain Hamiltonian

17 For readers interested in orbital relaxation dynamics involving spin conserving single-phonon transitions,
we refer to the study of SiV centers by K. Jahnke [35]
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given in equation 2.18, it is evident that E, and E; strain components induce mixing and
relative shifts between orbitals, while the spin part of the wavefunction remains unaffected.
Consequently, ac strain arising from thermal Egy/, phonons can ease ground-state orbital
transitions [36].

To model the decoherence processes, I. Harris [71] presents a simplified model of the
group-1V fine structure, effectively describing it as a pair of coupled two-level systems:
.1 o 1

Hs = Ea)QO'Z + Ea)BO'Z + )Leffo'z O'B (2.58)
where wp represents the branch degree of freedom associated with the spin-orbit coupling,
and wg corresponds to the qubit state splitting, determining whether the system resides in
the upper or lower level within the branch. The parameter A.g is introduced as an effective
coupling strength, interpreted as a shift in the qubit frequency dependent on the state of
the branch degree of freedom. This formalism enables the derivation of transition rates y;;
and provides insights into the dynamic processes of the system!®. Within this model, the
transition rates in the presence of a thermal phonon bath are given by:

T 271'2 |h | Xrlwi — coj|3nth(a)i - j), (2.59)

where |h§.| represents the coupling strength, yz is the phonon absorption cross section,
and |w; — wj| is the frequency difference between states i and j. The thermal phonon
occupation number at frequency w = w; — w;, n(w), is described by the Bose-Einstein
distribution:

1

1 .

- ifw>0

np(w) = { €71 _ (2.60)
W + 1, lfa) <0

where 7 is the reduced Planck constant, kg is the Boltzmann constant, and T is the
temperature. The terms in ny, (w) reflect the asymmetry between phonon absorption and
emission, depending on whether w is positive or negative, respectively.

In an unperturbed environment, phononic transitions between eigenstates couple entirely
to the orbital degree of freedom and remain spin-conserving. However, we are interested
in the qubit population decay driven by spin-flipping phonon transitions, such as |- |) —
|— T). These transitions require spin mixing, which occurs under the influence of an
off-axis magnetic field even at zero strain. In this scenario, the qubit eigenstates transform
into perturbed eigenstates, e.g., |- |) — |- |)’. The perturbed spin-orbit eigenstates
are determined using first-order perturbation theory, with the perturbed state expressed

105]:
) (Vi)
ny =)+ ) p—pIm) (261)

m#n

'8 For a detailed derivation of y;;, please refer to the work of I. Harris [71]
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with the perturbation matrix V' = %(O’x ® oy) describing the influence of the off-axis

magnetic field, and the Pauli X-matrix o,. We find the eigenstates |- |) and |+ T) of the
qubit to transforms to'®:

YsB1 ysB.

R R R T ey e FIG BRI YRR
, YsBL N _ YsBL
=D s g D S D e ey

where we approximate By (fi2 — f32)y1 — Bjys << A8, as the orbital and spin Zeeman terms
are negligible compared to the spin-orbit splitting. This explains why the transverse
magnetic fields cause spin mixing of the eigenstates and enable coupling to phonons
resonant with wg.

We now calculate the perturbed eigenstates under the influence of strain, where Virain =

ﬁ;t"r Ain describes the effect of strain on the spin-orbit eigenstates. For example, we find

=)

a
=By (fiz + fi2)yi — A8
We observe directly that strain perturbs only the orbital components, leaving the spin
component unaffected, a property that becomes crucial for enabling coherent control of
the spin qubit, as will be discussed in Section 4.

-D ==+ I+ 1)~ |- l>+%|+ b, (2.64)

To conclude, we aim to determine the experimentally observable scaling of the transition
rates. We begin by considering the spin-conserving transition rate, as defined by S.
Meesala [36]:

Yup(@) = 27xp &’ nip(w). (2.65)

Here, 27 yp o> contains the bulk density of states (DOS) scaling with w? and the electron-
phonon coupling, which scales linearly with w.

We focus again on the case of negligible strain and an off-axis magnetic field. In this
scenario, single-phonon transitions, such as |+ T)" — |- |)’, become partially allowed
due to spin mixing. The strain susceptibility of the spin transition, dspin, can be expressed
in terms of the ground-state orbital strain susceptibility dy. Therefore, we calculate the
fraction of the ac strain eg: (the phonons) resonant with the qubit transition frequency wq
that effectively drives the spin-flipping transitions of the qubit. This requires evaluating
the overlap of the perturbed wavefunctions. The susceptibility of the qubit state is thus
expressed as:

dspin — <_ l |I strain|+ T)l — YsBJ_

d € A8
g E,

(2.66)

1\ 2
spin

The rate for single-phonon transitions is given by (d 4, ) Yup(@q). Resonant two-phonon

transitions, such as the decay from |+ |)’ — |+ T)" require both nonzero static strain and

19 Note that S. Meesala defines y; = 14 GHz T™!, while we maintain y; = 28 GHzT™!, to keep consistency
with the definition in Section 2.2
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. . . 11 dg i .
an off-axis magnetic field. S. Meesala estimates the susceptibility as % ~ ﬁ leading
g

N2
to a decay rate of 4 (dgc’lz‘p) Yup(A®8), where A8 denotes the ground-state splitting. Finally,

Blo)q

2
AT ) T3. A summary of all rates and

off-resonant two-phonon relaxation scales with (

their expected scaling is provided in Table 2.2.

Although off-resonant two-phonon relaxation is expected to become relevant primarily
at elevated temperatures above ~ 40 K, we find that including this term is necessary to
correctly fit the experimental data for SnV-F (blue curve) depicted in Figure 2.22. This
suggests that the contribution of these off-resonant processes may be more pronounced in
certain defect configurations or field conditions.

Figure 2.22 presents various T} measurements, highlighting the distinct physical mecha-
nisms governing phonon-mediated relaxation in SnV centers. One immediately notices
the bend for the low-strain SnV centers SnV-F and SnV-D (blue and green curves) around
2.5K. This saturation-like behavior can be attributed to coupling with resonant single-
phonon transitions. At temperatures below ~ 200 mK the spin relaxation time is expected
to increase significantly due to the polynomially decreasing density of states. However,
for SnV-F (blue curve) under a strong off-axis magnetic field, we observe a capping of
T; ~ 270 ms at the 50 mK base temperature of the cryostat. This limitation is likely caused
by heat radiation from the 4 K surroundings, including the objective and the magnetic
field coils mounted on the 4K radiation shields, which effectively limit the minimum
achievable local sample temperature. To estimate this temperature limit, we adjust the
measured temperature Teasurement Py introducing a correction term that scales with an
offset AT. The offset is multiplied with an exponential term effectively reducing its weight
for increasing temperature of the cryostat to account for the enhanced cooling power at
higher temperatures. The adjusted temperature Tfrective iS expressed as:

_ Tmeasurement
AT

Teffective = Imeasurement (1 +AT -e (2-67)
This expression introduces an exponential factor to account for deviations in the low-
temperature regime. From the best fit, we determine AT = 335 mK which serves as the
limit temperature.

Table 2.2.: Summary of phonon-mediated relaxation processes in the SnV center: (a) single-phonon relax-
ation, (b) resonant two-phonon channels via the upper orbital branch, and (c) off-resonant two-phonon
pathways. This Table has been slightly adapted and reprinted with permission from Srujan Meesala, Physical
Review B, 97, 205444 (2018). Copyright (2018) by the American Physical Society.

Channel Rate Regime Expected scaling of rate
2
Direct (d;g) Yup (0q) ksT/h < wq B2 (A8) 203 exp(~haoq /ksT)
7\2
Orbach 4 (”’3;;“’) Yup (AE) ksT/h ~ A& B2 A&[exp(hA&/kyT) — 1]
-\ 2 3
Raman  87° %) )(zpza)cz1 (kBTT) kgT/h > A& Bi(Ag)_za)gT3
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Figure 2.22.: Temperature dependence of the spin-lattice relaxation time T for different SnV centers,
illustrating key relaxation mechanisms. Around 2.5K, T; exhibits saturation-like behavior due to coupling to
resonant single-phonon transitions. At temperatures below ~ 300 mK, the observed T; of SnV-F (blue curve)
saturates from thermal saturation of the sample temperature, due to heat radiation from the 4 K surrounding,
effectively capping the minimum temperature achievable at approximately ~ 300 mK. The green band for
SnV-D represents slight magnetic field variations of the off-axis magnetic field (B, € 1.5mT to 5mT). The
magnetic field is initially aligned along the quantization axis of the SnV center. However, small off-axis
components may arise due to coil hysteresis effects.

The green band for SnV-D represents slight variations in the off-axis magnetic field
(BL € 1.5mT to 5mT). Initially, the magnetic field is aligned along the quantization axis
of the SnV center (6 = 0°). However, small off-axis components may arise due to coil
hysteresis effects and imperfect field calibration.?® We observe that even slight variations
in B, induce significant changes in the spin relaxation time.?! The red curve corresponds to
T; measurements of the highly strained SnV-B, which exhibits orders of magnitude higher
spin relaxation times compared to the unstrained emitters due to the enhanced ground-
state splitting. This large splitting suppresses phonon-mediated relaxation processes
as it shifts the system out of resonance with many low-energy phonons. The thermal
occupation of high energy phonon states is significantly lower and their availability for
phonon-driven transitions decreases. The spin state is effectively decoupled from the
phonon bath, yielding an enhanced T;. The fit values for SnV-F and SnV-D are summarized
in Table 2.3.

20 For details on the methods used for magnetic field calibration, refer to Section C.3.2.
21 While a few millitesla variation in B, may appear small compared to By, the coupling scales with B?
meaning that even slight changes can effectively enhance the phonon-coupling by an order of magnitude.
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Until now, we have not discussed the spin-conserving transitions, shown in the blue
panel of Figure 2.21, which are responsible for dephasing (transverse relaxation). These
transitions are particularly significant at higher temperatures where thermal phonon
populations increase. Still, they contribute to dephasing even at cryogenic temperatures,
as they introduce random phase shifts between the spin projections due to the different
precession frequency of the qubit within the separate branches. The transverse relaxation
time T, can be expressed as a combination of contributions from T; and dephasing processes
Ty. For a phonon-limited environment, T; is given by:

1 1 1

— == (2.68)
T, 2T, Ty

with Tp = 1/yup(A®), showing that coherence is effectively protected by strain. For readers
specifically interested in temperature dependent spin-coherence measurements of T, and
T;, we refer to the work of A. Stramma [73] and to matching theoretical calculation
published by I. Harris [71].

In summary, we have studied the spin dynamics of the SnV center, focusing first on the
interactions within the relevant three-level system spanned by the qubit levels and one of
the excited states to determine the cyclicity and initialization fidelity of the system, both
of which are relevant factors for spin-qubit control. We specifically addressed phonon-
induced relaxation pathways, looking primarily on processes that influence spin relaxation
and decoherence. We have shown, that strain and off-axis magnetic field components mix
the spin and orbital states, allowing resonant and off-resonant spin-flip transitions. We find
the electron-phonon coupling responsible for spin-flipping transitions to be proportional
to oc Y}gi. Hence, the large intrinsic spin-orbit coupling allows SnV centers to maintain
stable spin states at relatively higher operational temperatures setting it apart from the
lighter SiV and GeV centers. These require additional strain to protect their properties due
to the relatively small spin-orbit coupling of 50 GHz [65] and 170 GHz [75], respectively.
Generally, additional strain further suppresses phonon-mediated relaxation mechanisms
protecting lifetime and coherence.

Table 2.3.: Fit values for SnV-F and SnV-D. The parameters A;(single-phonon), A;(two-phonon), and
As(off-resonant two-phonon) represent the amplitudes (pre-factors of the expected scaling rate) for the
corresponding transition rates.

Parameter SnV-F SnV-D
A 4.033x 107" kHz 5.697 x 10~*kHz
A 1.355x 10> kHz 1.710 x 107> kHz
As 190 kHz 0.0 (fixed)
B, 136.8 mT (fixed) 2.5mT (fixed)
Ags 840 GHz (fixed) 825 GHz (fixed)
Ws 13 GHz (fixed) 7 GHz (fixed)
AT 335.8 mK -
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2.6. Summary

In this chapter, we investigated the fine structure of the SnV center by first presenting
a full matrix-representation of the relevant Hamiltonian. We supported the theoretical
description by examining the interactions of spin-orbit coupling, strain and magnetic
field separately via experimental measurements. We show a method to meticulously
characterize all detected SnV centers to determine the suitable emitters for coherent
control and precise fine-structure analysis. We showed stable optical transitions for
various low to high strain SnV centers, demonstrating the pristine optical properties
of the SnV center. With the enhanced control over the optical and magnetic states of
the SnV center’s electron, we measured 2D rotation maps of the optical transitions to
reliably determine the SnV center’s quantization axis within the laboratory system with an
uncertainty of less than 1 %. Through variation of the magnetic field orientation we further
contribute to a deeper understanding of the magneto-optical properties. By mapping the
measurements to the electron-spin Hamiltonian with explicit ground and excited state
doublets, we determined the orbital quenching factors. In addition we developed a fitting
procedure for the optical and qubit transitions to easily characterize unknown emitters. We
investigated the spin dynamics of the SnV center. Among them, we show an initialization
and readout fidelity of F| = 99.84(8) % for parallel field orientation and F, = 99.98(2) %
for perpendicular field orientation, demonstrating an almost perfect initialization. We
determined the lower bound of the cyclicity for SnV-B under parallel field orientation to
be ~ 1700, an important property for the following coherent control measurements. At
last, we analyzed the relaxation time for various defects under differing field compositions
illustrating the key relaxation mechanisms.
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3. Ohmic Heating in Normal and
Superconducting Waveguides:
Implications for Efficient Spin Control

Efficient and coherent microwave control of solid-state spin qubits requires careful en-
gineering of the microwave delivery structure. In the following chapter, we discuss the
advantages of a shorted coplanar waveguide (CPW) design, with a small gap fabricated
directly on the diamond surface and positioned in close proximity to the emitters, in
enabling strong and localized microwave fields. With an impedance matched geometry
optimized for fast spin rotations, necessary for high-fidelity qubit operations, pulse errors
due to reflections of the microwave signal are minimized.

Achieving fast control with conventional normal-conducting CPWs (NC-CPWs) often
comes at the cost of significant Ohmic losses, due to the high microwave power required
to achieve fast and efficient qubit operations. The local temperature of the surrounding
diamond lattice can rise significantly and the local thermal fluctuations can degrade the
properties of the SnV center, such as spin initialization fidelity and coherence time.

To address this challenge without compromising the efficiency of the microwave control,
we fabricate superconducting coplanar waveguides (SC-CPWs) made from niobium. These
structures eliminate Ohmic losses and thus enhance thermal stability, while maintaining
the advantageous design parameters needed for efficient qubit manipulation.

To investigate the thermal impact of both NC-CPWs and SC-CPWs, we utilize the SnV
center itself as a local temperature sensor. By analyzing the temperature dependence of
the zero-phonon line position and linewidth broadening, we calibrate the SnV center as a
local thermometer. This approach allows us to directly quantify and compare microwave-
induced heating effects across the different CPW implementations.

We begin by introducing the finite-width coplanar waveguide (FW-CPW) structure in
Subsection 3.1, that is used for the coherent control measurements discussing the major
advantages of the simple structure for spin-qubit control. Following, we motivate the
use of superconducting coplanar waveguides. Next, the temperature dependent PLE
measurements, to quantify the SnV center’s spectral response as a function of temperature,
is presented in Subsection 3.2. To conclude, we examine the impact of microwave driving
on the SnV center’s spectral properties and spin relaxation time and conduct a direct
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Figure 3.1.: The symmetrical coplanar waveguide (CPW). (a) presents a schematic of the finite-width coplanar
waveguide (FW-CPW) on a dielectric substrate. This structure consists of a central strip conductor flanked
by finite-width ground planes and supports a quasi-TEM mode of propagation, as described in [106]. Figure
(b) shows the FW-CPW with the dimensions used for sample fabrication, accurately scaled to match the true
proportions. (c) displays images of fabricated samples, including a normal-conducting CPW made of gold
(top image) and a superconducting CPW made of niobium (bottom image).

comparison of NC-CPW to SC-CPWs. At last, we demonstrate the advantages of SC-
CPWs in reducing microwave-induced heating with various experimental measurements
in Subsection 3.3.

3.1. Coplanar Waveguides for Spin Qubit Control

The coplanar waveguide was first proposed by Cheng P. Wen in 1969 [107] and "consists
of a strip of thin metallic film on the surface of a dielectric slab with two ground electrodes
running adjacent and parallel to the strip." It is a specialized transmission line! that allows
for the delivery of electromagnetic (EM) waves to a far destination, while mitigating radia-
tion loss. [108]. Transmission lines consist of two or more conducting metals, effectively
reflecting an energy carrying EM wave back and forth with minimal loss, while restricting
the direction of propagation. One commonly known and used transmission line is the
coaxial line consisting of a conducting wire and a surrounding cylindrical conducting
shield with an insulating medium in between.

! The book Understanding Electromagnetic Waves of M. Kao and C. Chang offers a friendly introduction
into the theory of transmission lines [108].
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An important property of transmission lines is the characteristic impedance Z; that is
defined as the voltage to current ratio along the line direction z:

_V(2)
=10

The characteristic impedance of transmission lines is influenced by their geometric pa-
rameters, as well as the dielectric of the substrate between the conductors. In general,
one tries to match Z; of different connected transmission lines for a simple reason: If
the characteristic impedance of two lines is different, the voltage to current ratio has to
adapt on the interface to yield the same ratio for both lines. This is only possible, if a
partial reflection of the EM wave occurs on the interface. Since the aim is lossless EM
wave propagation to the destination of the transmission line, one has to mitigate these
reflection. This is achieved by designing the geometry of different lines to yield the same
characteristic impedance. Usually, the commercially bought electronic components are
designed to have Z;, = 50 Q.

= constant (3.1)

The transmission line that we are interested in is a variation of the first proposed CPW
structure and is depicted in Figure 3.1 (a). It consists of a center conductor with two
finite-width ground planes. In (b) the design of the FW-CPW with the dimensions used
for the sample fabrication is shown in the top view, accurately scaled to match the true
proportions. The waveguide is shorted at the end, to reflect the EM wave, and create a
standing wave with the following conditions:

Vi=-V. 5% =0 (3.2)
I+ = - IL = 2[+ (33)

Here, V; and V_ represent the forward and reflected voltage waves, respectively, while
I, and I_ denote the corresponding current components. The subscript L stands for the
load of the short.? At the shorted end (Z; = 0) of the CPW, the voltage must vanish
(VL = 0) according to equation 3.1, enforcing a perfect reflection with a 180° phase shift
between the incident and reflected waves. On the other hand, the current components
add constructively, resulting in a current maximum at the shorted termination (I} = 21).
This means, that a traveling wave (on transmission) needs four times more power than
a shorted circuit to deliver the same peak current at the sample. Since minimizing heat
dissipation in the cryostat is desired over the extend of the transmission line, the reduced
power requirements enabled by this effect is advantageous.®

To mitigate reflections before the shorted end of the CPW, the characteristic impedance
is matched to Zcpw = 50 Q by individually adapting the geometric dimensions of the

The load is the circuit or electrical device connected at the end of the line that receives or reflects the
transmitted power. Here, it corresponds to the shorted end of the CPW, while the CPW has a matched
impedance of Zcpw = 50 Q.

The power is defined as P = Z,I?, hence to achieve a peak current I at the load an input power of Z,I? is
necessary for a traveling wave. In contrast, for a shorted circuit where the standing-wave effect doubles
the current at the load, the same peak load current is achieved with only }lZolf of input power.
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(a) === electric field == Magnetic field

Figure 3.2.: Electric and magnetic field distribution of the CPW. The electric and magnetic field lines of the
even mode in the cross section of the coplanar waveguide are depicted in blue (a) and red (b), respectively. The
electric-field lines extend across the conductor gaps while the magnetic field lines are oriented perpendicular
to the air-dielectric interface within the gap. Obviously, the magnetic field is strongest in this region, making
it the optimal location to investigate SnV centers. Additionally, it is observed that the electric field lines on
the right half of the structure are mirrored in direction relative to those on the left half, while the magnetic
field lines circulate around the central conductor. Inspired by [106]

center strip, the groundplanes, the gap and the height of the substrate with permittivity
€. The characteristic impedance of the CPW can be precisely derived, along with its
attenuation constant, using the conformal mapping method [109]. The detailed impedance
and attenuation calculations are provided in Appendix D and will be skipped at this point
of the work.

The elaborate discussion about the electric current component is due to a straightforward
fact: the alternating component of the magnetic field that drives the electron spin of the
SnV center is directly proportional to the current I. The electric along with the magnetic
field distribution of the CPW are drawn in Figure 3.2 (a) and (b), respectively. It is clear,
how the magnetic field is forced into the narrow gap between the center conductor and
the ground planes, making the field strongest in this region and thus, the optimal location
to investigate SnV centers. The ability of the CPW to efficiently deliver microwave fields
with high spatial confinement makes them interesting for spin qubit applications, where
strong electromagnetic fields are essential for efficient spin manipulation. The structure
supports a quasi transverse electromagnetic (TEM) mode of propagation. Therefore, there
is no low-frequency cutoff and dispersion is minimized, enabling low loss transmission of
radio frequency and microwave signals. The planar geometry allows for simple, on-chip
fabrication and makes them very tempting for applications on diamond substrates with
color centers close to the surface. Ergo, when investigating SnV centers we focus on defects
in proximity of the shorted end of the FW-CPWs. Two different samples are depicted in
Figure 3.1 (c), one with a normal-conducting CPW made of gold (top image) and one with
a superconducting CPW made of niobium (bottom image). The different SnV centers that
are characterized within the respective samples, are indicated.

Lastly, the attenuation of the EM waves due to conductor losses and dielectric losses in the
diamond are discussed in a quantitative manner. Dielectric losses originate from the finite
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conductivity and imperfect insulating properties of materials such as the silicon wafer
substrate, the adhesive between the diamond sample and the diamond itself. Additionally,
polarization losses arise from the reorientation of dipoles within the substrate in response
to the oscillating electromagnetic field. Conductor losses in normal-conducting metals,
such as gold which is used in the fabrication of the NC-CPWs, originate from Ohmic
dissipation. Electromagnetic fields affecting the metal will induce currents that oscillate
and decay as a function of depth into the metal. This is known as the skin effect. In thick
conductors,* these losses increase with frequency due to this effect, which confines the
current flow to the metal’s surface, leading to increased resistance. [110] However, for the
thin gold layer used in NC-CPWs, with a thickness of approximately ty,14 ~ 100 nm, the
skin depth J,¢ remains significantly larger than the conductor thickness up to several tens
of GHz. As a result, the frequency dependence of NC-CPW losses is negligible for thin
conductor layers.

For superconductors, the direct current (DC) resistance of the metal drops to zero below the
superconducting critical temperature T,, which for bulk niobium is TP"¥ ~ 9.3K [111]. In
the case of thin films with a thickness of approximately t ~ 50 nm, the critical temperature
is slightly reduced to TC50 M~ 8.6 K[112]. Hence, the question arises, how a superconductor
behaves under the effect of electromagnetic waves. In 1940, Heinz London showed high-
frequency resistance for superconducting tin. He explained the resistance through the
"simultaneous presence of superconducting and normal electrons" [113] as presumed in a
previous paper in 1934 [114]. The effect is phenomenologically described by the two-fluid
model, which assumes that a superconductor consists of a fraction of normal electrons that
experience resistance and inertial effects just like they do in a normal metal and a fraction
of superconducting electrons that show inertial effects but flow without dissipation[115].
The relative number of these normal to superconducting electrons change as a function of
temperature with the total number per unit volume given by:

n(T) = ng(T) + nu(T). (3.4)

Here, the total density n is equal to that of the metal in the normal state. Once the
superconductor is cooled below T, the number of superconducting electrons increases
from zero to ng = n at T = 0K and the number of normal electrons decreases accordingly.
For DC current, the superconducting electrons can flow without resistance, carrying the
total current and mitigating dissipative losses. However, as soon as an alternating field is
applied the normalconducting electrons contribute to the current and power is dissipated.
This is attributed to the non-zero impedance of the superfluid [110].

To finally compare NC-CPW with SC-CPW, we can consider the frequency dependence of
the dissipated power for a normal-conductor and a superconductor. The power dissipation
is given by:
P, «< »'? and (3.5)
Py o« w? (3.6)

* For example in printed circuit boards, the conductor thickness of the transmission lines made of copper
typically exceeds 18 pm.
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Figure 3.3.: Attenuation characteristics of NC-CPW and SC-CPW. (a) Conductor losses as a function of
frequency for normal-conducting (NC-CPW) and superconducting (SC-CPW) coplanar waveguidesexpressed
in dBcm ™. The SC-CPW losses strongly depend on the magnetic penetration depth A, with a crossover
point where SC-CPW losses exceed NC-CPW losses at approximately 80 GHz for A, = 125 nm. (b) Dielectric
losses as a function of frequency, expressed in dBm™!. The dielectric loss is dominated by the adhesive
material, with an assumed effective loss tangent of deg ~ 2 X 1074,

respectively. Since most of the current is carried by the superconducting electrons far
below T, the superconductor starts with much smaller loss but can eventually exceed the
losses of normal metals for very high frequencies. However, this frequency is typically
above several tens of GHz.

The conductor losses for both NC-CPW and SC-CPW are calculated using equation D.15°
(see Section D.2) and are depicted in Figure 3.3 (a), with the geometric parameters given
in Figure 3.1 (b). As discussed earlier, the losses in the normal-conducting CPW (green
curve) remain frequency-independent as long as the normal skin depth satisfies dyr >
teold- In contrast, the conductor losses of the superconducting CPW (grey-blue gradient)
strongly depend on the magnetic penetration depth A,. The calculated losses are shown for
penetration depths in the range A, € [25, 250|nm. Assuming a moderate penetration depth
of A, = 125nm (red curve), the crossover frequency, where the SC-CPW losses exceed
those of the NC-CPW occurs at approximately ~ 80 GHz for the given geometry.®

The calculated dielectric losses are shown in Figure 3.3 (b). As described by equation D.12,
they exhibit a linear dependence on frequency. For diamond, the loss tangent (tan(4),
which is a measure of signal loss) is exceptionally low, ranging from 107 to 107> [119].
However, for some materials, such as polyimide in flexible printed circuit board (PCB)

Note that the equation includes the characteristic impedance, which accounts for the weighting of the
effective dielectric factor, that is determined by the contribution of the diamond’s and the substrate’s
dielectric constants.

Values of the magnetic penetration depth for thin film niobium range from 25 to > 250 nm depending on
the thickness and purity of the material. For studies on niobium films with equivalent thickness of 50 nm
and a purity defined via the residual resistance ratio RRR = R(300K)/R(T;) where we measure a value of
RRR = 3.5 the magnetic penetration depth ranges from A, € [100, 150]nm [116-118]. Therefore, we take
the mean value for the simulation.
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structures that are used for microwave transmission between the separated cryogenic
stages within the cryostat, or polymers like PMMA used as adhesives for the samples,
the loss tangent is significantly higher, typically between 107> and 10™! at room tem-
perature [120]. Reports indicate that these losses are drastically reduced in cryogenic
environments, by up to a factor of 100 [121]. In the graph presented, an average dielectric
loss of Sefr ~ 2 X 107 is used, as determined via the separate contribution of the diamond
and the adhesive. The contribution of the diamond and the adhesive to the dielectric losses
is a function of their respective filling factors, a measure of the amount of electric field in
the respective material. The calculation of the filling factor is explained in Appendix D.2.
Note that the dielectric losses in this graph are expressed in dBm™, in contrast to the
conductor losses.

For coherent control measurements, we typically need frequencies below 10 GHz. As an
example, we want to give the specific values for the conductor and dielectric losses for
the most used frequency during this work of around 3 GHz, for NC-CPWs and SC-CPWs.
For the normal-conducting CPW we determine a conductor loss of of af ~ 1.2 dB cm™,
For the superconducting CPW we calculate a3 ~ 0.002 dB cm™!, a 600-fold difference. The
dielectric losses are the same for both materials and account for aq ~ 0.001 dBcm™" at
3 GHz.

To get a first impression of the temperature- and power-dependent behavior of niobium
CPWs, we fabricate a 50 nm-thick waveguide on a bulk diamond substrate via electron-
beam evaporation and measure the insertion loss (IL) through the cryostat, with the
microwave power monitored directly in front of the cryostat. The waveguide used in these
measurements operates in a transmission configuration, making it an S;; measurement.”
In Figure 3.4, we investigate the high-frequency performance of this superconducting
CPW from DC to 10 GHz in a zero-field environment. Figure 3.4 (a) shows the IL during
cooldown from room temperature to 7 K, revealing a distinct enhancement in transmission
for reduced temperatures and a sharp IL drop below 9K due to the superconducting phase
transition and the vanishing resistive losses of niobium.® The extracted data at 3 GHz
(red box) are plotted in (b), illustrating the significant decrease in IL once the niobium
becomes superconducting. In (c), the IL is depicted for input powers of 19 dBm (red) and
19.2 dBm (black), demonstrating that the IL remains low until a critical power level is
reached. Above approximately 19.2 dBm, superconductivity is suppressed, restoring the
waveguide’s normal-state losses, as shown in (d).

While the preceding results highlight the temperature- and power-dependent behavior
of niobium CPWs, these metrics alone do not fully determine their viability for quantum
applications. Ultimately, even though conductor and dielectric losses can be calculated pre-
cisely, the critical question is whether SC-CPWs actually benefit spin qubits by mitigating
microwave-induced heating in the GHz regime and operating under the magnetic fields

In microwave engineering, S;; refers to the scattering parameter that characterizes the transmission of a
signal from port 1 (input) to port 2 (output). It quantifies how much power is lost through the device and
is often measured in decibels (dB).

Note that the insertion loss includes the losses of the coaxial lines and the flexible PCB line.
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Figure 3.4.: Properties of superconducting niobium waveguides in zero-field environment. In (a) the mea-
sured insertion loss of a superconducting CPW is depicted from DC to 10 GHz. The enhanced transmission
at less than or close to 9K is caused by the superconducting phase transition and the vanishing resistance
of the niobium. The red box indicates the data points at 3 GHz that are extracted for the graph in (b). (c)
Breaking of superconductivity at a power of 19.2 dBm. The red line shows the IL while the waveguide is still
in the superconducting state. The red box indicates the data points at 3 GHz that are extracted for the graph
in (d). Graphs (b) and (d) are adapted from Figure 3 in Reference [1].

required for reasonable qubit splitting. If SC-CPWs fail to outperform NC-CPWs in the
actual operational environment, their implementation becomes unnecessary. To address
this, we employ the SnV center as a highly sensitive temperature probe by calibrating its
temperature response to characterize the thermal impact of both NC-CPWs and SC-CPWs
on the local cryogenic environment.
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3.2. Temperature Calibration of the SnV Center

Group-IV defects, such as the SnV center, are sensitive to temperature because elec-
tron—-phonon interactions shift and broaden their zero-phonon lines. By measuring the
linewidth and line position as a function of the temperature, one can observe distinct
polynomial scaling laws that capture these phonon-driven processes. In this section, we
explore how temperature affects the C-transition of the SnV center, focusing on both its
shift in energy and its broadening.

The temperature dependent behavior of group-IV defects (including the SnV center) has
been investigated by several groups, and a summary of these results is provided in table 3.1.
Most of these studies observe linewidths that follow a dominant o« T°> dependence, with
a weaker oc T7 contribution, while the ZPL shift typically scales as a combination of
T? + T*. A theoretical model explaining these polynomial laws via electron-phonon
interactions was introduced by V. Hizhnyakov [122, 123]. The temperature dependence
of the ZPL linewidth is explained as a modulation of the ZPL frequency by long-wave
acoustic phonons. For nondegenerate electronic levels this results in a o< T7 dependency.
For degenerate electronic levels and in the presence of the linear dynamic Jahn-Teller
effect, this yields a o«c T° dependence, that is only observed in two investigations of SiV
center ensembles [124, 125]. The suggested model of V. Hizhnyakov extends the theory to
include the quadratic electron—-phonon coupling in the presence of a "strong softening
of elastic springs" ? in the excited state. In the case of linear Jahn-Teller interaction the
adiabatic potential energy surface (APES) is shaped like a Mexican hat in the excited
state with a single minimum [38, 88]. The inclusion of quadratic terms disrupts the axial
symmetry and produces three minima, that are separated by very shallow energy barriers
if the interaction is small. This instability results in a significant peak of the local phonon
density of states at a low frequency. In turn, this leads to a significant change in the
temperature dependence of the ZPL shift (T? instead of T*) and width (T instead of T7).
One can picture the system as being extra sensitive, since a small increase in temperature
leads to a large increase in the amplitude of these phonon mode fluctuations, which in
turn dramatically increase the dephasing rate. This unusual sensitivity is what the authors
refer to as anomalous temperature dependence.

We now focus on the examination of the temperature dependent shift and broadening
of the C-transition for SnV-F in the range of 1 to 20 K. We will establish a precise tem-
perature calibration for this SnV center, also clarifying the underlying electron-phonon
interactions. In turn, this approach will allow us to evaluate how normal-conducting and
superconducting coplanar waveguides influence the local cryogenic environment.

Figure 3.5 presents an extensive PLE measurement of the C-transition of SnV-F measured
over a temperature range from 20 down to 1K. Note that the temperature axis is non-
linear due to the non-linear nature of the temperature curve during cooling. For this
reason, the mapped temperature values are given at close intervals. We want to briefly

9 Elastic springs are a way to picture the interatomic bonds.
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Table 3.1.: Temperature behavior of group-IV defects. Abbreviations: Ref. = reference; S.e. = single emitter;
Ens. = ensemble.

Defect Ref. Temperature Defecttype Linewidth Lineshift

center range (K) scaling scaling
Siv [35] 4-350 S.e. <20K: TY; T3
>20K: T°
Siv [21] 5-295 S.e.andEns. T3 Ens.: T2 + T4
Se:T*
Siv [124] 5-300 Ens. T3+T°+T7 T?+T*
Siv [125] 5-80 Ens. T3 +71° T? +T*
GeV [126] 20-180 Ens. T3 T? + T*
GeV [127] 100-400 Ens. T (a~28) T3
SnV [128] 80-300 Ens. T3+ 717 T? +T*
SnV [85]  5-200 S.e.and Ens. T3 T? +T*
Pbv [78]  6-260 Ens. T3 T? +T*
SnV this 1-20 S.e. T3+ 717 T+T?+T*
work

discuss the accuracy of the temperature of the thermometers: In our setup, temperature
measurements are performed using ruthenium oxide resistive thermometers in a four-
terminal measurement configuration. These resistors have been calibrated by previous
group members using certain reproducible fixed points in cryogenic thermometry, such as
the boiling point of liquid helium at standard atmospheric pressure, e.g. by immersing the
thermometer in a bath of liquid helium. In addition, to extend the calibration to a wider
temperature range, especially below 4K, the thermometers were cross-calibrated with
instruments from other cryostats. Therefore, the absolute accuracy of the temperature is
difficult to estimate, also partly because the thermometers and the sample are spatially
separated. The thermometer is mounted directly onto the milli-Kelvin plate, while the
sample is mounted onto the piezo-stack. Thus, to minimize the temperature gradient
between the temperature sensor and the sample, the cooling from 20 down to 1K is
performed over a relatively long duration of ~ 150 min.

The spectral response is normalized and displayed on a logarithmic scale with an adapted
range of the colormap, allowing a clearer illustration of the subtle spectral features at higher
temperatures. As the temperature decreases, the ZPL reveals a blueshift of the C-transition.
The temperature dependency of the ZPL shift can be attributed to the modulation of the
electronic states due to changes in the lattice environment and enhanced electron-phonon
interactions, but in parts also due to the thermal expansion of the diamond [128]. The
broadened linewidth at higher temperatures reinforces how thermal effects not only shift
the transition but also introduce broadening. The center of the ZPL transition is marked
with a red line, providing a reference point to quantify the shift. This detailed temperature-
dependent mapping is key to calibrate the SnV center for its role in temperature sensing.
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Figure 3.5.: PLE measurement of the C-transition of SnV-F as a function of temperature. The 2D plot shows
the spectral response from 20 K down to 1K, illustrating the evolution of the transition linewidth and position.
In order to better visualize the transitions at elevated temperatures, the data have been normalized and
plotted on a logarithmic scale. The transition shows a redshift with increasing temperature, accompanied by
a broadening of the linewidth. The center position of the transition is indicated with a red line. Please note
that the temperature axis is non-linear due to the non-linear nature of the temperature curve during cooling.

It sets the foundation for the more specific analysis of the following lineshift (Figure 3.6)
and linewidth (Figure 3.7).

In Figure 3.6, the zero-phonon lineshift is plotted against temperature and fitted to a
polynomial model of the form ¢y + ¢; T + ¢;T? + ¢4, T*. Unlike previous studies, the inclusion
of the ¢ T term is crucial here, as the inset demonstrates. The linear component is necessary
to capture the nuanced behavior of the ZPL shift, which shows a negative trend up to
around 5K, reverses to positive up to 10K, and then becomes negative again as the T*
term dominates above this temperature. The origin of the ¢;T term is unclear and is not
discussed in any of the referenced literature in Table 3.1, where measurements below
4K were not performed. In addition, it is very challenging to achieve gradually stable
temperatures in the range between 1.2 and 4K, complicating a precise measurement of
this contribution. !° The described contributions limit this SnV center’s effectiveness for

10 Temperatures can be reduced below 4 K by pumping on the helium bath, but the steep vapor-pressure
curve in this range makes stable control difficult. Accessing ~ 1K typically relies on a Joule-Thomson
expansion stage, which is not optimized for fine regulation between 1 — 4K.
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Figure 3.6.: Temperature dependence of the C-transition lineshift. The blue dots show the extracted lineshift
from the PLE measurements during the cooldown from 20K to 1 K. The main figure reveals a pronounced
lineshift above 12 K. The solid red lines show the polynomial fit (c + ¢;T + ¢ T2 + c4T*). The inset zooms in
on the low-temperature regime from 1 — 13K, highlighting the positive T? contribution.
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Figure 3.7.: Temperature dependence of the C-transition linewidth. The blue dots show the extracted
linewidth from PLE measurements over 20K to 1 K. The main figure reveals a pronounced broadening above
5K. The solid red line shows the fit using a polynomial model ¢y + ¢c3T° + ¢;T’. The inset zooms in on the
low-temperature region from 1 — 10 K, highlighting the low temperature precision of the polynomial fits.
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Table 3.2.: Fit parameters for the C-transition lineshift and linewidth functions of SnV-F. The uncertainties
are given as standard errors.

Parameter Value
Lineshift: ¢y + ¢;T + ¢2T? + c4T*
c 10.2(50) MHz
c1 -9.07(170) MHz/K!
cy 1.34(13) MHz/K?
Cy —4.97(17) x 1072 MHz/K*
Linewidth: ¢y + c3T> + ¢, T’
c 35.2(56) MHz
c3 54.1(51) x 1073 MHz/K3
¢y 26.3(35) x 107 MHz/K’

precise temperature calibration via the ZPL position in the regime below 12 K due to the
observed insensitivity of the lineshift below this temperature.

The extracted linewidth from the same PLE measurements is examined in Figure 3.7.
Here, the data is well described by a polynomial of the form ¢y + ¢3T> + ¢;T7 with both
the T? and T’ terms contributing positively. This results in a monotonic increase in
linewidth with temperature. The inset, which zooms in on the low-temperature range
below 9 K, shows that the linewidth begins to broaden above 5 K. The steady and predictable
broadening makes the linewidth a more reliable metric for temperature estimation in the
lower temperature regime. The fit values of the ZPL position and linewidth are summarized
in Table 3.2.

By combining these measurements with the temperature-dependent spin-lattice relaxation
analysis discussed in Section 2.5.2 and depicted in Figure 2.22 for SnV-F, we can extend
the range in which the SnV center can be used to measure the local temperature inside
the diamond. This allows temperature sensing from the mK regime up to beyond 20K
by optimizing the measurement conditions for this specific defect. In summary, the SnV
center enables local temperature sensing across this entire range through the following
measurement approaches:

+ Ultra-low temperatures, measure T; (~ 50 mK — 4K, blue curve in Figure 2.22)
— Apply a strong magnetic field with an off-axis component (400 mT, 6 = 20°).
« Low-temperature range, measure T; (2.5 — 6.5K, green curve in Figure 2.22)
— Apply a moderate magnetic field parallel to the SnV axis (100 —200 mT, 6 = 0°).
« Moderate temperatures (6 — 20 K, Figure 3.7)
— Measure the linewidth of the SnV center.
« High temperatures (12K to > 20K, Figure 3.6.)

— Measure the line position of the SnV center.
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3.3. Microwave-Induced Heating in Normal and
Superconducting Waveguides

Microwave-induced heating from the microwave line is a critical factor influencing the
performance and stability of the SnV center in diamond, particularly in high-power
applications. In this section, we demonstrate that "heating-related effects could be mitigated
by using superconducting microwave waveguides" [129], highlighting the advantages of
superconducting systems in reducing thermal dissipation.

By leveraging the SnV center’s temperature-dependent properties like the spin-lattice
relaxation times, linewidth variations, and zero-phonon line shifts under optimized mea-
surement conditions, we utilize the SnV center in diamond as a highly sensitive local
temperature sensor. The broad range from the mK regime up to beyond 20K is covered
to thermally map the waveguides under microwave excitation. We are particularly inter-
ested in understanding superconducting systems, especially when operated under strong
magnetic fields. In the course of this thesis, we will demonstrate the suitability of on-chip
superconducting waveguides for direct high-power microwave manipulation of spin qubits
in diamond, as outlined in our published study (see [1]). To the best of our knowledge,
no comparable demonstrations have been reported to date. However, their thermal re-
sponse under these conditions has not been thoroughly investigated so far, making precise
temperature sensing critical to assess their stability and efficiency. In the following, an
approach is demonstrated that allows for real-time detection of localized heating effects,
allowing the distinction between normal and superconducting states with high temporal
resolution.

We first discuss the losses associated with normal-conducting coplanar waveguides, as
they offer a more intuitive understanding. We aim to estimate the temperature of the
diamond, if we assume that all dissipated microwave losses are entirely converted into
heat. Under the additional assumption that the diamond is initially in thermal equilibrium,
i.e. its temperature is equal to the base temperature of the cryostat, we perform a simplified
calculation to determine the temperature after depositing an energy Q within a relatively
short time of a few ms. We first consider the diamond to be thermally isolated from its
surroundings, effectively modeling it as a lumped thermal capacitance.

Given the small dimensions of the diamond 24 pm X 1 mm X 1 mm and its high thermal
conductivity at low temperature [130], that is in par with that of thin-film gold [131], and
significantly greater than that of the polymer adhesive [132], the temperature is expected
to be nearly uniform throughout the diamond. This assumption is further justified by
the fact that the waveguide covers a major fraction of ~ 30 % of the surface, resulting
in distributed Ohmic losses over the entire sample. Additionally, the exceptionally high
thermal diffusivity of diamond at temperatures below 20 K, owing to its extremely low heat
capacity, reinforces the assumption of uniform temperature distribution. By contrast, heat
diffusion into the surrounding adhesive and through the bonding wires connecting the
diamond waveguide to the flexible coplanar waveguide transmission line can be considered
orders of magnitude slower than the internal heat propagation within the diamond itself.
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Figure 3.8.: In (a) the temperature variation of the diamond as a function of deposited energy is illustrated. In
(b) the schematic representation of the sample structure is provided. The thermal diffusivity a of diamond is
several orders of magnitude higher compared to the surrounding materials, leading to a thermal equilibrium
within the diamond.

While this model does not account for the high thermal conductivity of the metallic layer,
which could transport heat away from the sample, we momentarily disregard this effect, as
our primary objective is to determine the collective temperature of the normal-conducting
CPW gold layer and the diamond for a given deposited energy.

The specific heat ¢, of a material is defined as

__AQ

-1 -1
Cp_pVAT (Jkg™ K™), (3.7)

where AQ = PywAt represents the energy deposited into the diamond for a continuous
microwave signal dissipating a power Pyw over the pulse duration At. The density of
diamond is denoted by p, and its volume V is determined by its geometric dimensions.
The resulting temperature change is given by AT.

Since c, is strongly temperature dependent, especially at low temperatures, we adapt the
equation by considering the total energy required to heat the sample from absolute zero
to a final temperature T. This leads to the integral form:

T
0= pV/0 cp(T)dT". (3.8)

To solve for T, we use tabulated values of the heat capacity of diamond from [133, 134],
interpolate the data points, and numerically integrate in small increments until the final
temperature satisfies Equation 3.8.

Figure 3.8 (a) illustrates the thermal response of the diamond as a function of deposited
energy from microwave-induced heating. The extremely low heat capacity of diamond
below 10 K leads to a sharp temperature rise, even for minimal deposited energy. Above
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20K, the temperature deviates from the initial linear behavior due to the temperature
dependence of the heat capacity, which increases significantly with temperature.

In (b), a schematic representation of the sample structure is provided. The diamond
is in contact with materials of considerably lower thermal diffusivity «, including the
photopolymer adhesive beneath it and the bonding wires connecting it to the transmission
line. Given that the thermal diffusivity of diamond is several orders of magnitude higher
than that of the surrounding materials, heat rapidly distributes within the diamond,
justifying the assumption of a nearly uniform temperature distribution before significant
dissipation occurs into the surroundings.

The sharp temperature spikes for even minimal energy dissipation, negatively impact the
coherence properties of the spin qubit, at least until the sample rethermalizes. To gain an
intuitive understanding of the temporal evolution of these temperature fluctuations, we
extend the simplified lumped thermal capacitance model by simulating the heat equation
in one dimension. This allows us to account for the previously ignored effect of thermal
diffusivity, and estimate the temperature gradient over time.

In our simulation of the 1D heat equation, we define the diamond as the origin of the
coordinate system, where the initial heat pulse is modeled as a source term f(x, t) that
remains nonzero for the duration of the microwave pulse. To describe the time dependence
of this heat source, we assume that heating occurs directly within the diamond. Therefore,
we express the source term as f(x,t) = 5(x)h(t), ! where the heat is applied from ¢t =0
to t = tsource. Here, 8(x) denotes the Dirac delta function.

Again, we justify this description with the assumption of poor thermal diffusivity into
the surrounding materials. Given the rapid absorption of Ohmic losses, the diamond is
effectively heated homogeneously (within the time frame in which the heat source is on)
and is assumed to have the same temperature as the gold layer as long as the heat source
remains active, i.e., while the microwave signal is on. It is important to emphasize that, in
contrast to studies such as [69, 129], we focus on the heat dissipation of long microwave
pulses on the millisecond timescale. In the referenced works, the simulations primarily
consider ultrashort pulses on the order of tens of nanoseconds, where the spatial separation
between the heat source and the SnV center must be explicitly accounted for. In such cases,
the pulse duration can be significantly shorter than the time required for the heat-pulse
to propagate to the SnV center, yielding an inhomogeneous heat distribution. For many
such short microwave pulses with small temporal separation a temperature equilibrium
is reached, e.g. during dynamical decoupling sequences. Therefore, a measurement
with quasi continuous-wave (CW) microwaves represents the upper limit of the sample
temperature.

In our case, even though the applied pulse duration is only a few milliseconds, this timescale
is orders of magnitude longer than the characteristic thermal diffusion time required for
heat to reach the SnV center. This justifies the assumption of treating the diamond as

11 Ideally we want this function to result in a temperature evolution that is described by a combination of
the lumped thermal capacitance model and a diffusion term.
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the origin of the 1D coordinate system and using the one-dimensional heat equation to
simulate the thermalization process of the entire sample.

The one-dimensional heat equation with a source term is given by [135]

ur(x,t) = auxx(x,t) + f(x, 1), (3.9

where, u;(x, t) denotes the partial derivative of temperature u with respect to time ¢t and
Uy (x, t) is the second partial derivative with respect to the position x and « is the thermal
diffusivity. The heat source function h(t) is defined as

1, ifo<t<t R
h(t) = ‘ source (3.10)
0, ift > tsource.

The fundamental solution of the homogeneous heat equation is given by

exp( X ) . (3.11)

dat

1
d(x,t) = Nrvemr
Ta

If the system is described as semi-infinite, meaning that heat dissipates only in one direction,
this solution must be multiplied by a factor of two [136]. However, in this simplified model,
we assume a single effective thermal diffusivity « and include additional heat dissipation
pathways, such as thermal transport through the bonding wire connections back to the
microwave line in this effective term.

To find the inhomogeneous solution we make use of Duhamel’s principle. The principle
interprets the inhomogeneous problem as a continuous resetting of homogeneous problems
while the heat source remains active, with the total solution obtained by integrating over
the specified duration [135]. Then, the temperature at a point x and time ¢ is given by

t
O(x, 1) dr, if 0 < t < tsources
u(x,t) = {fo (x,7)dr ' source (3.12)

‘/l:t CI)(x, T) dr, if't > tsource-

—Isource

The motivation for simulating the one-dimensional heat equation is to understand how
the spin-state selective count rate evolves under continuous microwave driving. In the
following experiment, we continuously initialize an SnV center (SnV-A) into the dark spin
state by exciting the A1 transition at a base temperature of T = 50 mK. We use a magnetic
field of ~ 200 mT with an angle of 8 = 60° to split the optically allowed transitions as
well as the qubit transitions. We then apply an off-resonant continuous-wave microwave
pulse at 3 GHz of 10 ms duration followed by a 190 ms break. If the sample heats up due
to microwave induced heating, the increased temperature should lead to a higher count
rate. This effect arises from the temperature dependence of the spin relaxation time T,
which decreases significantly with increasing temperature. By comparing the simulated
temperature profile with the observed count rate, we can infer the local heating dynamics
and validate the thermal model.
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First, we use the result of the one-dimensional heat equation to examine the temperature
evolution of the system. Although no physical parameters, such as the real dissipated
power, have been explicitly integrated into the equation, we illustrate its implications by
considering an example where the microwave pulse heats the sample to a peak temperature
of 20 K. Since the given form of the equation makes the time evolution independent of
power, this example is simply to provide insight into the thermal response of the system.

Figure 3.9 (a) presents the simulated temperature profile obtained by solving the one-
dimensional heat equation, where the diamond is set as the origin and reaches a peak
temperature of 20 K.

In the next step, shown in (b), we simulate the PLE spectrum as a function of the tempera-
ture variation obtained from the heat equation, starting from T = 0 K. For this, we use the
fit parameters for the ZPL position and linewidth of SnV-F, as determined in Section 3.2
and listed in Table 3.2.

The simulation clearly illustrates the pronounced shift and broadening of the spectral line
with increasing temperature during the duration of the microwave pulse. The intensity of
the Lorentzian lineshape is normalized to reflect the physical intensity under resonant
excitation at constant excitation power. Additionally, since the experiment is conducted
under an applied magnetic field, we include the effect of the spin relaxation time T; by
superimposing the intensity with an exponential decay, where the weight of the exponent
gradually increases below approximately 7K, effectively reducing the spin-selective count
rate for decreasing temperature.!? We refrain from simulating the T; curve over the
previously determined spin relaxation rates, as this would overcomplicate the procedure.

In the experiment the laser frequency is fixed, therefore, we extract the count rate at
the central frequency of the PLE spectrum and plot its evolution over time in (c). The
measured count rates for various microwave power levels are shown in (d).

Examining the count rate evolution, we observe two different regimes. For power levels
< 10dBm, the spin-selective count rate increases during the first 10 ms in which the
microwave is turned on. In this regime, the local temperature rises from the cryostat’s
base temperature of T = 50 mK to several Kelvin. This temperature increase activates
T; relaxation processes that restore the selected spin state, enabling continuous optical
pumping and gradually raising the count rate throughout the duration of the microwave
pulse. For power levels exceeding 10 dBm the temperature surpasses the T; threshold
faster than we can probe and a pronounced drop in the count rate is observed within the
first 10 ms of microwave application. This is contrary to what we would intuitively expect.
However, the effect can be attributed to the strong spectral shift induced by heating, which
shifts the optical transition so significantly that the excitation laser becomes off-resonant
with the "hot" ZPL position.

T_AT") smoothly shifts from 0 (for T <« Ty) to 1 (for T > Ty),

where A = 1.5K defines the temperature range over which the scaling shifts, and Tj the transition
temperature. The scale factor is defined as s = w + (1 — w)e! = and boosts the Lorentzian at low T to
model T; effects. The final profile is I = s X Lorentzian.

12 The used weight function w = 0.5 (1 + tanh
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Figure 3.9.: Heating effects of the NC-CPW due to microwave-induced Ohmic losses. (a) Simulated tem-
perature profile obtained from the one-dimensional heat equation, with the diamond set as the origin and
a peak temperature of 20K. (b) Simulated PLE spectrum as a function of temperature variation in the
diamond, determined from the 1D heat equation in (a). (c) Count rate intensity at the central frequency of
the PLE spectrum in (b). A significant drop in count rate is observed within the first 10 ms of microwave
application due to strong line shift and broadening. The count rate recovers immediately after the microwave
is turned off and subsequently decays as the sample thermalizes below ~ 7K where the spin relaxation time
T; increases. (d) Measured count rate at a base temperature of T = 50 mK for various microwave powers.
The data for P = 17 dBm (blue curve) shows good agreement with the simulation.
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In our publication [1], we state: "Interestingly, for high microwave powers above 10 dBm,
the count rate rises continuously even after the microwave is switched off" With the
insights gained from the thermal model, we can now qualitatively explain this behavior of
the fluorescence signal: As soon as the microwave is turned off, the count rate immediately
recovers as the spectral line shift resets. Within the first milliseconds, the temperature
decreases quickly to around ~ 10K, according to the heat equation. However, the ther-
malization process slows down significantly and the temperature remains above a critical
threshold where the low spin relaxation time T; maintains a high count rate. Only as the
sample gradually cools below approximately 7K does T; become long enough to suppress
the count rate.

Finally, the data for P = 17 dBm (blue curve) shows excellent agreement with the simulated
results, validating the thermal model. These findings emphasize the strong impact of
microwave-induced heating on spin readout fidelity and highlight the importance of
mitigating Ohmic losses in transmission line configurations.

Next, we want to discuss another statement: "We attempt the same measurement for the
high-strain SnV-B with the SC-CPW; however, no increase in count rate could be observed,
even for microwave powers that break the superconductivity. We attribute this result to the
noticeably higher spin lifetime of SnV-B due to the larger ground-state splitting" With the
insights gained from our measurements, we can now clarify that the absence of a count rate
increase is not primarily due to the longer spin lifetime but rather the thermal properties
of the system. Specifically, as we will show in the following measurements on SC-CPWs,
below the critical power threshold where superconductivity breaks down, the dissipated
heat is negligible, and the sample remains close to the base temperature. At microwave
frequencies (> 1 GHz), we observe a gradual degradation of superconductivity close to the
critical current density. In the previously performed measurements on SC-CPWs this effect
was insufficient to cause a significant increase in count rate. On the other hand, upon
breakdown of superconductivity, the temperature instantly increases to the point where
the excitation laser becomes off-resonant with the shifted ZPL position. We will show
with the following measurements that, superconductivity breaks rather abruptly within a
band of 1 — 2 dB, providing further insight into the thermal behavior of superconducting
waveguides.

For the following measurements, we use a newly fabricated SC-CPW (on the diamond
sample SnV-2-B2) with a constriction to narrow the conductor widths and gaps. The
utilized sample, hosting the relevant SnV-F, is depicted in the two upper right images of
Figure B.1. The fabricated waveguide on this sample has a conductor width of g = s = 30 pm
at the shorted end and a gap width of w = 5 um. The measured input return loss (RL) for
the specific device is shown in Figure 3.12 (a) with an inset for the relevant frequency
regime in (b).

Before presenting the measurements performed to benchmark the SC-CPW, we first
provide a schematic illustration of the measurement configuration in Figure 3.10. This
visualization clarifies the relative orientation of the SnV center (SnV-F) within the su-
perconducting coplanar waveguide structure and the applied magnetic field directions,
serving as a reference for interpreting the subsequent experimental results. For simplicity,

86



3.3. Microwave-Induced Heating in Normal and Superconducting Waveguides

SnV-F
® ZPL position
® Crosspoints

- Measurement
angles

Lab-frame o..
®9,

Figure 3.10.: Schematic illustration of the allowed transition of SnV-F extracted from angular sweeps, as
explained in Figure 2.10 (blue data points), and the relative orientation of the transitions with respect to
the SC-CPW structure (grey CPW) on the diamond. The SnV axis is indicated by the purple arrow, while
the green arrows denote the external magnetic field orientations applied in subsequent measurements. For
0, = 84°, the allowed transitions intersect (purple points), ensuring their visibility in PLE measurements
even at temperatures below 4 K, where the spin relaxation time is high. The lab frame is represented by the
red coordinate system. The actual sample, hosting the relevant SnV-F, is depicted in the two upper right
images of Figure B.1.

the waveguide has not been drawn with a constiction. The figure shows the allowed optical
transitions of SnV-F (blue data points), extracted from angular PLE sweeps, equivalent to
the description in Figure 2.10. These transitions are depicted in a three-dimensional repre-
sentation, including the superconducting coplanar waveguide structure on the diamond to
visualize the absolute orientation of the SnV center within the experimental setup. The
SnV axis is indicated by the purple arrow. The two external magnetic field orientations
that are applied in the subsequent measurements are shown as green arrows. For a field
orientation of 0, = 84°, the allowed transitions intersect (purple points), ensuring their
visibility in PLE measurements even at temperatures below 4 K, where the spin relaxation
time is long. The lab frame coordinate system is represented in red.

The idea of the following measurements is to determine the local temperature and observe
the breakdown of superconductivity in the SC-CPW by observing the shift of the A1-
transition in PLE measurements. We apply microwave pulses of varying power and short
duration at three different frequencies: 20 MHz, 1 GHz, and 2 GHz. The pulses have a
duty cycle of 20 % (pulse duration: 10 ps, off-time: 40 pus), ensuring periodic heating while
allowing for partial thermal relaxation between pulses. We track the position and linewidth
of the C-transition under three distinct configurations:

1. No magnetic field: The transition remains visible at all times.

2. B =400mT, 0; = 84°: Allowed transitions cross, ensuring continuous visibility.
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3. B=400mT, 0; = 20°: The transition remains dark when pumping A1 due to spin
initialization effects.

As soon as the current density, which scales with power as P o j2, becomes high enough
to disrupt superconductivity, we expect the ZPL to shift and broaden. Under the third
configuration, the transition should also regain visibility as the spin initialization condition
is altered. T; is massively reduced by the elevated temperature, once superconductivity
breaks down.

The measurements are presented in Figure 3.11 and are performed at a base temperature
of T ~ 1.1K.!® The data are arranged in a three-row grid, with each row corresponding to
a distinct measurement set. In each row, the primary panels display the 2D PLE plots of
normalized intensity as a function of frequency (x-axis) and microwave power (y-axis).
The Custom colormaps are applied to distinguish the three aforementioned frequency
regimes: red for 20 MHz, blue for 1 GHz, and green for 2 GHz. The rightmost panel in
each row overlays the extracted center frequency and full-width at half-maximum trends,
which are depicted with circle and cross markers, respectively, in matching colors. For
both, the values have been offset to zero, therefore the x-axis corresponds to the absolute
frequency shift Af. Note that the center frequency experiences a redshift for increasing
temperature (Af < 0), while the FWHM shows an increasing trend from the lifetime limit
(Af > 0). Moreover, a short color-coded line on the right y-axis marks the power, at which
the superconductivity breaks. The horizontal brackets above the columns and vertical
brackets along the rows indicate panel groupings. Please note, that the depicted power
corresponds to the power level at the input of the cryostat and is not corrected for the
input return loss. The measured RL for the specific measurement configuration and device
can be extracted from Figure 3.12 (b).

In the first measurement configuration without an applied magnetic field, we are not
able to observe the breakdown of superconductivity at a frequency of 20 MHz, as the
required power exceeds the maximum output of 19 dBm of the utilized microwave source.
At higher frequencies of 1 GHz and 2 GHz, superconductivity breaks down at 18 dBm and
17.2 dBm, respectively. The observed difference of 0.8 dB between these two frequencies
is significant, as it hints to additional loss mechanisms that have not been discussed so
far. When correcting for the frequency-dependent RL extracted from Figure 3.12 (b), the
difference is rather 0.8 dB + M dB ~ 1.2dB. This is a large discrepancy compared
to the predicted total losses of af , ~ 0.003 dB cm™" at 3 GHz which are derived from the
two-fluid model alone. Before discussing potential origins of these losses, we first examine
the measurement performed under strong magnetic fields.

In the second and third configurations, with B = 400 mT, superconductivity is suppressed
at much lower powers across all frequencies. For a field orientation of 6; = 84° the
breakdown occurs upwards 8 dBm, while for 8; = 20° it begins at 10 dBm. This shows that
the direction of the magnetic field plays an additional role in the loss mechanisms.

13 This is to take advantage of the higher cooling power provided by the Joule-Thomson-Effect. At the
cryostat’s base temperature of about 50 mK, the heat load would exceed the available cooling power and
disrupt the dilution mixture.
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Without diving into extensive detail, which lies beyond the scope of this work and the
capabilities of single SnV center measurements, we discuss the most probable origin of the
observed losses. Niobium is an elemental type-II superconductor and allows magnetic flux
to penetrate above a critical magnetic field threshold B,;, over which ideal diamagnetism
ends [137]. Between this lower critical field and the upper critical field B.,,'* the material
enters the so-called mixed or vortex state [138]. In this regime, magnetic flux penetrates
the superconductor in the form of quantized vortices [139], forming small cylindrical
regions that are locally normal-conducting [140].

These vortices can move under the influence of Lorentz forces [141], and this motion leads
to ohmic losses due to the driven normal-conducting electrons. However, defects in the
material can pin the vortices, preventing their motion [142]. In this pinned state, only the
superconducting electrons contribute to current flow, and no energy dissipation occurs
under DC conditions.

In contrast, under alternating fields or currents, such as in our microwave measurements,
the changing magnetic environments induce electromotive forces, leading to energy
dissipation [143]. Vortex motion thus limits the critical current density for AC currents,
potentially reducing it by orders of magnitude [144]. This effect is particularly pronounced
when the magnetic field is oriented perpendicular to the film [144]. This is exactly the
case for the measurements under 6; = 84°, which explains the earlier breakdown of
superconductivity compared to 6, = 20°, where the field is predominantly in-plane. This
behavior explains the rapid breakdown of superconductivity under applied magnetic fields.
The formation and motion of vortices introduce additional dissipation channels that are
absent in the zero-field case.

However, even with an applied field, the measurements confirm that superconductivity
breaks rather abruptly. Therefore, we are particularly interested in understanding the
system’s behavior for power levels close to the critical threshold. To investigate this, we
measure the spin relaxation time T; for the three microwave frequencies under the third
configuration (B = 400 mT, 6, = 20°) at a temperature of T = 1.8 K.*> This configuration
allows us to directly relate the extracted T; values to the previously determined temperature
dependence, as discussed in Section 2.5.2

The results are presented in Figure 3.13. The main panels display the normalized decay
dynamics. The data points represent the recovery of the count rate as determined by a
readout pulse after an initialization pulse and are plotted as a function of the time interval
between the pulses. The corresponding curve fits are overlaid to extract the characteristic
relaxation times. The data is color-coded to match the previous PLE measurements
for the respective frequencies. For better clarity, some of the data are grayed out to
visualize the trend of the saturation curves with increasing microwave power without
overloading the plot. The insets provide a dual-axis view showing how the measured T

14 In Appendix D.3 we briefly discuss critical field measurements of B, by investigating the input return
loss.

15 At this temperature and magnetic field configuration, the spin relaxation time T; is approximately 40 ms,
allowing for reasonable measurement durations.
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Figure 3.11.: Comparison of PLE measurements across various experimental conditions, highlighting the
impact of microwave heating and the consequent breakdown of superconductivity in SC-CPWs. The data
are arranged in a grid of three rows, with each row corresponding to a distinct measurement set. In each
row, the primary panels display 2D PLE plots showing normalized intensity as a function of frequency
(x-axis) and MW power (y-axis). Custom colormaps are used to differentiate the frequency regimes: red for
20 MHz, blue for 1 GHz, and green for 2 GHz. The rightmost panel in each row overlays the extracted center
frequency and FWHM trends depicted with circle and cross markers, respectively in matching colors. The
horizontal brackets on top of the columns and vertical brackets along the rows describe the panel groupings.
Note, that measurements were only taken for a limited range within the first row.
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Figure 3.12.: Input return loss of the microwave lines and the sample used to benchmark the SC-CPW
(sample SnV-2-B2). The fabricated waveguide on this sample and configuration has a conductor width of
g =s =30 pm at the shorted end and a gap width of w = 5 pm.

values (left y-axis) correlate to both applied power (x-axis) and the corresponding sample
temperature (right y-axis). We observe, that for 20 MHz, the T; time remains stable for
increasing microwave power. We are not able to determine a gradual degradation of the
superconductor at this frequency for measurements with 0.1 dBm increments. Above
9.4 dBm the superconductivity breaks abruptly and no T; can be acquired.

On the other hand, for 1 GHz, we observe a decrease in T; above 8 dBm, corresponding
to a temperature increase from 1.8 K to 3K in the range of 8 dBm to 11 dBm. At higher
powers, measuring T; is no longer possible, as superconductivity fully breaks down. A
similar trend is observed for 2 GHz. However, the degradation occurs more gradually,
beginning at approximately 7 dBm.
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Figure 3.13.: Overview of the T; relaxation behavior in SC-CPWs specifically addressing the intermediate
regime of superconductivity breakdown across different frequency ranges. The data are color-coded in
line with previous measurements shown in Figure 3.11 (red: 20 MHz, blue: 1 GHz, green: 2 GHz). The main
panels display the normalized decay dynamics with corresponding curve fits. For better clarity, some of the
data are grayed out to visualize the trend of the saturation curves with increasing microwave power without
overloading the plot. The insets provide a dual-axis view showing how the measured T; values correlate to
both applied power and the corresponding sample temperature. The insets contain the grayed out data of
the main panels.
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3.4. Summary

In this chapter, we examined the heating effects of NC-CPWs and the superconducting
stability of SC-CPWs under microwave excitation, with the main focus on their suitability
for spin qubit control. Our measurements show that superconductivity in SC-CPWs breaks
abruptly at a critical power threshold, and the presence of strong magnetic fields further
limits the maximum applicable microwave power. Despite this, we demonstrated that
SC-CPWs exhibit significantly reduced Ohmic losses below this threshold compared to
their normal-conducting pendants. With carefully optimized measurement conditions,
their advantages can be fully leveraged.

In the previous Chapter 2 we identified the most favorable configuration for preserving the
spin properties of the SnV center: aligning the magnetic field parallel to its quantization
axis. In this configuration, fields of approximately 100 mT are sufficient to spectrally
separate the optical and microwave transitions, four times lower than the fields applied
during our rigorous measurement conditions. For the SnV center, this corresponds to
qubit frequencies around 3 GHz to 3.5 GHz. Within this regime and for the waveguide
geometries used, up to 14 dBm to 17 dBm of microwave power can be transmitted without
compromising superconductivity.

We are convinced, that these findings are particularly promising for nuclear spin control.
As shown, RF driving at frequencies up to several tens of MHz causes no measurable
heating as long as the critical power is not exceeded, an ideal foundation for the long
pulses required for coherent nuclear spin manipulation. This could assist in removing a
major bottleneck in scaling hybrid quantum systems that rely on both photonic interfaces
and nuclear spin coherence as spin memories.

In the following chapter, we extend these results to electron spin control, showing how
superconducting waveguides can enable fast qubit operations while maintaining thermal
stability. This is also assisted by to the short microwave pulse durations and long initial-
ization times of the electron spin, allowing any minor AC losses to dissipate before the
next pulse arrives.
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4. Tin-Vacancy Center: Coherent
Microwave Control

In the preceding chapters, we have examined the spin properties of the SnV center and
identified the key components required to harness its full potential as a spin qubit for
quantum information applications. However, we have yet to define what a qubit actually
is, how to intuitively represent it and how to manipulate it.

Fundamentally, a qubit is a quantum mechanical two-level system that can be realized using
various physical properties, such as spin, charge, or flux, provided there is a mechanism to
induce transitions between the two levels. The ability to control the state is essential for
its function in quantum operations.

For the SnV center, we define the qubit using the two lower spin-orbit eigenstates defined
in Equation 2.7: !

D =1-1) and [2)=]+T).

A pure ideal qubit state can be described as a complex superposition of the two states:
) =all) +fl2) with |al*+[p* =1 (4.1)

and can be represented on the surface of the Bloch sphere via:
0 ; 0
[y = cos 2 1) + €' sin 2 |2) . (4.2)

Here, 0 and ¢ are the polar and azimuthal angles, respectively. The state is mapped onto a
point on the surface of the Bloch sphere with |1) indicating the north pole with 8 = 0 and
|2) the south pole with 6 = .

To describe a real qubit, it is important to take into account destructive processes that lead
to the loss of coherence, such as spin-relaxation and dephasing. These phenomena, which
arise from the qubit’s coupling to its environment, were discussed in Section 2.5.2. As
a result, qubits are typically represented using the density matrix formalism, where the
Bloch vector 7 satisfies 7 < 1. If |F| = 1, the qubit is in a pure state, located on the surface
of the Bloch sphere. If [F| < 1, the qubit is in a mixed state, within the interior of the
Bloch sphere, representing a loss of coherence.

1 Please note that we deviate from the standard description of the qubit in the computational basis with
[0) = (1,0)T and |1) = (0,1)7, to match the description in Figures 2.3 and 2.18.
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4.1. Microwave Spin Control

Now that we have established a description of the qubit, we can examine how it behaves
under the influence of a resonant driving field. A two-level quantum system subject to
such a field undergoes a coherent, cyclic evolution known as Rabi oscillations. The drive
frequency Q of a Rabi oscillation for the SnV center is expected to scale proportional to
the expectation value (1| Hyw |2) [145]. According to the selection rules for magnetic
dipole transitions, microwave excitation preserves the orbital angular momentum of the
state. We have seen, that the lower ground-state qubit has different orbital momenta
for the spin-orbit eigenstates |1) = |- |) and |2) = |+ T), thereby preventing first-order
microwave control.

In Section 2.5.2, we discussed the spin-orbit eigenstates in a perturbed environment,
and specifically show in Eq. 2.64, how the eigenstates under strain transform: |- |)’ ~
|- 1) + 55 [+ ). This indicates that direct microwave driving becomes feasible in the
presence of strain. Nevertheless, due to the substantial spin-orbit interaction in SnV
centers compared to their lighter counterparts, the SiV and GeV centers, achieving efficient
microwave control requires significant strain. For unstrained or weakly strained SnV
centers, the required driving power for effective qubit manipulation induces excessive
heating, which degrades the spin properties, making the system unusable for quantum
operations, when normalconducting transmission lines are used.

Initial demonstrations of microwave control in SnV centers leveraged highly strained
defects [69, 70]. More recently, G. Pieplow and M. Belhassen [84] highlighted the critical
interplay between strain and the vectorial characteristics of the applied magnetic fields.
Specifically, they describe the time evolution of the system by decomposing the static
field (dc) used to lift spin degeneracy and the time-dependent field (ac) responsible for
microwave driving, resulting into the effective Hamiltonian:

Heﬁ = Hdc + Hac(t) (4~3)
= _%gz — S i+ Bac(d), (4.4)

where wj; is the Larmor frequency of the qubit (with 2 = 1). We define the analytical
solution of the qubit-splitting in equations 2.35 and 2.37 for B, and Bj, respectively.
For arbitrary fields, we need to solve the Hamiltonian in equation 2.25 with the strain
magnitude of the specific defect numerically, to determine the qubit frequency.? In the
second term, S = %(6x, Gy» 6Z)T is the Pauli-matrix vector, the magnetic moment i
is a 3 X 3 matrix that depends on the vectorial dc field components B4, and vectorial
and time dependent ac field components B, () = B,.coswt with By, in spherical
coordinates [84].

We can visualize a microwave drive as a rotation of the state vector (Bloch vector) on
the Bloch sphere about an axis that is defined by the effective magnetic field in the

2 G. Pieplow provides a general solution for w;; using an average quenching factor.
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rotating frame of the electron spin. The Hamiltonian as described in the rotating wave
approximation (RWA) takes the form:
1 1 1 (Aw Qg
Hrwa = EAwO-Z + EQRO-x = 5 (QR —Aa)) s (4.5)
where Qp is the Rabi frequency and Aw = wz; — w is the detuning from the qubit’s

resonance frequency. The term oy drives rotations about the x-axis, while a z-component
is added by the magnitude of the detuning.

The Rabi frequency is given by:

QR = YsBac, (4.6)
where A = A(x, B4c, Oac, @) accounts for the coupling strength, considering the full vectorial
attributes of the magnetic fields. In the description of A, the variable x = arctan(&/A)
accounts for the orbital state overlap where & stands for the strength of the strain interaction
and A for the spin-orbit coupling. The angles 64, and 0,. are defined as the polar angles
relative to the SnV center’s quantization axis, as detailed in Section 2.4.3. The azimuthal
angle difference, ¢ = ¢gq. — Pac, represents the relative angle between the plane spanned
by the quantization axis and the ac field vector to the dc field vector [84].

One can determine the time evolution of the state |¥(t)) by applying the unitary transfor-
mation: _
(¥ (1)) = et g (0)) (4.7)

which results in the oscillation of the state vector around the field vector 7 (see [84] for a
detailed description of the involved vectorial components). The probability of measuring
the qubit along the z-axis of the Bloch sphere, if we initially prepare it in |2)3, is given

by:
2

Py(t) = % sin 9t with Q= ,/Q% + Aw? (4.8)
|1> Q2 2 s R . .

The generalized Rabi frequency Q is derived by finding the eigenvalues of the Hamiltonian
for the off-resonantly driven two-level system.

In the experiment, we apply rotations around the x-, y-, and z-axes of the Bloch sphere,
allowing full control over the qubit’s state. These rotations form the fundamental building
blocks of quantum operations. For example, if we want to achieve population inversion*
of the initial state, we need to rotate around an equatorial axis by a duration ¢, such that
Qt, — 0 = . In Equation 4.5, rotations around the x-axis arise from the oy term. By
introducing a phase offset in the ac field cos wt — cos(wt + ¢), we can freely choose the
rotation axis as oy — 0y COS ¢ + 0y sin .

We now have a full description of how an external driving field influences a qubit’s state
on the Bloch sphere. The frequency of the field determines the angle of rotation in the xz-
plane. The phase decides the angle of rotation in the xy-plane. Finally, the amplitude and
duration of the field control how fast and how far the qubit moves along its trajectory.

3 This initialization corresponds to pumping the Al-transition. See Section 2.5.1 for details.
* A full inversion is only possible under resonant drive.
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Figure 4.1.: ODMR measurement of SnV-B under continuous optical excitation of Al and parallel mag-
netic field orientation of B = 96 mT magnitude. A continuous microwave chirp is applied across the
target frequency range. The two observed resonances, one at fi = 3144.34(22) MHz and another at
f» = 3148.58(26) MHz, indicate strong coupling to a nearby *C nuclear spin. This figure is adapted
from Figure 4 in Reference [1].

Measurement conditions All subsequent measurements are performed on SnV-B (Sample
SnV-2-B1, see Figure 3.1 (¢)), taking advantage of the SC-CPW for spin control. Unless
stated otherwise, the following conditions apply: An external magnetic field B = 96 mT
is aligned parallel to the quantization axis at a temperature of 50 mK. The electron spin
is initialized by resonantly driving the allowed optical transition A1l. Due to the high
stability of the charge-state of SnV-B, no off-resonant repump pulse is included in the
control sequences. If charge stabilization is required, a 532 nm repump pulse with an
excitation power below 100 nW is applied to avoid spectral diffusion caused by charge
environment fluctuations.

4.1.1. Optically Detected Magnetic Resonance

The paramagnetic and optically active nature of the SnV center allows us to determine
the resonance frequency wy; of the spin qubit via optically detected magnetic resonance
(ODMR). As described in Section 2.5.1, the SnV center can be optically initialized by driving
one of the two allowed transitions. Exciting transition A1 initializes the system into state
|2), turning the SnV center off-resonant to the laser frequency and thus undetectable at
low temperatures. By applying a microwave pulse resonant with the qubit transition, the
state |1) can be (partially) recovered. This permits continuous photon detection through
repeated cycling.

Different implementations of this scheme are possible: In a pulsed-ODMR scheme, a
microwave pulse of duration ¢, is applied. The pulse is temporally separated from the
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Figure 4.2.: Rabi oscillations and power dependence. The Rabi oscillations shown in (a) are measured at
the midpoint of the two hyperfine transitions. The measurement scheme consists of alternating laser and
microwave pulses. In principle, the readout pulse also serves as the initialization. (b) depicts the detuning-
corrected Rabi frequency on the ac field amplitude. (a) is adapted from Figure 4 in Reference [1].

initialization pulse of the laser and fully recovers state |1). This maximizes the count rate
per cycle while minimizing power broadening.

To implement this scheme, it is necessary to accurately identify the spin transition, which
can be challenging for the SnV center. The strong dependence of the qubit frequency
on the magnetic field orientation and strain magnitude makes it difficult to predict the
transition frequency for uncharacterized defects. Therefore, a rapid method for scanning
a broad frequency range is desirable.

A simplified ODMR measurement, as shown in Figure 4.1, addresses this challenge. We
apply a continuous microwave chirp across the target frequency range, with its duration
and power optimized based on the desired frequency span and spectral resolution. In
our experiments, the microwave frequency is swept within 10 — 20 ms under continuous
resonant optical excitation of Al. In general, a low laser powers of approximately 1 —5nW
is used. For example, for a large frequency range of (200 — 1000 MHz), we use a chirp with
an insertion power of approximately —5 dBm to efficiently detect the qubit during the brief
interval when the chirp is resonant with the transition. This sequence is repeated until
the desired signal-to-noise ratio is achieved.

For high spectral resolution, as in the measurement shown in Figure 4.1, a lower microwave
amplitude is used (—40 dBm; 100 nW) and the span of the mw-chirp is adapted. Two
resonances are observed, one at 3144.34(22) MHz and another at 3148.58(26) MHz with a
linewidth of 841(78) kHz and 838(82) kHz, respectively. The frequency splitting suggests
strong coupling to a proximal *C nuclear spin, which can serve as a long-lived quantum
memory [89, 146].
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4.1.2. Rabi Oscillations and Ramsey Experiment

With the qubit frequency identified, we apply resonant microwave pulses of variable
duration to induce spin state oscillations. As observed in the ODMR measurement, a
strongly coupled nuclear spin is present. Therefore, we set the microwave frequency to
the midpoint between the two resonances and use a high Rabi frequency to minimize the
influence of the nuclear spin state. The measurement scheme for a Rabi measurement is
straightforward, consisting of alternating laser and microwave pulses. No charge repump
is required between cycles.

Figure 4.8 (a) presents a Rabi measurement at an insertion power of 14 dBm, showing a
Rabi frequency of Q /27 = 4.31(28) MHz that corresponds to a 7-pulse duration of 115 ns.
The full contrast and slow decay demonstrate the high fidelity (F, = 99.1(+0.3)(-2.3) %)
of the spin manipulation. Comparable fidelities have been reported in previous studies,
including F; = 99.36(9) % by X. Guo and A. Stramma [69, 73] and F, = 99.1% by E.
Rosenthal [70]. The gate fidelity is extracted from the decay of the Rabi oscillations by
fitting to the full dataset. Notably, the fit does not fully match the amplitude around the
third and fourth oscillation cycles. Increasing the statistics, either by performing more
repetitions or by extending the pulse duration could improve the fit accuracy. Furthermore,
the final data point shows a comparatively large deviation from the fit relative to the rest
of the dataset. Indeed, if this point is excluded from the fit, the extracted gate fidelity
improves to F; = 99.55(+0.2)(—1.9) %. Ideally, one needs to characterize the gate-fidelity
via Randomised Benchmarking [147], which allows to track how errors build up over a
sequence of operations and to extract a more reliable estimate of the gate performance.

Figure 4.8 (b), depicts the detuning-corrected Rabi frequency on the ac field amplitude. The
data points are adjusted for the measured return loss at the respective qubit frequencies.’
For microwave powers exceeding 19 dBm at the sample, the superconducting properties
of the waveguide break down, leading to a complete loss of the qubit coherence. Dur-
ing the data acquisition, two important factors were unfortunately overlooked, which
does not allow us to interpret the data accurately. First, different amplifiers were used
depending on the applied magnetic field, as the qubit transition frequencies varied signifi-
cantly.® Second, the arbitrary waveform generator (AWG70001A, Tektronix) for the pulse
generation was calibrated for 3 GHz but not separately for 1 GHz. The delivered power
of the AWG depends on the frequency, thus a wrong conversion of the amplitude can
result in incorrect scaling. Ideally, the output power should have been verified for each
measurement using a spectrum analyzer. Additionally, the strong hyperfine coupling to a
proximal nuclear spin complicates data acquisition, as one must ensure that measurements
are performed precisely at the midpoint between the split resonances. For further details
on the measurement electronics, we refer to Appendix C.1.

5 At 1.23 GHz the total RL is 3.0 dB, and at 3.14 GHz the total RL is 5.26 dB
¢ The following amplifiers from Mini-Circuits were used: ZHL-16W-43+ for ~ 100 mT and ZVA-183-S+ for
40mT.
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Figure 4.3.: Free induction decay measurement tuned to the center between the two resonances of the
nuclear spin states at 100 mT dc field. The data are modeled by a sinusoid with decaying envelop o e(~7/ 5)f,
(a) Parallel field alignment: The detuning Aw/27r = 2.123(6) MHz perfectly matches the expected value
of (2 — fi)/2 = 2.12MHz determined via ODMR in Figure 4.1. (b) Perpendicular field alignment: The
detuning Aw/27 = 2.775(10) MHz indicates stronger hyperfine interaction. (a) is adapted from Figure 4 in
Reference [1].

Performing free-induction decay measurements allows to probe the dephasing time T, of
the qubit.” The spin dynamics are best described in the rotating frame of the qubit. First,
the qubit is initialized into a superposition state by applying a i /2-rotation around the
x-axis of the Bloch sphere. The spin is then allowed to freely precess for a variable duration
7. For a resonant microwave pulse (v = w3;), the experiment results in an exponential
decay, for reasons explained in 2.5.2. If the microwave frequency is detuned, the Bloch
vector precesses around the z-axis with frequency Aw. The probability of measuring the
qubit in |1) is therefore given by:

Py (t) = %(1 + cos(Awt + ¢))e T (4.9)

The additional phase ¢ is necessary, to account for the precession occurring during the
pulse duration. The exponential stretching exponents, & = 2.66(31) and &, = 2.99(57), for
parallel and perpendicular field alignment, deviate from the typically expected Gaussian
envelope (¢ = 2), which is characteristic of dephasing dominated by low-frequency
noise [149, 150]. The observed deviation suggests the presence of an altered noise bath,

7 Ty is the decay time of the total in-plane magnetization for which the decay is reversible by applying a
spin-echo pulse sequence. [148].
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such as a cutoff of noise contributions for specific frequencies, multiple spin baths or
simply imperfect pulse shapes. Further, the free induction can be analytically derived for

short times to ) \
P|1>(t) o e—Mlt +Mot*+... (410)

"for noise spectra possessing a high frequency cutoft” [148]. We will analyze the spin
bath properties in more detail in the following discussion of dynamical decoupling (Sec-
tion 4.2).

For parallel field alignment, the detuning Aw/27 = 2.123(6) MHz precisely matches
the expected value of (f; — f1)/2 = 2.12 MHz, as determined via ODMR in Figure 4.1. In
contrast, for perpendicular field alignment, the detuning Aw /27 = 2.775(10) MHz suggests
a stronger hyperfine interaction.

From the envelope of the Ramsey experiment shown in Figure 4.3, we extract a dephasing
time of T, = 2.06(6) ps for the qubit. This value is comparable to that observed in
isotopically pure overgrown diamond [69]. In the following, we further analyze the Rabi
oscillations and free induction decay under variable detuned driving. The resulting chevron
and 2D-Ramsey patterns for two field configurations are presented in Figure 4.4:

« Top row: Magnetic field aligned parallel to the quantization axis, with a qubit center
frequency of 3135.2 MHz.

+ Bottom row: Magnetic field aligned perpendicular to the quantization axis, with a
qubit center frequency of 2152.0 MHz.

These measurements provide direct insight into the coupling strength of the electron spin
and the proximal nuclear spin. In the chevron pattern of the top row, this interaction is
revealed by the presence of two distinct resonance features, where the Rabi frequency
reaches a minimum (around +2 MHz). The observed pattern deviates from the expected
structure of two independent, detuned Rabi oscillations, which would typically arise from
a thermally populated nuclear spin state. However, the deviations is expected when the
hyperfine coupling strength is comparable to the Rabi frequency of the driven electron
spin.® In this regime, coherent driving of the electron spin induces nontrivial dynamics in
the coupled nuclear spin state, leading to modifications in the oscillation pattern [151].
These interactions can be used for coherent nuclear spin control, offering an additional
pathway for quantum memory applications [89].

As the driving frequency is detuned relative to the two transitions, the population in
the Ramsey patters oscillates, forming a characteristic crown-like pattern. The periodic
instances of complete coherence loss further confirm the influence of the hyperfine inter-
action with the nuclear spin.

From the measurements, we determine the Rabi frequencies for both magnetic field
orientations. For parallel field alignment, we extract Qr/27 = 3.56 MHz whereas for
perpendicular alignment, we obtain Qg/27 = 5.28 MHz. After correcting for the different

8 For an electron spin coupled to a *C nuclear spin, the so called Hartmann-Hahn condition is given if the
effective Rabi frequency of the qubit is tuned to match the Larmor frequency of the '3C nuclear spins.
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Figure 4.4.: Rabi chevron and 2D-Ramsey experiment. The top row shows the Rabi chevron and 2D-Ramsey
pattern for parallel field alignment. The bottom row shows similar measurements for perpendicular field
alignment. This figure is adapted from Figures (4, 17) in Reference [1].

input return losses, arising from the respective qubit frequencies, the Rabi frequency in
the parallel configuration increases to Qgr/27 = 4.42 MHz, yet remains substantially lower
than that in the perpendicular case. This supports the dependence of the Rabi frequency
on the magnetic field orientation, as introduced in Equation 4.6.

By analyzing the beating in the Ramsey fringes, we also extract the hyperfine interaction
strength for both configurations: Ip, = 4.24 MHz and I, = 5.7 MHz. Here, I quantifies the
strength of the coupling between the electronic spin of the SnV center and the nearby
nuclear spin for parallel, and perpendicular field, respectively. However, the nature
responsible for the difference in coupling strength was not investigated.

In the following, we will discuss the extension of the coherence time by making use of
dynamical decoupling techniques and investigate the influence of the spin bath in more
detail.
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4.2. Dynamical Decoupling

The interaction between the qubit and its environment leads to the decay of in-plane
magnetization. This interaction can be reversed almost completely by including decoupling
pulses in between the 7/2 pulses of the Ramsey sequence. These decoupling pulses
consist of a variable number of 7-pulses that invert the magnetization vector, thereby
counteracting the environmental effects. The simplest sequence with one refocusing pulse
(r/2 — 17— m — 1 —m/2)is known as the Hahn-echo protocol. This method of dynamical-
decoupling (DD) extends the dephasing time T, by several orders of magnitude, yielding
the spin coherence time T,.

The irreversible decoherence time T; is limited by time dependent fluctuations within the
time intervals 7, which are characterized by the correlation time 7, [148]. We can think
of these fluctuations as a modulating magnetic field component that changes the qubit’s
energy splitting and thus its Larmor precession over 7.. Then, we can understand, how
for 7. > 1 the refocusing pulse simply reverses the error of the 'detuning’ by effectively
canceling out the accumulated phase error, as the fluctuation behaves like a quasi-static
field: the accumulated phase during the first delay time 7 is equal and opposite in sign to
the phase that is acquired during the second delay time 7 [149]. However, for 7, < 7 the
accumulated phase in the first 7 is no longer canceled in the second 7, since the phase is
randomly accumulated. As a consequence the refocusing pulse becomes less effective and
the qubit irreversibly loses its coherence.

From a theoretical standpoint, there are no factors that prevent us from reducing the delay
time to 7 < 7., until the noise appears quasi-static again. And indeed, a common approach is
to apply a train of periodic 7-pulses in between the 7 /2-pulses (7/2 — [7 — 7 — 7] repeat — 7/ 2)
with decreasing delay times and increasing repetitions, such that the total delay time
t = 2n7 remains constant. A common pulse sequence is the Carr-Purcell-Meiboom-Gill
sequence (CPMG), for which the m-pulses are 90° phase-shifted to the x/2-pulses. In
principle, reducing the delay time to 7 < 7. averages out fast-fluctuating noise for the
reasons explained above. Experimentally, this approach is limited by pulse imperfections,
finite pulse durations, and increased power dissipation.

In the following, we will discuss the decoherence properties in a more mathematical though
compact approach, by elaborating the key mechanisms arising from the qubit’s coupling
to environmental noise. For interested readers, we refer to various very detailed studies
of electron spin dynamics: by R. Sousa on "the microscopic mechanisms for reversible
and irreversible decay of spin coherence" [148], by R. Hanson on coherent dynamics of
a single NV-center interacting with a spin bath [149] and G. Lange on DD of a single
NV-center from a spin bath [150]. In addition, A. Stramma’s doctoral thesis offers a detailed
insight into the spectroscopy of noise via different dynamical-decoupling sequences on
SnV-centers [73].

We will follow the investigation of L. Cywinski on "how to enhance dephasing time in
superconducting qubits" [152]. The description of L. Cywinski develops the theoretical
foundations from an experimentally more intuitive perspective.
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First, we consider a situation, where spin relaxation of the qubit is negligible and de-
coherence is dominated by pure dephasing (T; > T5). The Hamiltonian to describe the
interaction of the qubit with its environment is given by:

H= %[a)m + B(t)] o, (4.11)

with qubit frequency w,; and the two-level fluctuators (TLFs) described by a random
classical variable f(t) (and assuming 7 = 1). This variable represents the fluctuation of
the energy splitting due to the coupling of the SnV-center’s electron spin to the bath.
Components o oy, are neglected in this approach, as they are assumed to be of much
smaller magnitude.

Visually, the system can be described as a central spin system, and the bath can consist
of electron spins (including P1 centers, di-vacancies, interstitial defects etc.) and nuclear
spins (host nuclear spin, N-nuclear spins, but mostly *C nuclear spins), interacting with
each other by long-range dipolar forces. These dynamics result in spin-flip processes, if
their interaction is of comparable strength. These so called flip-flop processes can then
lead to the described fluctuation of the field as seen by the SnV-center’s electron.

In this semiclassical approach, the theory assumes that flip-flop processes can be modeled
as random telegraph noise (RTN). The noise function is then expressed as:

B(t) = > wiki(t), (4.12)

1

where &(t) = +1/2 represents the RTN signal and v; the coupling strength of the i-th
TLF.

To characterize these fluctuations, one evaluates the two-point correlation function, which
quantifies how noise at different times is related. Its Fourier transform gives the spectral
density, describing how different frequency components contribute to the overall noise. If
the fluctuations follow Gaussian statistics, the noise spectrum is fully described by:

S(w) = / e (Bt B(L)). (4.13)

(o)

To understand the influence of the noise spectrum on the qubit coherence, we consider
the time evolution of a qubit that is initially prepared in a coherent superposition of its
spin states:

[¥(0)) = (cpy [1) + cpy [2)). (4.14)

As the qubit evolves freely, it accumulates a phase due to the environmental noise, leading
to the time evolution:

. rt ’ ’ .t ’ ’
[P (6))pun = € P gy 1y 4 el b PO g2y, (4.15)
e 7012 ey [1) + €2 cpyy [2) (4.16)

Here, the fluctuating phase ¢ arises from the noise and leads to a loss of phase coherence
over time. To quantify this decoherence, we introduce the function W (¢). To account for
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all possible noise realizations, an averaging process is performed, by integrating over all
possible fluctuations of ¢. The expectation value of an exponential function of a zero-mean
Gaussian variable (here, (p) = 0) is given by (exp(ip)) = exp (—%(q)z)). This motivates
the decoherence function

W(t) =e X, (4.17)

where the accumulated phase fluctuation is captured by y(t).

Before describing y(t) in detail, we first consider how the accumulated phase is altered by
applying a §-shaped z-pulse during the time evolution of the qubit. A 7-pulse about the
x-axis at time ¢; swaps the amplitudes of |1) and |2), effectively flipping the sign of the
accumulated phase up to that point. If we repeat this process for n pulses at the time t;,
the phase evolution is periodically inverted, counteracting the effects of slowly changing
environmental noise. To describe this effect mathematically, we introduce a modulation
function f(t;t’), defined using a Heaviside step function, which alternates between +1 at
the pulse timings t;. This function characterizes the filter properties of the pulse sequence
by determining how the qubit samples noise at different frequencies. In the simplest case
of a free induction decay experiment, where no z-pulses are applied, f(t) = 1 for the
entire evolution t € [0, 7], forming a simple rectangular function over the delay time. This
means the qubit continuously accumulates phase noise without interruption, making FID
highly sensitive to low-frequency noise.

To better understand how different pulse sequences influence qubit decoherence, it is
necessary to analyze the filter properties of their corresponding step functions. This process
is made easier by the fact that a simple rectangular step function in time corresponds to a
sinc function in the Fourier domain. Therefore for the FID, the Fourier transform of the
step function is simply given by:

sin(w)

fltiw) =

. (4.18)
w

The key idea is that the Fourier transform of any pulse sequence defines a filter function

that determines how different noise frequencies affect the qubit.

Now we can return to the description of y(¢) in more detail. In the Gaussian noise
approximation, the accumulated phase is related to the noise spectral density

1(t) = /Ooode(w)F(“’t). (4.19)

w2

Here, F(wt) is the filter function, which describes how the different frequency components
of the noise spectrum contribute to decoherence. The function is given by the squared
Fourier transform of the step function of the respective pulse sequence:

2
6() ~
Foequence (1) = —-If (83 w)l? (4.20)

Each pulse sequence corresponds to a different modulation function that resulting in
different filter functions, acting as a bandpass filter on the environmental noise.
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Figure 4.5.: Normalized filter functions for Ramsey, Hahn-Echo and CPMG for up to n = 64 pulses over
frequency. The total delay time is kept constant at T = 100 ps. The filter function for CPMG gets narrower
for higher pulse numbers and sensitive to noise at frequency f = 3.

For the utilized pulse sequences, the filter functions are given as:

wt
FRamsey(a)t) = 2sin® (7) > (4.21)
wt
Ficho(wt) = 4sin® (T) , (4.22)
oty sin? (&
Fepmc(wt) = 8sin’ (—) 5 (jt) , (4.23)
) cos? (5]

where n is the number of z-pulses in the CPMG-sequence and is assumed to be an even
number. The filter functions are depicted in Figure 4.5 for Ramsey, Hahn-Echo and CPMG
for up to n = 64 pulses as a function of frequency f = w/2x. The total delay time is kept
constant at T = 100 ps, resulting in functions for CPMG that become narrower for higher
pulse numbers and more sensitive to noise at higher frequencies around f = .
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Figure 4.6.: Hahn echo measurements under a parallel and perpendicular applied magnetic field. The data
are fit to a stretched exponential decay with a stretching factor of & = 4 (for parallel field orientation) and
& =3 (for perpendicular field orientation). This figure is adapted from Figure 5 in Reference [1].

4.2.1. Spin-Echo and CPMG Experiment

In this section, we present the experimental observations of the decoherence dynamics of
the SnV center. We analyze how the noise bath influences the decay and coherence times.
The modelling of the spin bath dynamics was carried out by Jeremias Resch.

Noise model and decoherence scaling In the previous discussion, we described the elec-

tron spin of the SnV center as a central spin system. Such a system is generally characterized

by Ornstein-Uhlenbeck noise [153], which leads to a Lorentzian spectral density:
¥ 1

S(w) =——, 4.24
(@) 7T 1+ wc? (4249
with the coupling strength b to the local spin and the bath correlation time 7, [154, 155].

For CPMG sequences, only the high frequency tail of the Lorentzian is relevant. In this
regime, the spectral density follows a power-law behavior:

S(w) o w™.

Generally, a power-law scaling o« ™% leads to decoherence envelopes of the form

(&

with a stretching factor £ = o + 1 [156]. Therefore, the coherence time under dynamical
decoupling scales as

W(t) =exp , (4.25)

PP = T/ . n, (4.26)

where k = %< and TZHE is the Hahn-Echo coherence time [156]. For an Ornstein-Uhlenbeck
bath with a Lorentzian spectral density the decoherence is proportional to exp(—2¢/T,)
and the scaling simplifies to

DD _ +HE 2
T2 —T2 'nS.

108



4.2. Dynamical Decoupling

N
o - - - o

0.8

e
~
1

Fidelity
o
(@)]

©
u
1

1072 1071 100 10!
Time (ms)

Figure 4.7.: CPMG sequence with varying number N refocusing pulses. In (a) the CPMG measurements

are shown with the data fit to stretched exponential envelopes with e~ (*/ )¢ and & = 4. In (b) a double-
logarithmic plot of the power-law behavior of T, is depicted. We find as scaling for the coherence proportional
to n%?° with the pulse number. This figure is adapted from Figure 5 in Reference [1]

Experimental observations In Section 4.1.2 we presented FID measurements that deviated
from the expected Gaussian envelope, and hinted that the data are better described by a
Lorentzian noise bath with a high frequency cutoff. For a Hahn-Echo sequence where
we drive resonantly to one nuclear spin resonance using a microwave power of 10 dBm
(resulting in a Rabi frequency of 2.5 MHz), we observe a stretched exponential decay with
a stretching factor of ¢ = 4 (for parallel field orientation) and & = 3 (for perpendicular
field orientation). As for the FID measurement, a stretching factor of & = 4 can only be
explained by a Lorentzian noise bath with a high frequency cutoff [148]. In this case,
the corresponding coherence times are T;™" ~ 179(4) us for the parallel case and T, © ~
433(23) ps for the perpendicular case. These measurements are shown in Figure 4.6.

In addition, CPMG measurements with up to 64 refocusing pulses yield a coherence time
of T cpmces = 10(1) ms, which is about a six-fold improvement over earlier work [69].
Interestingly, the scaling of T with the pulse number follows an almost linear trend, with
an exponent of k = 0.95(9), in contrast to the expected k¥ = 2/3 for a single nuclear spin
bath [153, 155]. These measurements are shown in Figure 4.7. In the following, we will
explain these deviations by an adapted expression of the spin bath.

Total bath expression In Sukachev et al. [65], it is already discussed that the altered
stretched exponentials can be modeled by a double-Lorentzian bath, where

1. one bath is attributed to the nuclear spin environment, and

2. a second bath is originating from the electron spin environment.
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4. Tin-Vacancy Center: Coherent Microwave Control

For the electron spin bath a hard frequency cutoff is implemented. In our model of this
double-Lorentzian bath, we set the cutoff frequency to

WOlim =& 1 X 10* s_l,

and apply the fast exponential cutoff to the electron spin bath [157].° The resulting total
noise spectral density is then

2b2t, 2b2r, o \*
S(w) = 1, 2 -exp |— : (4.27)
1+ 0ty 1+ 0?7, Wlim

The first bath is attributed to the bulk environment of the SnV center. The coupling
strength b, is related to the FID decay time:

2
b, = \/—: ~ 21 X 100 kHz,
T,

and the correlation time is linked to the Hahn-Echo time for perpendicular field orienta-
tion: )
b 3
1 HE
Te1 = E . (TZ ) ~ 2.88,

as discussed in [153]. These parameters agree well with reported measurements on the
bulk spin bath with deep GeV centers under Ornstein-Uhlenbeck noise conditions [72].

The second spin bath can be explained by surface charges (of free electrons) due to the
proximity to the surface [129, 154]. We use the measurement value of T, " for parallel field
alignment together with a coupling of

b, = 27 x 30 kHz,
to gain the correlation time
Tz =SS,
which is comparable to the value reported for shallow NV and SiV centers [129, 154].

The total double-bath model reproduces the observed Hahn-Echo coherence time T) ™" ~
180 ps (for parallel field alignment) with a stretching factor ¢ = 4.

The simulation also yields a FID decay time of T,] ~ 2.2 us and a perpendicular (bulk bath
only) Hahn-Echo coherence time of T}/’F ~ 440 us with a stretching factor of £ = 3. As
these results are in good agreement with the measured values, they support the notion
that one can cancel out the electron spin bath by detuning the qubit frequency from the
free electron Larmor precession [70].
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Figure 4.8.: Modeled scaling of the coherence times TZDD with the number of applied 7-pulses. This figure
is adapted from Figure 16 (b) in Reference [1]

Discussion of linear trend with pulse number Figure 4.8 shows the simulated scaling
of the DD coherence time T°® with the number of pulses n for two field configurations.
For parallel field alignment, where both spin baths contribute, the scaling exponent is
k = 0.95. On the other hand, for perpendicular alignment, where the electron spin bath
is decoupled, the scaling follows x =~ 2/3, but with an increased initial value of T; (for
n = 1). The simulated decoherence (defined at Weppmg = 1/e) matches the experimental
data (blue points), following the k¥ ~ 0.95 for parallel field alignment up to roughly 32
pulses. However, for higher pulse numbers, the simulated trend gradually deviates from
k ~ 0.95 and asymptotically approaches the perpendicular field scaling of k =~ 2/3.

This result is intuitive: With a single noise bath, the initial coherence time is longer, while
with two noise baths, the initial coherence is lower but compensated by faster scaling. As
the number of pulses increases, the filter function progressively suppresses low-frequency
noise and is more sensitive to noise at higher frequencies for a constant total delay time.
This results into a higher residual coherence. Once the cutoff frequency drops below the
frequency window sampled by the filter function, the electron spin bath becomes irrelevant.
At this point, both cases converge, and the system behaves as if only the nuclear spin
bath remains dominant. In addition, the filter functions become narrower for higher pulse
numbers. Therefore, the electron spin is only sensitive to a gradually smaller frequency
band for constant delay times and increasing pulse number.

® We implement the cutoff by simply multiplying with an exponential factor.
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4. Tin-Vacancy Center: Coherent Microwave Control

4.3. Summary

By utilizing a superconducting niobium CPW we achieve robust microwave control of
the SnV spin qubit while suppressing drive-induced heating. We first identify the qubit
transition via optically detected magnetic resonance. We demonstrate Rabi oscillations with
frequencies in the MHz-range for parallel and perpendicular magnetic fields at a driving
power of 10 dBm to 14 dBm, with high fidelity spin control (F, = 99.1(+0.3)(-2.3) %).

The free induction decay measurements, demonstrate coherence decay with an exponential
stretching exponent of ¢ = 3, deviating from the expected Gaussian envelope and suggest-
ing the presence of an altered noise bath. Indeed, we show via Hahn-Echo measurements,
that the electron spin bath can be canceled out by detuning the qubit frequency from
the free electron Larmor precession, allowing extended coherence of T, = 433(23) us for
B=B,.

We further show that the altered stretched exponentials can be modeled by a double-
Lorentzian bath with a hard frequency cutoff to the electron spin bath. In addition, via
CPMG measurements with up to 64 refocusing pulses we achieve a coherence time of
T.cpmces = 10(1) ms, setting a a new record for the SnV center platform, to date.
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5. Conclusion and Outlook

In this work, we investigated coherent microwave control of the SnV center in diamond,
focusing on its fundamental properties, control mechanisms, and the limitations given by
decoherence and microwave heating. We have shown stable optical transitions for various
low- to highly strained SnV centers.

This property made it possible to achieve enhanced control over the optical and magnetic
states of the SnV center’s electron. Consequently, we measure 2D angular maps of the
optical transitions that further contribute to a deeper understanding of the magneto-
optical properties. In addition, varying the magnetic field orientation allowed us to
reliably determine the SnV center’s quantization axis within the laboratory system with an
uncertainty of less than 1 %, regardless of the orientation of the diamond itself. Furthermore,
we developed a fitting procedure for the optical and qubit transitions by mapping the
measurement data to an electron spin Hamiltonian with explicit doublets for the orbital
ground and excited states. This approach allowed for a qualitative determination of the
orbital quenching factors. Parameters that are invaluable when working with previously
uncharacterized SnV centers. We characterize the SnV center’s spin dynamics. Among
these, we show an initialization and readout fidelity of > 99.8 % for both, parallel and
perpendicular magnetic field orientation. We determined a spin relaxation time (77)
exceeding 1 second at a temperature of ~ 1K for unstrained SnV centers and demonstrate
how they can be decoupled from phonon-induced relaxation by introducing strain.

We calibrated an SnV center as a temperature sensor to characterize the microwave losses
of normal and superconducting coplanar waveguides in a magnetic field environment.
This allowed for the evaluation of superconducting coplanar waveguides in mitigating
thermal effects and maintaining qubit performance. We demonstrated that, below the
critical current threshold, superconducting coplanar waveguides offer significantly reduced
Ohmic losses, minimizing microwave-induced heating and preserving long spin coherence
times compared to normalconducting coplanar waveguides.

Microwave control was investigated using superconducting coplanar waveguides, where
we demonstrated high-fidelity spin manipulation with a 7-pulse fidelity of F, = 99.1 %.
We observe Rabi frequencies in the MHz-range with relatively low driving powers of 10 —
14 dBm. The spin coherence time (T;), measured under dynamical decoupling sequences,
reached values of 10 ms, setting a new record for the SnV center platform.
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5. Conclusion and Outlook

Outlook In the near future, our primary goal is to achieve nuclear spin control of a nearby
B3C nucleus allowing us to use it as a memory qubit. We have already observed strong
electron-nuclear coupling in our ODMR signal and coherence measurements as discussed
in Chapter 4, and now we aim to leverage this interaction. One approach involves inducing
coherent nuclear spin oscillations in the Hartman-Hahn regime, though this method is
complex [89]. A more promising alternative is direct nuclear spin control using radio
frequency pulses in the kHz to MHz range, which offer high fidelity. The advantage of the
coplanar waveguide design is its compatibility with a broad frequency range, allowing
seamless integration of both microwave and RF pulses. A significant challenge so far has
been microwave-induced heating due to the long pulse durations, necessary to control the
nuclear spin [65]. The fabricated superconducting waveguides show potential in mitigating
this issue, and our recent advancements in this area, soon to be published, demonstrate
substantial progress.

We are also working on refining our microwave structure design. While the current design
emphasizes simplicity, we have successfully tested and optimized for narrower coplanar
configurations to improve for nuclear spin control. However, a deeper understanding of
the superconducting waveguide’s loss behavior, particularly for short, high-power and
high-frequency pulses, remains a key objective to be studied. Specifically, gaining insight
into the mechanisms behind superconductivity breakdown is most important. The relevant
question is whether the limitations arise solely from critical current constraints or if other
factors are limiting the performance, such as the contact resistance at the wire-bonds.
Further optimizations, including exploring alternative superconducting materials apart
from niobium, could improve performance. In any case, the magnetic field requirements in
combination with microwave frequencies remain loss factors that have to be considered.

Overall, this work provides essential insights into the control and stability of the SnV center.
By leveraging strain engineering, precise magnetic field alignment, and superconducting
waveguides for spin control, we have taken significant steps toward realizing a robust,
scalable quantum technology.
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A. Summary Table of all Measurements

Table A.1.: This table summarizes the properties of the different SnV centers that are used throughout this
thesis. The figures in which the respective SnV centers are relevant are marked with X. For information on
the figure contents, please see the List of Figures.

SnV-A SnV-B SnV-C SnV-D SnV-E SnV-F
Sample B2 B1 B1 B1 B2 B2
CPW Au Nb Nb none Nb Nb
a8 (GHz)  35.0(15) 577.3(34)  530.0(40) - <15 42.2(17)
a® (GHz) 60(7)  961.9(49)  921.4(32) - - 70(8)
ZPL (THz) 484.134 483.269 483.388 484.131 484.201 484.173

SnV Quantization Axes (Lab Frame)
X -0.081 0.011 -0.015 - 0.029 -0.810
Y 0.834 0.722 0.883 - 0.842 0.015
Z -0.546 0.692 -0.468 - 0.539 0.586
Used in Figure

Fig. 2.4 - X

Fig. 2.5 - X - - - -
Fig. 2.8 - X

Fig. 2.9 X - - -
Fig. 2.10 -
Fig. 2.11 X

Fig. 2.12 X - - - - -
Fig. 2.13 X -

Fig. 2.14 - X - - - -
Fig. 2.15 X - - - - -
Fig. 2.16 - X

Fig. 2.17 X X

Fig. 2.20 - X - - - -
Fig. 2.22 - X X
Fig. 3.5 - - - - - X
Fig. 3.6 - - - - - X
Fig. 3.7 - - - - - X
Fig. 3.9 X - - - - -
Fig. 3.10 - - - - - X
Fig. 3.11 - - - - - X
Fig. 3.13 - X
Fig. 4.1 -
Fig. 4.2 -
Fig. 4.3 -
Fig. 4.4 -
Fig. 4.6 -
Fig. 4.7 -
Fig. 4.8 -

KX XX R X X
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B. Details on Devices and Sample
Fabrication

B.1. Diamond Membrane Devices

The sample used in the experiments of the main text was an electronic-grade diamond
membrane from Element Six, with dimensions 2xX2x0.04 mm. The initial surface roughness
is 4nm on side A and 2.3 nm on side B. Both sides are strain-relief etched via reactive ion
etching (RIE) to remove damage from polishing. This procedure is done by Philipp Fuchs
(Saarland University). The etching procedure follows these parameters:

« Side A: 50 min Ar/Cl; + 5 x (7min Ar/Cl, + 13 min O)
« Side B: 20 min Ar/Cl, + 5 x (7 min Ar/Cl; + 15min O3) + 10 min Ar/Cl; + 15min O,

After etching, a total thickness of 7 pm is removed from each side, reducing the surface
roughness to 3 nm (side A) and 2 nm (side B), as measured by Julia Heupel (University of
Kassel).

Given its lower surface roughness, side B is selected for tin ion implantation. The implanta-
tion is performed by Michael Kieschnick (University of Leipzig) at the Felix-Bloch-Institute
for Solid State Physics. The isotope '%Sn is implanted with a fluence of 1 x 10’ cm™2 at
an energy of 65keV. Post-implantation, the sample is annealed at 1200 °C for 4 h under a
pressure of < 1 X 107¢ mbar, by Philipp Fuchs.

Surface cleaning is performed by boiling the sample in a tri-acid mixture (1:1:1 nitric
acid:sulfuric acid:perchloric acid) at 400 °C.

Following this, the membrane is laser-cut into 4 pieces by Diamond Materials. The final
preparation step involves baking the sample on a hotplate at 450 °C for 6 h, followed by
cleaning in boiling piranha acid.

All measurements involving SnV centers are conducted within two pieces, SnV-2-B1 and
SnV-2-B2, that are shown in Fig. AB.1 (c). The sample SnV-2-B2 (upper images) hosts
SnV-A (with gold waveguide) and SnV-E and SnV-F where the sample has been recycled
and used with a newly designed and fabricated Nb-waveguide for optimized electron and
nuclear spin control.

The sample SnV-2-B1 (lower images) hosts SnV centers B, C, and D. Notably, SnV-D was
measured in the central region of the sample before waveguide fabrication and without
induced strain.
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SnV-E/SnV-F

SnV-2-B2

SnV—B/Sn\m

SnV-2-B1

Figure B.1.: The figure shows the two main samples SnV-2-B2 (upper row) and SnV-2-B1 (lower row).

B.2. Coplanar Waveguide Fabrication

Coplanar waveguide design The coplanar waveguides used in this work is designed with
two main constraints:

1. The gap between the conductors needs to be sufficiently large to accommodate a
sufficient number of SnV-centers within the gap while simultaneously ensuring a
high AC field density with minimal power consumption.

2. The impedance has to match the system components, which is achieved by designing
the structure for 50 Q.

The metallization thickness is 50 nm for niobium and 100 nm for gold due to photoresist
limitations during deposition.

Preparation of the diamond samples To minimize background fluorescence and depend-
ing on the state of the sample, the diamonds are subject to different cleaning procedures:

« Triacid cleaning: Removes residual surface metallization and graphite via boiling
in a mixture of nitric acid (68 %), sulfuric acid (98 %), and perchloric acid (70 %) in a
ratio of 1 : 1 : 1 following the procedure described in [158].

+ Piranha cleaning: In ratio of 2 : 1 a mixture of sulfuric acid and hydrogen peroxide
(30 %) eliminates heavy organic contaminants through oxidation.

« Sonication: Removes organic solutes such as PMMA and photoresist via sequential
sonication in acetone, 2-propanol, and deionized water.
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Figure B.2.: (a) A cross-sectional schematic of the diamond edge shows the formation of edge beads when
coated with photoresist. (b) The application of UV glue as an additive edge bevel is depicted, reducing the
edge bead effect. (c) A top-down microscope image of the developed photoresist without edge beveling
reveals a pronounced edge bead along the left and bottom edges, causing overexposure at the waveguide’s
right end due to improper mask contact. (d) When an edge bevel is applied before spin coating, the edge
bead is significantly reduced, leading to improved photoresist uniformity. This figure is from Julian Schaal’s
master’s thesis [159].

Mitigating edge beads During spin coating, small samples develop edge beads due to
uneven photoresist distribution, which can interfere with lithographic exposure by pre-
venting proper mask contact. As part of the master’s project of Julian Schaal, conducted
under my supervision, we optimized the fabrication process for small diamond samples.
A detailed discussion on the fabrication of small diamond samples can be found in his
master’s thesis [159]. Figure B.2 illustrates the developed technique of additive edge
beveling to mitigate edge bead formation during spin coating. The sample shown on the
lower row of the image is a single emitter CVD diamond with nine solid immersion lenses
(SIL) fabricated along one edge. It was kindly provided by the Institute for Quantum Optics
of Ulm University. The bake-out was performed by Johannes Lang and the SILs were
fabricated by Petr Siyushev at Ulm University. The sample was used in Julian’s thesis to
benchmark on-chip superconducting coplanar waveguides made of niobium compared to
normal-conducting coplanar waveguides made of gold. Due to the size of the sample of
2 X 2 X 0.5 mm, it was helpful to study and improve edge bead formation. We have found
the following approach to yield the best spin coating results:

+ Small diamonds are glued onto larger silicon wafers to facilitate handling.

« The edge beveling technique is applied using UV-curing adhesive to reduce edge
bead formation. The glue is carefully applied to the edges of the diamond sample.

« Care is taken to prevent the UV glue from protruding onto the diamond surface, to
ensure a uniform resist layer.
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B. Details on Devices and Sample Fabrication

Lift-off photolithography The waveguide fabrication follows a negative-tone lift-off
photolithography process:

1.
2.
3.

Spin coating: A negative photoresist (AZ 5214-E) is applied at 10 000 RPM for 60 s.
Soft bake: The coated substrate is baked at 110 °C for 50 s to evaporate the solvents.

Exposure: UV light exposure is performed using a Hg-Xe vapor lamp with a 300 nm
filter for ~ 11s.

. Image reversal bake: The sample is heated to around 120 °C for 60 s to crosslink

the exposed areas.

. Flood exposure: The entire sample is UV exposed. This step is uncritical as long as

sufficient energy is applied to make the previously unexposed areas soluble.

. Development: The sample is immersed in an AZ-Developer (1:1 solution with

deionized water) for = 33 s, followed by rinsing and ultrasonic cleaning in deionized
water.

. Lift-off: After metal deposition, the resist is dissolved in acetone to remove the

resist.

Electron-beam physical vapor deposition Following photolithography, the sample is
metalized using Electron-Beam Physical Vapor Deposition (EBPVD):

« Surface cleaning The sample surface is cleaned from organic/resist residues using

a Kaufman ion source, which enables reactive ion etching (RIE) of the sample. This
step is performed for 15 s before metallization.

Niobium purification: The niobium crucible is cleaned immediately before deposi-
tion to minimize contamination. This process also purifies the vacuum chamber by
reacting with residual oxygen, depositing the dirt onto the chamber walls.

« Evaporation rate: A high evaporation rate is preferred to minimize the thermal

122

load from radiative heating of the hot crucible. An evaporation rate of ~ 1nms™ is

aimed for.



C. Details on the Experimental Setup

C.1. Optical Setup

In Figure C.1, the optical setup is depicted. Some components are illustrated using elements
from the GW Optics Component Library [160]. The optical setup is distributed across two
optical tables. One table houses the resonant laser along with the necessary components for
pulsing the beam. Resonant laser pulses are generated by a tunable continuous-wave laser
source (C-WAVE vis, Hiibner), locked to a wavemeter (WS7, HighFinesse), in combination
with an acousto-optical modulator (3200-1214, G&H). We use the AOM in a double-pass
configuration to achieve a higher extinction ratio (single pass ~ —25dB, double pass
~ —50 dB). Trigger signals are provided using a fast transistor—transistor logic (TTL) unit
(ADwin-Pro II, Jager).

In case we need to restore the negative charge state of the SnV center, charge repumping
is performed using a continuous-wave 532 nm laser (Ventus MPC6000, Laser Quantum),
triggered by a separate TTL logic (ADwin Gold II, Jager).

We emphasize that once the experiment is finely tuned, that is, resonant laser power
optimized, objective z-focus (MPLN100X, Olympus)! and spatial (xy) alignment adjusted,
we utilize a separate custom-made motorized beam block using a digital high speed servo
(Horizon Hobby: 0.06 s/60°), mounted on the main table, to fully block the green laser. We
observe even minimal leakage to lead to increased charge instability.

For the green laser, we use a single-mode fiber (P3-460B-FC-1, Thorlabs), while the red
laser is coupled through a polarization-maintaining fiber (PM-S405-XP, Thorlabs). The
green beam is collimated via an air-spaced doublet collimator (F810FC-543, Thorlabs),
whereas the red beam is out-coupled using an achromatic doublet lens (AC127-025-A-ML,
f = 25mm, Thorlabs). To suppress higher-wavelength background excitations in the fibers,
we apply bandpass clean-up filters (green: FBH530-10; red: FBH620-10, Thorlabs).

Both beam paths are combined on the main optical table using a dichroic mirror (Sem-
rock, Di03-R532-t1-25x36).2 The light is subsequently directed through a 90 : 10 beam

Over the course of several years, we have tested several objectives from various reputable manufacturers.
The specified model is the only one that has consistently survived multiple cooldown cycles without
failure.

To ensure precise spatial overlap of the green and red laser beams on the sample, both beams are projected
onto a distant wall. The two mirrors positioned before the dichroic mirror are then carefully aligned using
a walking beam technique. This step requires high precision to guarantee proper beam overlap at the
sample position.

123



C. Details on the Experimental Setup

Main ﬂ<2f>ﬂ
Table / x,.o"'U I

— 2
Jil

P
- - e | em——
St | s
§fepe ey

Galvo

Q!:; system

Figure C.1.: Optical setup of the experiment. The optical setup is separated on two optical tables. One table
houses the laser systems and AOMs (blue border) and one table is for the experiment including the table-top
cryostat and the components required for the photo-collection (brown border). Some of the components
used in this graphic are from the ComponentLibrary by Alexander Franzen.
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C.2. Experimental Hardware and Synchronization
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Figure C.2.: Experimental control is coordinated over a central computer. The ADwin-Pro II system is the
heart of the logic architecture for time-critical control. The ADwin Gold II system is mainly used to generate
highly stable analog voltages for the galvanometers and the vector magnets.

splitter (BSN10, Thorlabs), which is later used to separate excitation from fluorescence. To
account for both the dipole orientation of the emitter and the polarization sensitivity of
the downstream optical components, a 1/2-waveplate (WPH05M-633, Thorlabs) is placed
in front of the beam splitter.

Excitation is scanned across the sample using a galvo mirror system (GVS212 with GPS011
power supply, Thorlabs), which directs the beam into the cryostat. The system enables
sub-20 nm spatial scan-resolution and a total scanning range of approximately 100 pm via
a 4f-configuration. The 4f-system, composed of two-inch diameter lenses (ACT508-300-A,
f =300 mm, Thorlabs), is crucial for maintaining a large scan range over the ~ 1.2 m beam
path between the galvo system and the back aperture of the objective, while avoiding
beam clipping.

Fluorescence is spectrally filtered using an additional filter block (BLP01-532R-25, FF01-
593/LP-25, LP01-633R-25, Semrock). The filtered signal is focused through a pinhole
(P30HK, Thorlabs) onto an avalanche photodiode (SPCM-AQRH-16, Excelitas) using an
achromat-doublet lens (AC254-030-A, Thorlabs).

For correlation measurements, a 50 : 50 beam splitter (BWS10, Thorlabs) allows splitting
the fluorescence to two APDs. However, to reduce the dark count rate, only a single APD
is used throughout the experiments presented. If needed, PL spectra are recorded using a
fiber-coupled spectrometer (SP-2500i, Princeton Instruments), with a flip mirror (RD-KLS,
Radiant Dyes Laser) diverting the beam path accordingly.

C.2. Experimental Hardware and Synchronization

The overall experimental control is coordinated via a central computer that interfaces with
all critical components using custom Python scripts. Communication and synchronization
across subsystems are handled in real-time, to ensure correct timing and repeatable
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C. Details on the Experimental Setup

operation. The ADwin-Pro II system is the heart of the logic architecture, which functions
as the primary timing controller. It outputs both TTL and analog signals, allowing precise
synchronization of laser pulses, microwave triggering, and other timing-sensitive tasks
throughout the setup.

Arbitrary waveform generator All microwave pulses used for spin control, including
ODMR and advanced gate sequences for coherent manipulation, are generated using an
arbitrary waveform generator (AWG70001A, Tektronix). Pulse sequences are designed
and uploaded via Python and triggered by TTL signals from the ADwin-Pro II. A typical
sampling rate of 50 GS/s is used for waveform generation. However, due to the current
organization of the logic structure, each pulse sequence must be generated and uploaded
as a single waveform-block. This constraints long or complex pulse sequences, such as
coherent control protocols with n > 32 pulses due to memory limitations. A waveform
generated at 50 GS/s is restricted to a maximum wavelength of approximately 20 ms. Thus,
for n > 32, we reduce the sampling rate to 12 GS/s to increase the possible waveform
duration. This trade-off leads to slight degradation in pulse shape and results in a reduced
m-pulse fidelity.

Wavemeter and resonant laser system Resonant excitation is provided by a tunable
continuous-wave laser (C-WAVE vis, Hibner), actively stabilized to a high-resolution
wavemeter (WS7, HighFinesse) for long-term frequency stability. The ADwin-Pro II
is responsible for pulsing of the laser. Since the selected SnV centers exhibit excellent
spectral stability over extended periods (days to weeks), active feedback and dynamic
retuning has not been necessary, and no automation has been implemented so far. For PLE
measurements, the ADwin-Pro II is used to scan the internal piezo cavity of the C-WAVE
(over a piezo amplifier; E-836.1G, PI Ceramic GmbH) while simultaneously triggering
both the wavemeter and the TimeTagger (Swabian Instruments) for synchronized data
acquisition.

Auxiliary control and magnet system The ADwin Gold II serves as a secondary control
unit dedicated to non-time-critical operations. Most importantly, it is used to generate
highly stable analog voltages. When DC voltages for components like the galvo system or
the 3D-vector magnet are supplied from the same unit that is used for triggering (i.e., the
ADwin-Pro II), cross-talk from the TTL outputs can induce small fluctuations in the analog
lines. These fluctuations can affect the laser beam position on the sample and the magnetic
field strength. Both are highly sensitive to voltage stability. By outsourcing these analog
outputs to the ADwin Gold II, we avoid such interference. Another very important point
is to make the system foolproof: if the ADwin-Pro II is overloaded by incorrectly entering
pulse sequences or processdelays, the processor hangs up, making a reboot necessary. This
would reset voltages across the device and cause the vector magnets to quench. In addition,
the ADwin Gold II is responsible for triggering the green AOM for charge repumping, as
well as actuating the motorized beam block on the main optical table.
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C.3. Dilution Refrigerator

C.3. Dilution Refrigerator

All measurements were performed in a table-top dilution refrigerator featuring an ’inverted’
design, originally developed by Alain Benoit and Wolfgang Wernsdorfer. A cross-sectional
schematic of the cryostat is shown in Figure C.3. In contrast to commercial systems, the
inverted configuration places the coldest component, the mK-plate, at the top of the setup.
This architecture allows easier optical access from above via windows. The concept for
integrating optical access along with the design of the mK stage was realized by Marcel
Schrodin.? The system offers several advantages, including a fast cooldown to temperatures
< 100 mK within approximately 6 h, simple mounting of the 3D-vector magnets without
the need of soldering the connections and user friendly access to the mK-plate.

The cryostat features five temperature stages arranged vertically. Thermal isolation
between stages is achieved through low-conductivity stainless-steel mounts and reflective
thermal shields attached to each plate. Two closed-loop cooling circuits are used. The
first, a “He cooling loop, precools the system to approximately 4 K using liquid helium
from a Pulse tube refrigerator. The second circuit, a *He/*He cooling loop, enables further
cooling into the mK regime. For a detailed description of the technical details and the
working principle of a comparable cryostat, we refer to [162].

C.3.1. Vector Magnet and Sample Mounting Architecture

Figure C.4 (a) shows the 3D-vector magnet for precise control of external magnetic fields
that is housed within a dilution refrigerator on top of the 4 K shield. The vector magnet was
designed, simulated and fabricated by Marcel Schrodin (Karlsruhe Institute of Technology).
It is optimized for fast connection with the high temperature superconductor cables (black
cables with yellow (coil-x), red (coil-y) and blue (coil-z) markers). The housing components
are galvanically plated in gold. The precise calibration of the vector magnet is discussed
in Section C.3.2. As is shown in (b), microwaves are delivered to the sample via bonding
wires connecting the flexible coplanar waveguide to the on-chip CPW. Thermalization
of the cold finger is ensured by silver strands mounted onto the milli-Kelvin plate. The
cold finger is mounted onto piezoelectric steppers (2 ANPx101/RES/LT, ANPz101/RES/LT,
ANC300-controller, Attocube). The sample mounting scheme is detailed in the lower row
of the figure. The cold finger is optimized for thermal contact by feeding silver strands
through a hole and compressing them with a copper piece. The flexible CPW is soldered
to the sample holder. A top view of the cold finger with a sample glued to the surface is
shown, alongside the wire-bonded sample that is used in [1]. To optimize thermal contact
in the newer devices, we glue the sample using a mixture of two-component glue and
silver powder. Additionally, bonding pads are fabricated on the diamond samples to allow
for wire bonding to the silicon wafer.

3 Commercially available cryostats with optimized design and faster cooldown times (~ 3 h), integrated
into optical tables for access from the side, are offered by Qinu [161].
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Figure C.3.: Cross-section of the dilution refrigerator. The optical path of the confocal setup enters from the
top. The objective is thermally anchored to the 4K stage. The sample is positioned on an xyz—nanopositioner
to allow precise spatial control. The diagram illustrates the four thermal shields from room temperature
down to 4K and the five temperature-stages (100K, 20K, 4K, 1K, mK). Additionally, the 3D-vector magnet
is depicted. It is mounted in the 4 K-shield fabricated from copper for mechanical stability and better
thermalization. The flow paths of the cryogenic fluids in the two cooling circuits are color-coded: the
injection (orange) and fast injection (magenta) of the He/*He loop, as well as the *He loop (green). The
figure has been adapted from Julian Schaal’s masters thesis [159].
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Figure C.4.: (a) shows the 4K shield along with the 3D-vector magnets. (b) presents the milliK plate of the
cryostat. Microwaves are delivered to the sample on the cold finger via bonding wires, which connect the
flexible CPW to the on-chip NC-CPW/SC-CPW. Additionally, the cold finger is thermalized through silver
strands mounted onto the milli-Kelvin plate. (c) shows the cold finger. Silver strands are fed through a
hole and hammered with a piece of copper to improve contact with the copper holder. The flexible CPW is
soldered to the sample holder. (d) top view of the cold finger with a sample glued onto the surface. (¢) shows
the wire boded sample that is used in the main part of [1].

C.3.2. Calibration of the DC Magnetic Field

The initial estimation of the magnetic field is conducted through COMSOL simulations,
which generally exhibit a low margin of error. However, given the high sensitivity of
the quenching factors to errors in the magnetic field strength, a further refinement of
the field measurement is performed using the SnV center as an intrinsic magnetometer.
To achieve the highest possible precision, we analyze the response of the surrounding
13C nuclear spin bath in both parallel and perpendicular dc field orientations relative to
the SnV axis. This approach allows an accurate determination of the absolute current
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dependence of the magnetic field coils for all vector components, ensuring consistency in
all subsequent measurements. The applied magnetic field strength is extracted from the
Larmor precession of the nuclear spin, given by yisc = 10.7084 MHz T~

To improve consistency, a field modulation technique is implemented during any field
adjustment, where the magnetic field undergoes oscillations to asymptotically converge
to the target value. For spin-echo measurements with the field aligned along the SnV axis,
the observed modulation of the Hahn echo signal is well described by a phenomenological
model:

p)(r) =A-exp B-sin*(2nf -7+ @) — TT

damp

+a-7+DC (C.1)

This expression accounts for additional couplings to remote *C nuclear spins. As evident
from the Hahn-echo decay presented in Figure C.5 (a), we incorporate an artificial damping
time and a linear drift term. The extracted fit parameters are in good agreement with a
Lorentzian fit to the FFT spectrum of the echo signal, but yielding a better uncertainty
compared to the FFT. A similar procedure is applied for spin-echo measurements with
the field perpendicular to the SnV axis (y-component), depicted in Figure C.5 (c). In this
configuration, the coupling to a proximal *C nuclear spin becomes visible (fast oscillation
of the signal). We use an alternative fit function adapted from the well-established model
for NV centers coupled to a proximal *C spin [15]:

p.(1) =A-sin(2nf; - 7)? - sin (27f, - 1)* + DC (C.2)

Here, one frequency component corresponds to the collective bath of *C spins, while the
other arises from the direct coupling to the proximal nuclear spin. As previously observed
in NV centers [15], the Larmor precession of the proximal nuclear spin is enhanced,
allowing us to attribute the higher frequency component to this interaction. The expected
Larmor precession frequency of the bath is given by:

flarmor = -Y13¢ - B =-10.7084 MHz T~ - 100 mT = 1.070 84 MHz (C.3)

From the ratio between the measured and expected precession frequencies, a refined
determination of the magnetic field amplitude is obtained:

Bpar = 96.7(2) mT, (C.4)
Bperp = 94.5(4) mT. (C.5)

To ensure robust modeling in subsequent Hamiltonian fits and orbital quenching factor
estimations, we conservatively estimate an upper bound on the systematic uncertainty
of the magnetic field coils to be 0.5 %, to account for potential hysteresis effects. For
completeness, Table C.1 provides the current-to-field conversion factors for the laboratory-
frame 3D-vector magnet, alongside the quantization axes of the three SnV centers (A-C).
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Figure C.5.: Hahn-echo signal for magnetic field aligned parallel (a) and perpendicular (c) to the SnV axis.
The echo modulation arises from coupling to the '3C bath, with an additional beat pattern observed in (c)
due to coupling to a proximal nuclear spin. The corresponding FFT spectra are shown in (b) and (d). This
figure is adapted from Figure 10 in Reference [1]

Table C.1.: Estimated parameters for the magnetic field coils in the laboratory frame and the corresponding
SnV quantization axes. The uncertainties are given as standard errors.

Coil Axis Magnetic Field (mT A™?)

X —45.7(2)
Y 61.5(3)
Z 133.5(6)

SnV Quantization Axes (Lab Frame)
SnV Quantization Axis (X, Y, Z)

A (-0.081, 0.834, -0.546)
B (0.011, 0.722, 0.692)
C (-0.015, 0.883, -0.468)
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D. Details on Coplanar Waveguides

In the following, we briefly outline the calculation of the characteristic impedance of a
coplanar waveguide with finite-width ground planes. Additionally, we summarize the
attenuation characteristics arising from dielectric and conductor losses for both normal-
conducting and superconducting CPWs. The following section is based on the book
Coplanar Waveguide Circuits, Components, and Systems by Rainee N. Simons [106].

This book provides a comprehensive analysis of the propagation characteristics of many
different CPW configurations. Interested readers are strongly encouraged to read the
chapters covering conventional CPWs, conductor-backed CPWs, and CPWs with finite-
width ground planes.! The quasi-closed-form expressions for the conductor attenuation in
the CPW structures presented in the book are mainly based on the works of Christopher
Holloway on normal-conducting [164] and superconducting [165] CPWs.

D.1. Characteristic Impedance of FW-CPWs

The following section summarizes the important formulas for calculating the characteristic
impedance of FW-CPW with two dielectric layers, accounting for both the diamond
substrate of the sample and an underlying substrate, such as a silicon wafer. Please note,
that in contrast to the derivations in the referenced book, we have swapped the indices of
the dielectrics and heights in Figure D.1. The characteristic impedance, as derived from
transmission line theory is approximated by:

L
Zy = e (D.1)
for a lossless TEM-mode with equivalent inductance L and the equivalent capacitance C
per unit length [163]. The inductance can be expressed by the capacitance if the phase
velocity vy, is known. The latter depends on the effective dielectric constant e, which is
a measure of how the electromagnetic field is distributed between the different dielectric
layers. With

! C 1 1

1 c
Upp = —— = ——, and &g = — we get Z, = = .
P VLC  Veéeff G & ‘ Copn  ¢'\C-Cy

(D.2)

! For an additional interesting read on coplanar waveguide integrated circuits, we refer to the book of Ingo
Wolff [163].
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Figure D.1.: Extended schematic representation of a coplanar waveguide with finite-width ground planes.
The CPW consists of two dielectric layers with relative permittivities £, and ¢, and thicknesses h; and h;,
respectively. The geometrical parameters of the structure are specified in two ways to match the formulation
of the attenuation equations. Inspired by [106].

Here ¢’ is the speed of light.
C=Cy+Ci1+(Cy (D3)

is the total capacitance per unit length of the CPW and C is the capacitance per unit
length of the CPW if no dielectric is present and for a FW-CPW, it is given as:

K(K)
Kk)

C() = 46‘0 (D4)

K is the complete elliptical integral of the first kind and its arguments depend on the
geometry of the FW-CPW described in Figure D.1:

¢ [b%?—a?
C=Na—a ()

K =V1- k2. (D.6)

Next, we determine the capacitance C; of the first dielectric region in the diamond with
&1 and the capacitance C; in the second dielectric region in the substrate with &,1:

K(k!
C1 = 2&9(&r1 — erz)%, (D.7)
and Kk
_ B h2
Cy = 2¢0(erp — 1) K(kny)' (D.8)
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where:

kni =

sinh(7b/2h;) \ sinh?®(7rc/2h;) — sinh®(7a/2h;)’ (D9)

k= J1- k7. (D.10)

Note, that the heights h; in Figure D.1 are given as the total heights from the distance to
the metallic layer. A closer look at the respective capacities reveals, the iterative pattern to
extend the calculation of the total capacity for multiple layers, including layers on top of
the metal conductors. Basically, each capacitance term is calculated based on the difference
in relative permittivity ¢, between two adjacent layers:

sinh(7c/2h;) \/sinhz(nb/Zh,-) — sinh®(7a/2h;)

« C; is the difference between ¢; and &9,

« C, is the difference between &1 and €yacyum = 1.

D.2. Attenuation Characteristics of Conventional and
Superconducting CPWs

Dielectric losses: In the following, we summarize the formulas to determine the attenua-
tion of FW-CPWs. The calculations have been adapted, where necessary, to include the
second dielectric layer, in contrast to [106]. The total attenuation « is

a=(a.+ag) Npm™ (D.11)

Please note, that the attenuation is expressed in the units of Nepers per meters. To express
the losses in dBm™ the value has to be converted accordingly. The dielectric losses are
given as:

g = Z /%\/g%fqi tand; Np m L. (D.12)
Each dielectric layer contributes to the dielectric losses by the amount of the EM-wave
that is present in the respective volume, which is expressed through the filling factor
qi- Therefore, we sum over the dielectric layers i with their relative permittivity & and
dielectric loss tangent tan Jj;. The free space wavelength in meters is Ay. As defined in
equation D.2, e g is the effective dielectric constant, that can be expressed with the filling
factor as:

eeff = 1+ q1(er1 — &r2) + q2(€r2 -1). (D.13)

With equation D.3, we can express g; by:

1K (k) K(k)
= 2K (k) K (k)

(D.14)

The arguments of the complete elliptic integrals of the first kind are already given in
equations D.5 and D.9.
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Conductor losses: The attenuation constant o, due to conductor loss is given by:

= Rymb? {11 (2a(b—a))+lln(2b(b—a)
C 162, [K2(R)] (b2 —a?) la \A(b+a)) b \A(b+a)

)} Npm™. (D.15)
The argument of complete elliptic integrals of the first kind is:
- a
k=-— D.16
y (D.16)

The surface resistance Ry, given by:

Rsm = wpt Imaginar

o K & Y k.t U= Ho for superconductors.
(D.17)

The permeability is y = piop;, where g = 4 - 1077 Hm™! is the magnetic permeability of

free space and the relative permeability y, ~ 1 for gold. The angular frequency

cot(k.t) + csc(kct)) {/1 = popr for normal conductors,

w =2nxf, (D.18)

is given via the frequency of operation f in cycles/s.

The complex wavenumber k. is given by :

ke = o\poeoL [1— 2 for normal conductors, (D.19)
W&y
1)\’ 1\’
ke=All=—]| +2j|— for superconductors. (D.20)
Ap Onf

For the normal conducting metal the conductivity is o, for the superonductor we have the

magnetic penetration depth:
1
Ap = 7 f , (D.21)
How 02
2
Onf = 1 / . (D.22)
How0O1

For the superconductor the complex conductivity is given as:

and normal fluid skin depth:

oc=o01+ joo, (D23)

therefore oy is the conductivity of the normal fluid, while o5 is the conductivity of the
super fluid in the two-fluid model described in Section 3.1. Since A, is not determined in
our measurements, we adopt values from literature.
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D.3. Details on Superconducting Waveguides

Critical field measurements In the following we discuss the magnetic field dependent
input return loss (RL) measurements of the SC-CPW shown on the top right of Figure B.1
operating in reflection configuration. The field measurements of the SC-CPW sample are
presented in Figure D.2, with the left column corresponding to measurements at 5.8 K and
the right column to measurements at 50 mK. The magnetic field sweeps are performed in
the x, y, and z directions (first, second and third row). The data points are color-coded to
match with the PLE and T; measurements discussed in Section 3.3 of the main text (red
for 20 MHz, blue for 1 GHz, green for 2 GHz and additionally purple for 3 GHz). For better
visualization, the data are offset in the y direction.

For all plots, it is evident that the RL at 20 MHz remains constant throughout the field
sweeps, indicating a DC-like behavior and confirming the discussion in the main text
regarding the frequency dependence of dissipated power in superconducting waveguides
(see Section 3.1). In contrast, the behavior in the GHz regime differs between the two
temperature regimes and also between the sweep directions. For the sweeps in x direction
the RL mostly decreases with field strength at both temperatures to a very small extent. The
sweeps in y direction are equivalent at both temperatures and show continuous increase
in RL.

As explained in the main text (Section 3.3), the strong AC losses are likely due to magnetic
flux penetrating the superconductor and the resulting formation of vortices. These vortices
are locally normal-conducting and their movement leads to energy dissipation. This effect
is pronounced for magnetic field oriented perpendicular to the film, i.e. in z-direction.
Here, the strong applied field allows for the determination of the temperature dependent
critical field at the elevated temperature of 5.8 K. The critical field B, is reached at
approximately 1T, indicated by the sharp increase in the input return loss. This value
is already an order of magnitude higher than the field strengths used in the coherent
control measurements discussed in the main text. At 50 mK, the critical magnetic field of
niobium exceeds the maximum field strength achievable with the coils, which is limited to
1.33 T in the pure z direction. Consequently, we are unable to measure the critical field
at such low temperatures, as the applied magnetic field remains insufficient to break the
superconductivity.
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Figure D.2.: Field measurements of the SC-CPW sample at 5.8 K (left) and 50 mK (right). The rows show the
magnetic field sweeps in x, y, and z direction, respectively. The data points are color-coded to match the
PLE measurements and T; measurements of the main text and are offset in y. The critical field is reached at
about 1T at 5.8K, as is visible by the sharp increase of the input return loss S11. The magnetic field coils are
not strong enough to break the superconductivity at 50 mK.
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E.1. Photoluminescence Excitation

For PLE measurements, the frequency of the resonant laser needs to be tuned across the
resonance of the optical transitions. The C-WAVE supports mode-hop free tuning by
varying the length of its internal reference cavity via an analog control voltage. This input
voltage can be adjusted between 0V and 100 V, allowing a continuous frequency shift of
up to approximately 20 GHz.

As described in Figure C.1, the laser frequency is controlled via the ADwin-Pro II system.
The analog output provides 16-bit resolution over an —10V to 10 V range for its DAC. This
output is connected to a piezo amplifier (E-836.1G, PI Ceramic GmbH) with a gain factor of
1:10, which in turn drives the internal piezo cavity of the laser. For high-resolution spectral
scans, we use slow sweep rates of approximately 28 MHzs™! (converted from voltage).
During the sweep, the ADwin-Pro II simultaneously triggers both the wavemeter and
the TimeTagger to synchronize data acquisition. The voltage sweep follows a sawtooth
pattern, as illustrated in Figure E.1.

Due to occasional laser instabilities, such as brief power drops that cause the wavemeter
to lose signal, the measured frequency trace may contain gaps or discontinuities. ! To
eliminate these artifacts, the wavemeter data is fitted with a second-order polynomial,
which smooths the trace and interpolates missing points. The frequency data are then
matched to the count-traces of the TimeTagger.

E.1.1. Angular Magnetic Field Sweeps

For the angular magnetic field sweeps, the magnetic field strengths in the laboratory frame
needs to be converted into voltages first, that can be applied to the current sources via
the ADwin Gold II system. The current sources convert the applied voltage linearly into
current, i.e., a voltage of 1V results in a current of 1 A through the magnetic coils. The coil
calibration values, i.e., the field strength per ampere of current, are listed in Table C.1.

This voltage-conversion is implemented in Python. A custom script calculates the required
voltages either in the laboratory frame or in the SnV frame. For the latter, three orthogonal

' Instabilities mostly arise from loud noise, causing the laser to lose its lock, and vibrations from walking or
shutting doors around the lab.
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Figure E.1.: This figure shows raw wavemeter data of the laser frequency over time (top plot) and two
exemplary quadratic fits (bottom plots) acquired during a PLE scan.

axes are first defined such that the SnV-z-axis aligns with the quantization axis of the SnV
center. For the SnV-x and SnV-y axes, it is advantageous to define them such that their
projections onto the xy-plane of the lab frame are aligned with either the lab x- or y-axis,
respectively. ? This is helpful to understand interactions, such as the angular dependence
of the Rabi-frequency, discussed in Section 4.1.2, as this makes it easier to represent
the corresponding vector components and symmetry dependencies, when rotating the
magnetic field in the SnV-frame.

On the ADwin system, a background script runs continuously that determines the output
voltages from the DAC. Through the Python interface, new bit values corresponding to
the desired voltages can be sent, allowing for dynamic adjustment of the magnetic field
without the need to first ramp down the coils. The voltages are then updated at a controlled
rate of dV = 0.1V s™'. The Python script monitors whether the new voltage values (and
thus the corresponding magnetic field) have been applied. Once confirmed, it initiates the
PLE measurement.

2 In our experiment, we use square diamond membranes cut along the (110) directions and a (001) surface.
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