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Zusammenfassung

Gruppe-IV-Farbzentren in Diamant eignen sich als Quantennetzwerkknoten, da sie op-
tisch adressierbare elektronische Zustinde mit Spinfreiheitsgraden in einem Festkorper
kombinieren. Aufgrund ihrer Inversionssymmetrie konnen sie schmale und stabile opti-
sche Uberginge aufweisen. Fiir Anwendungen in Quantennetzwerken ist eine optische
Schnittstelle allein jedoch nicht ausreichend. Vielmehr muss die Plattform auch kohéarente
Spinkontrolle, langlebige Quantenspeicher und Betrieb unter kryogenen Bedingungen
ermoglichen.

Diese Arbeit untersucht das Zinn-Fehlstellen-Zentrum (SnV-Zentrum) in Diamant als Spin-
Qubit-Plattform, mit einem Fokus auf die kohédrente Kontrolle des SnV-Elektronenspins
und eines *C-Kernspins in der unmittelbaren Umgebung. Supraleitende koplanare Wel-
lenleiter werden verwendet, um Mikrowellen- und Radiofrequenzfelder bereitzustellen
und gleichzeitig die in das kryogene System eingebrachte Warme zu reduzieren.

Aufbauend auf dieser Elektronenspin-Kontrolle wird ein einzelner stark gekoppelter *C-
Kernspin anhand seiner grofien, optisch detektierten magnetischen Hyperfeinaufspaltung
von etwa 45 MHz identifiziert. Durch die Kombination aus optischem und mikrowellen-
unterstiitztem Pumpen wird eine prézise Initialisierung des Elektronen- und Kernspins
erreicht. Kohirente Radiofrequenzkontrolle des Kernspins wird demonstriert, und eine
Einzel-Qubit-Gatterfidelitit von mehr als 99,9% gemessen. Durch dynamische Entkopplung
wird die Kohérenzzeit des Kernspins auf 1,35 s verlangert.

Abschlieflend wird die Robustheit des Kernspins unter optischer Anregung untersucht. Die
gemessene Differenz zwischen den Hyperfeinaufspaltungen im Grund- und im angeregten
Zustand ist vergleichsweise klein. Dies deutet darauf hin, dass der Beitrag zur nuklearen
Dephasierung durch differentielle Phasenakkumulation wihrend der optischen Anregung
schwach ist, auch wenn optisch induzierte Depolarisation weiterhin limitierend sein kann.
Gleichzeitig zeigt die geringe Photonensammeleffizienz des Systems, dass Einbettung in
photonische Strukturen fiir zukiinftige Experimente mit effizienten optischen Schnittstellen
erforderlich sein wird. Insgesamt demonstrieren diese Ergebnisse koharente Kontrolle
eines SnV-Elektronenspins und eines stark gekoppelten *C-Kernspins und liefern eine
Grundlage, um SnV-basierte Systeme im Kontext zukiinftiger Quantennetzwerkknoten zu
untersuchen.






Abstract

Group-1IV color centers in diamond are promising platforms for quantum-network nodes
because they combine optically addressable electronic states with spin degrees of freedom
in a solid-state host. Their inversion symmetry can lead to narrow and stable optical tran-
sitions, which are essential for spin-photon interfaces. For quantum-network applications,
however, an optical interface alone is not sufficient. The system must also allow coherent
spin control, provide access to long-lived quantum memories, and remain compatible with
cryogenic operation.

In this thesis, we investigate the tin-vacancy (SnV) center in diamond as a spin-qubit
platform, focusing on coherent control of the SnV electron spin and of a proximal *C
nuclear spin. We use superconducting coplanar waveguides to deliver microwave and
radio-frequency fields while reducing the heat introduced into the cryogenic system.

Building on this electron-spin control, we identify a single strongly coupled '3*C nuclear
spin through a hyperfine splitting of approximately 45 MHz, resolved by optically detected
magnetic resonance. By combining optical and microwave-assisted pumping, we achieve
high-fidelity initialization of the electron and nuclear spins. We demonstrate coherent
radio-frequency control of the nuclear spin, and randomized benchmarking yields single-
qubit gate fidelities exceeding 99.9%. Dynamical decoupling extends the nuclear-spin
coherence time to 1.35s.

Finally, we investigate the robustness of the nuclear spin under optical excitation. The
measured difference between the ground- and excited-state hyperfine splittings is small.
This suggests that the dephasing contribution from differential nuclear phase accumulation
during optical excitation is weak, although optical-excitation-induced depolarization may
still limit the achievable fidelity. At the same time, the low photon collection efficiency of
the bulk system highlights the need for photonic enhancement in future experiments, such
as single-shot readout and cavity-enhanced light-matter interaction, which are important
for achieving high entanglement rates in scalable quantum-network architectures. Taken
together, our results demonstrate coherent control of an SnV electron spin and of a strongly
coupled *C nuclear spin, and provide a basis for developing SnV-based systems in the
context of future quantum-network nodes.
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1. Introduction

Quantum networks [1] aim to connect remote quantum systems via optical photons,
enabling new applications such as secure communication [2, 3], quantum computing [4, 5],
and quantum-enhanced metrology [6]. A central requirement for building such a quantum
network is a physical system that combines a long-lived stationary qubit with an efficient
optical interface. The stationary qubit stores quantum information, while photons transfer
it between remote nodes.

The main difficulty is that quantum information must be transmitted over long distances
through lossy optical channels. Therefore, direct transmission is limited by photon loss.
Even a small but finite absorption probability for a photon propagating through an optical
fiber leads to an exponential loss of information with increasing distance, which limits
the rate at which quantum information can be distributed [7-9]. Unlike classical signals,
quantum information, more specifically an arbitrary quantum superposition state, cannot
be amplified [10] to increase the maximum communication distance.

A quantum repeater [7] circumvents this limitation by segmenting a long communication
channel into shorter links. Such devices allow entanglement to be established indepen-
dently within each sub-link [8, 11, 12]. In subsequent entanglement-swapping steps, for
example by performing Bell-state measurements, the entanglement can be extended across
neighboring sub-links and thereby shared between the most distant nodes [12, 13]. This
shared entanglement can then be used as a resource for quantum communication protocols,
such as quantum teleportation [14, 15]. Detailed overviews of these concepts can be found,
for example, in Refs. [11, 16].

The implementation of such a quantum repeater requires the ability to perform local
operations on stationary qubits, the generation of entanglement between distant stationary
qubits, and quantum memories capable of storing entangled states for sufficiently long
times [8]. A quantum memory is needed because the success of entanglement-generation
protocols is probabilistic [8, 9]. It allows successful segments to be preserved while
only failed attempts have to be repeated. This is critical for achieving a scaling of the
communication efficiency with channel length that is better than the direct exponential
decay [8, 9]. Thus, the memory has to be long-lived so that quantum information can
be stored for sufficiently long times even in protocols with low success probabilities.
This leads to an important trade-off. To obtain long memory times, the memory qubit
should be well decoupled from its local environment, since unwanted interactions lead
to decoherence. However, the qubit cannot be completely isolated, because it still has
to be initialized, read out, and controlled with high fidelity. A useful quantum memory
therefore has to be isolated from noise, but accessible to control.
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Spin defects in solids are promising candidates for such quantum-network nodes because
they provide stationary spin qubits that can exhibit long coherence times, while their
optical transitions allow the spin state to be optically addressed. To transfer information
encoded in a photonic qubit to such a stationary memory, an efficient spin-photon interface
is required. In addition to these requirements, the operating frequency of the spin-photon
interface should either lie in the telecom band [17-19] or be convertible to it [12, 20—25]
to enable operation over long distances.

Remote entanglement has been demonstrated in several material platforms [26], includ-
ing quantum dots [17, 18], trapped ions [27], neutral atoms [22, 28], and color centers
in diamond, in particular the nitrogen-vacancy center [29, 30] and the silicon-vacancy
center [31].

Diamond color centers as solid-state quantum nodes. Color centers in diamond provide
optically addressable electronic states within the wide bandgap of the host material. In
the following, we discuss the main advantages and limitations of diamond color centers,
following the overview in Ref. [26].

One key advantage of diamond is its clean solid-state environment. Owing to the low
natural abundance of nuclear spins and charge carriers, as well as the possibility of growing
isotopically purified material [32], diamond color centers can exhibit long electron-spin
coherence times [33, 34]. These electronic systems can be further extended by coupling
the electron spin to additional memory qubits, such as naturally occurring nuclear spins
in the vicinity [35] or the host nuclear spin of the color center [36]. This makes color
centers in diamond a promising material platform. Among the most mature color centers
is the nitrogen-vacancy center, or NV center, which is so far the only solid-state spin-
qubit platform for which entanglement between three individually addressable quantum-
network nodes has been demonstrated [37].

In this experiment, entanglement is generated through the spontaneous emission of
photons. First, spin-photon entanglement is created by preparing each qubit, i.e. the
electron spin of the NV center, in a superposition state and subsequently applying a
resonant optical pulse that probes one of the qubit eigenstates. This creates entanglement
between the spin state and the presence or absence of a photon. The emitted photonic
modes are then interfered on a beam splitter to erase which-path information. The
detection of a single photon after the beam splitter heralds the desired spin-spin entangled
state. [15, 26, 37]

However, the achievable entanglement rates are limited by the low emission probability of
coherent and indistinguishable photons [15, 38, 39]. For the NV center, this is mainly caused
by the low branching ratio into the zero-phonon line compared to the phonon sideband, i.e.
the low Debye-Waller factor [40]. Therefore, even with high total collection efficiencies of
up to 10% using photonic structures such as solid-immersion lenses [37, 41], the achievable
entanglement rates between individual nodes remain limited to ~ 10 Hz [37].
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Incorporating color centers into optical resonators like photonic crystal nanocavities
can increase the coupling between the emitter and the optical mode. This also enables
alternative spin-photon entanglement schemes, such as reflection-based protocols [31, 42].
However, due to the static dipole moment of the NV center [43, 44], its optical transitions
are very sensitive to charge fluctuations [45, 46]. As a result, incorporating NV centers into
nanophotonic structures with nearby noisy surfaces remains challenging [47, 48], although
recent work has shown promising progress in the integration of NV centers [44]. One
other possible solution is the use of minimally processed diamond membranes of micron
thickness [49] integrated into fiber-based Fabry-Pérot microcavities [50-53]. Nevertheless,
within such micron-thin membranes the emitters can still be subject to severe spectral
diffusion of the optical transition [39, 46, 54].

Group-IV color centers and the advantages of the SnV center. Group-IV color centers in
diamond, such as the silicon-vacancy (SiV), germanium-vacancy (GeV), tin-vacancy (SnV),
and lead-vacancy (PbV) centers, offer improved optical properties due to their inversion
symmetry [26]. This symmetry leads to a higher branching ratio into the zero-phonon
line [26, 55] and yields improved spectral stability even in the presence of nearby surfaces.
This makes it possible to structure nanophotonic devices around group-IV color centers
while maintaining the coherence of the emitted photons [56, 57].

A major drawback of group-IV centers is their sensitivity to phonon-induced dephas-
ing [58]. This sensitivity originates from their electronic level structure: the ground state
consists of two orbital branches that are additionally spin-degenerate in the absence of an
external magnetic field. By contrast, the NV center does not contain a second low-lying
orbital state in its ground-state spin manifold [59]. For the SiV center, the relatively small
ground-state splitting therefore requires operation in the 100 mK regime to achieve long
spin coherence times [60].

Nevertheless, the SiV center has become the most advanced group-IV platform for nanopho-
tonic quantum-network experiments. Early work demonstrated the integration of SiV
centers into diamond photonic crystal nanocavities, realizing a cavity-enhanced optical
interface [61]. Subsequent experiments established the SiV electron spin as a quantum
memory with single-shot readout at millikelvin temperatures [60] and developed inte-
grated nanophotonic quantum registers based on an SiV electron spin coupled to nearby
nuclear spins [62, 63]. These ingredients enabled memory-enhanced quantum communi-
cation using asynchronous Bell-state measurements [64], efficient generation of shaped
single photons from an integrated nanophotonic system [57], and robust multi-qubit net-
work nodes in which the SiV electron spin acts as an optical communication qubit while a
strongly coupled nuclear spin serves as a long-lived memory [65]. More recently, SiV-based
nanophotonic nodes have been interfaced with telecom photons using quantum frequency
conversion [23], enabling remote entanglement of nanophotonic quantum memory nodes
through deployed telecom fiber links [31]. These experiments define the present state
of the art for group-IV quantum-network nodes, but they also highlight the demanding
requirements of the SiV platform, in particular millikelvin operation, strain engineering,
efficient microwave control with minimal heating, and robust nuclear-spin memories.
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These results provide important design guidelines for group-IV quantum-network nodes.
In memory-enhanced quantum communication, the electron spin provides the optical
interface. However, using the same electron spin also as the memory makes the stored
state sensitive to every photon interacting with the cavity [64]. Transferring the state to a
nuclear spin can mitigate this problem, because the stored quantum information is then
less sensitive to subsequent optical attempts. Nuclear spin memories can nevertheless
dephase during optical readout because the hyperfine interaction differs between ground
and excited states, as demonstrated in SiV-based multi-qubit nodes [65]. Weakly coupled
13C spins can be robust under optical excitation, but their control generally requires more
involved pulse protocols [63, 66, 67]. A strongly coupled proximal *C spin therefore offers
an intermediate regime between direct controllability and optical robustness.

A second important requirement is efficient spin control with minimal heating. Previous
SiV work identified microwave-induced heating as a limitation and motivated supercon-
ducting microwave delivery structures for low-temperature electron- and nuclear-spin
control [60, 62, 63]. This requirement becomes particularly important in experiments
where many microwave or radio-frequency pulses are needed for coherent control like
dynamical decoupling.

The heavier group-IV centers provide a complementary route toward improved quantum-
network nodes. Since the ground-state splitting increases for the heavier group-IV ele-
ments [68], phonon-induced dephasing is exponentially suppressed at the same operating
temperature [69]. This allows heavier group-IV color centers to operate at elevated tem-
peratures while maintaining the coherence properties. Among them, the SnV center is
particularly promising because its large spin-orbit splitting can relax the temperature
requirements compared with the SiV center. In addition, operating in a comparatively
low-strain regime can preserve the strong anisotropy of the effective g-tensor in both
the electronic ground and excited states. As a result, sizable splittings of spin-conserving
optical transitions can be achieved already at moderate magnetic fields, corresponding to
relatively low qubit frequencies.

However, this advantage comes with an additional challenge. Direct microwave driving
of the spin transition is forbidden to first order because transitions between the two
spin states also require a change in the orbital magnetic quantum number [26, 55]. The
resulting microwave coupling depends on the ratio of strain to spin-orbit coupling and
therefore becomes weaker for the heavier group-IV color centers. As a result, efficient
microwave control becomes increasingly challenging. This is particularly relevant because
microwave-induced heating can compromise operation at low temperatures.

A central requirement is therefore a detailed understanding of the spin and optical prop-
erties of the SnV center. These properties are governed by the interplay of spin-orbit
coupling, strain, and the Zeeman interaction, leading to angle-dependent transition fre-
quencies, strain-modified Rabi frequencies, and magnetic-field-dependent optical cyclicity.
Based on this understanding, the coherent dynamics of the spin system can be described
using the theoretical tools of driven two-level systems, phonon-induced relaxation models,
spin-bath-induced dephasing, dynamical decoupling, and randomized benchmarking. This
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framework forms the basis for the experimental and theoretical work presented in this
thesis.

Scope of this thesis. This thesis studies coherent control and decoherence in a coupled
electron-nuclear spin system formed by a single SnV center and a proximal *C nuclear
spin. The experimental platform consists of single SnV centers in diamond coupled to
superconducting microwave delivery structures. Optical excitation and photoluminescence
detection provide initialization and readout, while microwave and radio-frequency fields
drive the electron and nuclear spin transitions.

The central goal is to understand how spin-orbit coupling, strain, magnetic fields, hyperfine
interaction, and optical excitation determine the control, coherence, and optical robustness
of this system. First, a low-strain SnV center is characterized as an electron-spin qubit.
Building on this, a strongly coupled *C nuclear spin is investigated as a potential quantum
memory. Owing to its much smaller magnetic moment, the nuclear spin is less sensitive to
magnetic noise and can exhibit substantially longer coherence times than the electron spin.
At the same time, the hyperfine interaction enables electron-spin-assisted initialization,
optical detection, and direct radio-frequency control of the nuclear spin.

This thesis is structured as follows. Chapter 2 introduces the physical properties of the
negatively charged tin-vacancy center in diamond, including its electronic level struc-
ture, effective Hamiltonian, strain and magnetic-field dependence, and magneto-optical
response. It also introduces the experimental platform and measurement techniques
used throughout this work. Chapter 3 summarizes the theoretical framework for coher-
ent spin control and decoherence, covering driven two-level dynamics, phonon-induced
relaxation, spin-bath-induced dephasing, dynamical decoupling, and randomized bench-
marking. Chapter 4 presents coherent control of the electron spin of a low-strain SnV
center. Chapter 5 focuses on the coupled *C nuclear spin, including hyperfine interaction,
initialization, radio-frequency control, gate benchmarking, dynamical decoupling, and
coherence under optical excitation. Finally, Chapter 6 summarizes the main results and
discusses future directions.

Relation to published work. Several results discussed in this thesis were obtained in close
collaboration with Ioannis Karapatzakis and other co-workers and have been published
in peer-reviewed journals [70, 71]. The experimental platform was developed jointly. In
particular, the superconducting microwave waveguides were designed and fabricated by
loannis Karapatzakis, while the optical measurements, spin-control experiments, and anal-
ysis presented in this thesis were carried out as part of this close collaborative project. This
platform forms the experimental basis for the work presented here. The main contributions
of this thesis are the coherent control of the electron spin of a low-strain SnV center and
of a proximal *C nuclear spin, together with the analysis of spin control, coherence, and
optical robustness in the coupled electron-nuclear system. Results that are discussed in the
thesis of loannis Karapatzakis [72] are included where they provide necessary context.






2. Electronic structure and spectroscopy
of the tin-vacancy center in diamond

Group-IV color centers in diamond combine favorable optical properties with single spin
addressability. Their inversion symmetry leads to dominant emission into the coherent
zero-phonon line and strongly reduces their sensitivity to electric-field noise due to the
absence of a permanent electric dipole moment. At the same time, the presence of two
orbital ground states introduces phonon-induced spin decoherence. Among the group-IV
defects, the tin-vacancy (SnV) center has a comparably large orbital ground-state splitting
of approximately 820 GHz, which makes it a particularly promising.

In this chapter, we develop an intuitive and quantitative description of the SnV center used
in this thesis. We begin by establishing its level structure under the combined action of spin-
orbit coupling, strain, and external magnetic fields. The resulting effective Hamiltonian
defines the qubit splittings that form the basis for all subsequent discussions.

We then extend this static picture to include coherent microwave driving of the lowest spin
sublevels. This leads to an effective Rabi frequency that depends on both strain and the
relative orientation of the dc and ac magnetic fields with respect to the SnV quantization
axis. After introducing the experimental setup and measurement techniques, we turn
to the optical properties of the SnV center by considering resonant excitation between
ground and excited states. The resulting spectra provide direct experimental access to e.g.
strain and spectral stability. Finally, we introduce a rate-equation model for the so-called
optical cyclicity, quantifying the average number of photons that can be scattered before
an electron spin flip occurs. This framework connects the static energy level structure to
the experimentally relevant process of spin initialization and optical readout.

2.1. Electronic level structure and effective Hamiltonian

The SnV center in diamond possesses a well-defined crystallographic symmetry. Its
principal symmetry axis is aligned along the (111) direction of the diamond lattice. This
axis is simultaneously a threefold rotation axis, which classifies the SnV center as a trigonal
defect. The full symmetry of the defect is described by the D34 point group. The creation
of a vacancy in the diamond lattice results in sp>-hybridized dangling bonds. In the case of
the SnV center the electronic structure is dominated primarily by the six dangling bonds
originating from the six nearest-neighbor carbon atoms surrounding the two vacancies.
These six orbitals are energetically the most relevant and form the basis for constructing
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Figure 2.1.: The tin-vacancy (SnV) center in diamond. (a) Geometrical structure of the tin-vacancy center. A
tin (Sn) atom occupies an interstitial position in the diamond lattice between two neighboring vacancies.
The dangling bonds of the six adjacent next-neighbor carbon atoms form the molecular structure of the
SnV center. (b) Electronic structure of the SnV center. The orbitals arise from symmetry-adapted linear
combinations of the dangling-bond orbitals. A single hole in the e, states forms the ground state. Upon
excitation of an electron from the e, states, a hole is created in the e, manifold, forming the excited state.
Energy shifts associated with the electronic excitation are not shown. As both configurations correspond to
single-hole states, the SnV center forms an effective spin-1/2 system.

the electronic states of the defect. To account for the symmetry of the SnV center, linear
combinations of these six dangling-bond orbitals are constructed such that they transform
according to the symmetry operations of the D34 point group. This procedure is carried out
e.g. in Ref. [73] by projecting this dangling bonds onto the irreducible representations of
the point group. In general, a representation of a point group is defined as a set of matrices
that reproduce the multiplication rules of the group elements. If such a representation
can be written in block-diagonal form and cannot be decomposed further into smaller
sub-matrices, it is referred to as an irreducible representation. The number of irreducible
representations of a group is equal to the number of its classes. The D34 point group
contains the following symmetry operations: the trivial identity operation, inversion,
threefold rotations about the (111) axis, twofold rotations about axes along (110}, (011)
and (101), mirror reflections, and improper rotations. These operations are grouped into six
classes, and consequently the D34 point group possesses six irreducible representations. By
explicitly analyzing how the six dangling-bond orbitals transform under these symmetry
operations, as performed in Ref. [73], one obtains the irreducible representation associated
with the dangling bonds

[ =Ayy+Ej+ Ay, + Ey, (2.1)

where the superscript o denotes the dangling-bond basis. The representations labeled by
A are non-degenerate, whereas those labeled by E are twofold degenerate. The subscripts
g (gerade) and u (ungerade) indicate even and odd parity under inversion, respectively.
Comparing to spherical harmonics shows that the A;; symmetry is related to the fully
symmetric s-orbital, E, to the p, and p, orbitals, A,, to p, and E, to d-like orbitals with
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non-zero magnetic quantum numbers. The symmetry-adapted eigenstates of the defect
are obtained by forming specific linear combinations of the six dangling-bond orbitals
that transform according to these irreducible representations. These linear combinations
are known as symmetry-adapted linear combinations (SALCs) [73, 74]. The use of SALCs
provides a basis for describing the electronic structure of the SnV center, as it explicitly
incorporates the symmetry constraints. From density functional theory (DFT) calculations
one knows the doubly degenerate e, orbitals reside in the band gap of the diamond [75].
The e, orbital lies close to the valence band with the energy gap to the valence band
depending on the electron configuration [76]. The a4 and ay, orbital lie within in the
valence band and thus don’t contribute to the orbitals within the bandgap. Here lowercase
letters are used, to distinguish the resulting orbitals from the corresponding irreducible
representations of the point group. The negatively charged SnV center has eleven electrons
occupying the ground-state configuration a? gag Lo eg [75]: six originate from the dangling
carbon bonds, four from the tin atom, and one from a nearby donor. As the e, orbitals are
degenerate, we can write the ground state as a hole in the one of the e, or ey states [73],
which makes it effectively a single hole system and thus a spin 1/2 system [55]. This leads
to the ground state

“Eg = {legy 1. legy 1) legx 1) lege 1)} (2.2)

where we explicitly wrote down the different possible spin orientations of the hole spin.
The resulting ground-state configuration is shown in Fig. 2.1(b).

The excited state is created by exciting one electron from the e, orbitals to the e, orbitals,
resulting in the configuration af aj eje;. This is a dipole-allowed transition as the dipole
operator p has the symmetry A,, + E, in the D3q symmetry, where A, represents the
value m; = 0 and E, the values m; = +1 in the angular momentum picture. It can be
shown that the matrix elements will not vanish due to symmetry reasons, if the matrix
element has a contribution transforming under the fully symmetric representation A, or
equivalently if the symmetry of the final state occurs in the product of the representations
of the initial state with the dipole operator. So starting in e, gives the transformed state
p ley) transforming as (Az, + E,) ® E, o Ajy + Agg + Eg4, which contains E,, meaning
the transition to e, orbitals is dipole allowed. This is on par with the discussion above,
contributing E, to p-like and E, to d-like angular momentum and having a difference of
Al = +1. Exciting one electron to the e, orbitals fills them completely but leaves a single
hole in the e, orbitals. Thus the excited state can be written as

2Eu = {|euy . |euy s leuwx T) s leux 1)} (2.3)

Starting with these degenerate states for ground and excited state, one can look at pertur-
bations on the defect. Especially for the SnV center spin-orbit coupling, Jahn-Teller effect,
strain and external magnetic fields are relevant to describe the observed spectra.

All calculations of these perturbations presented in the following section are carried out
for the electronic ground state of the SnV center. However, the same calculation applies
directly to the excited state. Whenever it is necessary to explicitly distinguish between
ground and excited states, the corresponding quantities are labeled by the superscripts g
and e for ground and excited state, respectively.



2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

2.1.1. Spin-orbit coupling

The spin-orbit interaction arises due to the relativistic coupling of the orbital motion of the
electron inside the electric field potential of the Sn nucleus. The resulting orbital angular
momentum and thus the resulting magnetic dipole moment couples to the intrinsic spin
of the electron. The interaction energy of these two magnetic moments is given by

Hso = —-AL- S, (2.4)

where L = (Ly, ﬁy, L,) is the orbital angular momentum operator and S = %(6,(, 6y, 0) the
electron spin operator. The quantity A represents the spin-orbit coupling strength [55, 73].
For the ground state one obtains a spin-orbit coupling strength of 19 = 820 GHz [70, 77].
This is larger than the coupling strength of the SiV center of 48 GHz [60] and larger than
for the GeV center of 152 GHz [78].

For the excited state one observers a higher spin-orbit coupling constant of A° = 3000 GHz [55,
79]. This can be attributed to the admixture of p-like Sn valence orbitals. This contribution
has not been considered so far and is negligible for the E; ground state, but becomes finite
for the E, excited state [73, 75]. As a result, the excited-state electron wavefunction has
increased spatial overlap within the proximity the Sn nucleus. Since spin-orbit coupling
depends on the gradient of the potential, this closer proximity to the Sn atom provides a
qualitative explanation for the larger spin-orbit coupling in the excited state [74].

Carrying out the calculation of the orbital angular momentum operator L in the D34
symmetry, one finds that only the L, component remains as an effective operator with
eigenvalues +1, as the z component is the only component coupling to the relevant e, or
e, orbitals [73, 74]. The a,, orbital, which is associated with the m; = 0 magnetic quantum
number, is much lower in energy and lies within the valence band [73]. This leaves the
spin orbit coupling as

0 -1

) |
xy—— . = — - j—
) AL-S=-[,®8, 12(1 .

0= ) ® b,, (2.5)
where the superscript xy denotes the explicit representation in the basis of the introduced
€gxy OF €yxy Orbitals

BY ={legy 1) legy L) legx T) . legx 1)} - (2.6)

Solving the corresponding eigenvalue problem diagonalizes the spin-orbit Hamiltonian
Hgg The normalized transposed matrix of eigenvectors is

0 i 0 —i

A 11-i 0 i O

T=%lo 101 (2.7)
1 01 0

The change from the xy to spin-orbit basis can be done by the unitary transformation

A =T"-HY-T, (2.8)

10



2.1. Electronic level structure and effective Hamiltonian

where ﬁ;"o is the resulting diagonal matrix and the superscript so denoting the change into
the new eigenbasis. Using this definition of the matrix T already captures the assignment
of the aligned spin and orbital angular momentum as the lower energy branch belonging
to the eigenvalue —A/2 [55, 72]. Thus, we write the new eigenbasis, sorted in ascending
order of energy, as

B ={le- 1), les 1) lex 1), le- D}, (2.9)

where |e.) are complex superpositions of the |eyy) and |eyy) eigenstates. This basis forms
two spin-degenerate doublets, consisting of states with aligned and anti-aligned spin and
orbital contributions.

Note that this electron-spin ordering differs from the convention used in our earlier
work [70], where the ordering is given by

{les T).le- ). le-T).lex D)} (2.10)

There, the ordering was chosen to follow the structure of the Zeeman effect. In the
following section, however, we present a theory closely related to that of Pieplow et
al. [80]; we therefore adopt their convention for the ordering of the spin-orbit eigenstates.
This choice does not change any physical observables, but care must be taken when
comparing interaction Hamiltonians in different bases.

To obtain a more intuitive picture, one usually introduces an effective total angular mo-
mentum quantum number m; = {i%, i%} In this picture, the resulting e, orbitals are
treated as effective m; = +1 states. This assignment follows from the structure of the
spin-orbit eigenstates, which resemble the angular-momentum structure of p orbitals [73,
74]. Consequently, m; = i% corresponds to aligned orbital and spin angular momenta,

whereas m; = i% corresponds to anti-aligned orientations. This is why the lower orbital
3
branch of the ground state is commonly denoted as E;, while the higher orbital branch is

1
denoted as E; [55, 70, 72].

2.1.2. Effect of strain

Degenerate orbital states that couple to vibrational modes are subject to Jahn-Teller
instabilities [81]. In the dynamical Jahn-Teller (DJT) regime vibronic mixing between
the orbital doublet and the phonon-modes preserve the average symmetry rather than
producing a static distortion. This vibronic coupling results in an effective quenching of
the orbital angular momentum, which is the known as the Ham-reduction [55, 81]. The
underlying reason is that the eigenstates are no longer purely electronic, but vibronic, i.e.
coupled electronic-vibrational states [81]. As a consequence, both the spin-orbit coupling
and the response to external magnetic fields are reduced compared to their bare electronic
values [55], an effect we return to in Sec. 2.1.3.

For a linear DJT interaction, the coupling can be written as

A

ijy = (Y6 + Yy6x) ® 1, (2.11)

11



2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

where Y, and Y, denote the DJT coupling strengths [73].

Due to external stress applied to the diamond lattice [69, 70], or internal strain arising from
lattice imperfections, the SnV center is also subject to strain. This strain acts similar to the
DJT on the orbitals and can be introduced under considerations of the defect symmetry [73]
as

Y

strain (eAliZ - eExa-Z + eEya-x) ® iZ . (2.12)

The strain amplitudes € can be rewritten using the strain tensor in the SnV center coordinate
frame [69, 82, 83] as

€A, = t1 (€xx + €yy) + L€z, (2.13)
€, = d(exx — €yy) + féz, (2.14)
€g, = —2dexy + fey; . (2.15)

From Eq. 2.12 one can directly see that the €4, component just results in a global shift of
all orbitals and is thus often omitted. The strain-susceptibilities d and f can be calculated
using DFT and are given e.g. in Ref. [82].

From now on, we will follow closely the derivation of the perturbations of the ground-state
Hamiltonian done by Pieplow et al. [80].

We assume uniaxial stress, which reduces the strain Hamiltonian to

g = — (d(€xx — €yy) G, + 2dexy6y) ® 1. (2.16)

strain, uniaxial —

Repeating the same procedure as performed above for the spin-orbit coupling and diago-

nalizing now the sum of spin-orbit Hgg DJT H.’ and strain H./ . contributions,
: ] ) jt strain, uniaxial

results in the new eigenbasis

Bt ={le- 1), le D), lex 1) le- DY, (2.17)

with the corresponding eigenvalues

1
y = E\W +4a?. (2.18)

To simplify the result, we defined the variables & = /0% + 05, Oy = —d(€xx — €yy) + 1y, and

vy = —2deyy + Y. We follow the sign convention for the strain amplitudes used in Refs. [69,
82]. In contrast to Ref. [80], factors of 3 are not absorbed into the coupling constants.

The unitary transformation from 8% to 8/! is given by

20, —2V 20, +2v
0 20y+id 0 20y+id
. 1 20, —2V 0 20542V 0
P = 20—iA 20,—iA (2.19)
4(V_Ux)2 0 1 0 1
T+ g 1 0 1 0

12



2.1. Electronic level structure and effective Hamiltonian

Considering the first eigenstate of the new eigenbasis 8/, we obtain

. 1 20, —V

le- 1) = ( = 7l legy 1) + legx 1) ] - (2.20)
14 4(v—0y)? Zvy -1

/12+4vi,

In the absence of strain and DJT interactions, this state reduces to the pure the spin-
orbit eigenstate [e- |) — |e_ |). In contrast, in the limit of dominant eg_ strain, the
eigenstate approaches the pure orbital state [e- |) — |ey |). This behavior reflects the
competition between strain and spin-orbit coupling in determining the orbital character
of the eigenstates. While spin-orbit coupling favors complex orbital combinations, strong
strain aligns the orbital wavefunction along the symmetry axes of the defect [69].

2.1.3. Zeeman response to a static magnetic field

The response of the system to an external dc magnetic field is described by the Zeeman
effect, which consists out of an orbital and spin contribution.

Orbital Zeeman effect. The orbital contribution to the Zeeman effect can be written as

Hzi = V1B f(as 21

L®1,. (2.21)

The factor y; denotes the gyromagnetic ratio given by y; = ug /i = 14 GHz T, The matrix
f{ +3,+1y incorporates the quenching of the orbital angular momentum due to the DJT,
with the subscripts indicating the dependency on the magnetic quantum number. The
corresponding quenching factor can be expressed as a product out of two contributions
fm; = Pm;gm;» where pp, is the Ham-reduction factor due to the DJT effect and gy, the
so-called Steven’s factor [55]. The Steven’s factor reflects the absence of a full rotational
symmetry of the orbital wavefunctions, which instead transform with the symmetry of the
point group of the defect, making the L, an effective operator only. Further, the ey orbitals,
which are considered to be m; = +1 orbitals, gain an admixture of m; = —2 components,
leading to a further reduction of the orbital angular momentum [55]. For the e, orbitals,
the p-like orbitals of the Sn contribute more, leading to less reduction. Experimentally,
only the product of both, i.e. fi,;, can accessed.

Assigning separate quenching factors to the effective total angular momentum j of the
lower and upper orbital branches allows for a more precise characterization of orbital
quenching than the commonly used mean quenching factor f and asymmetry parameter
& [55, 82, 84]. Nevertheless, we later adopt the mean quenching factor and asymmetry
parameter to keep the theory compact. This simplification is justified by our earlier
work [70], where the individual quenching factors were determined with high precision by
comparing SnV centers subject to different strain magnitudes. This distinction is important,
as for an unstrained emitter and a magnetic field aligned with the defect quantization axis
the Zeeman splitting of the lower orbital branch depends solely on the m; = _% quenching

13



2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

factor [70]. In contrast, for strained emitters the splitting of the lower branch also acquires
a dependence on the m; = +1 contribution, which can be determined from these strained
emitters.

Writing the orbital Zeeman effect in the spin-orbit basis is straight-forward, when keeping
the ordering of the eigenstates in mind, and results in the Hamiltonian

—fi 00 0
o 0 fi 0 0
Hzp =viB:| o 75 Ao | (2.22)
2

OOO—f%

where we dropped the +1 in the subscript for better readability. A transformation into
the xy-basis can be performed by using the transformation matrix T introduced above,
resulting in

i 0 ilfes) o
iyt = 1 —i(f;0+fg) i f;fg l(f%; D e

o Hlaes) 0 A

One can directly see, that the orbital Zeeman effect does not mix the electron spin states,
but the e, and e, orbitals into each other.

Electron-spin Zeeman effect. The electron-spin contribution to the Zeeman effect in the
xy basis is given by

B, B, 0 0

Xy A 3. _ﬁ Bj_ -B, 0 0

Bl=yhes B="|0 "5 o P
0

0 B* -B,

(2.24)

where y; is the gyromagnetic ratio for a free electron of y; = gug/h = 28 GHzT™! and
B, = By—iBy. Following Ref. [80], we express the full Zeeman Hamiltonian in the combined
spin-orbit, DJT and strain eigenbasis 8/! introduced in Eq. 2.17. The Hamiltonian in this
basis is obtained by a unitary basis transformations according to

it it it pH-1 XY YY) D
A =Ty + )y =7 () + B3Y) - B, (2.25)
where P represents the transformation into the combined basis given in Eq. 2.19.

Performing this transformation explicitly, the Zeeman Hamiltonian can be written in the

block form .
At o Q2
Bl = (Q"‘/z A ) . (2.26)

14



2.1. Electronic level structure and effective Hamiltonian

This represents the Zeeman Hamiltonian in an intuitive way. The lower orbital branch
of B!, i.e. the states {|é_ |), |é, T)} are represented by the sub-matrix & and the higher
orbital branch by the sub matrix A. The off-diagonals Q represent the coupling between
these two orbital branches.

The sub-matrices can be explicitly calculated. For the lower orbital branch, one obtains
&’ =y, (D(By, By)ox + ®(~By, By)o, + O(B,) o) . (2.27)

This expression has the form of an effective Zeeman Hamiltonian for a spin-1/2 system,
with the Pauli matrices acting in the subspace of the lower orbital branch. The function
®(By, By) describes the coupling to transverse magnetic field components and arise from
the interplay of spin-orbit coupling, DJT interaction and strain, as discussed above. In
contrast, the term ©(B,) captures the coupling to a magnetic field component aligned
with the defect symmetry axis. This coupling to the parallel field component is given by

1
O(B,) = -B, (? (f cos(x) +8) + 5) , (2.28)
while the transverse coupling is given by

®(By, By) = 4va§ + 2ByvyA + 20, cos(x)(—20yBy + /IBX)) X (2.29)

i |
2(2% + 403)

Here, the average orbital quenching factor and asymmetry are defined as

1 1
f=5h+8). s=5(n-1). (2:30)

and the strain-spin-orbit-mixing angle is given by
x = arctan(2a/A) . (2.31)
To simplify the response to external magnetic fields, we use the adiabatic elimination
approach introduced in Refs. [80, 85], which allows us to reduce the dynamics to the

relevant qubit subspace formed by the lower orbital branch. To achieve this, we decompose
the full state vector into a relevant component

P(t) = (le- 1) (1), les T) (1)) (2.32)

and an irrelevant part €(t) associated with the upper orbital branch. This decomposition
leads to the coupled Schrodinger equations

A

i%lp(t) =oy(t) + %e(t), (2.33)
T

i%e(t) = Ae(t) + %q;(t). (2.34)

(2.35)
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

If the conditions
lo| < |A],  |Q] < |A] (2.36)

are satisfied, i.e. the coupling between relevant and irrelevant subspace is small compared
to the energy detuning of the irrelevant subspace, the second equation can be set to
zero. This approximation is called the adiabatic elimination [85]. Solving for e(¢) and
substituting the result into the first equation for ¢ (¢) yields the effective Hamiltonian

QATIOT . (2.37)

The second term introduces corrections on the order of |Q|?/|A| to the diagonal and
off-diagonal terms of the effective Hamiltonian H°T [85]. For a large spin-orbit coupling,
corresponding to a large |A|, these corrections can be neglected [80]. Thus, we set the
effective Hamiltonian to

A" = & =y, (®(By, By) oy + D(~By, By)oy, + Oa;) . (2.38)

Diagonalizing this Hamiltonian yields H; = —%O’Z with the spin splitting, or also called
qubit splitting,

A, = 2y3\/®2 + ®(By, By)? + ®(~By, By)? = ys\/4®2 + B sin(x)2.  (239)

We note that, assuming a common quenching factor as in Ref. [80], i.e. setting § = 0,
the diagonal terms in Eq. 2.38 reproduce the results reported in the reference. Further,
Ref. [80] uses an electron-spin gyromagnetic ratio that is smaller by a factor of two
than the convention used here; throughout this thesis, we use the standard convention

Ys = gus/h.

This simple expression for the qubit splitting allows to look at the interplay of strain and
off-axis fields on the system. The sine term in the qubit splitting reflects the strain-induced
off-axis magnetic field susceptibility of the system. As illustrated in Figure 2.2(b), for
infinite strain the sine term approaches unity giving an equal response of the SnV center
to every B-field orientation. This can be understood as the strain removing fully the
quantization axis given by the spin-orbit coupling as discussed in the previous section. On
the other hand in the case of zero strain only the cosine term in the parallel coupling ©(B,)
remains, making the system fully sensitive to the spin-orbit quantization and removes the
influence of off-axis B-field components in the qubit splitting.

This can also be thought of an anisotropic g tensor of the SnV center. The g tensor is
axially symmetric and coaxial to the SnV center’s quantization axis and thus has two
independent components g, and g [86, 87]. The experimentally observed value of g thus
depends on the polar angle between applied magnetic field and the principle axis 84, and
can be written as [86]

9(6ic) = |97 cos?(8ac) + g7 sin® (6ac) (2.40)
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2.1. Electronic level structure and effective Hamiltonian
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Figure 2.2.: The tin-vacancy center under off-axis magnetic fields. (a) Schematic depicting the SnV center
and an external dc magnetic field with respect to the quantization axis. (b) The calculated qubit splitting as
a function of the polar angle towards the SnV quantization axis depicted for different strain amplitudes. No
splitting is observed for zero strain under an external field applied perpendicular to the quantization axis.
For increasing strain the splitting approaches that for an free electron for arbitrary field orientations.
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The components g and g, can be computed by comparing the Zeeman splitting to a free
electron. This yields

gy =9g(fcos(x) +5+1), (2.41)

and
g, =gsin(x), (2.42)

where g ~ 2 is the g-factor of a free electron. For example, for a strain of a; = 41 GHz,
which matches the experimental value for the SnV center used within this thesis, evaluating
Eq. 2.28 yields g|/g = 1.27 and g, /g ~ 0.1, making the tensor highly anisotropic. For
g > Ao, both ratios approach unity, as shown in Fig. 2.4.

The difference in g between the ground and excited states separates the spin-conserving
optical transitions. In systems with a larger strain-to-spin-orbit-coupling ratio, such as
the SiV center, strain can exceed the spin-orbit coupling. In this regime, much larger dc
magnetic fields are required to resolve the spin-conserving optical transitions [65].

To compare the qubit splitting with formulas derived in our earlier work [70] and to
provide intuition for experimental settings, we consider selected strain magnitudes and
external magnetic-field orientations. As a first case, assuming a magnetic field purely
along the quantization axis of the SnV center and no strain or D]JT effect, we retrieve the
qubit splitting as

Ay(B=B, a=0)= (ys + sz%) B, . (2.43)

For a purely perpendicular field B = B, and finite strain, we get the simple relation

Ag(B = By) = y|B.|sin(x), (2.44)
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Figure 2.3.: Level scheme of the SnV center including spin-orbit coupling, DJT interaction, strain, and an
external dc magnetic field B. Spin-orbit coupling lifts the fourfold orbital degeneracy and results in two
spin-degenerate doublets. Strain and the DJT interaction further shift and mix these levels. The application
of an external dc magnetic field removes the remaining spin degeneracy via the Zeeman interaction. The
light red and light blue boxes indicate the energy levels that are relevant for the experiments and theoretical
analysis presented throughout this thesis. Additionally, the spin-conserving optical transitions Al and B2,
as well as the spin-flipping transitions, are depicted. On the right-hand side, the corresponding orbital and
spin eigenstates are shown in the spin-orbit-basis.

which allows for the determination of the strain magnitude using perpendicular magnetic
fields.

Experimentally, the qubit frequency is not directly accessible without knowing the po-
sitions of the optical transitions under an applied magnetic field. It is therefore more
useful to consider the frequency difference between the spin-conserving transitions A1l
and B2, indicated in Fig. 2.3. This difference can be expressed as the difference between the
ground-state qubit splitting and the splitting of the lowest excited-state spin doublet:

Al-B2=A] - A;. (2.45)
For example for purely perpendicular magnetic fields, this results in
) 209 . 2a¢
Al —B2 =y,|B,| {sin |arctan | — | | — sin |arctan [ — . (2.46)
A9 A¢
As A9 and A¢ are known, only the strain magnitudes in ground and excited state are left
as parameters. Using the coarse relation that a® ~ 1.7a9 [70], one can use this magnetic

field setting for a fast estimation of the strain magnitude without the need of a full angle
dependent fit of the Hamiltonian.
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Figure 2.4.: Anisotropic g tensor of the SnV center. The tensor is axially symmetric coaxial to the SnV centers
quantization axis and thus depends only on the angle 84.. For low strain a high asymmetry is observed, for
high strain the g value approaches that of the free electron of g = 2 for any magnetic field angle.

2.2. Strain- and magnetic-field-dependent spin driving

The two lowest-energy states forming the qubit have opposite spin projections and belong
to different orbital states. This poses a challenge, because magnetic dipole transitions
generally cannot change the orbital character of a spin-orbit eigenstate [69] and can change
the angular momentum only by one unit [86, 88]. This can be seen directly by inspecting
the Zeeman Hamiltonian in the spin-orbit basis. When strain is introduced, however, the
spin-orbit-coupled orbitals mix with those of the higher orbital branch. This leads to a
finite overlap in orbital character between the two lower qubit states and enables magnetic
dipole transitions between spin sublevels that would otherwise belong to different orbital
manifolds.

This overlap can be evaluated explicitly. From the derivation of the eigenbasis under
strain (see Eq. 2.20) we know that in the limit of large strain along certain directions, the
orbitals approach the pure ey and egy States. To investigate this effect, we consider the

Hamiltonian H = Hgo + Hjt + Hgtrain + Hye in the absence of an externally applied magnetic
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

field. Following Ref. [70], we set the strain parameters to v, = & and v, = 0. We obtain the
following eigenstates

V2

le- 1) = N (le- ) +R-le+ 1)) , (2.47)

lex T) = V2 (lex ) +R-le- 1)) , (2.48)
RZ +2

e 1) = V2 (Ry les 1) + e~ 1)), (2.49)
R +2

le- 1) = \2/5 (Refe-T) +les 1)) (2.50)
R: +2

in agreement with Ref. [89]. In the following, we adopt the notation of Ref. [89] and define
R. = (1 £ Vr2 +1)/r, where r = tan(x) = 2a/A denotes the ratio between strain and
spin-orbit coupling, as defined in Eq. 2.31. We explicitly include the proper normalization
of the eigenstates to ensure the correct limiting behavior for vanishing and infinitely large
strain. Expanding to first order in «, we obtain the eigenstates of the lower orbital doublet
as

e 1)~ le- 1) =T les 1) (251)
e xler D= Zle- 1 (2.52)

This implies that, as shown here in the absence of an applied off-axis dc magnetic field,
strain mixes only the two orbitals with equal spin projections. This strain-induced mixing
provides an intuitive explanation for why strain enables faster Rabi driving. This can be
shown by calculating the transition matrix element normalized to the free-electron Rabi
frequency [90]

Qfree = ¥sB2 = 28 MHz mT ' B3 . (2.53)
using the states introduced above. We find
~_ I_AI ~
<€ l| azcle+ T) R =~ _g , (2.54)
ysBY A

where the minus sign in the small-strain expansion reflects the strain sign convention
discussed in Sec. 2.1.2.

So far, we have restricted the discussion to the driving response of the system in the
absence of an applied off-axis magnetic field. In the next section, we incorporate both
the interaction with a time-dependent (ac) magnetic field and the effect of an off-axis dc
magnetic field, closely following the approach of Ref. [80].

The coupling to an ac magnetic field B*(t) is described by introducing a gyromagnetic
tensor /I, which relates the electron spin to the applied field according to

A

Ha =S - fi- B¥(1). (2.55)
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2.2. Strain- and magnetic-field-dependent spin driving

The total Hamiltonian describing the combined effect of the dc magnetic field and the ac
driving field then reads
Harive =@ + S - f1- B*(1). (2.56)

Projecting this Hamiltonian onto the eigenbasis 87! and using the qubit splitting A, derived
in the previous section yields

drive

ij _ Aq A S.[- B = Aq Bac A B’Sac A Bac A
= —70'2: -9 - = —7 + Z (o + x (t)O'X + y (t)O'y, (257)

where Bify,z denote the components of the ac magnetic field multiplied with an effective

gyromagnetic ratio along each cartesian orientation! defined by the transformation
B¥ =ji-B¥. (2.58)
Here, Bli“ has units of energy rather than magnetic field.

To further simplify the Hamiltonian, we transform into a rotating reference frame defined
by the unitary operator

: . Aq pac | A
U =exp |—i > - BX| 6| . (2.59)
The rotated Hamiltonian is then given by the unitary transformation

Hpo = UHgriveU' = iUU" (2.60)
The resulting operator products involve matrix exponentials of Pauli operators, which
can be evaluated in a particularly simple way without explicitly using their commutation
relations?. Instead, one may directly apply the operators to the spin eigenstates and read

off the operator form from the resulting matrix element. As an example, we find

A A

exp (—ié]t&z) by exp (ift@) 1) = exp (iAgt) 1), (2.61)
A A

exp (—ift&z) Oy €xXp (i;qté'z) [l) =exp (—iAqt) IT) . (2.62)

Consequently, the resulting operator identity can be written as
Oy €xXp (iAqté'z) = exp (—iAqté'z) Oy . (2.63)
Applying this relation to the rotated driven Hamiltonian yields

HY.. = BX(t) exp (—i (Aq - 2B§C) t&z) & + B (1) exp (—i (Aq - 2J§§C) tc}z) &y. (2.64)

' I thank Gregor Pieplow for pointing out the split up of the driving Hamiltonian into each individual
cartesian direction and the insightful discussions on the derivation.

2 1 thank Prof. Shnirman for presenting this method in his lecture on the Physics of Quantum Information,
summer semester 2019.
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Figure 2.5.: Simulation of the dimensionless parameter A describing the angle-dependent response of the SnV
center to an ac drive field for a simultaneous sweep of the dc magnetic field and the ac drive field. The strain
of the SnV center is chosen to match the value of the emitter investigated in this thesis, « = 41.3 GHz. For
certain combinations of magnetic-field orientations, A is maximized. In particular, it reaches its maximum
when the external dc magnetic field is perpendicular to the SnV center’s quantization axis, i.e. 84 = 90°.
Values of A > 1 arise from the contribution of the orbital Zeeman term [80]. (a) A calculated for rotations in
the ¢4, = 0° plane of the SnV center. The black line indicates the ac-field angle used in our experimental
configuration. (b) Same calculation for a ¢g. = 90° rotation scan.

Since the energy modulation induced by the longitudinal ac field 2B is much smaller
than the total qubit splitting A4, the corresponding dynamics occurs on a slower timescale

and we can simplify by introducing b(t) = exp (Ziéict&z) leading to the more compact

form ) ) )
Hyyie = (1) (Bic(t)é'x + Bzc(t)@) exp (iAgtd;) . (2.65)

Introducing the explicit time-dependence of the ac magnetic fields

. . 1.
Bi°(t)6x = B cos(wt)dy = EB?CC (exp(iwt) + exp(—iwt)) (64 + 6-) , (2.66)
. . 1 -
By (t)6y = By cos(wt)6y = z—iBZC (exp(iwt) + exp(—iwt)) (64 — 6-) , (2.67)

setting the driving frequency to resonance, @ = A4, and performing the rotating wave ap-
proximation (RWA), rapidly oscillating terms proportional to exp(+2iA4t) can be neglected.
This yields the effective driven Hamiltonian

. 10 (= . . )
Hrive, rwa = Eb(t) (B?cc&x + Bch}y) =b(1)Qn -G, (2.68)
where we introduced the rotation axis

1 /- . T
n:E(Bf;C,BZC,O) , (2.69)

22



2.2. Strain- and magnetic-field-dependent spin driving

describing rotations on the Bloch sphere. These can be described by the rotation matrix
R (1) = exp(ifabi(t)n - 6) , (2.70)

where the angle of rotation is given by Orapi(t) = Q fot b(r)dr. Comparing both sides of
Eq. 2.69, one finds that the normalization of n defines two times the Rabi frequency

o= 1(Bx) (3 )
=3 a ), _

and only depends on the effective transverse driving fields. These fields can be expressed
in terms of the gyromagnetic tensor defined in Eq. 2.58 and explicitly evaluated using
its matrix representation. To do so, one may exploit the fact that, at the level of the
spin Hamiltonian, there is no fundamental distinction between static and time-dependent
magnetic fields apart from their explicit time dependence. The interaction with the ac
magnetic field can therefore be derived directly from Eq. 2.38 by replacing the dc field
components with the corresponding ac field amplitudes and expressing the result in the
eigenbasis of the dc Hamiltonian.

Comparing the resulting Hamiltonian with the general form given in Eq. 2.55 and matching
the coefficients associated with each ac field component allows the gyromagnetic tensor
fi to be determined completely. Each of its entries has the dimension of a gyromagnetic
ratio. This approach provides direct access to the effective coupling coefficients and,
consequently, to the angle-dependent Rabi frequency. The explicit derivation of the
individual components of /i is presented in Appendix A.1.

Expressing both the dc and ac magnetic fields in spherical coordinates with respect to the
quantization axis of the SnV center allows the Rabi frequency to be written in the compact
form

1 - 2 - 2
Q= (B§C) + ((B;C) = ysBacA\, (2.72)

where A is a dimensionless parameter. It is given by

. . . X(¢ac; ¢dc: eac’ edc)z
A= s1n(x)\/s1n(¢ac — Pdc)? sin(BGyc)? + Sin(0a0)2Z (x)% + cos(Oa )" (2.73)
where
x = c0s(04c) cos(Pac — Pdc) sin(yc) — cos(Bac) sin(bye) , (2.74)
and )
{(x) y: sin() 275)

¥s +2y1(8 + fcos(x))
This expression makes explicit that the Rabi frequency is governed not only by the ampli-
tude of the ac magnetic field, but also by the strain magnitude and the relative orientations
of the dc and ac magnetic fields with respect to the quantization axis of the SnV center.
In particular, strain modifies the effective spin-ac-field coupling through sin(x) and {(x),
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Figure 2.6.: Dependence of the Rabi frequency on the orientation of the external dc magnetic field for a
varying strain magnitude . The orientation of the ac magnetic field with respect to the SnV center’s
quantization axis is chosen as in the experiment, i.e. 8,c = 54.7°. As the strain increases, the angular
dependence diminishes and the Rabi frequency approaches the free-electron value defined in the main text.
(a) The magnetic field is aligned in an ¢4, = 0° configuration in the SnV frame, meaning that the ac and dc
magnetic fields lie within the same plane. At an angle of 64, = 54.7°, the two fields are parallel and the Rabi
frequency vanishes. (b) For a ¢4 = 90° configuration, the ac and dc magnetic fields maintain a fixed relative
angle, resulting in a symmetric dependence of the Rabi frequency on the dc polar angle.

while the angular dependence reflects the projection of the transverse driving field onto
the qubit eigenbasis.

Figure 2.5 shows the dependence on the orientations of the dc magnetic field and the ac
driving field. For the experiments discussed later, the coplanar-waveguide geometry fixes
the ac-field orientation to 8, = 54.7° with respect to the SnV-center quantization axis. A
detailed description of the SnV axis relative to the surrounding ac-field geometry, together
with a visual representation of the dc and ac fields, is given in Sec. 2.3.2, in particular in
Fig. 2.8.

It is useful to fix the angle ¢,. = 0°, which aligns the x axis of the ac-field coordinate
system with the x axis of the dc-field coordinate system. For the dc magnetic field, ¢4. = 0°
means that the ac and dc magnetic fields lie in the same plane. Consequently, for certain
combinations of 8,. and 8y, the ac and dc magnetic fields become parallel, resulting in
a vanishing Rabi drive. This is visible as the white diagonals in Fig. 2.5(a). In contrast,
in Fig. 2.5(b), the ac and dc magnetic fields cannot become parallel for any combination
of polar angles. Instead, they retain a finite relative angle, resulting in a nonzero global
minimum A > 0. As the strain magnitude increases, the dependence on the angular
orientation of the external magnetic fields decreases, as shown in Fig. 2.6, and the Rabi
frequency approaches the value expected for a free electron spin. However, no Rabi drive
is possible when both the ac driving field and the dc magnetic field are aligned parallel to
the quantization axis of the SnV center as shown in Fig. 2.6(b).
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2.3. Experimental platform and measurement techniques

Before discussing the optical and magneto-optical properties of the SnV center, we briefly
introduce the experimental platform used throughout this work. The measurements are
performed on single SnV centers embedded in diamond membranes and cooled down
in a dilution cryostat. Optical excitation and detection are used for photoluminescence,
photoluminescence-excitation spectroscopy, and spin-selective readout, while microwave
and radio-frequency fields provide coherent control of the electronic and nuclear spin tran-
sitions. This section summarizes the relevant aspects of the sample, cryogenic setup, optical
detection path, and control hardware needed to interpret the measurements presented in
the following sections and chapters.

2.3.1. Cryogenic sample environment

The sample used throughout this thesis is a 1 mm X 1 mm X 26 um diamond membrane con-
taining single SnV centers. The fabrication process is described in detail in Appendix A.3.
A scanning confocal microscope image of the sample at room temperature is shown in
Fig. 2.7(a). An off-resonant excitation power of 1 mW at a wavelength of 532 nm is used.
The fluorescence is filtered using a 532 nm notch filter and 600 nm and 620 nm long-pass
filters to remove the Raman peaks of diamond. The confocal microscope used here is
a home-built microscope used for pre-characterization of samples. As this is not the
cryogenic setup used for the later experiments, we refer to Ref. [91] for a description of
the setup. The bright green spots in Fig. 2.7(a) show individual SnV centers, indicating a
dense but spatially separable distribution of SnV centers.

For implementation into the cryogenic confocal setup, the diamond membrane is glued
onto a 4 X 4 mm undoped silicon wafer with a thin layer of UV-curing adhesive (NOA63,
Norland) to mitigate background fluorescence. The adhesive layer is intentionally kept
much thinner than in previous measurements [70] to reduce induced strain and thereby
aim for higher optical cyclicity (see Sec. 2.5.2). Figure 2.7(b) shows a microscope image of
the glued diamond sample, where the sample sits on top of the UV-curing adhesive.

The coplanar waveguide fabrication was performed by Ioannis Karapatzakis. The photore-
sist AZ5214E is used in a photolithography process to pattern the waveguide structure,
followed by electron-beam evaporation of a 50 nm-thick niobium layer. Lift-off of the
residual photoresist is performed in acetone, followed by a final cleaning step in water.
For details on the waveguide fabrication, we refer to the PhD thesis of Ioannis Karap-
atzakis [72]. Figure 2.7(c) shows a microscope image of the sample during waveguide
fabrication.

All measurements were performed in a home-built table-top dilution refrigerator with an
inverted design, designed and built by Wolfgang Wernsdorfer. In this configuration, the
millikelvin plate is placed at the top of the setup to allow optical access from above through
windows. The concept for integrating optical access and the design of the millikelvin plate
used in this work were realized by Marcel Schrodin. The system reaches temperatures
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Figure 2.7.: Overview of the sample used within this thesis. (a) Scanning confocal microscope image at
room temperature showing the distribution of SnV centers inside the sample. (b) Microscope image of the
sample glued to a silicon wafer using UV-curing glue. (c) Microscope image of the sample during waveguide
fabrication performed by Ioannis Karapatzakis [72]. (d) Image of the sample installed on the cold finger with
wire bonds for microwave delivery and thermalization.

below 100 mK and contains a superconducting 3D vector magnet mounted on the 4 K stage,
surrounding the microscope objective and the sample. Two closed-loop cooling circuits
are used: a pulse-tube refrigerator precools the system with *He gas to approximately 4K,
while a *He/*He loop enables further cooling into the millikelvin regime. For a detailed
description of the working principle of a similar cryostat, we refer to Ref. [92].

To incorporate the sample into the cryostat, the silicon wafer is glued to a copper cold finger
using silver epoxy, as shown in Fig. 2.7(d). The cold finger is mounted on piezoelectric
steppers (2x ANPx101/RES/LT, 1x ANPz101/RES/LT, ANC300 controller, Attocube), which
allow the sample to be moved in all three spatial dimensions. In addition, the cold finger
is thermalized to the millikelvin plate using silver braids.

The superconducting waveguide on the diamond is connected to the microwave delivery
line using aluminum wire bonds. More specifically, these wire bonds connect the waveg-
uide to a custom-made coplanar waveguide fabricated on a flexible printed circuit board,
featuring 18 pm-thick copper conductors and a 100 pm-thick polyimide dielectric, which is
connected to the SMA connector of the microwave delivery line of the cryostat. Additional
wire bonds are added to the second, unused waveguide structure and to the silicon wafer
to improve thermalization of the sample. The wire bonding was performed by Ioannis
Karapatzakis.

An important feature of the setup is the 3D vector magnet and its alignment with respect
to the SnV center. This is important because, as discussed above, the properties of the
SnV center depend on the orientation of the external dc magnetic field with respect to the
SnV-center quantization axis, as well as on the ac magnetic field provided by the super-
conducting waveguide. Therefore, we discuss here the geometry of the SnV center with
respect to the vector magnet used throughout this thesis. For the experimental procedure
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used to determine the quantization axis of the SnV center, we refer to Sec. 2.5.1. For now,
we assume that the direction of the SnV center is known and discuss the implications of
its orientation with respect to the magnetic fields.

The SnV center is oriented along one of the crystallographic (111) directions of the diamond
lattice. For the SnV center studied here, this orientation corresponds to a direction parallel
to the — X}, axis in the laboratory coordinate system defined by the dc vector magnet coils.
This assignment follows from the gluing geometry of the sample, the (110) edge cuts of
the diamond membrane and the random choice of one of the four (111) directions. The
resulting geometry is shown in Fig. 2.8(a).

The ac magnetic field is generated by the coplanar niobium waveguide and forms a fixed
angle of 0,. = 54.7° with respect to the SnV-center quantization axis Zgs,y, as shown in
Fig. 2.8(a). This geometry arises from the close proximity of the SnV center to the diamond
surface, approximately 20 nm, compared to the waveguide gap of 5 pm, which creates an
ac magnetic field solely along the Zj,, direction in the laboratory frame [72].

Figure 2.8(a) shows an XZ scan in the laboratory frame. Such a scan corresponds to rotating
the dc magnetic field from the Xj,}, direction, where only the X coil is turned on, towards
the Zj,p direction by increasing the current in the Z coil while decreasing the current in
the X coil. This procedure is continued until the desired angular range is covered. To
keep the magnetic-field strength constant throughout the scan, the current-to-magnetic-
field conversion was calibrated beforehand. For further details, we refer to our earlier
work [70].

XZ scan labframe YZ scan labframe
(a) (b)
Bacll Z1ab Bacll Z1ab
S5um 30um
— _

Xiab Yiab

Figure 2.8.: Geometry of the dc and ac magnetic fields for the SnV center used throughout this thesis. The
SnV-center quantization axis is denoted by Zs,y. The ac magnetic field is generated by the coplanar niobium
waveguide and has a fixed angle of 0, = 54.7° with respect to Zg,y. (a) XZ scan in the laboratory frame. In
this configuration, the dc magnetic field By, the ac magnetic field B,., and the SnV quantization axis Zs,y
lie within the same plane. (b) YZ scan in the laboratory frame. In this case, the dc magnetic field has an
azimuthal angle of ¢4, = 90° in the SnV-center frame.
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In the configuration of the laboratory-frame XZ scan, the dc magnetic field By, the ac
magnetic field B,., and the SnV quantization axis Zs,v lie within the same plane. In
contrast, Fig. 2.8(b) shows a YZ scan in the laboratory frame, where this is not the case.

We define the Xs,v axis of the SnV center to point along the Y},;, axis. This choice is allowed
because the g tensor is axially symmetric around the SnV quantization axis. Although
this convention may seem counterintuitive, it was already used in our earlier work [70,
71] and is therefore kept here for consistency. With this definition, a YZ scan in the
SnV-center frame corresponds to a configuration in which both magnetic fields and the
quantization axis lie within the same plane, and thus to an azimuthal angle of ¢4. = 0°
for the dc magnetic field. This geometric consideration becomes important, for example,
when analyzing the response of the electron spin under microwave driving, as discussed
in Sec. 2.2. This should not be confused with the YZ scan in the laboratory frame shown
in Fig. 2.8(b). In the convention used here, a XZ scan in the laboratory frame covers the
same plane spanned by a YZ scan in the SnV-center frame.

2.3.2. Optical excitation and detection

The optical setup is described in detail in the thesis of Ioannis Karapatzakis [72]. We
therefore do not reproduce the full description here, but refer the reader to his work. For
convenience, the optical setup is shown in Fig. A.3, and we briefly summarize the most
important components below, following the description of the setup in Ref. [70].

Resonant laser pulses are generated from a tunable continuous-wave laser source (C-WAVE
VIS, Hiibner), locked to a wavemeter (WS7, HighFinesse), using an acousto-optic modulator
(3200-1214, G&H) in a double-pass configuration. The trigger signals are generated using
fast transistor-transistor logic (TTL) electronics (ADwin-Pro II, Jiger). Charge repumping
of the SnV center is performed using a continuous-wave 532 nm laser (Ventus MPC6000,
Laser Quantum), which is gated using TTL logic (ADwin Gold II, Jdger). The coordination
of the TTL electronics with the overall measurement protocols is discussed in the next
section.

The excitation laser is focused onto the sample using a microscope objective with NA = 0.9
(MPLN100X, Olympus), which is mounted inside the vector magnet and thermalized
to the 4K stage. The laser is scanned spatially using a galvo mirror system (GVS212,
GPS011 power supply, Thorlabs). The fluorescence is separated by a 90:10 beam splitter
(BSN10, Thorlabs) and filtered using additional filters (BLP01-532R-25, FF01-593/LP-25,
LP01-633R-25, Semrock). Finally, the signal is focused through a pinhole onto an avalanche
photodetector (APD) (SPCM-AQRH-16, Excelitas). Photoluminescence spectra are recorded
using a fiber-coupled spectrometer (SP-2500i, Princeton Instruments).
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2.3.3. Microwave and radio-frequency control

The experimental control setup is shown in Fig. 2.9(a). A central PC coordinates the data
acquisition, display and evaluation. The main control device, an ADwin-Pro II (Jdger),
handles the triggering of all devices during pulsed measurements and photoluminescence-
excitation (PLE) measurements. For PLE measurements, the ADwin-Pro II scans the
cavity of the resonant laser using its analog output together with a high-voltage amplifier
(E-836.1G, Physik Instrumente).

A second ADwin-Gold II (Jdger) handles slower tasks, such as gating the green excitation
path mentioned above. In addition, the ADwin-Gold II provides stable voltages to the
galvo-mirror system for focusing on the spatial position of the emitter, as well as to the
current sources supplying the 3D vector magnet.

The measurement sequences are prepared as scripts and uploaded to the ADwin. Before
the experiment, all pulses are generated as a single waveform in Python and uploaded
to the arbitrary waveform generator (AWG) (AWG70001A, Tektronix) with a sampling
rate of 50 GS/s for microwave pulses and 1 GS/s for radio-frequency pulses, unless stated
otherwise. During the measurement, the AWG plays these waveforms upon being triggered
by the ADwin-Pro II.

The TTL pulses from the APD are converted to timestamps using a TimeTagger (Swabian
Instruments), which is triggered by the ADwin-Pro II.

For the pulsed nuclear spin measurements, the AWG output in the RF path is first attenuated
by 10 dB (BW-S10-2W263A+, Mini-Circuits) to reduce noise leaking from the AWG. The
signal is then amplified using a fixed-gain amplifier (ZX60-100VH+, Mini-Circuits), filtered
using a narrow bandpass filter (SBP-21.4+, Mini-Circuits), and attenuated again by 10 dB
(BW-510-2W263A+, Mini-Circuits). The microwave path consists of a microwave source
(N5183B, Keysight), which runs in pulsed mode and is triggered by the ADwin-Pro II via
TTL signals. The microwave signal is filtered using a high-pass filter (VHF-2700A+, Mini-
Circuits) and attenuated by 16 dB (BW-S6-2W263A+ and BW-510-2W263A+, Mini-Circuits).
The two paths are then combined using a combiner (2X10-2-183-S+, Mini-Circuits) and
high-pass filtered using a DC block (BLK-89-S+, Mini-Circuits). Implementing a narrow
bandpass filter around the RF transition, a dc block after the combiner, and a high-pass
filter in the microwave line led to a significant reduction of noise, as reflected in the nuclear
coherence measurements discussed in Sec. 5.4.3. We emphasize the use of large attenuation
as the last step before the combiner: these absorb reflections from inside the cryostat, i.e.
from the shorted superconducting waveguide, and from the filters, which would otherwise
bounce back and forth. With these attenuators, circulators are not required. For the ODMR
and ODNR measurements, neither an amplifier nor a bandpass filter was used in the
MW!/RF path.

For the electron spin control measurements, the RF path was reconfigured to deliver the
microwave pulses. A fixed-gain amplifier (ZHL-16W-43-S+ or ZVA-183-S+, Mini-Circuits)
was used, depending on the qubit transition frequency, with the corresponding attenuation
to achieve the desired power levels. No additional filtering was applied in the adapted
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Figure 2.9.: Experimental setup for the pulsed nuclear spin control measurements performed in this thesis.
(a) Simplified schematic of the experimental setup. (b) Legend of the components used. Some of the
component graphics are from the ComponentLibrary by Alexander Franzen [93] and from the thesis of
Ioannis Karapatzakis [72]. The schematic was inspired by Stas et al. [65].

pulsed microwave path. The microwave source path and combiner configuration remained
unchanged.

All losses of the signal paths before the input of the cryostat were measured using a
spectrum analyzer (N9323C, Keysight). The input return loss (S11) of the microwave lines
together with the sample inside the cryostat was measured at the input port of the cryostat
using a vector network analyzer (E5071C, Keysight), as shown in Fig. 2.10. A local return-
loss minimum is located at 3.7 GHz, which corresponds to the splitting of the electron-spin
sublevels for a magnetic field of 106 mT aligned parallel to the SnV-center axis.

2.4. Photoluminescence and spectral stability

After introducing the experimental platform and measurement techniques, we now turn
to the optical properties of the SnV center. We first discuss photoluminescence and
photoluminescence-excitation spectroscopy before analyzing the linewidths and spectral
stability of the optical transitions.
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Figure 2.10.: Microwave losses inside the cryostat. (a) Input return loss of the microwave lines together with
the sample measured at the input port of the cryostat. (b) The electron-spin resonance is tuned to the local
minimum of the input return loss by adjusting the magnetic dc field. The figure is taken from Ref. [71].

Since the SnV center is embedded in the diamond lattice, its electronic and vibrational
energy structures are coupled. In general, different charge configurations in the electronic
ground and excited state lead to a shift in the equilibrium positions of the nuclei. However,
for the SnV center, the charge distribution remains centrosymmetric in both the ground and
excited state due to its inversion symmetry, resulting in a negligible change in equilibrium
position.

Vibrational excitations can be described by harmonic-oscillator wavefunctions in the corre-
sponding harmonic potentials. In this picture, the overlap between the vibrational ground
states of the electronic ground and excited states is maximized when their equilibrium
positions coincide. This explains the strong zero-phonon-line (ZPL) emission of the SnV
center compared to the NV center, which lacks inversion symmetry and therefore exhibits
a more pronounced phonon sideband.

The vibrational substructure also enables off-resonant excitation of the SnV center using
green laser light. At room temperature, the resulting photoluminescence (PL) spectrum
shows a strong ZPL accompanied by a phonon sideband, as shown in Fig. 2.11(a). Upon
cooling to cryogenic temperatures, only two transitions, i.e. the C and D transitions,
remain [68, 79], giving rise to narrow spectral lines, see Fig. 2.11(b).

The ratio of ZPL emission to the total optical emission is quantified by the Debye-Waller
factor. For the SnV center, this factor is fpgw = 0.57 [79], significantly larger than the
value of fpgw = 0.03 reported for the NV center [94].

The position of the first phonon sideband can be estimated as

m
AEpsp = , | 3M—m) wp, (2.76)

where m = 12 and M = 116 are the atomic masses of carbon and tin, respectively, and
wp = 150meV is the Debye energy of diamond [95]. This yields an energy shift of
AEpsg = 29meV =~ 7THz. This is much larger than the ground-state splitting, i.e. the
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Figure 2.11.: Photoluminescence spectra of SnV centers at room and cryogenic temperatures. (a) Room-
temperature photoluminescence spectrum of an arbitrary emitter, showing the zero-phonon line at ~ 620 nm
together with the phonon sideband. (b) Photoluminescence spectrum of an unstrained emitter at T = 4K,
resolving the C (green) and D (purple) transitions, which correspond to decay from the lowest excited state
to the two orbital ground states. Panel (b) was adapted from Ref. [70].

separation between the C and D transitions, which is approximately 1 THz, as shown in

Fig. 2.11(b).

Photoluminescence excitation spectroscopy. To probe the electronic structure of the C
transition and its associated states, we perform PLE spectroscopy by scanning a resonant
laser across the transition while detecting emission in the phonon sideband. Examples of
such PLE measurements, both with and without applied magnetic fields, are presented in
the following section.

At a ZPL frequency of 484.193 THz, the sideband shift corresponds to a wavelength shift
of Adpsg ® 9nm. Consequently, scattered laser photons used for resonant excitation of
the C transition can be efficiently separated from phonon-sideband photons using, for
example, a 633 nm long-pass filter.

The number of photons that can be scattered during a PLE measurement is determined
by the excited-state lifetime 7g,y and the relative excitation power s = p/psat, as given
in Eq. 2.94. In the strong-driving limit, i.e. for p > pg,t, the scattering rate saturates at
¥/2 = 1/(27) photons per second for unit collection efficiency. Here, 7 denotes the lifetime
of the electronic excited state of the SnV center, and y = 1/7 is the corresponding radiative
decay rate.

A saturation measurement, as e.g. shown in Fig. 2.12, can be analyzed by fitting the detected
count rate I as a function of the applied laser power p via

S
I(p) = Lat 7 + Mog:? (2.77)
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Figure 2.12.: Saturation photoluminescence excitation measurement of the C transition without an applied
external magnetic field. The x and y axes are rescaled by the saturation power pgr = 29(3) nW and the
saturation count rate Iy, = 25(3) kcts/s, respectively.

where I, is the saturation count rate and ny,g,; accounts for a linear background.

Typical saturation powers lie in the range of 10 to 50 nW, with saturation count rates on
the order of tens of kcts/s, depending on the emitter and the exact spatial position of the
optical focus.

An example saturation curve of the C transition of the SnV center used in this work is
shown in Fig. 2.12. From the fit, we obtain a saturation power of pg,: = 29(3) nW and
a saturation count rate of I, = 25(3) kcts/s. Estimating the beam waist at the position
of the emitter as wy = A/[r arcsin(NA)] [96], with an objective numerical aperture of
NA = 0.9, yields a saturation intensity of 4psa¢/(7wg) = 1.19 pW pm 2.

Comparing the measured saturation count rate with the expected emission rate of ngr /(27snv) =
80 Mcts/s, where nge = 0.8 is the quantum efficiency [68], yields a collection efficiency of
approximately 0.02%. This value is in excellent agreement with the collection efficiency
inferred from the cyclicity analysis discussed in Sec. 2.5.2.

Spectral stability. A detailed analysis of the spectral stability of SnV centers, including
charge stability, spectral diffusion, and a workflow for identifying optically stable emitters,
has been presented by Ioannis Karapatzakis in his PhD thesis [72]. Here, we provide only
a concise overview to complete the discussion of the optical properties.

Spectral diffusion can be induced by fluctuating charges in the vicinity of the defect, which
generate time-dependent electric fields at the emitter’s position. The resulting energy
shift of the optical transition is governed by the Stark effect, given to second order by
AU(t) =-Ap-E(t)— %AaEz(t), where A p denotes the change in dipole moment between
electronic ground and excited states, Aa the difference in polarizability, and E(t) the
fluctuating local electric field at the emitter’s position [97, 98]. Consequently, defects
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that exhibit a non-zero difference in dipole moment between their electronic ground and
excited states, like the NV center in diamond, are particularly sensitive to electric-field
noise.

In solid-state systems, electric-field noise mainly arises from fluctuating charge traps.
These are typically located near the surface, due to defects or dangling bonds, and form
acceptor-like states within the bandgap. By capturing and releasing electrons, they create
a fluctuating charge environment. This acceptor-like behavior close to the surface also
leads to a band bending of the chemical potential, which can transfer emitters into their
neutral charge state. To mitigate surface-induced spectral diffusion, the defect should
ideally be located sufficiently far from the surface. This requirement poses challenges for
defects based on non-abundant elements in diamond, which are commonly introduced
by ion implantation [68]. Additionally, micro-structured surfaces, as required for optical
cavities to enhance collection efficiency, tend to increase spectral diffusion due to the
higher density of surface charge traps [46, 99].

Moreover, ion implantation introduces local lattice damage, i.e. defects in the lattice,
and higher strain and thus additional charge traps around the emitter, which can further
contribute to spectral diffusion [77, 99, 100]. One approach to mitigate this issue is
high-temperature annealing, which can reduce lattice damage and lead to less spectral
diffusion [68, 77].

For inversion-symmetric defects like the SnV center, the permanent electric dipole moment
vanishes by symmetry due to the centrosymmetric charge distribution in both the ground
and excited states, resulting in p = 0 and therefore Ap = 0. Quantitatively, differences in
dipole moment and polarizability for the SnV center are found to be approximately four
orders of magnitude smaller than for the NV center in diamond [97, 98, 101, 102]. This
substantially reduces spectral diffusion and enables the use of nanostructures without
severe degradation of optical stability. However, the finite polarizability of the SnV center,
combined with the high density of charge traps introduced by heavy-ion implantation,
can make the optical transition sensitive to nearby charge fluctuations. Such fluctuations
lead to electric-field shifts with a 1/r* dependence [100]. Charge hopping between nearby
traps can therefore give rise to discrete spectral jumps of the emitter line, as also observed
and discussed by loannis Karapatzakis [72].

In the following we present the spectral properties of the SnV center used throughout
this work. To probe these properties without power broadening the transition or induc-
ing charge-state transitions, we operate at excitation powers well below the saturation
power of the emitter. In Fig. 2.13(a), repeated PLE scans of the C transition are shown,
performed at zero magnetic field at a temperature of T = 50 mK and a power of p = 0.6 nW,
corresponding approximately to ps,/50. Technically, the scan is performed by tuning
the laser cavity of the resonant laser over a voltage range of 4 V. For the laser used (see
Sec. 2.3.2) and wavelength regime, a scan voltage of 10 V corresponds to a frequency sweep
of approximately 2.5 GHz. In Fig. 2.13(a), we use an integration time of 60 ms per point to
ensure sufficient counting statistics. If spectral diffusion were present, it would manifest
itself as an increased linewidth. In such a case it would be advantageous to scan faster than
the characteristic spectral diffusion time in order to separately resolve the homogeneous
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Figure 2.13.: Photoluminescence excitation spectroscopy and spectral diffusion. (a) Repeated PLE scans of
the C transition performed at zero magnetic field at a temperature of 50 mK with an excitation power of
p =0.6nW = pg,/50. (b) Single line sweep. A Lorentzian fit yields a FWHM of 33.6(4) MHz. (c) Lorentzian
fit to the sum of all individual scans shown, resulting in a linewidth of 36.6(1) MHz. (d) Individual Lorentzian
fits to each scan yield a linewidth of 34(4) MHz, in good agreement with the summed PLE scans. Since
these values are also consistent with the single-scan linewidth, we conclude that slow spectral diffusion is
negligible.

linewidth and the spectral broadening. The total measurement time for the repeated scans
shown here is approximately 6 h. During this time we observe negligible spectral diffusion
of the optical transition and no charge-state switching. This makes the emitter particularly
promising for optical initialization and readout experiments, as neither charge repumping
nor resonance checks are required during measurement sequences.

A single line scan yields a linewidth of 34(4) MHz, as shown in Fig. 2.13(b) and (d). Sum-
ming all recorded scans and fitting the resulting spectrum with a Lorentzian yields a
linewidth of 36.6(1) MHz without any observable Gaussian contribution. Since no sig-
nificant broadening is observed, this value is expected to be close to the Fourier-limited
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

linewidth determined by the excited-state lifetime of the emitter. Using this linewidth, we
estimate a lifetime of 75,y = 4.7(6) ns. This value is approximately 30% and 10% smaller,
respectively, than previous lifetime measurements on other emitters in the same sample
(performed during different cooldowns) which yielded 6.7(1) ns and 5.2(2) ns, respec-
tively [70, 72]. Slightly shorter lifetimes have also been reported for ensembles of SnV
centers located at similar depths below the diamond surface [79]. Since the excited-state
lifetime of this particular emitter was not measured directly, and some emitter-to-emitter
variation is expected, estimating the lifetime from the inverse Lorentzian linewidth pro-
vides a reasonable approximation for this system.

2.5. Magneto-optical response of the tin-vacancy center

As discussed in Sec. 2.1, the response of the SnV center to external magnetic fields depends
on the field orientation with respect to its quantization axis. Here, we move beyond the
general theoretical treatment and focus on the specific emitter investigated in this thesis,
providing explicit parameters extracted from the experimental data.

2.5.1. Angle-dependent Zeeman spectroscopy

To gain a comprehensive insight into the optical and magnetic properties of the SnV center,
we exploit the angular dependence by sweeping a dc magnetic field at fixed amplitude
and recording the optical transitions as a function of the magnetic-field angle via repeated
PLE scans.

This measurement is typically performed at elevated temperatures of 4 — 8 K, where the
electron spin lifetime is sufficiently short to allow population of both spin states while
sweeping the laser across the spin-conserving transitions (see Appendix A.3 for further
details). In Fig. 2.14, the two spin-conserving transitions Al and B2 are shown. The
magnetic-field orientation is given by the polar angle within the respective coordinate
frame shown in the lower left corner. The magnetic-field amplitude is fixed at | B| = 200 mT.
The radial axis corresponds to the swept frequency and spans a range of 4.44 — 5 GHz,
depending on the respective sweep.

The blue-colored sweeps are taken with respect to the laboratory coordinate system, in the
following also denoted shortly as lab frame, defined by the dc vector magnetic-field coils.
From these measurements, the orientation of the SnV center’s quantization axis can be
determined. For this, we acquire two rotation maps, for example a XZ and a XY rotation
map, as shown for the first two lab frame rotation maps in Fig. 2.14. Taking a closer
look at the XZ scan in the lab frame, two key features can be observed. For orientations
close to the polar angles 8 = 0 and 0 = x, the splitting between the two spin-conserving
transitions is maximal. This corresponds to a dc magnetic field that is aligned as parallel as
possible, within this plane, to the quantization axis. The observed splitting is proportional
to the external magnetic-field amplitude as well as to the difference between the orbital
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Figure 2.14.: Photoluminescence excitation spectra for different magnetic field sweeps. The amplitude of the
magnetic field is set constant to |B| = 200 mT. Top row: Sweeps in the lab frame indicated by the arrows
on the bottom left of each subplot. Bottom row: Sweeps in the frame of the SnV center after changing the
respective frame by using the angles found in the top row. All scans were deducted over a varying frequency
range for each subplot, spanning in total between 4.44 — 5 GHz.

;luenching factors in the electronic ground and excited states, f3g/2 and f;/z, as indicated in
1g. 2.3.

For magnetic-field orientations perpendicular to these directions, we observe an approach
of both transitions, followed by a crossing and a subsequent splitting. The magnitude of
this splitting depends on the strain of the emitter, as shown in Eq. 2.46. For a completely
unstrained emitter, no splitting is observed [70]. This behavior allows us to determine the
strain of the emitter, provided that the spin-orbit coupling A is known. Using an unstrained
emitter and measuring the energy difference between the C and D transitions of the lower
and upper orbital ground states, respectively, we extract a ground-state spin-orbit coupling
of A, = 822(1) GHz [70]. This value is consistent with measurements on deeply implanted
SnV centers, located approximately 3 pm below the surface, that were subsequently treated
by high-temperature annealing at 2100 °C. Both deep implantation and high-temperature
annealing contribute to suppressing strain [77].

To determine the orientation of the SnV center within the lab frame, we simultaneously
fit the Hamiltonian to the measured transition frequencies. Specifically, we use the qubit
splittings AZ and Ag, defined in Eq. 2.39, and fit the difference between the corresponding al-
lowed optical transition frequencies, including a variable angular offset. The tangent of this
offset angle yields the ratio of the magnetic-field components parallel to the quantization
axis of the SnV center, Zsyv = (Xiabs UYlabs Ziab) -
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

For the XY lab-frame scan, we obtain an angle of Oxy = 91.1(1)°, while for the XZ lab-
frame scan, we find 0xz = —54.1(1)°. This results in xjp/y1ap = tan(91.1°) = —53.4 and

X1ab/Z1ap = tan(—54.1°) = —1.4. The vector parallel to the SnV-center quantization axis is
therefore
—0.810
Zsuy =| 0.015 |. (2.78)
0.586

We can now also introduce the axes orthogonal to the SnV-center quantization axis,
defining the new direction SnV frame, as

0 —0.586
Xguy =| 0.999 |, Yspv =|—0.021] . (2.79)
~0.025 —0.809

This set of vectors allows us to transform into the frame of the SnV center. Performing
scans in the SnV frame, in particular in the XY plane of the SnV frame, provides a validation
of this transformation. In the lower row of Fig. 2.14, the XY scan in the SnV frame is
shown, revealing two circles corresponding to the two spin-conserving transitions. The
presence of perfect circles is expected, as the polar angle between the dc magnetic field
and the quantization axis is fixed at 63 = 90°. This is, however, only possible if the
absolute magnitude of the magnetic field remains constant for all orientations. Therefore,
a calibration was performed in our previous work [70], where the response of the *C
nuclear spin bath, i.e. its Larmor precession frequency, was measured at a given magnetic-
field amplitude for two different orthogonal field orientations. From these measurements,
correction factors were derived, and we obtain the magnetic-field components along the
three different coil axes as

Coil axis: X = —45.7(2) mT AL,
Y =61.5(3)mTA™ !,
Z =133.5(6)mTA™".
As the measured Al and B2 transitions for the XY-SnV-frame scan in Fig. 2.14 form

perfectly circular patterns without observable deviations, we conclude that the magnetic-
field calibration is accurate.

The separation between the two circles is determined by the strain of the SnV center,
yielding @? = 41.3(8) GHz for the ground state and a¢ = 65.5(3) GHz for the excited state.
A more detailed description of the fitting procedure can be found in our previous work [70].
All parameters describing the full Hamiltonian of this SnV center are listed in Tab. 2.1.

2.5.2. Optical cyclicity and spin-selective transitions
Furthermore, in addition to the two allowed transitions A1 and B2, the two nominally

forbidden transitions A2 and B1 become visible when the magnetic field is aligned perpen-
dicular to the SnV quantization axis. This occurs as a result of spin mixing under these
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2.5. Magneto-optical response of the tin-vacancy center

conditions. This mixing can be treated using perturbation theory [72] or, as done in the
following, by explicitly expanding the eigenvectors of the combined Hamiltonian.

For simplicity, we follow Refs. [69, 72] and consider spin mixing in the absence of strain
and DJT contributions, leaving the Hamiltonian in the form H= Hso +Hy. In the spin-orbit
basis, the first term Hso is diagonal by construction. The Zeeman contribution can be
written in the block form introduced in Eq. 2.26.

Assuming a purely transverse magnetic field B, , only the off-diagonal elements of the
sub-matrix 2 remain finite in the Zeeman Hamiltonian. To first order in B, this leads to
new eigenstates of the form

e 1Y~ e =22t e 1y, (2.80)

lex 1) ~ les 1) - Y;; ey 1) - (2.81)

As this effect originates from the off-diagonal elements of f), it follows that the electron
spin of the lower orbital branch is mixed with the electron spin of opposite projection
from the higher orbital branch of same orbital character. This can also be directly seen
from the new eigenstates given above. Consequently, an off-axis magnetic field induces
spin mixing without mixing the orbital degrees of freedom. As the mixing depends on the
ratio between the off-axis magnetic field and the spin-orbit coupling constant, the spin
mixing for a given magnetic field amplitude is stronger in the ground state than in the
excited state. This is illustrated in Fig. 2.15(a) by the tilted arrows representing a tilted
quantization axis of the spin levels in the excited state with respect to the ground state.

This has direct implications for the optical excitation of the SnV center under an applied
external magnetic field. Due to the tilted quantization axes in the ground and excited
states, only a finite number of spin-conserving excitation cycles are possible before the
electron spin flips probabilistically. An important figure of merit is therefore the average
number of spin-conserving cycles that can be driven. This quantity is characterized by

Table 2.1.: Fitted strain for the ground and excited state of the SnV center used withing this thesis with the
relevant Hamiltonian parameters taken from [70]. The table is reprinted from Ref. [71].

Parameter | Value | Source
A8 (GHz) 822 [70]
( ) 41.3(8) fitted

A¢ (GHz) 3000 [55, 79]
Y¢ (GHz) 65.5(34) | fitted

g

-
32 :

5 0.5 [70]
i 0.486 [70]
By (mT) 200 fixed
B, (mT) 200 fixed
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

the cyclicity, defined as the ratio between the probability of an electron spin-conserving
decay P.. and that of an electron spin-flipping decay Per [103]. This leads to the cyclicity

given as

P
Ae = — | (2.82)
Pef

where we follow the notation of the indices introduced in our Ref. [71].

In order to simulate the cyclicity, the system can be reduced to an effective three-level
system formed by the states [1),|2),|A) shown in Fig. 2.15(a). A comprehensive study
of the cyclicity based on a master-equation approach has been presented e.g. by Ioannis
Karapatzakis [72]. This framework enables both analytical and numerical simulations of
the cyclicity using experimentally determined parameters.

Here, however, we aim to provide an intuitive picture of how the cyclicity depends on
the off-axis magnetic field, following closely the discussion in Ref. [104]. We therefore
consider the dipole operator of the SnV center, which acts only on the orbital part of the
eigenstates and leaves the electron spin unchanged. Its components connect orbitals in
the ground and excited states. In the following, we use the spin-orbit basis introduced in
Ref. [73]. In this basis, the components of the dipole operator are given by

ﬁxzé'x@iz, ﬁy:6-y®12: ﬁ22212®iz. (283)

The factor of two represents an empirical scaling of the dipole component p, relative to
the transverse components p, and p,, [73]. This expression is adapted to our basis notation
by permuting the rows and columns.

For simplicity, the excited state is for now assumed to be a pure spin-orbit eigenstate, i.e.
|A) = |e* |), because its opposite-spin admixture is smaller than that of the ground state.
For the qubit states, we use the mixed eigenstates introduced above, |1) = |e/ 1Y and

2) =1e 1)’

Following Ref. [104], the cyclicity can be estimated from the ratio of the spin-conserving to
the spin-flipping transition strength. For completeness, we repeat the derivation here:

A 2
Ao x —|<A|p |1>|2 . (2.84)
[{Alp [2)]
For the spin-conserving transition, we obtain
2
A 2 _ u Al1,9 YSBJ- u Al1,.9 _
KA p 1) = [<eZ LIpled |) YT L llpleZ TH| =4. (2.85)
~—— —
=2 =0
For the spin-flipping transition, we find
2
N A B N ysB. ?
Al p|2))7 = |(e 9y 2L g I =1E . 2.86
KAl p|2)]" = [<eZ LI plex T) 79 Ll plex 1) N (2.86)
=0 =1-i
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Figure 2.15.: Spin-conserving and spin-flipping transitions under off-axis magnetic fields. (a) Level scheme
showing the Zeeman splitting of the ground (excited) state of the lowest orbital branch Eg/ 2 (E?/ %) under
an external magnetic field. The C-transition splits into a total of four transitions, where two are spin-
conserving and two spin-flipping transitions. (b) Photoluminescence excitation spectra using a magnetic
field of |B| = 200 mT around the X-axis of the SnV center. The central bright lines are the spin allowed
transitions, the faint lines the spin-flipping forbidden transitions. The analytical lines are reproduced by
using Equation 2.39 and the Hamiltonian fit in Table 2.1. The transitions are labeled such, that they reproduce
the commonly used name of the transitions for a field alignment parallel to the SnV center quantization axis
as shown in (a).

This gives a cyclicity

g 2
P A (2.87)
YsBJ_

showing that, for small off-axis field magnitudes, the cyclicity decreases quadratically with
the perpendicular magnetic field component B .

This behavior is reflected in the weak increase of the nominally forbidden transitions A2
and B1 in Fig. 2.15(b), indicated by the dashed lines. However, due to the low count rate
of these transitions in this scan, their angular dependence cannot be fitted reliably. The
quadratic dependence is observed more clearly for other SnV centers, as shown in the PhD
thesis of Ioannis Karapatzakis, Fig. 2.9(c) [72].

Therefore, achieving high cyclicity requires aligning the external magnetic field as parallel
as possible to the quantization axis of the SnV center.

Modeling the cyclicity. There are multiple approaches to model the cyclicity and fit it to
experimentally obtained data. In general, we follow Refs. [103, 105] and use the reduced
three-level system introduced above, which is optically driven by a laser with optical Rabi
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

frequency Qopi. The resulting coherent Hamiltonian for driving the spin-conserving A1l

transition is given by

Qopt
2

H = Agpt |A) (Al + (11) (Al +14) 1)), (2.88)
where Ay, denotes the detuning of the laser from the spin-conserving transition. In
addition, spontaneous emission into the ground states |1) and |2) occur. This can be
implemented by introducing the spin-conserving decay rate ya; and the spin-flipping
decay rate ya,. Using the definition of the cyclicity A, given in Eq. 2.82, these rates can
be re-expressed in terms of the cyclicity and the total spontaneous emission rate y [103],
yielding

A,

ya1 =YPec =y Al (2.89)
1

Yaz = yYPer = yAe 1 (2.90)

These rates can be used to create a set of master equations, to solve the dynamics of
the three-level system under these conditions. By imposing that the spin-conserving
transition rate is much larger than the spin-flipping transition, one can set the time-
derivatives of the coherences to zero and ends up with quasi-stationary solutions of the
master equations [105]. For the populations of lowest ground state |1) and for the excited
state |[A) one obtains [105]

P11 ==Wpi1 + (W + ya1)paa., (2.91)
paa =Wpii — (W +y)paa, (2.92)
where W is the rate ,
QoptY
= (2.93)
4A0pt +y

As the fluorescence signal is directly proportional to the population of the excited state
paa, the cyclicity can be extracted by solving the corresponding differential equations and
fitting the result to experimentally measured data.

Usually, the optical Rabi frequency is not known, but it is related to the saturation parameter
s = p/psat of the spin-conserving transition via the relation s = ZQgpt /v? [88]. The total
decay rate y is determined by the excited-state lifetime or, equivalently, by the full width
at half maximum (FWHM) of the Lorentzian linewidth obtained from PLE measurements
of the C transition.

Starting from the optical pumping rate R from |1) into the excited state |A), one can
derive an effective rate model that captures the essential features of the spin initialization
dynamics [103]. The rate R is given by [103]

R=1 - (2.94)
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2.5. Magneto-optical response of the tin-vacancy center

The spin polarization rate into the state |1) is given by I, = resulting in an exponential

R
Aet1’
decay of the population p1(t) = p11(0)e~'# and, correspondingly, an exponential decay
of the observed fluorescence [103]. The same spin polarization rate can be recovered by
performing a Taylor expansion of the solutions of the model introduced before in the limit

of small spin-flipping rates [105].

An important feature becomes immediately apparent: for a finite cyclicity, initialization
into the state |1) is possible by pumping exclusively the A1 transition, since the spin-
flipping probability is non-zero. Furthermore, the cyclicity determines the mean number
of photons, emitted before initialization into the opposite spin state occurs, as reflected by
the polarization rate. Assuming that photons are emitted only via the cycling transition -
which is generally justified, since the splitting between the two transitions is much larger
than the emitter linewidth, we can extract the mean number of photons emitted before a
spin flip occurs as (Ny,) = Ae +1 [103]. Consequently, a higher cyclicity results in a longer
initialization time at fixed pump power, but also in the emission of a larger number of
photons per initialization, which is an important requirement for the single-shot readout
of the spin state [41, 60, 103, 106].

If one aims to include more complex dynamics or extend the model to additional levels, it is
often advantageous to describe the system using a simple rate-equation model rather than
solving the full master equation and subsequently enforcing the vanishing of coherences.

For n ground states and m excited states we obtain rate equations of the ground state
populations

m
ng = Z(bﬂy + le')N; - RjiNig, (295)
=1

where we introduced the branching into the ground states by the m X n matrix b. Similarly,
the optical pumping processes are represented by the m x n matrix R, which connects the
ground and excited states. For the populations of the excited states, we obtain

N¢ = Z [RiN? — (Rji + )N?] . (2.96)
j=1

If we set n = 2, m = 1 and choose b = (Pec, Per) and R = (W, 0), we recover the model
given in Eq. 2.91. However, we now have a framework that allows us to solve these rate
equations efficiently and allows to include additional rates or energy levels as required,
without significantly increasing the computational overhead.

A comparison of both the rate model, which can be solved numerically and the above
introduced analytical model is shown in Fig. 2.16. The parameters in the figure are chosen to
match the order of magnitude of the experimental values used in this thesis. The saturation
parameter is set to s = 1/3, the spontaneous emission rate to y/27 = 34 MHz, and the
optical detuning to Aop: = y/27. The cyclicity is set to the experimentally determined
value of A, = 6000 for this emitter, resulting in a decay on the millisecond timescale. Apart
from the visible population transfer into pa4 for the rate model, both models show perfect
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Figure 2.16.: Comparison of the excited-state population pas obtained from the rate model introduced in
Eq. 2.96 and the analytical model presented in Refs. [103, 105]. The parameters are chosen to match the
order of magnitude of the experimental values used in this thesis. The saturation parameter is set to s = 1/3,
the spontaneous emission rate to y/27 = 34 MHz, and the optical detuning to Ay = y/27. The cyclicity is
chosen as A. = 6000, resulting in a decay on the millisecond timescale. Apart from the visible population
transfer into paa for the rate model, both models show perfect agreement. If the cyclicity is reduced, as
indicated in the inset (here A, = 1), deviations become apparent at short timescales.

agreement. If the cyclicity is reduced, as indicated in the inset in Fig. 2.16 (here A, = 1),
deviations become apparent at short timescales. Such small cyclicity occur under magnetic
fields aligned perpendicular along the SnV quantization axis as presented in Ref. [72].
Such small cyclicity lead to faster initialization times at the cost of reduced photon counts
per initialization. This reduced amount of data can be circumvented by increasing the
number of measurement cycles. Of course this is only suitable for measurements that are
time-wise only limited by the initialization time and not some other time, e.g. a waiting
time.

We can also consider the initialization process from a statistical perspective and ask: what
is the probability that a spin flip with probability p = Pt requires n independent spin-
conserving excitations with probability 1 — p = P..? Such a process is described by the
geometric distribution [41] as

P(N=n)=(1-p)"'p, (2.97)

where N denotes the number of trials, i.e. the number of photons emitted before a spin
flip occurs. The expectation value of this distribution is

E(N) =

1
— = A+ 1, (2.98)
Pef

=
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Figure 2.17.: Simulation of random telegraph switching between states |1) and |2) under optical pumping
and finite spin relaxation time Tj. (a) Simulated telegraph-like switching between the states assuming
polarization rates I, = I}, +1/T; and I;; = 1/T;. (b) Histogram of the dwell times results in the characteristic
exponential decay with a mean dwell time of 0.24 ms. (c) Time trace of detected photons assuming that each
event results in a Poisson-distributed number of scattered photons. (d) Binning the detected photon counts
leads to a Poisson distribution with a mean photon number per dwell time of approximately nA., where 7 is
the overall collection efficiency of the optical setup. Simulation parameters are found in Tab. 2.2.

yielding the same expected result as derived above. This means that we can estimate
the overall collection efficiency of our setup by measuring the mean number of detected
photons per initialization sequence, i.e. flipping the spin, and dividing it by the cyclicity.

If we instead consider the dwell time of being either in state |1) or |2) as a function of
time, we expect an exponential distribution for the waiting time between spin flips,

P(t,T) =Te T, (2.99)

characterized by the switching rate I [107]. For leaving the state |1), the rate is given
by Iz = I, + 1/T;, while for leaving the state |2) it is I5; = 1/T;, where T; denotes the
relaxation time of the states |1) and |2) or any other rate connecting these two states.
This switching results in a telegraph-noise like behavior as shown in Fig. 2.17(a). The
autocorrelation function of the random telegraph noise is given by [108]

(s(1)s(0)) oc e~ (T2+Te)t (2.100)

This defines a correlation time 7, = 1/(I2 + I31). Under the reasonable assumption that

1/T; < R, we obtain

A+ 1
.~ 1/T, = (Rf) (2.101)
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Thus, the cyclicity can alternatively be extracted by analyzing the autocorrelation of a
telegraph-noise time trace. In the opposite limit of weak optical pumping, R <« 1/T;, the
same approach can be used to determine the relaxation time Tj.

The number of photons emitted during one dwell time ¢ is determined by the emission
rate R and follows a Poisson distribution

Rt)"
(R s

P(N(t) =n) = — ,

(2.102)

which describes the probability of detecting n photons within a time interval ¢, given an
average emission rate R [88, 103]. For the spin-conserving transition considered here, we
use R given in Eq. 2.94.

Using all parameters listed in Tab. 2.2, we simulate the telegraph-like switching between
the states |1) and |2), as shown in Fig. 2.17(a). We find an optical pump rate of R ~ 25 MHz
and a polarization rate I}, ~ 4kHz.

Assuming that each event results in a Poisson-distributed number of scattered photons
yields the time trace displayed in Fig. 2.17(c), which is in good agreement with the raw
time traces observed in the experiment. Histogramming the dwell times results in the
characteristic exponential decay expected from the model introduced above. We obtain a
mean dwell time of 0.24 ms. Binning the detected photon counts shown in Fig. 2.17(c) leads
to a Poisson distribution with a mean photon number per dwell time of approximately

(N) =1, (2.103)

which is independent on the optical pump rate R. It depends solely on the cyclicity and
the collection efficiency. For the collection efficiency, we use values obtained for our setup
(see Sec. 5.2), which is in good agreement with reported values for bulk samples [60].

Table 2.2.: Simulation parameters used for the results shown in Fig. 2.17. The implementation of these
parameters within the respective probability distributions is described in the main text. The parameters
were chosen to mimic the experimentally observed values and are the same parameters used in Fig 2.16.

Parameter Symbol | Value
Spontaneous emission rate y/2m 34 MHz
Saturation parameter S 1/3
Optical detuning Aopt y/2m
Cyclicity Ae 6000
Collection efficiency n 0.02%
Spin relaxation time T 10 ms
Binwidth Fig. 2.17(a) and (c) - 1ms
Total simulated time Fig. 2.17(a) and (c) - 200 ms
Sample size Fig. 2.17(b) and (d) - 100 000
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2.5. Magneto-optical response of the tin-vacancy center

Role of the second orbital ground state. So far, we have assumed a simplified three-level
system. However, as discussed in Sec. 2.1, the SnV center possesses a higher orbital
ground state into which the system can relax from the excited state with a probability of
approximately 20 — 25% [109, 110]. After such a decay event, the system remains in the
upper orbital branch for a characteristic lifetime 7}, before relaxing back into the lowest
orbital branch. Consequently, the optical pumping rate R could in principle be limited by
the lifetime of the upper orbital branch, i.e. R < 1/7y, [60].

The relaxation rate to the lower orbital branch is given by the phonon emission rate

Y- = Zn)(poAés(nth(AGs, T)+1), (2.104)

where y denotes the phonon scattering cross section, py a proportionality constant related
to the phonon density of states, and ny, the thermal phonon occupation given by the Bose-
Einstein distribution [58, 69, 111]. The scattering cross section y and the phonon density
po can be calculated theoretically and show reasonable agreement with experimentally
obtained values [90, 111].

In the following, we use the experimentally determined parameters reported by Jahnke et
al. [58]. They fitted data from a SiV center with a ground-state splitting of 50 GHz and
obtained the rate

o1
PV = 57 (mn(50GHz T) + 1) GHz. (2.105)

Using the scaling approach of Ref. [60], this result can be rescaled to the ground-state
splitting of the SnV center as

_ =98 (2.106)
Y- =Y Ao

siv (50 GHz)3
In addition, the lifetime of the upper orbital branch of an SnV center with a ground-state
splitting of 830 GHz was measured to be 7, ~ 30 ps at 4K in Ref. [112]. Substituting the
ground-state splitting value into Eq. 2.106 yields 1/y- ~ 22 ps, in reasonable agreement
with the reported lifetime. The deviation can be attributed to the scaling assumption that
SnV and SiV centers have the same phonon scattering cross section y and phonon density
po. While this assumption is reasonable for the phonon density, theoretical work predicts
a scattering cross section that is approximately three times smaller for the SnV center
than for the SiV center [111].

Due to the large ground-state splitting of the SnV center and the low temperatures con-
sidered here, i.e. kT /hAgs < 1, this rate is effectively temperature independent. Conse-
quently, the orbital lifetime can be assumed to be the same for the experiments performed
in this work.

We therefore conclude that R < y_ and that the optical pumping rate is not limited by
branching into the upper orbital branch. However, as discussed in Ref. [60], this effect
becomes relevant for unstrained SiV centers, where the corresponding rate is approximately
four orders of magnitude smaller than for the SnV center.
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

Cyclicity as a function of strain and magnetic field. In general, the cyclicity should diverge
for a perfectly aligned magnetic field, independent of the strain magnitude or the externally
applied dc magnetic field. This can be directly simulated using Eq. 2.85 and Eq. 2.86 without
introducing additional simplifications.

Assuming a conservative misalignment of 1° at a magnetic-field magnitude of 100 mT for
an emitter with a strain of @/ = 43 GHz and a® = 63 GHz, one would expect a cyclicity
of approximately 10°. This value is significantly larger than the cyclicity measured in
our experiments and about one order of magnitude higher than the cyclicity achieved
for low-strain SiV centers [60], which is surprising as we would expect a higher spin-
orbit coupling to create a common quantization axis in ground and excited state [104].
Reducing the cyclicity to the experimentally observed value would require an unrealistic
misalignment of several degrees or the presence of a constant stray magnetic field on the
order of 50 mT, both of which would be clearly visible in our measurements and much
larger than any hyperfine interactions observed. A similarly limited cyclicity has also been
reported for strained SnV centers [90].

We simulate the cyclicity for a magnetic-field amplitude of |B| = 200 mT while varying
the strain @, normalized to the ground-state splitting, and the angle between the external
dc magnetic field and the SnV quantization axis, as shown in Fig. 2.18.3 For the strain in
the excited state, we assume the approximate relation for the SnV center a® ~ 1.7a9.

In addition, we plot reported cyclicity values for SnV centers and, for broader context, also
include values obtained for SiV and GeV centers. Most measurements performed with
an aligned magnetic field yield significantly lower cyclicity values than predicted by the
model. The trend of decreasing cyclicity with increasing misalignment angle at constant
strain can be observed, for example, in the measurements by Ref. [103]* or our Ref. [70].
The prediction of a rising cyclicity for perpendicular alignment has not been observed,
even in our earlier work [70], where the model would predict a broad range around 90° to
show this increase. We find that for a fixed angle, which can be arbitrary small, but larger
than zero, the cyclicity will decrease with increasing strain (for similar simulations see
also Refs. [82, 84, 104]).

Also, even for aligned fields, the experimentally observed cyclicity remains much smaller
than the theoretically expected value. We therefore conclude that additional effects not
captured by this model must contribute to a finite spin mixing, thereby limiting the cyclicity
to values smaller than those predicted by the simplified theory.

3 Iwant to thank Mohamed Elshorbagy for pointing out the importance of keeping track of the varying
ordering of eigenvectors during the angular sweep.

* The code for converting the magnetic field angles in Ref. [103] to the SnV frame was done by Mohamed
Elshorbagy during his master’s thesis under my supervision.
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Figure 2.18.: Simulation of the cyclicity at a magnetic field amplitude of |B| = 200 mT for varying strain «
normalized to the ground state splitting and angles between the external dc magnetic field and the SnV
quantization axis. For the excited state strain we assume the coarse relation for the SnV center of a® ~ 1.7a9.
Most of the measurements with aligned magnetic field yield significantly lower cyclicity values. The trend
of increasing angle at constant strain can be seen for e.g. Ref. [103] or Ref. [70].

2,6. Summary

In this chapter, we developed a comprehensive description of the SnV center, linking
its electronic Hamiltonian to experimentally observable quantities. Starting from the
effective Hamiltonian, including spin-orbit coupling, dynamical Jahn-Teller interaction,
strain, and external magnetic fields, we established the level structure and qubit splittings
relevant for this work. Based on this framework, we derived a theoretical description
of the microwave-driven spin dynamics. In particular, we introduced an effective Rabi
frequency that captures the response of the SnV center to an oscillatory magnetic field.
This model reveals a strong dependence on both strain and magnetic-field geometry and
shows how strain-induced orbital mixing enables magnetic dipole transitions between
spin states that would otherwise be forbidden.

We also introduced the experimental platform and measurement techniques used through-
out this thesis, including the cryogenic sample environment, optical excitation and detec-
tion, and microwave and radio-frequency control. Angle-dependent PLE measurements
enabled the extraction of the emitter’s orientation within the laboratory frame.

Further, the optical properties of the SnV center were characterized via PLE spectroscopy,
revealing narrow linewidths close to the Fourier limit and negligible spectral diffusion.

Finally, we analyzed the cyclicity using both analytical and rate-equation models. While the
theoretical framework predicts very high cyclicity for ideal conditions, the experimentally
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2. Electronic structure and spectroscopy of the tin-vacancy center in diamond

observed values are significantly lower, indicating the presence of additional spin-mixing
mechanisms beyond the simplified model.

Overall, this chapter establishes the SnV center as a well-understood quantum system and
provides the essential foundation required for its use in the following spin initialization,
control, and readout experiments.
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3. Coherent control and decoherence
mechanisms

A qubit in general can be any energetically isolated quantum mechanical two-level system.
Here we consider the Zeeman-split spin sublevels of the lowest ground state of the SnV
center as our qubit. For simplicity we denote the ground state as |e; |) = |0) and the
excited state |e- T) = |1), such that |0) and |1) form the two eigenstates of the qubit.

If we want to describe arbitrary superposition states of such a qubit, we can use a complex
superposition of the two basis states, leading to a state

|¥) = a1’ |0) + aze'® |1) , (3.1)

where we introduced the four real numbers a;, a;, ¢; and ¢,. For this state to be a pure
state, it must be normalized to one. We can further neglect a global phase, as we are
only interested in phase differences between the two eigenstates. These restrictions leave
two independent real numbers, which can be depicted by two angles, one polar and one
azimuthal, to describe the qubit state. Doing so leads to

|¥) = cos(6/2) |0) + sin(0/2)e™ |1) . (3.2)

These states are usually represented as points on the Bloch sphere. In Fig. 3.1, the ground
state (0 = 0) is shown in green residing on the north-pole of the sphere. The state can be
also written as a Bloch-vector pointing along the +z axis of the Bloch sphere. In purple,
an arbitrary superposition state with 8 = —z/2 and ¢ = —37/4 is shown. We can directly
see that the ground and excited states carry no phase information ¢. Superposition states
in contrast are sensitive to the relative phase or also called coherence between the two
eigenstates.

The relevant question is not only whether the SnV center spin or a proximal nuclear spin
can form a qubit, but also whether they constitute a useful qubit. There are seven criteria
that are widely used as a standardized measure to assess different qubit platforms: five
criteria for quantum computing and two for quantum networking. These are known as
the DiVincenzo criteria [114].

First, a scalable physical system with well-defined qubits is required. The theoretical basis
for this is provided in Chapter 2, while Chapter 4 and Chapter 5 present the corresponding
experimental implementations. The second criterion requires that the qubits can be
initialized into a known and controllable state. In our system, this can be achieved by
exploiting the finite cyclicity under optical illumination (see Sec. 2.5.2).
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3. Coherent control and decoherence mechanisms
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Figure 3.1.: Representation of a qubit using the Bloch-sphere, where |0) is the ground state and |1) the
excited state of the qubit. Exemplarily, the ground state and a superposition state are shown, illustrating the
role of the polar and azimuthal angles 0 and ¢.

Third, the coherence time of the qubit must be long compared to the gate operation time.
The theoretical requirements for this condition will be discussed in the following sections.
The fourth and fifth criteria require that a universal set of gates can be implemented on
the qubit and that individual qubits can be measured with high fidelity. In this work, we
demonstrate high-fidelity single-qubit gates on a proximal nuclear spin and perform qubit
readout via its interaction with the electron spin in Chapter 5.

The characterization of two-qubit gates constitutes a natural next step but is not addressed
in this thesis.

3.1. Coherent spindriving

As discussed in Sec. 2.2, we can drive the qubit by applying an oscillatory magnetic field,
which leads to coherent oscillations between the ground and excited states with a Rabi
frequency Q. The exact amplitude of this Rabi frequency for the SnV center, including the
effects of external magnetic fields and strain, can be found in the referenced section.

Here, we write this in the form of a simple two-level Hamiltonian

1 1
H= _EAqGZ - EQ cos(wt + @)ooy, (3.3)

where A, is the qubit splitting, w the drive frequency, and ¢ the drive phase. Applying
a frequency close to the qubit splitting, i.e. w = Ay, leads to oscillations as shown in
Fig. 3.2(a), where a so-called 7-pulse is performed. Due to the qubit splitting being much
larger than the Rabi frequency, this results in fast Larmor oscillations around the z-axis of
the Bloch sphere.
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Figure 3.2.: Rabi oscillations on the Bloch sphere. (a) Example of a Rabi oscillation the lab-frame. A Larmor
precession much faster than the Rabi frequency lead to a fast rotation around the z-axis in addition to the
population transfer. (b) The same Rabi oscillation in a rotating reference, which rotates alongside the Larmor
precession. (c) Population transfer of the Rabi oscillations is the same for both reference frames.

To avoid this trivial oscillation, we move to the rotating reference frame using Eq. 2.60
with the unitary operator U = exp(—iwto,/2). This yields the Hamiltonian

1 1 .
Hyor = —5502 - EQ (cos(@)oy + sin(p)ay) , (3.4)

where § = A;—w is the detuning between the qubit splitting and the driving frequency. For
vanishing detuning, this leads to the much simpler Rabi oscillations shown in Fig. 3.2(b).
If a finite detuning ¢ is present, it manifests as a slow precession around the z-axis of the
Bloch sphere.

In both the lab frame and the rotating frame, if we consider only the populations associated
with o, i.e. pjoy = (1 + (02))/2, this results in the same population transfer from |0) to 1),
as shown in Fig. 3.2(c). By adjusting the duration of the Rabi pulse and the phase ¢, we
can create any superposition state of the qubit.

This will become important in the experimental section, where the phase of the driving
pulse is changed by /2 during the sequence. This leads to rotations around the x- and
y-axes of the Bloch sphere and is therefore referred to as X- and Y-pulses.

3.2. Phonon-induced decoherence

As we are in the solid state, interactions with the environment lead to decoherence of the
qubit. These interactions can originate from various sources, including electron spins [115],
nuclear spins [115], electric or strain field fluctuations [60], and phonons [111].
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3. Coherent control and decoherence mechanisms

The relevant figures of merit characterizing decoherence are the spin relaxation time T
before the spin reaches an equilibrium state, the dephasing time T, and the coherence
time T, [116].

In order to simulate the interaction with the environment, or sometimes also called the bath,
we consider the time evolution of the density matrix p. It is given by a 2 X 2 matrix, where
the diagonal elements represent the populations of the qubit states and the off-diagonal
elements the coherences between them

Poo  Po1
= ) 3.5
P (Plo Pll) 3.5)

We can also express this in terms of a scalar product as
1 - -
p:§(12+r-0'), (3.6)

where 7 is the so-called Bloch vector with components 7 = ({oy), (dy),(0z)). A Bloch
vector of unit length thus defines a pure state on the Bloch sphere, while a Bloch vector
with |F| < 1 corresponds to a partially mixed state inside the Bloch sphere.

To model the time evolution of the density matrix in the presence of a bath, we can use a
master equation that extends the von Neumann equation by dissipative terms. This leads
to the so-called Lindblad equation

. . 1
p=—ilHpl+ ) n (Lka,i - AL{Lk. P} (3.7)
k

where y; are the dissipation rates and Ly the collapse operators [117]. Arriving at this form
of the master equation requires the assumption that the memory time of the bath is much
shorter than the characteristic timescale of the system dynamics and that the interaction
with the bath is weak, i.e. the so-called Born-Markov approximation [117]. Such a short
bath memory time is reasonable when modeling interactions with phonons, as they form
a continuum of modes, which is cutoff sharply at the Debye frequency wp [118] thus
leading to a rapid decay of bath correlations!. Below this cutoff the spectral density of an
infinite bath of phonons is « w*, which comes from the phonon density being o w? and
the strain-mediated coupling strength oc @ [58]. The bath correlation time is then on the
order 7, ~ 1/wp [119], which is much smaller than the time scales of the spin system.

In general, however, this assumption does not hold when describing the interaction of the
electron spin with for example a surrounding nuclear spin bath.

1 The cutoff of the spectral density plays the important role here of introducing the short memory time.
Thanks a lot to Mohamed Belhassen pointing this out!
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3.2. Phonon-induced decoherence

3.2.1. Spinrelaxationand T}

For the spin relaxation time, acoustic phonon scattering is the dominant mechanism due
to the presence of the second orbital ground state [58, 111, 120]. Spin cross-relaxation
would require that transitions in the spin bath match the qubit splitting [121], which are
strongly detuned for the nuclear spin bath. For the electron spin bath, this matching is
also suppressed due to the orbital Zeeman effect and the fixed quantization axis of the
SnV center. Off-resonant cross-relaxation rates for electron spins are known from the NV
center and are on the order of mHz [121]. These rates are therefore negligible for the SnV
center.

Different electron-phonon mechanisms dominate in different temperature regimes [69,
122]. For temperatures where kgT ~ Ay, with A, being the splitting between the orbital
ground states as defined in Eq. 2.18, a resonant two-phonon (Orbach) process dominates.
For much lower temperatures, only the direct (single-phonon) process is relevant, while
for much higher temperatures a Raman process involving two phonons and a virtual state
becomes dominant. A key feature is that the Orbach process, which is typically the most
limiting, is exponentially suppressed with increasing ground-state splitting A, at a given
temperature. Thus, the SnV center, with its much larger ground-state splitting, can be
operated at higher temperatures compared to the SiV and GeV centers.

An extensive study of the temperature, strain, and magnetic-field dependence of these
phonon processes for the SnV center used in this work has been presented by Ioannis
Karapatzakis, see Sec. 2.5 of Ref. [72]. Therefore, these processes are not discussed in detail
here. In summary, the spin lifetime is ultimately limited by single-phonon processes at a

—— |B|=106mT, Ogc=1°
—— |B| =400mT, Bgc=90°

Toffset = 336 MK
1078 - }

101 100 10!
base temperature T (K)

Figure 3.3.: Expected spin lifetime of the investigated SnV center as a function of temperature. The sim-
ulations use the parameters obtained by Ioannis Karapatzakis for the same emitter [72]. The lifetime is
ultimately limited by single-phonon processes at an effective temperature of approximately 300 mK, above
the dilution-refrigerator base temperature of 50 mK. The two curves correspond to experimentally relevant
external dc magnetic-field configurations for a parallel external dc magnetic field (green) and a perpendicular
configuration (purple). The larger perpendicular field compensates for the anisotropic g tensor.
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Figure 3.4.: Example of the relaxation of an arbitrary superposition state with a relaxation time 7; = 200 ms.
(a) The mono-exponential decay of the population p)oy simulated and given by the analytical expression. (b)
Trajectory on the Bloch sphere assuming a finite detuning.

temperature of approximately 300 mK. This temperature exceeds the dilution-refrigerator
base temperature of 50 mK, most likely due to heating from the surrounding 4 K shield.

Using the parameters obtained by Ioannis Karapatzakis [72], the resulting achievable
spin lifetimes for the SnV center investigated in this thesis are shown in Fig. 3.3 for two
external dc magnetic fields used experimentally. The perpendicular field is larger because
the anisotropic g tensor requires higher magnetic-field amplitudes to achieve sizable qubit
splittings.

For completeness, we simulate the relaxation of a qubit in an arbitrary superposition state
with an arbitrary Ty = 200 ms in Fig. 3.4. We set the collapse operators to be the raising
and lowering operators o, and o_ with the corresponding rates y; = \/Tz1 and y_ = \/Tzl’
respectively.

Solving this numerically using the Python package QuTiP [123], we find a mono-exponential
decay of the population pgy as shown in Fig. 3.4(a). If we represent this evolution on the
Bloch sphere, including an additional detuning for better visualization, we find that the

Bloch vector precesses around the z-axis with a decaying magnitude until it reaches the
completely mixed state at the center of the Bloch sphere.

3.2.2. Pure dephasing

We can think of dephasing as the loss of phase coherence, which on the Bloch sphere
can be understood as a randomization of the azimuthal angle ¢ due to fluctuations in the
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3.2. Phonon-induced decoherence

Larmor precession in the lab frame. We can therefore write the Hamiltonian of the qubit
including dephasing as

H(t) = %Aqaz + %ﬁ(t)crz, (3.8)

where f(t) incorporates the random fluctuations of the Larmor precession, leading to a
finite, time-dependent but random detuning.

For the dephasing mechanisms of the electron spin, three main contributions are relevant:
the interaction with the nuclear spin bath, the electron spin bath, and phonon-induced
dephasing. The phonon-induced dephasing arises from the fact that the higher orbital
ground state has a different orbital Zeeman splitting compared to the lower orbital ground
state. As this process again requires an Orbach mechanism, the corresponding dephasing
scales exponentially with temperature and the ground-state splitting. For the SnV center, it
becomes relevant at temperatures around 3—4 K, depending on the strain of the emitter [82,
84, 111].

In the case of phonon-induced dephasing, we can treat the process in the Born-Markov
approximation by introducing the dephasing operator Ly = o, with the rate yy = T—’;,
where Ty is the pure dephasing time [116]. As shown in Fig. 3.5(b), this does not change
the populations of the qubit, but only affects the coherences. For a finite detuning, we
observe oscillations of the coherence, plotted in the figure as a population-like quantity,

together with a decay of the Bloch vector length characterized by the dephasing time Tj.

The timescale on which the coherences decay in the presence of relaxation is given by

1 1 1

— =+ . (3.9)
T, 2T Ty

This is why T, is referred to as the coherence time of the qubit.
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Figure 3.5.: Example of the dephasing of an superposition state with a dephasing time Ty = 0.5ps. (a)
The mono-exponential decay of the coherence p|,) simulated and given by the analytical expression. (b)
Trajectory on the Bloch sphere assuming a finite detuning.
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3.3. Decoherence due to spin-bath coupling

At low temperatures, the coherence time commonly does not follow the phonon- or
temperature-limited trend and instead saturates [82, 84, 111]. This behavior arises from
the previously mentioned magnetic noise of the spin bath surrounding the SnV center,
which typically has long correlation times in contrast to the phonon bath. As a result,
the coherence time can be extended using dynamical decoupling techniques in this slow
magnetic noise limit [60, 84]. Modeling such a spin bath can be done analytically [108,
124, 125]. Here, we follow the derivations in Ref. [108] and Ref. [124].

We assume that there is no cross-relaxation with the surrounding spins and that only pure
dephasing is present, allowing us to use the Hamiltonian in Eq. 3.8. We further assume that
the quantity S arises from dipole-dipole interactions (see Sec. 5.1) with all surrounding
spins and is given by

() = )" okki(t), (3.10)

k

where vy is the individual coupling strength and & (t) = +1 is a fluctuating random
telegraph signal describing the flipping of an individual bath spin. This sum results in a
static but random effective field experienced by the qubit during each measurement. We can
therefore treat f(t) as a random but classical variable that follows an Ornstein-Uhlenbeck
process [125].

The correlation function of the Ornstein-Uhlenbeck process is given by
S(t) = (B0)B(1)) = b*e ™™, (3.11)

where b? is the characteristic coupling strength (i.e. the variance of f) of the qubit to
the bath, and 7. is the correlation time of the bath, which is determined by intra-bath
couplings [125]. This can be understood by comparison with the autocorrelation of the
random telegraph noise used in Eq. 2.100 to derive the cyclicity, where the correlation
time is given by the total relaxation rate between the two states, i.e. here the flip-flop rate
of the bath spins.

If we now consider the phase ¢ acquired by the qubit under this classical random noise
until a time ¢, we find that the coherences obtain a phase factor

(0x(2)) = 0x(0) <eXp (—i/O ﬁ(t')f(t’),dt')> = 0x(0) (exp(=ip(1))) , (3.12)

where (- - -) denotes the average over all experimental realizations and f(t") describes the
pulse sequence applied during the dephasing [108]. As the fluctuations f are Gaussian for
an Ornstein-Uhlenbeck process [108, 124], we can simplify this expression to

(exp (=i (1)) = exp (—% <<¢<t)>2>) . (3.13)

This implies an exponential decay of the form

W(t) =eX® (3.14)
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3.3. Decoherence due to spin-bath coupling

where the quantity y(t) captures all relevant contributions, and can be computed analyti-
cally for various pulse sequences; see e.g. Refs. [124-128].

For the free-induction (FID) or Ramsey decay, one finds [127] the expression

t
xrp(t) = b7l (T— -1+ e_t/T“) . (3.15)

c

In the limit of short correlation times 7, < t, we recover the mono-exponential decay
from the Lindblad formalism with

xro (1) ~ bPr.t, (3.16)

while for the opposite case 7. > t, we find

b2
xeo(t) = ?ﬂ, (3.17)

which is the commonly observed decay for spin baths coupled to a central spin [126], often
referred to as Gaussian decay in this context [125]. The timescale V2/b of this decay is
commonly called the inhomogeneous dephasing time T, [116]. Interestingly in the short
correlation time case 7, < t, with a finite coupling b > 0, the dephasing time would go
T = 1/(b*r;) — oo. This is called motional narrowing [65, 128] and has observed e.g. for
nuclear spins coupled to NV centers in diamond, when the NV center undergoes rapid
optical excitation and decays [129], as well as in the increase in coherence with increasing
temperature of 2°Si host nuclear spins of SiV centers [65].

Another important pulse sequence is the Hahn-echo sequence, which corresponds to a
free-induction decay with an intermediate 7-pulse applied to the qubit during the free
evolution. One finds [124]

c c Tc

xae(t) = b*r? (Ti + 4 exp (—%) — exp (—i) - 3) . (3.18)

In the limit of short correlation times 7, < t, we recover the same decoherence decay as
for the free-induction case in Eq. 3.16,

xue(t) = xrp (1), (3.19)

which is expected, as there is no refocusing effect if the bath is already uncorrelated, as
discussed previously for the phonon bath. In contrast, for a spin bath with 7, > ¢, one

finds [125]

2t3

JHE() = (3.20)

127,

or correspondingly the commonly used Hahn-echo coherence time or homogeneous spin
dephasing time [116]

1/3
12
T* = ( bZTC) , (3.21)
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Figure 3.6.: Decoherence function for the Ornstein-Uhlenbeck process for a Hahn-echo. The analytical
expression is given in Eq. 3.18. A correlation time for a nuclear spin bath of 1s is chosen [70, 130] and
normalized by b?. Plotting the decoherence function on a loglog-scale allows to determine the slopes and
thus the different regimes. Usually t < 7, and we find a decoherence scaling with #°.

which will lead to a stretched exponential decay of the coherence with a stretching factor
of 3.

A comparison of both regimes in addition to the full analytical expression in the case of a
correlation time of 7, = 1s are shown in Fig. 3.6. If a Gaussian FID decay is observed, one
can use the measured T’ time to estimate the coupling to the bath via b = V2/ T;. Using a
simple Hahn-echo measurement, one can then afterwards determine the bath correlation
time by

T, = i’—z (TZHE)3 . (3.22)

3.3.1. Filter-function formalism

As we often describe the bath in terms of its spectral density, e.g. in the context of spin-
phonon coupling, we can also express the quantity y(t) using the corresponding Fourier
transforms, leading to

w? '

x(t) = %/OmS(w)F(m) dw (3.23)

The filter functions F(wt) can be calculated and are given for the FID and Hahn-echo
sequences as [108, 128]

t
Frip(wt) = 2 sin® (%) , (3.24)

Fue(wt) = 8sin? (%t) . (3.25)
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3.3. Decoherence due to spin-bath coupling

The spectral density of the Ornstein-Uhlenbeck model is given by a Lorentzian

(3.26)

The factor of 27 in contrast to e.g. Ref. [115] ensures that the decoherence function in
Eq. 3.23 reproduces the analytical expression derived in the previous section.

The advantage of this formalism is that we are no longer limited to a single Ornstein-
Uhlenbeck bath, but can include multiple spin baths or other environments for which the
spectral density is known. This is particularly relevant for the SnV center, where not only
the 1>C nuclear spin bath, but also an additional electron spin bath contributes [60, 70,
84].

A frequently used pulse sequence to extent the coherence is the Carr-Purcell-Meiboom-Gill
(CPMG) decoupling sequence. Instead of a single 7-pulse in the center of the free-induction
decay, as in the Hahn-echo sequence, multiple 90° phase-shifted 7-pulses are applied,
separated by an inter-pulse spacing 7. The 90° phase-shift prevents the accumulation of
pulse errors. For this sequence the total evolution time is then given by t = 2N, and the
corresponding filter function reads

wt
Fepmg (wt) = 8sin® (—)

. (3.27)

where n is an even number of applied pulses. For an odd number of pulses the nominator
just needs to be replaced by a cos?(wt/2) term [108].

If we examine these filter functions at a constant total evolution time ¢, as shown in Fig. 3.7,
we observe that the filter functions shift to higher frequencies wy = 7n/t [115]. They
appear to decrease in width due to the semi-logarithmic scale; however, the total width
of the filter function is determined solely by the total evolution time ¢ and is given by
dw = [t [115], corresponding to a FWHM of 27 /t.

As the spin bath noise follows a Lorentzian spectrum, it decreases monotonically with
increasing frequency. The lower part of Fig. 3.7 shows an example of a normalized spectrum
for a correlation time of 7, = 100 us. This also means that, for a pulse sequence with a large
number of pulses n, the filter function samples the noise spectrum at progressively higher
frequencies, where the noise amplitude is smaller. As a result, the coherence time can
increase with n. This is in contrast to white noise, for which the sampled noise amplitude is
independent of frequency and therefore does not decrease with increasing pulse number.

Another important point is that we can vary the number of pulses n with a long but fixed
total evolution time ¢, thereby enabling fine sampling of the noise spectrum and even the
identification of individual spins that couple to the central spin. This approach has been
extensively used for the NV center in diamond; see, e.g., Ref. [35]. For the SnV center,
whose electron spin forms a spin-1/2 system, the dynamics are less sensitive to individual
surrounding nuclear spins besides the nuclear spin bath [131]. Therefore, correlation
spectroscopy methods were proposed [106, 131].
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Figure 3.7.: Upper part: Normalized filter functions F(wt)/w? for different pulse sequences at a fixes total
evolution time ¢. With increasing pulse number n the filter functions shift to higher frequencies. Lower part:
Normalized Ornstein-Uhlenbeck noise spectrum for a correlation time of 7, = 100 ps. The noise spectrum
monotonically decreases with increasing frequency.

If we now measure a decoherence decay, we can invert Eq. 3.23 using the known filter
function to recover the noise spectrum. Inspired by the work of A. Stramma [90], we
follow his derivation based on Refs. [115, 132].

The filter functions can be approximated by a §-function as

1 F(wt)
t w?

~ 8(w — wy),, (3.28)
where the factor of 1/t arises from the integration over the filter function [108], and

wo = nx/t is the position of the main lobe of the filter function. Substituting this into
Eq. 3.23 yields the spectral density

Ss(w) = m=—,. (3.29)

This approximation neglects the higher-order lobes at larger frequencies. Assuming a
monotonically decreasing noise spectrum, these lobes contribute less than the main lobe
and can be subtracted. This leads to the following expression for the i-th spectral noise

point:
S(ep) ~ 72X 1 / ()29 (3.30)

L t; w?

where S(w) denotes the previously reconstructed noise spectrum for all frequencies » > w;.
This means that the noise spectrum is corrected iteratively in a descending manner by
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3.4. Randomized benchmarking

subtracting contributions from the higher-order lobes. The integration is performed
numerically with a higher sampling rate o« n to correctly sample the higher-order lobes of
the filter function [132]. Only values y(t) around the decay should be considered for this
algorithm as the saturated values for full or zero coherence contain no information and
will lead to artifacts in the reconstructed spectral density for the associated frequencies.

3.3.2. Dynamical decoupling

So far, we have focused on measuring the coherence and characterization of the noise bath;
however, we are also interested in extending the coherence time. In practice, dynamical
decoupling sequences such as the previously mentioned CPMG sequence are employed.
For such sequences, as shown in Fig. 3.7, only the high-frequency tail of the Lorentzian
noise spectrum is relevant and can be approximated by S(w) o« 1/w?. For a spectral density
following a power law S(w) o w™, the decoherence function takes the form [133]

¢ a+1
) == , 3.31
0 (Tz) (331)
which recovers the cubic scaling for the Hahn-echo measurement in the long bath correla-
tion time limit discussed in the previous section.

The coherence time as a function of the number of pulses follows a scaling determined by
this exponent of the noise spectral density and is given by

T,(N) = T,(N = 1)N%/(@+D) | (3.32)

which yields a 2/3 scaling for a Lorentzian noise spectrum [133]. For frequency-independent
(white) noise, this scaling predicts no extension of the coherence time and the mono-
exponential decay as discussed for phonon-induced decoherence.

These findings are important, as they show that the bath can already be characterized
by analyzing the exponents in both the decay function and the scaling behavior under
dynamical decoupling without the need to employ a full noise spectroscopy.

3.4. Randomized benchmarking

So far, we have discussed coherent control, such as Rabi oscillations, and the coherence
properties of the qubit. While it is desirable to achieve as long a coherence time as possible,
it is equally important to operate the qubit with sufficiently low gate errors. One intuitive
approach is to first consider the quality of the Rabi oscillations for example by introducing
a quality factor, defined as the number of 7-rotations before the Rabi contrast decays to
1/e of its initial value [134].

For very low Rabi frequencies, the dynamics are limited by shot-to-shot detuning of the
driving frequency, and thus the quality factor depends strongly on T, [60, 84, 104, 134].
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3. Coherent control and decoherence mechanisms

To mitigate this, faster and therefore spectrally broader Rabi oscillations can be used. In
this regime, the oscillations are instead limited by the qubit lifetime 77 and drive-induced
heating [60, 84]. In between these two regimes, when the Rabi frequency matches the
Larmor precession frequency of the *C nuclear spin bath (the so-called Hartmann-Hahn
condition), cross-relaxation can occur [135], which further reduces the quality factor of
the Rabi oscillations [134].

In general, not only z-rotations are applied, but also arbitrary rotations around different
axes and with different rotation angles. This leads to a finite probability of occupying
superposition states during gate operations, and thus the dynamics remain sensitive to T,
even in the limit of fast driving [84].

To accurately quantify the error per gate, sequences of varying length are applied, and
the resulting decay of fidelity is analyzed [136, 137]. At the end of each sequence, the
inverse operation is applied, and the fidelity with respect to the initial state is measured,
allowing extraction of the average gate infidelity. Typically, gates from the Clifford group
are used [82, 84, 136—139], ensuring that the sequence can be efficiently inverted using
Pauli operations [136].

The randomization of the gate sequences is essential to average over errors that may be
correlated with specific pulses or subsequences of pulses [136]. Therefore, for a fixed
sequence length, multiple random realizations are generated, measured, and averaged to
obtain a reliable estimate of the gate error.

From an experimental perspective, it is often more practical to implement randomized
benchmarking using the native, or primitive, gates of the qubit rather than the full Clifford
gates directly. The Clifford group also contains operations such as rotations around the z
axis and the Hadamard gate, which are typically not implemented as elementary pulses in
the experiment. Instead, Clifford gates can be decomposed into combinations of primitive
gates, here restricted to rotations around the x and y axes with angles /2 and 7, together
with the identity [136, 138, 140]. If a primitive gate fidelity Fp is determined, it can be
converted to a Clifford gate fidelity Fc, since a single Clifford gate consists, on average, of
1.875 primitive gates [138, 140].

3.5. Summary

We have shown that the Zeeman-split two-level system of the SnV center forms a qubit
and can be visualized on the Bloch sphere. Using Rabi driving, we can implement arbitrary
pulses by varying the duration and phase of the drive. The decoherence is characterized
by the lifetime Tj, the dephasing time T, and the coherence time T,.

As discussed, the phonon bath can be treated in the memoryless (Markovian) limit and
analyzed using a master equation approach. In contrast, the spin bath has a finite corre-
lation time and can be modeled as stochastic magnetic noise acting on the qubit, which
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3.5. Summary

can be treated using decoherence functions. This leads to stretched-exponential decays of
coherence, where the stretching exponent reflects the spectral properties of the noise.

Hahn-echo and CPMG pulse sequences suppress low-frequency noise and thereby extend
the coherence time. The filter-function formalism directly links the spectral density of the
bath to the coherence function, enabling reconstruction of the noise spectral density from
decoherence measurements.

Finally, the overall gate fidelity depends on both the applied Rabi pulses and the noise
environment, and can be reliably quantified using randomized benchmarking.
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4. Coherent control of the electron spin of
a low-strain SnV center

With the understanding of the spin Hamiltonian developed in Chapter 2 and the theoretical
framework for operating a spin qubit in a noisy spin environment discussed in Chapter 3,
we now focus on the experimental implementation of coherent spin control of the SnV
center electron spin. In recent studies, both optical [104, 141] and microwave [82, 84] spin
control have been demonstrated. For microwave-based control, drive-induced heating has
been identified as a limiting factor, arising directly from the electron-phonon coupling
discussed in Sec. 3.2.1.

There are several approaches to deliver microwave fields to the SnV center, such as wires
spanned over the diamond [84, 130], on-chip coplanar waveguides (CPWs) in a transmission
geometry [82], or shorted CPWs [60]. These waveguides are typically fabricated from gold,
which introduces Ohmic losses and thus heating of the sample at high driving powers. Such
high powers are required to achieve 7-pulses that are much shorter than the dephasing
time of the spin T, as needed for high-fidelity gate operations (see Sec. 3.4).

The limitations due to Ohmic losses were investigated in our Ref. [70] and studied in more
detail by Ioannis Karapatzakis [72] using a shorted gold CPW fabricated on top of the
diamond sample, with a low-strain SnV center located approximately 10 pm away from
the inner conductor.

Even for moderate input powers around 0 dBm, significant heating occurs when applying
an off-resonant 10 ms long pulse, accompanied by a reduction of the electron spin lifetime
T;. For simple spectroscopy measurements such as optically detected magnetic resonance
(ODMR, see Sec. 4.2), which operate at powers as low as —20 dBm, such waveguides
can still be used for low-strain emitters. However, coherent measurements such as Rabi
oscillations require powers that are three to four orders of magnitude higher. Despite
the short pulse durations in the ps regime, only a few Rabi cycles have been observed in
our measurements, which is attributed to a direct reduction of T; upon application of the
microwave drive.

To circumvent these limitations, one approach is to use high-strain SnV centers, which
can be operated at elevated temperatures [82, 84]. However, this comes at the cost of
reduced cyclicity of the spin-conserving transition and thus fewer photons per readout
(see Fig. 2.18 and Refs. [82, 84, 104]). Another approach is to apply an external magnetic
dc field perpendicular to the SnV quantization axis, which increases the Rabi frequency
even for low-strain emitters, but also reduces the cyclicity.
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4. Coherent control of the electron spin of a low-strain SnV center
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Figure 4.1.: Simulation of the waveguide structure used in this work. (a) Geometry of the niobium coplanar
waveguide (CPW) on a diamond substrate, modeled in Ansys HESS. (b) Simulated magnetic-field strength of
the alternating microwave field for an input power of 10 dBm. The simulation yields a field amplitude of
1.7 mT along the zj,;, axis. The simulation was performed by Ioannis Karapatzakis. The figure is reprinted
from Ref. [71]

In this work, we build upon our Refs. [70, 71] and employ a superconducting coplanar
waveguide (SC-CPW) made of niobium. The design and fabrication were carried out by
Ioannis Karapatzakis, and a comprehensive discussion of the SC-CPW properties can be
found in his PhD thesis [72]. Here, we provide a brief description for completeness. The
device is a shorted CPW with an impedance-matched geometry, fabricated by optical
lithography followed by electron-beam evaporation of 50 nm niobium directly onto the
diamond substrate. The impedance matching results in gaps of 5 um between the central
conductor and the two ground planes, and conductor widths of 30 um, as shown in Fig. 2.8.
These dimensions are smaller than those used in our Ref. [70], where 24 um gaps were used,
leading to higher microwave field strengths within the gap at the expense of a reduced
number of accessible SnV centers.

Towards the edges of the diamond, the conductor width and gap size increase to allow wire
bonding of aluminum wires from the SC-CPW to a flexible CPW cable, which connects
to the SMA microwave delivery line at the mK stage. The niobium films have a critical
temperature of approximately 9.2 K [142] and are therefore superconducting at the operat-
ing temperature in this work. Karapatzakis has shown that, at B = 0, superconductivity
breaks down upon application of a 2 GHz tone at an input power of around 17 dBm. This
threshold decreases for higher base temperatures, stronger external dc magnetic fields,
and higher microwave frequencies, but is still high enough to allow coherent control of
the electron spin.

Throughout the following sections, all stated microwave powers refer to the insertion
power at the input of the cryostat. This value already accounts for losses introduced by the
microwave and radio-frequency filters, the combiner, and the room-temperature coaxial
cabling. Inside the cryostat, however, the attenuation is strongly frequency-dependent,
increasing toward higher frequencies. Typical values for the input return loss, which
corresponds to twice the one-way loss toward the sample, are 1.89 dB at 1 GHz, 2.7 dB
at 2 GHz, and 3.54 dB at 3 GHz (see Fig. 2.10). The internal loss reaches a minimum near
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4.1. Electron-spin initialization

3.7 GHz, which motivates our choice of a dc magnetic field of 106 mT. At this field and for
a parallel orientation of the magnetic field with respect to the SnV center’s symmetry axis,
the qubit splitting coincides with this low-loss frequency.

A three-dimensional model of the niobium coplanar waveguide was simulated in Ansys
HFSS by loannis Karapatzakis and is shown in Fig. 4.1. The simulation yields an ac magnetic
field of 1.7 mT along the laboratory z-axis for an input power of 10 dBm at the waveguide
at a frequency of 20 MHz, with only sub-percent variation up to 3 GHz. At the surface
of the diamond, the B, field is oriented perpendicular to the diamond surface. Since the
diamond is aligned to the laboratory z-axis to within approximately 0.1°, as defined by
the dc magnetic-field coils, the B, field is effectively directed purely along the laboratory
z-direction. Given that the SnV center is located in close proximity to the surface, at a
depth of approximately 20 nm, we assume the same B,.-field orientation at its position.

4.1. Electron-spininitialization

As a first step, the initialization of the electron spin is achieved by resonantly driving one
of the spin-conserving optical transitions, either A1 or B2, due to the finite cyclicity of
these transitions. As derived in Sec. 2.5.2, we expect a mono-exponential decay depending
on the ratio of the optical pump rate and the cyclicity.

The optical cyclicity is particularly high for a magnetic field aligned parallel to the SnV
axis, yielding a high readout signal but also increasing the initialization time. The latter
can be tuned by adjusting the excitation power of the resonant laser beam. We will fit
counts collected during such an initialization curve by

I(t) = Aexp(~T,t) + C(B), (4.1)

where A is the initial count rate at t = 0, I}, the polarization rate, and C an offset due
to dark counts of the single photon detector B and a steady state background photon
scattering rate [104], which we attribute to fluorescence in the sample. While fitting we
weight each data point with VN + 1 to account for Poisson noise statistics and get reliable
uncertainties on the fit parameters. The +1 is chosen here to attribute a finite uncertainty
to bins with zero photon counts.

In order to record such an initialization curve one needs multiple experimental runs due to
the probabilistic nature of the process. Due to the long spin lifetime one needs to somehow
pump back the population into the probed state. This can be done by waiting much longer
than the spin lifetime T;, which is completely unreasonable, or by using, e.g., the other
spin-conserving transition to pump back into the desired initial state. In this work, we
simply apply a Rabi z-pulse on the electron spin transition at the end of the initialization
sequence bringing the population back into the initial state.

The initialization infidelity is defined by the ratio of the offset counts C and the initial
counts A [104, 143]. In addition, as we can distinguish between the steady state counts
C and the dark counts by the detector by just integrating these counts without applying
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Figure 4.2.: Time-resolved fluorescence during driving the spin-conserving optical Al transition showing
an exponential decay. The fit is shown as a black line. The reference level (red) indicates the background
dark count rate after the laser is turned off. The resulting fit parameters are given in the legend, for the
calculation of the initialization fidelity we refer to the main text.

any laser, we use the dark count corrected background for the initialization fidelity [104].
Thus, we get

C-B
A-B’
To calculate the uncertainty of the initialization fidelity we define C’ = C—Band A’ = A-B,
and the fidelity as F = 1 — C’/A’. Further, we define the functions g = A’ — C’ and h = A/,
such that the fidelity can be written as Fjn;t = g/h. The uncertainties of g, h, and Fiyj are
obtained by considering their partial derivatives, correlations p, and uncertainties o in
standard correlated error propagation. Since a higher background leads to higher counts,
we assume correlations psp = 1 and pcp = 1, while the correlation coefficient psc can be
determined by the fit of the initialization curve. We further assume a correlation pg, = 1.

Finit =1 - (4.2)

Figure 4.2 shows such a representative electron-spin initialization curve on a semiloga-
rithmic scale, which also includes the appended reference dark count measurement at
t > 10 ms. The fit uses Eq. 4.2 and the resulting fit parameters and their uncertainty are
given in the figure legend. If we compute the background-corrected initialization fidelity
we obtain Fipir = 99.862(3)% in good agreement with our results in Ref. [70]. If we did not
perform this background correction, we would obtain a fidelity of Fipi = 99.25(1)%. Not
performing the Poisson weighting leads to reduced uncertainties and also to lower fidelity,
but only on the sub-% level.
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4.2. Optically detected magnetic resonance of the SnV electron spin

As discussed in Sec. 2.5.2 from the decay rate I, we can calculate the cyclicity from this
initialization curve by
Ae=R/T, -1, (4.3)

where R is the optical pumping rate in Eq. 2.94. The initialization in Fig. 4.2 was measured
with a saturation parameter of s = 0.24 and an optical detuning of 23 MHz. The sponta-
neous emission rate for this emitter was found to be y = 2 x 36.6(1) MHz (see Fig. 2.13).
Plugging these numbers in, we find a cyclicity of A, = 6090(20) in good agreement to
the master equation fit used in our Ref. [71] on the exact same initialization curve. The
main source of uncertainty here is the total decay rate y, which is inferred from the PLE
linewidth rather than a lifetime measurement.

In addition, we can count the number of photons acquired during this measurement. For
the curve in Fig. 4.2 the cycle was repeated 14116 times. We get a mean count rate per
repetition of 1.39(1). Using the previously obtained cyclicity we find a collection efficiency
of 0.0231(3)%, which is 10% higher than reported in our Ref. [71]. This can be attributed
to changes in emitter position in the axial position towards the microscope objective or
different fogging of the objective aperture due to gas leakage inside the cryostat. This
change is rather small and shows the robustness of our setup, as this measurement and
the measurement of collection efficiency in Ref. [71] are 6 months and multiple warm-ups
and cooldowns apart, indicating the reproducibility of these measurements.

4.2. Optically detected magnetic resonance of the SnV
electron spin

The ability to optically initialize the SnV center electron spin into a specific sub-state
enables the determination of the spin qubit resonance frequency via optically detected
magnetic resonance (ODMR). Driving transition Al prepares the system in the upper spin
state |T), making the SnV center off-resonant with the laser frequency as discussed in
the previous section. Applying a microwave pulse at the qubit transition frequency can
partially restore the population in the lower spin state ||), thereby allowing continuous
photon detection through repeated excitation cycles.

In pulsed-ODMR, the microwave 7-pulse following the optical initialization pulse, allows
full recovery of the spin population. This yields a maximized count rate per cycle and
minimizes power broadening. A prerequisite for this approach, however, is prior knowledge
of the spin transition frequency. While the electron-spin resonance frequencies of the
SnV center can in principle be calculated for arbitrary magnetic fields from its known
Hamiltonian parameters, this is often impractical for uncharacterized defects, whose
Hamiltonian parameters must first be determined experimentally. In particular, the strong
sensitivity of the qubit frequency to strain makes prediction unreliable when the strain
is unknown. Furthermore, the superconducting coplanar waveguide shifts the effective
magnetic field experienced by the SnV center, displacing the resonance frequency by several
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Figure 4.3.: ODMR measurement using continuous wave excitation using —27 dBm of mw power and an
external dc magnetic field of B4, = 100 mT parallel to the SnV centers quantization axis. Two resonances are
observed due to a hyperfine splitting of the electron-spin transition due to the *C nuclear spin, yielding
two microwave transitions. The purple line corresponds to a double Lorentzian fit with a center frequency
of 3493 MHz. The whole data set is shifted by this center frequency.

MHez. To achieve a stable frequency over time we repeatedly break the superconductivity
many time with 19 dBm pulses of 1 ms duration with 10% duty cycle.

A simplified continuous ODMR measurement meets the need for a fast and reliable screen-
ing of the transition frequency. In this approach, a continuous microwave chirp spanning
the target frequency range is applied while simultaneously driving the spin-conserving
optical transition A1 and collecting phonon sideband fluorescence. The chirp duration and
power are chosen according to the required frequency span and spectral resolution. In a
typical measurement, the microwave frequency is swept over a fixed interval of 10 — 20 ms
under continuous resonant optical excitation at low laser powers of a few nanowatts. Care
must be taken to keep the optical power high enough that the optical polarization rate
[}, remains higher than the inverse sweep duration; otherwise, the observed transitions
exhibit skewed lineshape artifacts.

When covering large frequency spans, a higher microwave power ensures efficient detec-
tion of the qubit during the short window in which the chirp passes through resonance.
The sequence is repeated until sufficient signal-to-noise ratio is obtained. For high spectral
resolution, the microwave amplitude is reduced and the chirp span narrowed accord-

ingly.

Fig. 4.3 shows an exemplary continuous-wave ODMR scan of the SnV electron spin,
recorded at a microwave insertion power of —27 dBm and an external dc magnetic field of
B4 = 100 mT aligned parallel to the SnV center’s quantization axis. Two resonances are
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Figure 4.4.: ODMR measurement using continuous wave excitation using —23 dBm of mw power and an
external dc magnetic field of By, = 106 mT parallel to the SnV centers quantization axis. For each resonance
the 13C nuclear spin is initialized into one of its sub-states, yielding one detectable microwave transition.

visible, arising from the hyperfine interaction between the electron spin and a proximal
13C nuclear spin. The *C being a spin 1/2 system, each resonance corresponds to one
of the two possible nuclear-spin projections. A double-Lorentzian fit, indicated by the
purple line in Fig. 4.3, yields a center frequency of 3493.04(3) MHz and a mean full width
at half maximum (FWHM) of 2.48(8) MHz. The exact linewidth is not relevant here, but
will discussed later on ODMR on the single transitions. The two transitions also differ in
amplitude, which originates from a slight detuning of the laser frequency with respect to
the midpoint between the two microwave transitions. Tuning the laser to lower frequencies
enhances MW 1, while shifting it to higher frequencies favors MW2. A total laser frequency
shift of approximately 30 MHz is sufficient to transfer the full ODMR contrast from one
transition to the other.

To resolve the intrinsic linewidth of a single transition, we first initialize the nuclear spin
into a specific sub-state and then chirp over the corresponding microwave transition
at low optical and microwave power. This nuclear-spin initialization procedure will
be discussed in detail in Sec. 5.2. Fig. 4.4 presents the result of such a measurement,
performed at —23 dBm microwave power with an external field of B4, = 106 mT parallel
to the quantization axis. By preparing the '*C nuclear spin in either of its sub-states, only
a single microwave transition remains detectable in each case: MW2 corresponds to the
nuclear spin in ||, ), while MW1 corresponds to |T,). Across all our ODMR measurements,
MW1 consistently appears broader than MW2, which we attribute to a coupling of a
second nuclear spin to the electron spin whose strength depends on the state of the first
nuclear spin. A similar asymmetry is observed in the radio-frequency transitions of the
nuclear spin.
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Figure 4.5.: Electron-spin transition under two-tone driving. A weak microwave signal drives the electron-
spin transition, while a low-frequency rf signal at 10 kHz simultaneously modulates the qubit transition.
(a) Microwave spectrum of the electron-spin transition as a function of the applied rf power under two-tone
driving. (b) Frequency-modulation amplitude as a function of the applied rf power with the corresponding
inferred ac magnetic field amplitude. The figure is adapted from Ref. [71].

Nuclear-spin initialization prior to electron-spin manipulation is essential in this system,
as the hyperfine splitting of 44.93(3) MHz far exceeds the Rabi frequencies attainable with
the present waveguide geometry and a low-strain SnV center. This stands in contrast
to our earlier work [70], where the observed hyperfine splitting was only about 4 MHz,
allowing the electron spin to be driven irrespective of the nuclear-spin projection.

Beyond the electromagnetic simulation of the waveguide, the microwave transition itself
can be used to experimentally probe the ac magnetic field at the location of the SnV center
using ODMR. This calibration measurement was carried out by Ioannis Karapatzakis and
is described in detail in our Ref. [71]. In this approach, the electron-spin transition MW2
is driven with a weak microwave signal of —26 dBm, while a stronger (—15 — 0 dBm) rf
tone at 10 kHz is applied simultaneously to modulate the qubit transition frequency. In
the rotating frame of the qubit, the slowly varying B, field acts as an approximately
static contribution during a single shot of the measurement sequence. Consequently,
while probing the spin transition, the qubit splitting A, assumes a random value between
Ay = Qac and Ay + Q,, following an arcsine probability distribution. Here, Q,. denotes
the maximum amplitude of the sinusoidal modulation of the qubit transition frequency.
The resulting spread of the electron-spin transition is shown in Fig. 4.5(a).

Since both the direction of the ac field and the crystallographic orientation of the SnV
center within the diamond are known, the amplitude of the frequency modulation can be
expressed as Quc = Ysnv(54.7°) Bye = 20.27 MHz mT™! B, which corresponds to a g-factor
of g = 0.72 as can also be seen in Fig. 2.4.

As shown in Fig. 4.5, each spectral line can be fitted with an arcsine distribution convolved
with a Lorentzian lineshape. The observed splitting scales as oc 105 (4Bm)/20 Extrapolating
to an rf power of 10 dBm, we extract a magnetic-field amplitude of B,. = 1.26 mT, which
is roughly 30% lower than the simulated value. This discrepancy can be accounted for by
additional losses not captured in the simulation: the SMA connectors at the millikelvin plate
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4.3. Microwave control of the electron spin

introduce approximately 0.5—0.7 dB of reflection loss, and the bonding wires connecting to
the CPW on the diamond contribute a further return loss of about 0.4 dB. These losses are
not accessible through the simple insertion loss measurements discussed above, as the low
phase change of reflected signals at kilohertz frequencies prevents their extraction [71].

4.3. Microwave control of the electron spin

Having established the ability to initialize both the nuclear and electron spin into well-
defined sub-states, we can proceed to coherent control of the electron spin. In order to do
s0, a resonant microwave pulse of variable duration is applied on either the MW1 or MW2
transition, driving Rabi oscillations. An exemplary electron-spin Rabi oscillation measured
at an angle of 3. = 70° and a microwave power of P = 8.3 dBm is shown in Fig. 4.6. From
the measurement, we extract a Rabi frequency of Q = 0.730(6) MHz. The pulse sequence,
shown in the inset, consists of electron-nuclear spin initialization, a microwave pulse,
and a subsequent initialization pulse used for readout. As discussed in Sec. 2.2, the Rabi
frequency depends sensitively on the angle between the external dc and ac magnetic fields.
This is encoded in the coupling parameter A, which quantifies the interaction strength of
the ac field with the electron spin. Fig. 4.7 presents the measured angular dependence of
A for two different planes.

1
[ ]
° YZ frame: 843 =70°
g . ®  Fit: Q = 0.730(6) MHz
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Figure 4.6.: Rabi oscillation of the electron spin for a dc magnetic field angle of 3. = 70° using a microwave
power of P = 8.3 dBm. This results in a Rabi frequency of Q = 0.730(6) MHz. The pulse sequence is shown
in the inset and consists of electron-nuclear spin initialization and a microwave pulse. The subsequent
initialization pulse is used for readout.
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4. Coherent control of the electron spin of a low-strain SnV center

To account for the different microwave powers used at each driving frequency, we convert
the applied power to an effective ac driving field. Using the calibration in Fig. 4.5(b), the
effective driving field as a function of input power P reads

B (P) =

C

S (A 10P1dBml/20 4 c) . (4.4)
Ysuv(54.7°)

The frequency-dependent losses of the passive components preceding the cryostat are
measured independently and the input power P is corrected accordingly. Since these
measurements are performed at gigahertz frequencies, whereas the power calibration is
carried out at kilohertz frequencies, we additionally account for the measured insertion
losses between the cryostat input and the sample, as shown in Fig. 2.10.

Each measured Rabi oscillation is fitted by a sine function to extract its frequency, which
is then normalized by the free-electron gyromagnetic ratio y; = 28 MHzmT™! and the
effective driving field BST divided by 2, yielding the parameter A as defined in Eq. 2.73.

The solid lines in Fig. 4.7 represent the theoretical prediction of A with the SnV center’s
strain as the only parameter, fixed to the independently measured value of a; = 41 GHz.
The maximum value found here, A ~ 0.75, originates from the fixed ac-field orientation of
0xc = 54.7°. The good agreement between theory and experiment, including the prediction
of the asymmetric behavior under rotations in different planes relative to the experimental
geometry, confirms the robustness of the preceding characterizations. The remaining
deviations can be explained by additional frequency-dependent losses inside the cryostat
and uncertainty of the ac field calibration earlier.

As we will measure in Chapter 5 mostly with external dc magnetic fields aligned parallel to
the SnV center’s quantization axis, we will look into the electron spin properties under this
configuration in more detail. In addition to Rabi measurements we also perform Ramsey
measurements to determine the dephasing T, time of the electron spin. The results of
these measurements are presented in Fig. 4.8, where the same color coding as in Fig. 4.4 is
used, such that MW1 is colored green and MW2 purple.

Table 4.1.: Measurement parameters used in Fig. 4.7. The angle 04, describes the tilt of the external dc
magnetic field towards the SnV quantization axis. The frame yields the plane chosen in which the external
magnetic field is rotated, i.e. the angle ¢q.. From the input power at the cryostat the ac magnetic field can be
calculated using Eq. 4.4. Together with the fitted Rabi frequency the parameter Acy, = 2Q/(ysBac) can be
calculated. A comparison with the theoretical values from Eq. 2.73 is given.

04.(°) | Frame | Input power (dBm) | B,. along zj,, (mT) | Q (MHz) | Acyp | Atheo
70 XZ 8.9 0.80 1.61 0.14 | 0.18
110 XZ 8.3 0.75 1.60 0.15 | 0.18
110 YZ 8.3 0.75 2.22 0.21 | 0.23
70 YZ 8.3 0.75 0.73 0.07 | 0.08
90 YZ 8.3 0.75 7.82 0.74 | 0.73
0 - 15.5 1.70 1.59 0.07 | 0.08
180 - 10.6 0.98 0.90 0.07 | 0.08
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Figure 4.7.: Measured parameter A as a function of the dc magnetic field angle 64.. The theoretical curves
use the strain as the only parameter, set to the measured value gy = 41 GHz. Experimental values for Rabi
frequencies and corresponding driving powers are given Table 4.1. The asymmetry between the XZ and YZ
scans arises from the orientation of the plane of rotation relative to the ac magnetic field, i.e. whether the ac
magnetic fields lies in-plane or out-of-plane.

The Rabi oscillation in Fig. 4.8(a) was measured using a power of Py, = 15.5dBm at a
driving frequency of wywi = 3712.4 MHz. This yields a Rabi frequency of Q = 1.59(1) MHz
and a theoretical 7-pulse duration of t, = 314 ns, where in the Ramsey measurement a
pulse duration of 300 ns is chosen. Due to the power being close to the critical power of
the SC-CPW at gigahertz frequencies, we observe heating during the Rabi measurement
and the Rabi oscillations can not be described by a pure sine function. For long pulse
durations tp.p;, the overall contrast decreases and the baseline of counts increases. Similar
behavior has been reported for GeV centers and also attributed to heating effects [144]. In
addition, we suspect a change of the nuclear spin populations due interaction with the
electron spin during manipulation of the electron spin to lead to a gradual depopulation
of the resonant level. This will be discussed further in Sec. 5.4.4. To account for this in
these measurements, we fit the oscillation with an additional exponential damping term
and a linearly increasing baseline.

For the MW1 Ramsey measurement, a detuned drive offset by 3 MHz is used as shown in
Fig. 4.8(c). As shown in the figure the Ramsey measurements consists out of an initialization
pulse, two 7 /2-pulses separated by the free induction time 7 and a readout pulse. In the
experimental implementation there is no initialization pulse, as each readout pulse is also a
initialization pulse. In addition, the sequence is repeated twice. The sequence is performed
twice: once with the second 7/2 pulse in phase with the first /2 pulse, and once with the
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Figure 4.8.: Rabi and Ramsey measurements of the electron spin under an external magnetic dc field aligned
parallel to the SnV centers quantization axis. (a) Single oscillation with a Rabi frequency of Q = 1.59(1) MHz
at 15.5dBm power for transition frequency MW1. (b) Single oscillation with a Rabi frequency of Q =
1.66 MHz at 13.5 dBm power for transition frequency MW2. (c) Ramsey decay of MW1 for a fixed detuning
yielding a coherence time T, = 0.8(1) ps. (d) Ramsey decay of MW2 for a fixed detuning yielding the same
coherence time as expected.

second pulse shifted by 180°, corresponding to a —/2 pulse. This projects the state onto
the opposite spin state. A visibility is then calculated as

_ S0 — S1s0

- , 45
So + Si130 (45)

where S indicates the counted fluorescence of the readout pulse on each of the two
measurement cycles. This cancels out fluctuations in the count rate from the laser intensity
or spatial emitter drifts. Since this is only a measurement detail, it is not shown in Fig. 4.8(c)
and (d) in order to keep the figure readable. However, in all following figures in this chapter
and the next chapter, whenever a visibility is reported, it refers to exactly this inversion of
the final projection pulse.

As we expect the nuclear spin bath to be the main contribution to dephasing, we fit the
oscillation of the visibility with a Gaussian decay
VRamsey = Acos(2mf + qoo)e_(t/T;)2 , (4.6)

and obtain a dephasing time of T, = 0.8(1) ps. For comparison, dephasing times in the
range of 0.4 — 2.4 us have been reported for SnV centers in natural-abundance diamond,
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4.3. Microwave control of the electron spin

where the dephasing is dominated by the '*C nuclear-spin bath [66, 70, 84]. For isotopically
purified diamond, values of 2.5 ps have been reported [82]. As we can fit the stretching
exponent well with a value of 2, we are confident that the dephasing arises from slow
fluctuations of the nuclear spin bath. Thus we can use Eq. 3.17 to calculate the bath coupling
strength as b = V2/ T; = 27 x 291(3) kHz, which is in the same order of magnitude to
what was found in our previous work in Ref. [70] and for GeV centers [130].

A dephasing time of T,) = 0.8(1) us would give us an expected ODMR linewidth of
V2/ (nT,) = 0.60(9) MHz [145], which is still much lower than what we observed. This
discrepancy will be addressed in more detail when the echo decay of the electron spin is
discussed.

For MW2, performing the same measurements yields a Rabi frequency of Quw, =
1.66(1) MHz at a driving power of Py = 13.5dBm and a driving frequency of wyw: =
3665.5 MHz. As shown in Fig. 4.8(d), a Ramsey measurement with a detuning of again
3 MHz yields the same dephasing time as for MW1, as expected.

Since we expect the nuclear spin bath to be the main source of noise, the coherence can
be extended using dynamical decoupling or, as a starting point, a Hahn-echo sequence.
We perform an echo measurement in parallel field alignment, initializing the electron
spin via the spin-conserving transition B2 and subsequently manipulating it using an
echo sequence with MW1 at a power of 11 dBm. We perform the same repeating of the
sequence with an inverted final projecting pulse as described for the preceding Ramsey
measurements and calculate the visibility according to Eq. 4.5.

As shown in Fig. 4.9, the echo signal is strongly modulated and exhibits a characteristic
beating frequency. This beating arises from the coupling of nearby '*C nuclear spins to the
electron spin, whose coupling strengths can significantly exceed those of the surrounding
nuclear spin bath [130, 146].

For the present emitter, the modulation indicates the presence of a second strongly coupled
3C nuclear spin. Although this spin is not directly resolved in the ODMR measurements,
signatures of its coupling are observed in later nuclear-spin measurements, see Sec. 5.3.

For a single *C nuclear spin, the Hamiltonian in the secular approximation, i.e. neglecting
the electron-flipping terms [128], and for a magnetic field aligned along the SnV center’s
quantization axis is given by

H = AS; + (ynBac + Az2S2) L + A S. I, (4.7)

where A is the detuning from the qubit resonance, y, is the gyromagnetic ratio of the 1*C
nuclear spin, and A,, and A, are the remaining non-zero hyperfine parameters [131]. For
more details on the hyperfine parameters we refer to Chapter 5. The echo signal of such a
coupled '*C nuclear spin can be calculated, yielding

3
2 2 _ 21')
Vicho = [1 _ ok? sin(%) sin(%) ]e (TzHE : (4.8)
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Figure 4.9.: Hahn-echo measurement of the electron spin. Visibility of the spin echo as a function of the
total evolution time ¢ = 27. The green points show the experimental data strongly modulated by proximal
nuclear spins. The magenta curve is a fit to a stretched exponential with cubic stretching for a nuclear spin
bath yielding a Hahn-echo coherence time of T'F = 118(15) ps. The inset shows the corresponding pulse
sequence.

Ao - . ) .
where k = (Z)Loafl" is the modulation contrast and wy and w; are the precession frequencies
of the coupled nuclear spin for the two electron spin orientations mg = +% and m; = —%,

respectively [131]. These effective Larmor frequencies are related to the hyperfine coupling
via [131]

wo = V(wr + A /2)2 + (A /2)2, (4.9)
w1 = \/(wL - Azz/z)2 + (Azx/z)z . (4~10)

The Larmor frequency is given by @, /27 = y1scBge = 1.135 MHz, using yisc = 10.71 MHz T,
It should be noted that the repeatability of this measurement was very low due to the
limited signal quality and strong modulation from this nuclear spin. Moreover, the sig-
nal is under-sampled: the Larmor precession period of the nuclear spins is of the same
order of magnitude as the inter-pulse spacing of the echo sequence, which affects the
observed hyperfine modulation. The nuclear bath contribution becomes apparent at times
T~ (2p + 1/4)1.[66], where 11, = 27/ wp, = 0.88 s, which is close to our fixed inter-pulse
spacing of 7y = 1ps. The effective Larmor frequencies w, (w;) are split around the bare
Larmor frequency and shift to higher (lower) values as the hyperfine coupling increases.
A finer sampling than the Larmor precession period would therefore be required to make
a quantitative statement about these frequencies.

To gain an insight on the order of magnitude of this coupling we can compare these
observations with the broadening of our observed ODMR linewidth. The expected ODMR
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splitting of such a strongly coupled nuclear spin is given by ~ A,, [86], which provides
an upper limit on the hyperfine coupling. Since we observe a broadening of the ODMR
linewidth beyond the expected T -limit, we can assume that a second nuclear spin couples
within this MHz range. Simulating two T,'-limited Lorentzian transitions with a hyperfine
splitting of A,,/2m = 0.75MHz produces a single unresolvable peak with a resulting
linewidth of 1.8 MHz, in good agreement with the experimentally observed value. Since
the effective hyperfine splittings are predominantly governed by A,,, we expect such
strong coupling to also cause large deviations of the effective Larmor precession from the
free Larmor precession. Furthermore, the strong modulation contrast suggests a sizable
Azx coupling. Because wy, ¥ A;;, Ay, the typical simplifications regarding the echo dip
positions [66, 131] do not hold, and a quantitative analysis would require fitting a finely
sampled trace of this echo. This is left for future work. Consequently, we do not take these
oscillations into account and only provide a rough estimate of the spin bath properties.

Nuclear spin bath. We can only consider the envelope of the echo decay to make as-
sumptions about the nuclear spin bath [130]. The echo decay yields a decay time of
T2E°h° = 119(1) ps. It is worth noting that in Fig. 4.9 the single precession time 7 is plotted,
but the total precession time, which determines the decoherence time, is given by t = 27.
As this decay stems from the interaction with the *C nuclear spin bath, we can estimate
the bath correlation time 7, using Eq. 3.22. We find 7, = 0.5(1) s, roughly a factor of six
smaller than reported in our previous work [70]. As noted there, such a coherence time
is smaller than what we would expect from the pure *C nuclear spin bath alone. To
gain an intuitive understanding, we follow Ref. [89] and discuss the predictions under the
assumption of a pure 3C nuclear spin bath.

As discussed in Sec. 3.3, the coupling of the nuclear spins to the electron spin of the SnV
center can be described by the variance of magnetic fields produced by these nuclear bath
spins, as well as their intra-bath dynamics. The square root of the magnetic field variance
for a given 3C density n, is given by [147]

27
0y X '\/—&nch}/mc. (4.11)
3 4r

The spin density can be calculated by considering the 1.1% probability of one of the 8
carbon atoms in the cubic unit cell of diamond being a '3C nuclear spin. With the diamond
lattice constant of a4 = 0.36 nm, this gives a concentration n, = 1.94 nm™>. Plugging this
into Eq. 4.11 yields a field of 0y = 2 pT. From this we obtain a coupling of the electron
spin to the bath via b = y,0p = 27 X 55kHz and thus a inhomogeneous dephasing time
T; = V2/b = 4s, as similarly presented in Refs. [128, 147].

The internal dynamics of the bath spins are governed by the dipolar interactions between
the bath spins and the resulting flip-flops [125, 148]. It is worthwhile to distinguish
between bath spins, which undergo free evolution and the bath spins in the proximity of
the SnV center, as the latter experience a hyperfine coupling and thus an energy shift in
their Larmor precession. This also means that these nuclear spins have different Larmor
precession frequencies not only to the "free" bath spins, but also from one another, which
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4. Coherent control of the electron spin of a low-strain SnV center

hinders flip-flop transitions [149, 150]. This results in a so-called frozen core [149] around
the SnV center. The radius of this core is given by r = [(ye/yn)'/*]a, where a is the
statistical mean distance between two neighboring '*C nuclear spins [149, 150]. The mean
distance a is related to the spin density via a = 0.554nc_1/ ’ = 0.44nm [149, 151], yielding a
frozen core radius of 7¢ore = 3.2 nm. The number of *C nuclear spins in this core can be
calculated by multiplying the volume of the frozen core Veore = 4/3772,,. With the average
concentration n,, yielding approximately ~ 260 *C nuclear spins contributing to this
core. Summing over all nuclear spins in the the nuclear spin bath gives the quasi-static
contribution. During a measurement sequence this remains constant, but between each
measurement the value changes by the variance described above, i.e. shot-to-shot noise,

and thus leading to the inhomogeneous dephasing time T

Flip-flop transitions will mostly occur for nuclear spins at the border of the frozen core
and beyond. Randomly distributed pairs of spins will create the fluctuations seen by the
SnV center electron spin via the hyperfine interaction [128]. Nuclear spins far out will not
only couple more weakly to each other but also share the same Larmor frequency, and
thus only create a modulation of the echo without leading to a decay of coherence [147,
152]. Pairs of nearest-neighbor nuclear spins located around the frozen core will have
the strongest impact due to their strong dipole coupling [128]. The decoherence rate
1/T, scales approximately as the geometric mean of the average nuclear-nuclear dipolar
interaction and the electron-nuclear hyperfine interaction, and therefore increases linearly
with the nuclear spin density n. [152, 153]. For natural abundance, this yields a theoretical
coherence time of T, ~ 400 ps [147], in good agreement with experimentally reported
values [70, 130, 153].

Electron spin bath. The nuclear spin bath is not the only bath that can be present in
the vicinity of the SnV center. Due to the implantation process, nearby charge traps can
create an electron spin bath [66, 84], and so can the diamond surface in close proximity [63,
154].

Flips of bath electron spins create a fluctuating magnetic field at the position of the SnV
center. For a finite refocusing-pulse bandwidth, the refocusing pulse can flip not only the
spin qubit but also bath electron spins, thereby changing the local magnetic field [86]. This
effect is known as instantaneous diffusion and can strongly reduce the efficiency of the
refocusing pulse [155].

The electron spin bath is therefore expected to contribute significantly to decoherence when
the g factor of the SnV center is close to the free-electron value. This can occur for strongly
strained SnV centers or for suitable magnetic-field orientations, and can also enable flip-
flop processes between bath electron spins and the spin qubit [86]. Instantaneous diffusion
has been found to limit the coherence of moderately strained SnV centers under small-
amplitude off-axis magnetic fields with 04, ~ 30° and at low magnetic-field amplitudes [84].
For a large magnetic field amplitude aligned along the quantization axis, the orbital Zeeman
effect shifts the qubit far from the free electron spins, making instantaneous diffusion

negligible.
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Nevertheless, the fluctuating magnetic field created by electron spin bath still contributes,
mainly affecting the observed coherence time T, while T} is limited by the nuclear spins
surrounding the defect. Such an electron spin bath follows a Lorentzian noise spectral
density [154] and can be incorporated into bath simulations, as done in our previous
work in Ref. [70], reducing the coherence time by roughly a factor of 3. This is in good
agreement with the coherence time observed in Fig. 4.9. As we did not perform extensive
coherence measurements on the SnV center’s electron spin here, we will not discuss the
relevant parameters for the electron spin bath but refer to Refs. [66, 84, 90], our work in
Ref. [70], and the thesis of Karapatzakis [72], where this is discussed in more detail in the
direct context of the SnV center.

4.4. Summary and outlook

We have shown in this chapter that we can coherently control the electron spin of a
low-strain SnV center. After initializing the electron spin and measuring the microwave
transition frequencies via ODMR, we quantify the theoretical dependence of the Rabi fre-
quency on the angle of the external off-axis field. For parallel magnetic field configurations,
we have demonstrated Rabi and Ramsey measurements of both microwave transitions
(MW1 and MW?2), yielding Rabi frequencies of around 1.6 MHz and dephasing times of
T; ~ 0.8 ps.

The Hahn-echo measurement reveals a strong modulation from a second nearby coupled
13C nuclear spin. Due to the poor signal quality of the echo, only rough estimates are
possible. Comparing the observed ODMR linewidth broadening beyond the expected
T;-limit suggests a hyperfine coupling on the order of ~ 1MHz. As this coupling is
comparable to the Larmor frequency of the bath, a strong modulation is observed.

Considering only the echo envelope, a coherence time of Tj'* = 119 s is measured.
Estimating from a randomly distributed nuclear spin bath around the SnV center yields a
theoretical coherence time of T, ™ ~ 400 ps. The observed T; is shorter than this prediction,
which is attributed to an additional electron spin bath created by charge traps from the
ion implantation and the diamond surface.

Since in our echo measurements the Rabi z-pulse duration is on the same order of magni-
tude as T, we expect a high accumulation of infidelity during the coherent control of the
SnV center’s electron spin. This will limit the dynamical decoupling efficiency, making
it hard to quantify the phenomena described above in qualitative manner. Furthermore,
the strong coupling of two individual *C nuclear spins complicates the control and needs
to be accounted for, e.g. by initialization of both nuclear spins at the same time before
coherent control of the electron spin.

We chose the configuration of low strain and parallel magnetic dc field, despite it being
the most inefficient for Rabi driving, to maximize the cyclicity and the number of collected
photon counts for the nuclear spin measurements in Chapter 5. If one were to use a
nano-structured diamond with a higher collection efficiency, these constraints would be
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relaxed and one could move to off-axis fields or employ higher strains, where we showed
dynamical decoupling using SC-CPWs [70]. As shown in Fig. 4.7, applying an off-axis field
would provide about a 9-fold improvement in Rabi frequency for this low-strain emitter,
enabling high-fidelity manipulation to extend the coherence time of the electron spin
further.

Using such high-fidelity decoupling, one can identify coupled *C nuclear spins surround-
ing the SnV center by analyzing the dips in the coherence signal. For more weakly coupled
nuclear spins, the resonances wy and w; approach the Larmor frequency and the sensitivity
scales with (A, /wr)? [66, 131]. In contrast to the spin-1 system of the NV center, this
makes it much more difficult to distinguish individual spins from the nuclear spin bath.
If they couple strongly enough, they can still be resolved, as recently shown [66]. Such
nuclear spins can be controlled either by timed dynamical decoupling protocols or by
direct rf driving using DDRF protocols, as has been demonstrated [66].

Another approach is correlation spectroscopy, which is not limited by the finite coherence
time of the system but by the lifetime of the electron spin [131]. The main idea is to
perform a Hahn-echo-like pulse sequence on the electron spin, creating coherence in the
surrounding nuclear spins [86]. Afterwards, the coherence of the electron spin decays
and the nuclear spins undergo free induction decay governed by one of the two effective
Larmor frequencies [131] wy, w; given in Eq. 4.9. This leads to a phase accumulation on
the nuclear spins during the free evolution. Since the electron spin is de-phased during
the free induction decay of the nuclear spins, this sequence is limited only by the electron
lifetime. A second echo measurement at the end maps this phase contrast onto the electron
spin, which can then be read out. This technique has recently been applied successfully to
the GeV center in diamond [106].
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5. Coherent control of a single strongly
coupled °C nuclear spin

5.1. Hyperfine interaction with a proximal nuclear spin

As we already have seen in the previous chapter, in addition to the single electron spin
of the SnV center, there can also be nuclei with non-zero nuclear spins, such as the *C
isotope. The total Hamiltonian of the combined system can be written as a sum of the
individual contributions

I:I = I:I() + I:IHF + I:INZ + I:INQ + I:INN, (5.1)

where H, captures the electron spin and the effects discussed in Chapter 2 and Chapter 4.
The term Hyr describes the hyperfine coupling between the electron and the nuclear spins,
and Hyz accounts for the nuclear Zeeman effect. For nuclear spins with spin I > 1/2, the
nuclear quadrupole term Hyg becomes relevant [86]. In addition, if multiple nuclear spins
are present, nuclear-nuclear interactions may also become relevant, summarized by the
term Hyn [86]. As 13C has a natural abundance of 1.1% in diamond, nuclear spins with
I = 1/2 are the most relevant, and the nuclear quadrupole term FINQ will not be discussed
further here. Due to the higher mass of nuclei, their gyromagnetic ratios are orders of
magnitude smaller, which leads to typical nuclear-nuclear interactions in the kHz regime
as discussed in Sec. 4.3 (see also e.g. Ref. [128]). Thus, the dominant additional terms in
the Hamiltonian are the hyperfine coupling and the nuclear Zeeman term, which lead to
energies in the MHz range [86]. In the following section, we will discuss both effects in
more detail.

Nuclear Zeeman effect. The nuclear Zeeman effect can be described, in direct analogy
to the electron Zeeman effect, by the interaction of the nuclear spin with an externally
applied magnetic field as )

HNZ = —yniB . (5.2)

The gyromagnetic ratio for a *C nuclear spin is y1sc = 10.71 kHzmT™. For the magnetic
fields used in this thesis, on the order of 60 — 400 mT, this corresponds to energy scales in
the single MHz regime.

For nuclear spins that only weakly couple to the electron spin (Eyr < Enz), this Zeeman
interaction dominates the dynamics, and the nuclear spins precess around a quantization
axis defined by the direction of the external magnetic field, with a unique Larmor frequency
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of |wr| = y»B. As a result, the nuclear spins generate an effective oscillating magnetic
field at the position of the electron spin. This oscillating field imprints a characteristic
modulation onto the electron spin dynamics, for example observed in the decoherence
signal measured in a Hahn-echo-like experiment. See e.g. Ref. [146] or Sec. 4.3.

As this gives just a classical field oscillation with no effects by the electron spin itself [152],
this effect can therefore be exploited to accurately calibrate the external magnetic field of
the vector magnetic field coils. This has been done in our previous work in Ref. [70] to
calibrate the 3D vector magnet (see also Sec. 2.5.1).

We expect hyperfine couplings in the range of tens to single MHz and thus the nuclear
Zeeman effect is not negligible when estimating hyperfine coupling parameters.

Hyperfine coupling. In the following we will focus on the hyperfine interaction of single
nuclear spins coupled to the SnV center’s electron spin. We will first give a theoretical
introduction to the hyperfine coupling in general, before introducing the coupling to a
nearest-neighbor *C nuclear spin, which is the relevant case for the studies presented in
this work. We begin with estimations from DFT calculations, providing a first order of
magnitude of the expected hyperfine coupling. In the next subsection we will use these
numbers to develop the relevant level structure of the electro-nuclear coupled system.

The hyperfine interaction is mediated by the hyperfine tensor and can be written in general
as

Hur = SAI . (5.3)
The tensor A can be decomposed into an isotropic Fermi contact interaction Agc and an

electron-nuclear dipole-dipole coupling term App [86]. The Fermi contact contribution is
described by the scalar parameter

2
Afc = gys)’n|¢o(0)|2, (5.4)

where |/5(0)|? denotes the electron spin density at the position of the nucleus, i.e. the
difference in density between spin-up and spin-down electrons [86, 156].

The dipole-dipole coupling can be described as

(45) () 5 >

N 1
ADD = _YsYn< 3 lary (5.5)
4

rd r3

where r is the vector connecting the electron and nuclear spin [86], and (...) denotes the
averaging over the electron wavefunction [86, 90, 146]. For nuclear spins at distances
r > 0.25nm, this coupling can be well approximated by the interaction of two point
dipoles [86].

Within the point-dipole approximation, only three independent non-zero parameters
remain [146]. The hyperfine tensor is then axially symmetric and described by the parallel
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5.1. Hyperfine interaction with a proximal nuclear spin

hyperfine coupling A, the perpendicular hyperfine coupling A, and the angle 6 between
the hyperfine quantization axis and the applied external field [86, 157]. If there is no
Fermi-contact contribution, the dipolar coupling strength and the angle 0 are the only
two independent parameters [86, 145]. Having a finite angle 6 leads to a pseudo-secular
coupling ~ A;,S.I, [86], which is often also represented by the quantity A, [66, 67, 158]
despite being not exactly the same per se. For a nuclear spin located at the inversion
symmetry point of the defect, such as a host Sn nuclear spin, the dipole coupling tensor is
diagonal in the frame of the SnV center parameter [111, 157].

For a proximal *C nuclear spin, however, the dipole coupling cannot be approximated by
point-dipoles, and the corresponding tensor in the frame of the SnV center is generally not
diagonal. Nevertheless, averaging over the spatial electron distribution yields a symmetric
and traceless dipole coupling tensor, resulting in six independent non-zero parameters of
the total hyperfine tensor in the frame of the SnV center [86, 146]. Rotating the external
magnetic field away from the SnV center’s quantization axis allows in principle for the
determination of these six parameters.

Following for example Gali et al. [159], the hyperfine tensor can in general be diagonal-
ized into its principal axis frame, in which the hyperfine tensor is purely diagonal. The
principal axis frame does not necessarily coincide with the symmetry axis of the SnV
center nor with the orientation of the external magnetic field [86]. However, performing
this transformation theoretically yields the so-called principal values, or hyperfine con-
stants, AP, Agy, and AL, The Fermi-contact term is given by one-third of the trace of the
hyperfine tensor,

1
AFC = g Z Aii . (56)

This is physically intuitive, as the Fermi-contact contribution corresponds to an isotropic
(diagonal) term.

To gain insight into the order of magnitude of the expected hyperfine coupling of such a
nearest-neighbor *C nuclear spin, we consider DFT calculations from the literature. Using
the values obtained by Kuate Defo et al. [160] and Mohseni et al. [157], we can extract the
expected Fermi-contact and dipole-coupling terms. Both references note that one could
expect two sets of hyperfine couplings, since the spin density is anisotropically distributed
over the nearest neighbors due to lattice distortions caused by the large Sn nucleus. This
is in contrast to the SiV center, where six equivalent carbon sites were simulated [160,
161] and also experimentally observed [162].

We distinguish the obtained hyperfine parameters by writing them in the form site 1(site 2).
Using the values by Kuate Defo et al. [160], one expects Fermi-contact terms of Apc =
18 — 25 MHz(92 — 129 MHz). The overall interaction strength can be estimated as Ayean =
21 — 28 MHz(103 — 137 MHz) [146] for this lowered symmetry.
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5. Coherent control of a single strongly coupled *C nuclear spin

Mohseni et al. [157] also calculate the expected hyperfine coupling in the case of the full
D54 symmetry and finds a hyperfine tensor in the frame of the SnV center of

70.1 0 14.6
ADFT = 0 28.3 0 MHz . (5.7)
146 0 334

Diagonalizing this tensor yields the principal values A, = 28.3 MHz, A‘Zy =33.4MHz, AL, =
70.1 MHz, a Fermi-contact term of Apc = 43.9 MHz and a mean interaction strength of
Amean = 48 MHz [146]. This is much closer to our observed values in Fig. 4.3 and thus the
full D34 symmetry might be retained in our system and we will use this hyperfine tensor
as a first order of magnitude model in the following subsection.

Level structure with a single strongly coupled proximal nuclear spin. The previous dis-
cussion provides the magnitudes of the hyperfine interaction, but not the expected level
structure. This level structure is required to describe the transition frequencies observed
in our measurements. Since the hyperfine interaction is much smaller than the electron
Zeeman splitting, we first write the eigenstates as product states, [leln), [leTn)s [Teln)
and |TeTn) [86, 163].

To gain an intuitive understanding of the expected transition frequencies, we take a closer
look at the hyperfine tensor in Eq. 5.7. The zero entries are readily understood from
symmetry considerations. Similar to the treatment of a nearest-neighbor '*C nuclear spin
coupled to an NV center by Rao and Suter [164], the number of independent non-zero
parameters of the hyperfine tensor can be reduced by considering the symmetry of the
combined system. Since the nuclear spin is expected to be located at one of the six nearest-
neighbor lattice sites, the symmetry is reduced from D34 to Cs. This point group contains
only a single mirror plane, which is spanned by the SnV quantization axis and the vector
connecting the SnV center to the chosen nearest-neighbor lattice site, risc [164].

Since the g tensor is axially symmetric, we define the x-axis of the coordinate system to
be in the plane spanned by risc and the SnV center’s quantization axis. This reduces the
hyperfine tensor in the SnV frame to four independent non-zero parameters, yielding the
hyperfine interaction [164]

I:IHF = Z AiiSA,’ A,' + Azx (ngz + gzjx) . (5.8)

Following Ref. [86], the ground-state electron spin Hamiltonian is first diagonalized by
rotating into the principal-axis frame of the g tensor of the SnV center. This yields
eigenvalues Aflms for the electron Zeeman interaction. The resulting four eigenvalues of
the combined electron-nuclear spin system are given by [86]

E(ms, mp) = A‘f]ms + c(mg)my . (5.9)
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5.1. Hyperfine interaction with a proximal nuclear spin

The allowed electron spin resonance transitions are those with Am; = 1 and unchanged
nuclear quantum number, while the opposite holds for the nuclear spin resonance tran-
sitions [86, 87]. This gives four allowed transitions: two in the GHz regime, referred
to as MW transitions, and two in the MHz regime, referred to as RF transitions in this
work. The two MW transitions are separated by the value of ¢(m;). This can be seen
in Fig. 5.1(a), where the two Zeeman sublevels of the electron spin split into four levels,
with the two nuclear spin-conserving microwave transitions labeled MW1 and MW2. The
color scheme is chosen to match that used in Chapter 4. The two electron spin-conserving
nuclear transitions are labeled RF1 and RF2. In addition, Fig. 5.1(a) illustrates the electron
Zeeman splitting in the excited state to indicate the spin-conserving optical transitions
A1l and B2. The Zeeman splitting in the excited state is larger due to the less quenched
orbital contribution for a magnetic field aligned along the SnV quantization axis, leading
to A1<B2. A schematic representation of the SnV center within the diamond lattice is also
shown, where black spheres denote 12 atoms, white spheres vacancies, the red sphere
the tin atom, and the blue sphere the *C nuclear spin. The position of the *C atom is
chosen arbitrarily among the nearest-neighbor sites.

For simplicity, one can assume an isotropic hyperfine tensor, i.e. A = A, because the Fermi-
contact contribution is expected to be larger than the anisotropic dipolar coupling when
comparing the DFT values of the Fermi-contact contribution with the off-axis coupling
term. This approximation has, for example, been used for nearest-neighbor *C nuclear
spins coupled to an NV center [165]. For comparison, nearest-neighbor couplings of
a >C nuclear spin to an NV center in diamond with hyperfine coupling strengths of
~ 150 MHz have been reported [152, 165-168]. If one further neglects the nuclear Zeeman
splitting, the eigenvalues are given by c(m;) ~ A/2 [86]. From this, we find that the
splitting between the allowed MW transitions is approximately Awyw = A. For arbitrary
magnetic-field orientations, the RF transitions are given by wgr = c(m;s) ~ A/2 [86]. Thus,
the RF transition frequencies are expected to be approximately half the splitting of the
MW transitions, with corrections arising from the nuclear Zeeman interaction and pseudo-
secular terms. Using the measured ODMR spectrum in Fig. 4.3, we find A ~ 45 MHz
in agreement with the Fermi-contact value reported by DFT calculations [157]. The
nuclear Zeeman term can be calculated from the external dc magnetic field and is given
by w1, * —1 MHz for a field of 100 mT. Assuming an isotropic hyperfine coupling, we find
wrr = A/2 — 2mgwr. The nuclear Zeeman term therefore increases the RF frequency of
the ||.) state, denoted RF1, and decreases that of the |T.) state, denoted RF2. This agrees
well with the observed asymmetry in the RF splittings as shown in Fig. 5.1(a).

For a magnetic field aligned along the z-direction of the SnV center or for an isotropic g
tensor, i.e. a high-strain SnV center, we can have a simplified look at the Hamiltonian of
the hyperfine interaction. Under this assumption one can neglect the off-diagonal electron
spin operators, i.e. the non-secular terms §x and §y [86, 128]. This is the so-called secular
approximation, which is commonly applied to an electron spin 1/2 coupled to a nuclear
spin 1/2 [86]. Under this approximation, the hyperfine Hamiltonian reduces to

Hyp = Ay,S, L + AuS, I, (5.10)
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Figure 5.1.: Level scheme of the hyperfine coupling between the electron spin of the SnV center and a
proximal *C nuclear spin. (a) The two Zeeman sublevels of the electron spin split into four levels. In
addition, the electron Zeeman splitting in the excited state is shown to indicate the spin-conserving optical
transitions Al and B2. A depiction of the SnV center’s symmetry inside the carbon lattice is also shown,
with black spheres indicating 12C atoms, white spheres vacancies, the red sphere the tin atom, and the blue
sphere the *C nuclear spin. The position of the *C is arbitrarily chosen among the nearest neighbors.
(b) Nuclear precession axis w, and wg for the two different electron states respectively. The length of these
vectors give the nuclear transition frequencies RF1 and RF2. (c) Allowed and forbidden transitions for a
strongly coupled nuclear spin. The forbidden transitions are shown in blue. Figure (a) is adapted from Fig. 1
in Ref. [71]. Figure (b) and (c) are adapted from figures 3.5.1 and 3.5.2 in Ref. [86].

where the term containing A_, is referred to as the secular hyperfine coupling, while A,
is the pseudo-secular hyperfine coupling [86]. From this expression, it becomes clear
that all elements of the hyperfine tensor can only be determined by applying off-axis
magnetic fields and considering the full tensor with four independent parameters. Since
the hyperfine tensor in Eq. 5.7 is not axially symmetric, it is not possible to introduce
the parameters A and A, . The Hamiltonian above corresponds to the same hyperfine
interaction discussed in Eq. 4.7 in the context of echo modulations induced by proximal
nuclear spins.

Using this Hamiltonian, together with the nuclear Zeeman interaction, the nuclear transi-
tion frequencies are given by

A\ (A )’
|we | = (wLi 2”) +( ;") : (5.11)
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5.1. Hyperfine interaction with a proximal nuclear spin

Using the DFT values in Eq. 5.7, namely A,, = 33.4 MHz and A,, = 14.6 MHz, we obtain
wq = 17.2MHz and wg = 19.27 MHz. As discussed above, we assign wg to the ||.) state
(RF1) and w, to the |T.) state (RF2).

To determine the ODMR splitting shown in Fig. 4.3, we follow Ref. [86] and introduce the
angles

_Azx
=arctan | ———| . 5.12
e (Azz F ZwL) ( )
This allows the nuclear transition frequencies to be rewritten as

A A
Wg = (a)L + %) COS Ny — % sinng, (5.13)

A A
wp = (a)L - %) cosng + % sinng . (5.14)

Fig. 5.1(b) shows the relevant precession axes, derived in a geometrical manner by adapting
the figure 3.5.1 from Ref. [86] to our situation.

The difference between the two allowed electron spin transitions is given by A,y =
wq—wp ~ 36 MHz, which is smaller than the experimentally observed splitting of ~ 45 MHz.
For the forbidden transitions, one obtains Agy, = w, +wp ~ —2 MHz. The relative strengths
of these transitions are given by

2 ’70:_’7[)’)
cos® | ——+
Llw _ ( 2

SR NLED ST (5.15)
Iy Sil’12 (Ua_”ﬁ)

2

and therefore the forbidden transitions can be neglected in ODMR experiments at low
driving power. This is in good agreement with the observations shown in Fig. 4.3. For high
power ODMR measurements, i.e. powers of roughly —10 to —4 dBm, yield a broadened
central peak, which we attribute to the forbidden transitions.

In Fig. 5.1(c) the derived transitions are shown, where we adapted the figure 3.5.2 from
Ref. [86] to our notation. The forbidden transitions are shown in blue and one can see
directly from geometry, that they are close to equal in transition frequency. Note that
the nuclear spin ordering is reversed in the |T.) manifold due to the strong hyperfine
coupling [86].

As given in Refs. [86, 165], the new eigenvectors are not the bare product states anymore
but superpositions of opposing nuclear spin projections along the quantization axis of
the SnV center. The mixing depends on the strength of A, relative to A,, in the strong
coupling case as considered here. For the DFT values used above we find an 5% admixture
of the opposite nuclear spin state. Thus we denote the states as pure product states [86] in
Fig. 5.1(a) and (c).

With this level scheme, we have sufficient understanding to describe the phenomena
observed in Sec. 5.2 through Sec. 5.4.3.
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5. Coherent control of a single strongly coupled *C nuclear spin

5.2. |Initialization via microwave-assisted optical pumping

Before the nuclear spin can serve as a qubit, it needs to be prepared into one of its sublevels.
While methods such as SWAP gates [144], spin-echo resonances [63, 66], or Hartmann-
Hahn cross-polarization [135] exist for this purpose, the low electron Rabi frequency of
low-strain SnV centers, when the magnetic field is aligned along the SnV quantization
axis, makes these approaches impractical here. Instead, an optical pumping protocol can
be used.

The initialization scheme works by simultaneously driving a microwave transition inco-
herently and a spin-conserving optical transition, for instance MW1 together with Al.
The A1 transition is chosen such that it excites the electron spin state ||.) regardless of
the nuclear spin orientation. This can be verified by comparing the ODMR contrast of
both microwave transitions: As shown in Fig. 4.3, these should be of equal height for this
condition to be satisfied. As soon as an electron flip occurs due to the finite cyclicity of A1,
the microwave drive MW1 creates an incoherent mixture of both electron spin projections,
provided the nuclear spin is in the |T,,) state. This leads again to excitation via A1, until
only population in |T.|,) remains. This state is off-resonant with all drive fields and forms
a dark state. The population transfer can be traced by the observed fluorescence, which
decays exponentially as population accumulates in the dark state. Analogous pumping
schemes using MW2 and/or B2 can populate any of the four sublevels.

Since only an incoherent mixture of the electron spin is needed, microwave powers as low
as P = —16 dBm can be used. Typically, a short laser-only pulse is appended at the end of
the nuclear initialization sequence to provide a reference of the background fluorescence
level, as already discussed in Sec. 4.1. Using the same formulas presented in that section,
one can calculate the initialization fidelity. Due to the high cyclicity of the electron spin of
~ 6000 (see Sec. 4.1), this initialization takes roughly 5 — 10 ms depending on the optical
and microwave power as can be seen in Fig. 5.2(a).

In order to model the initialization, one has to consider all four ground-state levels as well
as the two hyperfine levels in the excited state connected to the electron-spin-conserving
transition being probed. Solving the master equations obtained from a Hamiltonian similar
to the one in Eq. 2.88 is rather tedious, as the energy scales of the electron spin transitions
and nuclear spin transitions differ by three orders of magnitude. Even if one dephases
the coherences very quickly, a naive approach of numerically solving the time evolution
requires long computing times. However, we can benefit from using the rate models in
Eq. 2.95 and Eq. 2.96. Assuming microwave pumping with MW1, we obtain for the four
ground-state levels a rate equation

m=2
Nl'q = Z(bﬂy + Rﬁ)N; — R],ng + WMW1(§1451'1 + 54151'4) s (5.16)
=1
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Figure 5.2.: Initialization into a single electron-nuclear sub-state using incoherent microwave pumping of
the MW1 transition while optically driving the optical A1 transition. (a) Time-resolved fluorescence decay.
Fitting to the rate model in Eq. 5.16 and Eq. 5.17 yields a pump rate of Wyw ~ 35(2) kHz. The measurement
was performed under similar conditions as the electron initialization in Fig. 4.2, with a saturation parameter
of s = 0.28, using a 7-pulse on the RF2 transition after initialization to repopulate, and was repeated 10*
times. (b) Effective linewidth of the spin transition observed during optical pumping. Higher optical powers
broaden the effective microwave transition.

where ¢;; = (Nl:q - Njg ) is the difference between the ground-state populations i and j, and
i runs from 1 to 4. As we consider two excited states, we set m = 2. For the excited state
we obtain

~4
N; = Z [(RjiN{ = (Rji + Y)NF] (5.17)
=1

where i runs from 1 to 2 and n = 4 accounts for all ground-state levels. The rate Wy
describes the incoherent microwave pumping and connects the lowest level N/ = [|T,)
with the Nf = [TeTn) level, as shown in Fig. 5.1. The matrix bj; gives the probabilities to
flip or conserve the nuclear and/or electron spin during a spontaneous emission decay. We
indicate this by labeling the probabilities with indices: for example, electron-conserving is
denoted by the index ec and nuclear-flipping by nf, and so on. This leads to the matrix

_ Peanc PecPef Peanf PefPec

b_ s
PeCPef Peanc Peanc PefPef

(5.18)

obtained by considering all possible decay transitions from the excited state to the ground-
state levels. We can define these probabilities in analogy to the cyclicity derived in Sec. 2.5.2.
This introduces the quantity A, which quantifies after how many random electron-spin
flips the nuclear spin becomes depolarized. This quantity is thus closely related to the
pseudo-secular terms in the hyperfine interaction. Stronger pseudo-secular terms should
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5. Coherent control of a single strongly coupled *C nuclear spin

lead to a smaller A,, making the nuclear spin more susceptible to random electron-spin
flips. The probabilities can then be written as

Pee =Ac/(1+Ae), (5.19)
P =1/(1+Ae), (5.20)
Ppe = An/(1+ Ap), (5.21)
Por=1/(14+Ap). (5.22)

For driving A1, the optical pump rate R connects only the ||.) sublevels in ground and
excited state and is assumed to be nuclear spin-conserving, and is thus given simply by

W 0 00
R—(O W o 0), (5.23)

where W is the optical pump rate defined in Eq. 2.93. While this rate can be determined
from a saturation measurement and the lifetime of the emitter, e.g. via a Fourier-limited
PLE measurement, the incoherent microwave pump rate Wyw; cannot be measured easily.
In a naive approach, one could simply scale down the Rabi frequency at high powers to a
slow, attenuated Rabi frequency via Qu = Q X 102%/2° where a typical Rabi frequency is
Q = 1 MHz and a typical attenuation is att = —30 dB. As the resulting Rabi frequency is
lower than the linewidth of the spin transition y.sp, we need to consider an incoherent
pump rate with a finite detuning from the resonance frequency. In analogy to the optical
pump rate defined in Eq. 2.93, we define

(5.24)

However, directly measuring this dark spin pump rate is not possible, as Qat << ye,sp. This
yields only a contribution to the fluorescence signal when the electron spin is resonant
with the microwave tone. The resulting rates, in the 10 — 100 Hz range, are too small to
be quantified reliably. Furthermore, during the initialization process the optical pumping
broadens the spin resonance by the optical Rabi frequency, making the incoherent spin
pump rate under these driving conditions not directly accessible.

If we take the nuclear cyclicity obtained in Sec. 5.4.4 of A, = 3.7(9) and the Rabi frequency
of Q =1.59(1) MHz for MW1 at a driving power of 15.5 dBm as a reference, we can fit the
nuclear initialization curve in Fig. 5.2(a).

For this measurement, an attenuation of —27 dB is used, which leads to an estimated
incoherent pump rate of Wyrw ~ 10 kHz. Fitting yields a pump rate of Wyrw ~ 35(2) kHz,
in reasonable agreement with our estimate. The measurement was performed under
similar conditions as the electron initialization in Fig. 4.2, with a saturation parameter
of s = 0.28 and a excited state decay rate of 27 X 36 MHz. Statistics were created using a
m-pulse on the RF2 transition after initialization to repopulate and repeating the sequence
10* times.

If we assume that only the measurement cycles contribute in which the microwave is
exactly on the spin resonance, Ayrw = 0, we can extract the effective spin transition
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Figure 5.3.: Initialization into a single electron-nuclear sub-state showing a time-resolved fluorescence decay.
In addition to incoherent microwave pumping on the MW1 transition the system is optically pumped via
the A1 spin-conserving transition. The green data points mark the initialization data, the blue points the
laser-induced background counts and the red points the dark counts by the single photon detector. Fitting
the data with a mono-exponential decay yields an initialization fidelity of Fin;r = 99.539(5)%, obtained from
the fitted amplitude A and the remaining counts C after correcting for the dark counts B. Without this
background correction, the initialization fidelity is Fip; = 98.66(2)%.

linewidth y., during optical pumping. As can be seen in Fig. 5.2(b), this linewidth
increases with the optical power, given by the saturation parameter s = p/psat. For low
powers, the effective spin transition linewidth y.s, is lower than the T;-limit, as only
processes in which the spin is on resonance with the transition contribute, due to the very
low Rabi frequency Q. < 1/ \/T_z* . The increase in the effective spin transition linewidth
follows the optical pump rate R(s) in Eq. 2.94. The exact determination of the parameters
and pump rates involved should be addressed in further studies, but the present analysis
provides a qualitative model of how the initialization process works.

In order to calculate the initialization fidelity, we follow the procedure in Sec. 4.1 step
by step and perform a mono-exponential fit of the form Ae™* + C to the falling edge of
the initialization curve. The result is shown in Fig. 5.3. As in our work in Ref. [71], we
measure the laser-induced background counts, marked as laser reference, as well as the
dark counts of the single-photon detector. From this we can calculate a non-background-
corrected initialization fidelity of Fin;: = 98.66(2)%, or, if we account for the background, a
fidelity of Fipit = 99.539(5)%, in good agreement with the values reported in Ref. [71]. The
measurement shown here was taken a year after the measurement presented in Ref. [71],
demonstrating the reproducibility of the reported values. The deviation in fidelity at the
sub-percent level stems from the varying laser background and the measurement noise.
The measurement here was optimized to give the most clear initialization contrast.
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5. Coherent control of a single strongly coupled *C nuclear spin

5.3. Optically detected nuclear magnetic resonance of a
single strongly-coupled '°C nuclear spin

As discussed in Sec. 5.1, nuclear-spin transitions are expected around 20 MHz. Their exact
frequencies can be measured using optically detected nuclear magnetic resonance, referred
to here as ODNR [169]. For this, one optical transition, either B2 or A1, is continuously
pumped together with one microwave transition, either MW1 or MW2, while an rf field
is swept across the expected nuclear-spin transition range. The corresponding driven
transitions are shown in Fig. 5.1(a) and (c).

The combination of optical and microwave pumping continuously initializes the system
into a dark state and depopulates all other levels, as described in the previous section.
As soon as the nuclear transition is hit, a small fraction of population is transferred
to the bright states and immediately pumped away. The detection of the initialization
fluorescence as a function of the applied RF frequency then allows the detection of the
nuclear resonance. In this sense, the measurement can also be viewed as a transition
saturated by the simultaneous microwave and optical drive that is desaturated by the
RF drive. This means we perform optically read-out electron-nuclear double resonance
(ENDOR) spectroscopy [86].

Figure 5.4 shows the ODNR transitions RF1 and RF2, recorded at a magnetic field of
Bg. = 60mT for qualitative characterization. A change to Bg. = 106 mT leads only to a
shift in Zeeman energy of ~ 0.5 MHz, which is much less than the hyperfine coupling. Over
many cooldowns, the RF2 transition frequency of the nuclear spin varied in a range from
20.53 MHz to 21.13 MHz at the constant field of B4, = 106 mT used for each measurement.
This variation amounts to roughly 1% of the hyperfine coupling; its origin cannot be
explained by variations in the external field but must rather stem from the hyperfine
interaction itself. The cause of this remains unclear and needs to be investigated further.

To examine the substructure of these transitions, it suffices to consider the measurement
at Bgc = 60 mT. The measurement is carried out by chirping the radio frequency across the
resonance at —23 dBm while continuously driving MW1 at —19 dBm together with the spin-
conserving optical transition B2 (for RF1) or A1 (for RF2) at low optical powers to avoid
power broadening. Fitting RF1 to a pair of Lorentzian curves gives a FWHM of 1.6(2) kHz
and a splitting of A = 3.89(6) kHz — a signature of coupling to an additional '*C nuclear
spin. RF2, by contrast, is well described by a single Lorentzian, showing no evidence of
such coupling, even with a lower broadening of the resonance at the same powers. For
this reason, all subsequent experiments are carried out on the RF2 transition. The physical
picture behind this asymmetry is that the two electron-spin states |T.) and ||.) reorient
the electron’s dipolar field and thereby rotate the total magnetic field experienced by the
second *C nuclear spin. This shifts its quantization axis in a state-dependent way [170],
such that the nuclear-nuclear coupling is effectively present only in the ||.) configuration
and absent in |T.). The splitting A of the RF1 transition is larger than the maximal dipole
coupling of two nearest neighbor dipole coupled *C nuclear spins. We attribute this to
the enhancement of the gyromagnetic ratio due the strong hyperfine coupling of the first
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Figure 5.4.: Optically detected nuclear magnetic resonance spectra measured at an external dc magnetic field
of B4. = 60 mT along the quantization axis of the SnV center. The measurement is carried out by chirping
the RF frequency across the resonance at —23 dBm while continuously driving MW1 at —19 dBm together
with the spin-conserving optical transition B2 (for RF1) or A1 (for RF2). RF1 shows a signature of coupling
to an additional '3C nuclear spin, as described in the main text.

3C with the SnV center’s electron spin [146], which can increase the bare dipole-dipole
coupling by several times [152, 171]. This effect will be discussed in more detail in the
following section.

5.4. Radio-frequency control of the nuclear spin

The ability to initialize into a single electro-nuclear spin sub-state, combined with knowl-
edge of its transition frequency, allows for coherent control of the nuclear spin. In this
chapter we closely follow the work presented in our Ref. [71]. We begin by performing
Rabi and Ramsey measurements on the RF transition in Subsection 5.4.1. To quantify the
quality of the coherent control, randomized benchmarking is performed in Subsection 5.4.2.
Finally, the coherence time of the nuclear spin is characterized: first under dark conditions
in Subsection 5.4.3, and then under optical illumination in Subsection 5.4.4, to evaluate its
suitability as a quantum memory while probing the electron spin.

5.4.1. Rabi and Ramsey measurements

Figure 5.5(a) displays a Rabi chevron pattern centered at a frequency of w,f = 20.998 MHz.
The measurement is performed by first initializing the system into |T.T,) via MW2, then
driving the transition to the bright state |T.|,) with RF pulses at frequency RF2 of varying
duration and detuning, under a magnetic field of By, = 60 mT aligned along the SnV axis.
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5. Coherent control of a single strongly coupled *C nuclear spin

At an RF input power of P = 10 dBm, a Rabi frequency of Q = 12.93(7) kHz is achieved.
The pattern shows clean oscillations; the counts are normalized to the maximum count rate
and the color range is limited to 80% of the maximum counts to ensure good readability.

In Fig. 5.5(b), a Ramsey sequence of the same nuclear transition is performed to characterize
the coherence and frequency stability of the nuclear-spin transition, varying the detuning
around 20.53 MHz.

For this and all subsequent measurements, a magnetic field of B4, = 106 mT was chosen to
further separate the optically allowed transitions and avoid cross-pumping. Nevertheless,
we plot both measurements in one figure with a shared y-axis of the detuning to illustrate
the physical connection between a Rabi and a Ramsey measurement. On resonance,
corresponding to the middle continuous line in Fig. 5.5(b), the slowest Rabi oscillations
with the highest contrast are observed. Further away from resonance, the Rabi oscillations
become faster with decreasing contrast. However, even at the highest detunings shown,
the contrast is still clearly visible. This depends on the strength of the Rabi frequency
relative to the detuning. If the Rabi frequency is strong enough, one can select a 7/2-
pulse from the Rabi oscillation and measure Ramsey fringes even at larger detunings.
As before, a visibility measurement provides a direct readout of the nuclear-spin state
population: each sequence is repeated with a 180° phase shift on the second /2 pulse,
and the visibility is extracted in the same manner as described in Sec. 4.3. The full Ramsey
chevron measurement spans a total acquisition time of four days and reveals no significant
frequency jumps of the nuclear transition.

A sinusoidal frequency determination by fitting a Ramsey decay at a fixed detuning is
much more accurate than the ODNR measurement discussed in Sec. 5.3 and much faster
than searching for the slowest Rabi frequency. Thus, a typical measurement cycle after
performing an ODNR measurement proceeds as follows: a Rabi measurement at the
ODNR frequency is carried out to find a rough 7 /2-pulse duration, followed by a Ramsey
measurement with an arbitrary detuning, e.g. 3 kHz above the ODNR frequency. After
determining the exact transition frequency, a final Rabi measurement is performed to find
the on-resonance 7-pulse duration for all subsequent measurements.

Dephasing time 7). In order to measure the coherence of the system, the free induction
time 7 during the Ramsey sequence is increased until the system completely dephases, i.e.
the visibility goes to zero. This can be done for a single detuning or for all detunings as
shown in Fig. 5.5(b). In fact, this figure is just a cutout of Fig. 5.6(a).

Each oscillation trace is fitted to a sinusoid multiplied by an exponential decay exp[—(t/ Tz*)‘f 1,
where here t = 7, yielding the dephasing time T;. As discussed in Sec. 3.2.2 and Sec. 3.3,
the stretching factor provides insight into the bath correlation time. For short correlation
times, e.g. frequency-independent white noise, one would expect a mono-exponential
decay with & = 1. We do not expect phonons to couple directly to the nuclear spin [65,
172], as it has no quadrupole moment due to its spin 1/2 [86].
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Figure 5.5.: Chevron patterns of the nuclear transition frequency RF2. (a) Chevron pattern of Rabi oscillations
for various detunings at an external dc field of By, = 60 mT along the quantization axis of the SnV center.
(b) Chevron pattern observed by detuned Ramsey measurements at Bg. = 106 mT showing the stability of
the qubit frequency.

We also expect & = 1 for a single spin bath with short correlation times 7, compared to
the free evolution time t. For correlation times much longer than the free evolution time,
we expect a Gaussian decay with £ = 2. Electronic noise or paramagnetic surface spins
give rise to 1/ f-noise, which also yields & = 2 [173]. We therefore restrict our stretching
factor to the range between 1 and 2. We find an average stretching factor of 1.9(1) in good
agreement to reported stretching factors [66]. Accordingly in our Ref. [71] all fits were
performed with a fixed & = 2, as expected for slow shot-to-shot noise. Here, we retain the
freedom to fit with a varying exponent.

In addition, we can treat the detuning differently. If we assume the detuning to be fixed,
i.e. use the set parameters and do not allow it to vary in the fit, we find ~ 12% smaller
coherence times on average. However, as can be seen in Fig. 5.6(a), there are horizontal
cuts visible that correspond to small jumps in frequency. These small deviations of the
detuning over the course of the measurement are plausible, as the total measurement
duration was approximately 100 h.

The shift in detuning might not be directly visible in the time-domain data, and we therefore
plot the Fourier transform of the Ramsey data in Fig. 5.7 alongside the set detuning versus
the frequency obtained from the Fourier transform. This yields straight lines, as one would
expect. Fitting two linear slopes to both branches gives slopes close to unity, confirming
that the oscillation frequency indeed scales linearly with the set detuning. The offset
of each line of ~ 200 Hz is simply a fixed offset from when the frequency range of the
measurement was set up. More important are deviations from the linear slope, as these
quantify the change in frequency relative to the expected detuning. Taking the standard
deviation of the difference between the maximum of each row and the corresponding
linear fit value, we find a mean deviation of ~ 180 Hz. Tracking the frequency deviation
for each sinusoidal fit yields the same mean deviation.
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Figure 5.6.: Dephasing of the nuclear spin qubit. (a) Ramsey measurements of RF2 for varying detunings up
to a waiting time of 2.5 ms. (b) Histogram of all coherence times for varying detunings leading to a mean
coherence time of 1.7(2) ms.

Collecting the fitted coherence times across all detunings produces a histogram with
a mean dephasing time of T = 1.7(2) ms as shown in Fig. 5.6(b). We use a log-norm
distribution to include the skewed distribution of coherence times to smaller values. The
mean value here is slightly higher due to the different fitting procedure, but is in the
standard deviation of the reported value in our Ref. [71].

From this coherence time we can calculate the ODNR linewidth to be V2/ (nT)) =
265(3) Hz [145], which is roughly a factor of four times smaller than the observed linewidth
in Fig. 5.4(b).

The fitted scattering of detunings of ~ 180 Hz, indicates slow frequency jumps from
measurement to measurement over the course of hours. The width of each peak in
Fig. 5.7, i.e. each peak in each row, reflect the shot-to-shot noise during a repeated Ramsey
sequence and we find a width of ~ 800 Hz, which agrees with the expect bath coupling
of b =2/ T, = 830(97) Hz. This makes sense as the spectral resolution of the Fourier
transform is limited by the total acquisition time, which is itself bounded by the coherence
time T, as the Ramsey signal decays on this timescale. Consequently, the FFT peak width
scales with 1/Tnax ~ 1/T, and is approximately equal to the intrinsic T, linewidth. So the
FFT plot shows that our system behaves as expected, and the sinusoidal fit of each row
gives us the reliable quantities of the system.

Extended Rabi driving. In order to study the power dependence of the Rabi frequency,
we measure Rabi frequencies at varying driving powers. Using the power calibration
from Eq. 4.4, we can convert the input power to the cryostat P to an ac magnetic field
along the z-axis of the lab frame. For the electron spin this was sufficient, as all the angle
dependence was captured by the parameter A defined in Eq. 2.73. Here we assume that
the ac magnetic field perpendicular to the SnV center’s quantization axis is driving the
nuclear spin. More precisely, it should be the field perpendicular to the new eigen-axis
of the hyperfine-coupled system. As discussed in Sec. 5.1, the tilt angle lies in the plane
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Figure 5.7.: FFT spectrum of individual Ramsey lines. Each row of the Ramsey fringe pattern was Fourier
transformed independently. The peak frequency tracks the applied detuning linearly, with independent
linear fits to the negative (orange) and positive (red) detuning branches yielding slopes consistent with unity.

spanned by the SnV center’s quantization axis and the nuclear spin position. Since we do
not know which of the six lattice sites the nuclear spin occupies, we cannot calculate the
tilt angle with respect to the ac magnetic field. For small angles this does not change the
result significantly; only if the nuclear spin were to tilt the new quantization axis heavily
towards the z-lab axis would this lead to a large overestimation of the perpendicular field.
The Rabi frequency for a given ac magnetic field is given by

Y1

Q= ;C EBac.t (5.25)

where £ is an enhancement factor [146, 174]. The factor 1/2 accounts for the linearly
polarized microwave field, of which only the co-rotating circular component drives the
nuclear spin.

This enhancement of the driving field arises due to the strong coupling to the electron
spin. This effect was discussed for a >C nuclear spin strongly coupled to a NV center
by Childress et al. [146]. The authors state that the non-secular terms as well as dipole
interactions mix the electron-spin levels, introducing electronic character into the nuclear
spin levels and thus enhancing the effective magnetic moment. They observed this effect
as an enhanced nuclear Larmor precession for nearby *C nuclear spins. As the magnetic
moment is also the quantity that couples to the ac magnetic field, an enhancement of the
Rabi frequency compared to free *C nuclear spins is expected. They further state that this
enhancement is anisotropic and maximal when the external dc magnetic field is aligned
perpendicular to the quantization axis of the NV center. Since we operate with an aligned
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Figure 5.8.: Power dependence of the nuclear Rabi oscillations. (a) Single Rabi oscillation at a power of
P = 11.5dBm showing a Rabi frequency of /27 = 10.2(1) kHz. (b) Rabi frequency as a function of the
applied ac magnetic field. The corresponding power is shown at the top label. These measurements were
performed by Tim Bohn during his Master’s thesis under the shared supervision of Ioannis Karapatzakis
and myself.

magnetic field, the non-secular terms vanish, and we also expect the lowest enhancement
in this field configuration.

Ref. [86] give a classical explanation for this phenomenon. The oscillating ac field is much
slower than the Larmor precession of the electron spin, so that the electron spin follows
the ac field adiabatically. This leads to a modulation of the hyperfine field generated by
the electron at the RF driving frequency, which in turn produces an enhanced driving field.
In general, this enhancement can be calculated if the hyperfine tensor is known. For an
isotropic hyperfine coupling, one would expect an enhancement of ~ Agc/wy, [86].

We set the driving field to the component perpendicular to the SnV center’s quantization
axis, giving Bac1 = Bac,-1ab €05(35.3°). As discussed above, varying this angle leads to
different enhancements ¢ for a fixed measured Rabi frequency Q. One can immediately
see that shifting this angle by +54.7° leads to a divergence of the enhancement factor.
However, as we expect the tilt of the quantization axis with respect to the lab-frame axis
to be small, we proceed with this field orientation. We thus use our calibration of the ac
magnetic field to estimate the enhancement.

Figure 5.8(a) shows an example Rabi measurement at a power of P = 11.5 dBm, resulting
in a Rabi frequency of Q/27 = 10.2(1) kHz. This measurement and the subsequent
measurements shown in Fig. 5.8 were performed by Tim Bohn during his Master’s thesis
under the shared supervision of Ioannis Karapatzakis and myself. Varying the power
leads to a linear increase of the Rabi frequency with the ac field. The deviation of the
linear fit from the bare gyromagnetic ratio of y1sc = 10.71kHzmT! (see Eq. 5.25) yields
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5.4. Radio-frequency control of the nuclear spin

an enhancement factor of £ = 1.526(6). This measurement is much more precise than the
single-oscillation estimation in our Ref. [71] but agrees with the reported value at a much
smaller uncertainty. This value is much smaller than enhancement factors reported for
proximal 13C nuclear spins coupled to NV centers in diamond were weak external magnetic
fields perpendicular to the nuclear spins quantization axis were used [146, 175].

In order to quantify how long we can drive the nuclear spin without heating the system,
we measure Rabi oscillations with as many z-rotations as possible. For these long-duration
Rabi measurements, a visibility metric is employed to compensate for slow drifts of the
emitter over the course of the acquisition. This is achieved by recording two interleaved
Rabi traces with different pulse lengths: the second trace uses a pulse duration extended
by exactly one additional z-pulse length, effectively introducing a 180° phase shift. The
visibility is then computed as V = (So — S150)/(So + S1s0), where S denotes the integrated
fluorescence collected during the readout pulse for each of the two sequences. As shown in
Fig. 5.9(a), high-quality Rabi oscillations are sustained for up to 9.5 ms without any loss of
contrast, corresponding to 138 m-pulses. This was limited only by the total measurement
time and increasing noise in the visibility due to the slow spatial drift of the emitter out
of the confocal focus, as the total acquisition time was 18 h. This can be easily mitigated
by simple refocusing sequences. During the measurement, the emitter lost its charge
state but was recovered by a 532 nm laser pulse. The qubit frequency remains close to
its value before green-laser pumping, allowing it to be driven with the same applied
microwave tone. This can be seen in the FFT in Fig. 5.9(b), where a single sharp resonance
at ~ 7.3 kHz is present. Fitting both Rabi oscillations separately yields a change in the fitted
Rabi frequencies from 7.263(2) to 7.305(3) kHz, which can be attributed to a detuning of
A = 826(30) Hz, on par with the slow spectral diffusion discussed above. We do not believe
the green laser pulse itself causes the detuning, as we observe this also in measurements
without a green laser pulse. We therefore expect slow spectral diffusion of this order of
magnitude to be responsible for the detuning over the course of the measurement.

This preservation of the visibility contrast demonstrates that the superconducting waveg-
uide can deliver extended continuous RF driving without introducing heating, which is a
common limitation in many experimental platforms [63, 65, 144].

Here, a power of P = 10.55dBm, corresponding to a field of B,.;, = 1.36 mT, is used to
drive the RF2 transition at w,r = 20.53 MHz. This yields a notably smaller enhancement
factor of & = 1.23 compared to the data in Fig. 5.8 at the same external magnetic field of
106 mT along the SnV quantization axis.

To determine whether this difference in enhancement correlates with the shift in resonance
frequency or is simply due to measurement noise, we fit a large number of Rabi oscillations
across multiple cool-downs, tracking both the resonance frequency and the enhancement
factor. The results are compiled in Fig. 5.10. Each data point represents the mean of
repeated measurements at a fixed frequency, with error bars obtained by adding the fit
uncertainty and shot-to-shot scatter in quadrature. In total, 18 measurements spanning
approximately 1.5 years are included. The dashed line and shaded band indicate the overall
weighted mean and its uncertainty, shown for comparison with the value reported in
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Figure 5.9.: Extended Rabi driving up to 138 7 pulses. (a) Interleaved Rabi traces acquired with different
pulse lengths. For the second trace, the pulse duration is increased by exactly one additional 7-pulse length,
effectively introducing a 180° phase shift. The visibility is then calculated as V = (Sy — S130)/(So + S1s0),
where S denotes the integrated fluorescence collected during the readout pulse for each sequence. The
line breaks are added for better readability. During the measurement, the emitter lost its charge state but
was recovered using a 532 nm repump pulse. (b) Fourier transform of the full Rabi trace, showing a single
dominant frequency.

Ref. [71]. The two differ slightly owing to the different amount of data included in each
mean value estimation.

As discussed above, the enhancement is governed by the relative orientation of the e
magnetic moment and the B, field. At the low dc fields used here, the pseudo-secular
coupling to the electron spin dominates and sets the precession axis of the *C spin. In the
limit of very strong dc fields, the Rabi frequency is expected to approach that of a free 1*C
nuclear spin. To map out this behavior, we measure the enhancement as a function of dc
magnetic field strength along the SnV quantization axis.

In contrast to Fig. 10 in Ref. [71], only data acquired during a single cooldown are used
here to ensure consistency. These measurements were performed by Mohamed Elshorbagy
during his Master’s thesis under my supervision.

The Rabi frequency data shown in Fig. 5.11(b) are normalized to the applied ac field
Bac1 using the same calibration as above, yielding an enhancement factor as a function
of the external dc magnetic field. A maximum enhancement of the RF2 transition of
£(106 mT) ~ 1.9 is observed, corresponding to a nuclear Rabi frequency roughly twice
the free-spin value for a given ac magnetic field. This free-spin reference is indicated by
the horizontal black line at £ = 1. Notably, the enhancement at B4. = 106 mT reaches this
maximum when the resonance frequency coincides with the value obtained at By, = 60 mT,
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Figure 5.10.: Measured enhancement of the gyromagnetic ratio using the Rabi frequency as a function of
RF drive frequency. Each point represents the mean over repeated measurements at a fixed frequency,
with error bars combining the fit uncertainty and shot-to-shot scatter. The dashed line and shaded band
indicate the overall weighted mean and its uncertainty to relate to the reported values in Ref. [71]. Overall
18 measurements over the course of 1.5 years are evaluated.

i.e. iy ~ 21 MHz. A theoretical prediction for the enhancement, adapted from the NV
center framework [174], is given by

enh

where AS™ is the hyperfine component relevant for the enhancement. The parameter
x = cos(6yr) describes an additional tilt of the nuclear spin quantization axis, with an
arbitrary angle of Oyr = 54.7°. Choosing a tilt angle different from the expected 35.3°
allows for enhancement factors below unity, as the effective ac field is overestimated in
the calculation of the enhancement factor.

In our Ref. [71], we described this behavior differently and noted that the nuclear Rabi
frequency is determined by the relative orientation of the *C magnetic moment and the
applied ac field B,.. At low dc fields, the pseudo-secular hyperfine coupling dominates
and defines the precession axis of the 3C spin. With increasing dc field strength, this axis
progressively tilts toward the external field direction, which in the present experiment
coincides with the SnV quantization axis. Depending on the spatial position of the *C
spin relative to the SnV center, this tilt can align the precession axis with the B, field
orientation, producing a local minimum in the Rabi frequency at intermediate fields. Only
in the limit of very strong dc fields is the Rabi frequency expected to converge to that of a
free 13C nuclear spin.

The resulting theoretical prediction for ¢ following the first approach is shown as the light
dashed line in Fig. 5.11(b) and shows reasonable agreement with the data, serving as a
useful guide to the eye. Since the exact tilt of the nuclear spin’s quantization axis in the lab
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Figure 5.11.: (a) Radio-frequency transition frequencies «w,¢/27 for RF1 and RF2 as a function of the applied
dc magnetic field By along the SnV quantization axis. Dashed lines show the expected dependence following
Eq. 5.13, assuming A,, = 41.75MHz and A,, = 14 MHz. (b) Enhancement factor ¢ of the nuclear Rabi
frequency for both transitions as a function of Bg.. The horizontal line at ¢ = 1 marks the bare 3C
gyromagnetic ratio, corresponding to the free-spin Rabi frequency. The dashed line shows a theoretical
prediction adapted from the NV center framework, assuming A™" = 2 MHz. A maximum enhancement of
& ~ 1.9 is observed near By, = 106 mT, while the enhancement decreases below unity at higher fields as
the nuclear precession axis tilts toward the external field direction. All data were acquired during a single
cooldown.

frame, itself a function of A,,, wr, and A, is not independently known, the enhancement
data alone cannot be used to fit the hyperfine parameters. Also, the parameter A"
describes the non-secular behavior of the hyperfine interaction (see Sec. 5.1) as it describes
an electron spin flip followed by an electron-nuclear spin flip-flop [146, 174]. This is
different to the pseudo-secular coupling A,,, which only describes an nuclear-spin flip in
the secular approximation.

As shown in Fig. 5.11(a), the two transition frequencies vary with the applied dc magnetic
field following Eq. 5.13. Despite the data being collected within a single cooldown over
the course of one month, we are unable to extract the hyperfine parameters from a fit, as
the variation in the hyperfine coupling is of the same order of magnitude as the Larmor
precession, a prerequisite for achieving reasonable fit uncertainties. We therefore assume
the DFT value A, = 14 MHz (see Sec. 5.1) as a purely illustrative value to gain qualitative
insight into the field-dependent behavior. However, adopting this value for A,,, one can
choose A, such that it reproduces the linear trend in Fig. 5.11(a). This choice also satisfies

the relation Aopmr = 45 MHz ~ VA%, + A%, and we pick a value of A,, = 41.75 MHz.
More generally, A,, can be determined from the transition frequencies via the relation

Wy — Wy = ~2y13¢ Azz By - (5.27)
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Figure 5.12.: Difference of the squared nuclear transition frequencies and their connection to the hyperfine
parameters. (a) Difference of the squared transition frequencies (a)rzf2 - wfﬁ)/ 27 as a function of the applied
dc magnetic field B4.. The linear dependence allows extraction of the secular hyperfine parameter via
wrzf - wrzfl = —2yic Azz Bye, yielding A,, = 45.7(6) MHz. (b) Sum of the squared transition frequencies

(w5, + “)rzfl) /27 as a function of Bg.. In both panels, dashed lines show the expected dependence assuming

A,, =41.75 MHz and A,, = 14 MHz. The parabolic minimum in (b) is sensitive to both A,, and A_,; however,
a consistent fit of both parameters from (a) and (b) simultaneously is not achieved without assuming a
nonphysical offset in the magnetic field calibration, likely due to the limited sensitivity of the measurements
and higher-order contributions from the unknown Ay, and A,, components.

By measuring the transition frequencies as a function of the applied dc field, the excess
slope directly yields A,,. This is shown in Fig. 5.12(a), where the fit gives A,, = 45.7(6) MHz.
Using the complementary relation

A\ A \2

Wk, + w0y = 2y2B5 + 2 (%) +2 (%) , (5.28)
one can attempt to fit the data shown in Fig. 5.12(b). However, using the A, value obtained
by the fit produces values that are too large to describe the minimum of the parabola even
for a vanishing pseudo-secular component. Assuming a magnetic field calibration that
is approximately 4% too high would allow both A,, and A, to be fitted simultaneously
with reasonable values. This offset is not supported by the data: comparing the measured
electron spin splittings with the theoretical g factor (see Eq. 2.41) suggests that the field
is, if anything, about 2% smaller than expected. Even incorporating data from additional
cooldowns, the measurements are neither sufficiently sensitive nor well-calibrated enough
to extract these parameters with meaningful precision. Furthermore, the unknown A,
and A, components contribute to the transition frequencies at higher order [164], adding
further uncertainty. By forcing A,, = 14 MHz, we can fit A, to the parabola in Fig. 5.12(b)

and thus obtain the value of A,, = 41.75 MHz. As we can obtain similar matching data
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for varying combination of hyperfine coupling strengths, we can therefore only provide a
qualitative estimate.

A more systematic determination could be achieved by measuring ratios of transition
probabilities as well as ratios of Rabi frequencies for the two transitions as a function of an
off-axis dc magnetic field, which would provide additional constraints on the remaining
hyperfine parameters. Such an approach was employed by Rao and Suter [164] for a
nearest-neighbor *C nuclear spin coupled to an NV center in diamond. Adapting this
method to the present system would require extending the second-order perturbation
theory developed for a spin-1 system to the spin-1/2 case of the SnV center. By extending
such measurements to three-dimensional angular dependence, this technique should
enable a precise determination of the full hyperfine tensor between the SnV center and
the proximal 3C spin [146, 164]. While a complete quantitative extraction of the tensor
components is beyond the scope of the present data, our measurements nonetheless allow
qualitative conclusions regarding the effects of the hyperfine interaction, such that the
enhancement factors are reasonable as long as the hyperfine quantization axis does not
coincide with the lab z-axis, in which case much higher enhancement factors would result
out of the measured data.

5.4.2. Single-qubit gate fidelity via randomized benchmarking

While achieving long coherence times T, and fast Rabi frequencies is essential, it is
equally important that qubit operations can be performed with sufficiently low gate
errors. As discussed in Sec. 3.4, a first intuitive measure of gate quality is the Rabi quality
factor, defined as the number of z-rotations before the Rabi contrast decays to 1/e of its
initial value. However, this metric alone does not capture the full picture: since practical
gate sequences involve arbitrary rotation angles and axes, the qubit transiently occupies
superposition states during operations and thus maintains some sensitivity to T, even in
the fast-driving regime.

To rigorously quantify the average error per gate, we employ randomized benchmark-
ing [136, 137]. In this protocol, sequences of randomly chosen gates of increasing length
are applied, and after each sequence the corresponding inverse operation is appended.
Measuring the fidelity with respect to the initial state as a function of sequence length
then yields the average gate infidelity. The randomization over gate sequences is crucial,
as it averages over errors that may be correlated with specific pulses or subsequences,
providing an unbiased estimate of the gate error.

We work with the set of primitive gates G = {I, +X, Y, X 2 +Y?}, where X and Y denote
90°, i.e. /2, rotations around the x- and y-axes of the qubit, X? and Y? are the correspond-
ing 180° rotations, and I is the identity operation. The identity gate is implemented as a
waiting period of equal duration to the X? pulse, mimicking the idle time that would occur
during a nuclear-spin memory readout or state transfer in a practical quantum protocol.

For each sequence length N, a random selection of gates from G is drawn, and the
inverse gate for the entire sequence is computed and appended as the final operation. For
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simplicity, this is done in multiples of N = 10n gates, where n = 1,2, ..., 15. After each
gate, an additional waiting time of 7,,s = 1 ps is inserted; this is much shorter than all
relevant timescales and can thus be neglected. The overall sequence starts with a delay
of 5.12 us as the AWG has a fixed minimum sample size for 1 GS/s. A larger buffer time
between the gates would lead to higher dephasing errors, but can be used, if heating
during the sequence becomes relevant [84]. As this is not the case for our system, we
chose the buffer time to be very small. In contrast to Rosenthal et al. [84], our gates share
not the exact amount of time Tybm = Tgate + Thur # const., but rather have two time sets
Trmbm,1 = Tr + Thuf O Tymbm,2 = TZ + Thuf depending on wether an 7-pulse or Z-pulse was

picked.

Once the full sequence is constructed, the inverse gate is calculated. For this we use
a geometric approach based on Bloch-sphere tracking, following the ideas of Thomas
Koch and Viktor Adam [138]: starting from a state vector at the north pole, each gate
in the sequence is applied as a rotation around the corresponding axis. Since the final
vector must point along one of the six cardinal directions of the Bloch sphere, determining
which direction it points to immediately identifies the required recovery gate, which is
a single primitive operation that returns the state to the north pole. This approach is
computationally efficient, as it avoids the need to compute full matrix inversions.

To obtain a normalized visibility, each sequence is executed twice: once as constructed,
and once with the phase of the final inverse gate shifted by 180°, effectively mapping
the initial state to the south pole of the Bloch sphere. For each sequence length, 20
random realizations are generated in separate measurement runs to ensure a representative
statistical distribution, i.e. a total of 24000 random gates, with each realization repeated
500 times to accumulate sufficient counting statistics. The resulting measurements are
shown in Fig. 5.13(a) and were taken over the course of 10 h.

To ensure full traceability and enable post-hoc analysis, for instance, verifying the cor-
rectness of the computed inverse gate, the complete gate sequence for each randomized
benchmarking run is stored alongside the measurement data. As a consistency check, the
resulting distribution of gates shows a mean occurrence of 1/9 per gate, as expected from
uniform random sampling (see Fig. 5.14). The peak at zero originates from pulse sequences
in which the respective gate does not occur. This contribution is particularly pronounced
for gate sets with a small total number of gates.

The mean visibilities, shown as data points in Fig. 5.13(a), are fitted by the function APN,
where A is a constant pre-factor encoding the combined initialization and readout fidelity,
P is the depolarizing parameter describing the fidelity per gate operation, and N is the
number of gates. This assumes that we only have gate-independent errors [137]. We do
not account for the error on the final inverse gate in P. Adding this gate, i.e. fitting to
N + 1, does change the resulting fidelity per gate below the measurement uncertainty.
Usually this inverse gate fidelity is absorbed into the constant pre-factor A [137]. The
primitive gate fidelity is then extracted as
1-P

Fo=1-——, (5.29)
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Figure 5.13.: Gate characterization. (a) Randomized benchmarking decay of the nuclear spin qubit. The
visibility is plotted as a function of the number of primitive gates N. Individual randomized sequences are
shown as faint points, while the mean over n = 20 sequences is indicated by markers with error bars denoting
the standard error of the mean. The solid line shows a fit to APV, yielding a P = 0.9985(2). (b) Standard
deviation o/ VN of the visibility across the randomized benchmarking sequences as a function of N' showing
no trend with increasing pulse number.

where the factor of 1/2 accounts for the two sequences per visibility measurement [138].
The fit yields A = 97(1) % and P = 99.85(2) %, resulting in an overall primitive gate fidelity
of Fg = 99.92(1) %. The fidelity of A strongly depends on the background correction
during the readout pulses and integration times. As the correlation between A and P is
large, the fit is confirmed with A fixed to the initial visibility for 10 gates, yielding only
differences smaller than the fit uncertainty. Not performing the background corrections of
the readout leads to a reduced A but no significant change in P as expected.

Since a single Clifford gate consists, on average, of 1.875 primitive gates [138, 139], this
can be converted to the more commonly reported single-qubit Clifford gate fidelity of
Fo = 99.85(2) %.

The brown markers in Fig. 5.13(a) show individual randomized benchmarking sequences.
The spread in visibility increases with the number of gates N, reflecting accumulated gate
errors. To quantify this behavior, the standard deviation normalized by the square root
of the number of gates, o/ VN, is plotted in Fig. 5.13(b). This quantity remains constant
at increasing sequence lengths as expected of stochastic error accumulation, for which
o o« VN, leading to o/\/ﬁ x 0.

110



5.4. Radio-frequency control of the nuclear spin

40

20 +

I'/'N X/IN —X/N

40 - 1 -

20 +

Y/N -Y/N X2 /N

40 - 1 -

20 - : -

0 1/9 2/9 3/9 49 0 1/9 2/9 3/9 49 0 1/9 2/9 3/9 4/9
-X? /N Y2/N -Y?/N

Figure 5.14.: Gate occurrences during the randomized benchmarking experiment. A total 24000 gates are
performed by randomly picking from the primitive gate set. As this set contains out of 9 different possible
gates, each subplot corresponds to the respective gate. Each gate is normalized by the total number of gates
used in the sequence, such that the expectation value reflects the 1/9 probability to choose one of these
gates. As can be seen in all subplots for each primitive gate a sufficient normal distribution around this
theoretical expectation value is reached.

5.4.3. Dynamical decoupling of the nuclear spin

The high primitive gate fidelity of Fg = 99.92(1) % established above makes the nuclear-
spin qubit a promising candidate for dynamical decoupling protocols, which rely on the
repeated application of high-fidelity z-pulses to refocus environmental noise. As a first
step, we employ a Hahn-echo sequence to probe the timescale of the dominant noise
source. If the echo coherence time T; significantly exceeds the free-induction decay time
T;, this indicates that the dephasing is governed by slow, quasi-static fluctuations that
can be effectively refocused, motivating the use of more advanced multi-pulse decoupling
sequences.

As shown in Fig. 5.15, the Hahn-echo visibility decays following a stretched exponential
Aexp[—(t/T,)¢], where t = 27 is the total evolution time, A is the initial decoupling fidelity,
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Figure 5.15.: Hahn-echo measurement of the nuclear-spin coherence time. The visibility decays following
a stretched exponential yielding T, = 166(8) ms and a stretching exponent ¢ = 1.7(2). The substantial
improvement over the Ramsey dephasing time T,” = 1.7(2) ms confirms that the dominant noise source
consists of slow fluctuations that are effectively refocused by a single echo pulse. Within an Ornstein-
Uhlenbeck model for the bath noise, these values correspond to a bath coupling strength of 830(97) Hz and
a correlation time of 7, = 260(70) s. The inset shows the pulse sequence.

T, is the coherence time, and ¢ the stretching exponent. The fit yields T, = 166(8) ms and
& =1.7(2), representing a substantial improvement by two orders of magnitude over the
Ramsey dephasing time of T, = 1.7(2) ms measured in Sec. 5.4.1. This confirms that the
dominant noise source consists of slow fluctuations that are well refocused by a single
echo pulse.

Assuming an Ornstein-Uhlenbeck model for the nuclear spin bath noise as discussed in
Sec. 3.3, the coherence time yields a bath coupling strength of 2/ T; = 830(97) Hz. The
corresponding bath correlation time is 7, = 260(70) s, which is lower than but comparable
to recent results obtained for a single 1*C nuclear spin coupled to a GeV center [144].

Having established that the noise is predominantly slow, we extend the coherence further
using a CPMG dynamical decoupling sequence, in which the decoupling 7-pulses are
phase-shifted by 90° relative to the initial /2 pulse. For each number of decoupling pulses
N, the interpulse delay 7 is varied and the resulting visibility decay is fitted.

The coherence decay in Fig. 5.16 is well described by a stretched exponential with a mean
stretching factor of & = 2.0(1). In this figure, the total evolution time is given by t = 2N'z.
The variation of the stretching factor around its mean value is attributed to noise in the
data. Fixing the stretching exponent to & = 2 does not appreciably affect the quality
of the fits or the extracted coherence times, and yields the same maximum coherence
times.
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Figure 5.16.: CPMG measurement of the nuclear-spin coherence time. An initialization is followed by a
T [2-T—1y~T~1x /2 sequence for a single refocusing pulse and subsequent readout. The visibility decays
following a stretched exponential with a stretching factor of & = 2, yielding a maximum T, = 1.35(3) s for
N = 128 decoupling pulses. The inset shows the scaling of the coherence time with increase pulse number.
The coherence follows the power law T, (1)N?, with = 0.37(2).

A single decoupling pulse yields T,(1) = 232(7) ms, and increasing the number of pulses
progressively extends the coherence up to T,(128) = 1.35(3) s with 128 decoupling pulses.
This value is not yet limited by the electron-spin lifetime. The electro-nuclear spin Ty
time was measured for a dc magnetic field aligned along the SnV axis using a simple
pump-wait-probe sequence (see Sec. 5.4.4). No Ti-induced decay is observed on timescales
up to 30s, indicating that T; must be significantly longer. This is further supported by
previous measurements reported in our Ref. [70], where an electron-spin T; ~ 1s was
measured at a temperature of T = 1K for an unstrained emitter (Fig. 8(b) in that reference).
Since the present experiment operates at slightly higher strain and a substantially lower
temperature of T = 50 mK, we expect T; to exceed all timescales measured here by a wide
margin.

The scaling of the coherence time with pulse number, shown in the inset of Fig. 5.16,
follows a power law T, oc N” with an exponent = 0.37(2). This is lower than the = 2/3
scaling expected for a pure Ornstein-Uhlenbeck noise spectrum, which we attribute to the
presence of additional noise baths, in contrast to bulk-embedded defects, our near-surface
SnV center, and thus the *C nuclear spin, is subject to additional noise sources at the
diamond surface. Importantly for the proof of concept, no reduction in visibility is observed
with increasing pulse number, indicating that gate errors do not accumulate appreciably.
The longest coherence time achieved in this work is limited by the programming capacity
of the arbitrary waveform generator rather than by any intrinsic property of the system.
Notably, neither a deviation from the power-law scaling nor a reduction of the initial
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5. Coherent control of a single strongly coupled *C nuclear spin

visibility is observed at large pulse numbers, suggesting that further coherence extension
is readily achievable by increasing the number of decoupling pulses.

For comparison, Grimm et al. [144] report a similar starting coherence time of T(1) =
274(16) ms for a single 1*C nuclear spin coupled to a GeV center, close to our value of
T,(1) = 232(7) ms. However, their CPMG coherence time scales as T, o« N%/3, whereas
we observe a significantly weaker scaling of T, o« N%%, requiring a larger number of
decoupling pulses to achieve comparable maximum coherence times. Our scaling exponent
is more consistent with the results of Stas et al. [65], who use 256 decoupling pulses to reach
a coherence time of approximately 1 s for a ?Si nuclear spin and find a scaling exponent of
f = 0.53. We attribute this difference in scaling to the distinct bath environments, as already
discussed above. The GeV center studied by Grimm et al. is located several micrometers
deep inside a diamond solid immersion lens and is much less coupled to the electron spin, i.e.
the 3C nuclear spin bath constitutes the dominant noise source. In contrast, our SnV center
is situated at a depth of only 20 nm, placing it in close proximity to the diamond surface
and thereby exposing it to additional noise channels that are not as efficiently refocused
by the CPMG protocol, reducing the scaling exponent. Stas et al. model the coherence
of the host 2°Si nuclear spin as consisting of three contributions: the depolarization rate
of the electron spin Ti, since the strong hyperfine coupling causes different phases to
be acquired for the different electron spin projections, i.e. uncontrolled flips will lead to
a fast dephasing of the nuclear spin [158]; a temperature-independent *C nuclear spin
bath; and a bath of two-level systems with phonon-addressable transitions, making this
last contribution temperature-dependent. Such a bath has, for example, been found at
the oxide interface of silicon, leading to 1/f-noise characteristics in certain temperature
regimes [173]. For Stas et al, this additional bath was important, as it described their
observed initial increase in coherence time with increasing temperature. They attributed
this to the effect of motional averaging, which we discussed in Sec. 3.3. The main idea
is that for a short bath correlation time 7.(T) compared to the total evolution time t and
a fixed coupling strength b, increasingly fast fluctuations, i.e. smaller 7., cause the bath
to average out more effectively, leading to an increase in coherence [65]. As we are also
studying a spin-1/2 system with comparable hyperfine coupling, we can expect to be
similarly affected by such phonon-addressable spins. Since we did not measure the nuclear
spin coherence as a function of temperature, we do not fit a model here.

Another noise source is the RF and microwave signal generators themselves. These can
have a significant impact, as our first measurements were performed without any filters or
switches. The measured echoes were very noisy, with strong contributions at f = 50 Hz,
f =200Hz, f =250Hz, and f = 400 Hz, and a maximum Hahn-echo coherence time of
only ~ 30 ms. Implementing a narrow bandpass filter around the RF transition, a DC block
after the combiner, and a high-pass filter in the microwave channel path led to a significant
reduction of the noise (see Sec. 2.3.2 for details). At the same time, implementing the
visibility measurement technique and increasing the magnetic field from Bg. = 60 mT to
Bge = 106 mT led to the coherence times reported here. As we do not have a dedicated
switch in the microwave line but instead turn the microwave source off internally, some
residual noise may leak into the system during the long waiting times; however, this would
constitute only high-frequency noise. As the setup will be upgraded in the continuation of
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Figure 5.17.: Reconstruction of the noise spectrum of data in Fig. 5.16. (a) The corresponding CPMG filter
functions for a total evolution time of ¢ = 0.3s ~ T}'* are shown to illustrate the width and frequency
sensitivity. (b) Actual reconstruction of the noise spectrum. The corresponding free evolution time for each
visibility data point is used. No correction for the higher-order lobes of the CPMG filters is applied, as it
yielded a worse reconstruction. The spectral density S(w) follows a power law with an exponent a = 0.53(3),
as indicated by the black solid line. In addition, the predicted Ornstein-Uhlenbeck noise spectrum obtained
from the echo fit is shown as a dashed line.

this work to allow multi-qubit control, incorporating a new AWG, IQ mixing, and switches,
it will be interesting to see whether the coherence changes, i.e. is setup-limited, or remains
the same, i.e. is sample-limited.

In order to gain more insight into the bath structure, we perform a reconstruction of the
noise spectrum as described in Sec. 3.3.1. In Fig. 5.17(a), the corresponding CPMG filter
functions for a total evolution time of t = 0.3 s = T5(1) are shown to illustrate the width
and frequency sensitivity. In the actual reconstruction, the corresponding time for each
visibility data point is used. No correction for the higher-order lobes of the CPMG filters is
applied, as it yielded a worse reconstruction. The result of the reconstruction is shown in
Fig. 5.17(b). The spectral density S(w) follows a power law with an exponent o = 0.53(3),
as indicated by the black solid line. The reconstructed bath exponent predicts a scaling of
T, o« N®¥W in good agreement with the experimentally observed exponent in Fig. 5.16.
From this, we expect a stretching of the individual decay curves of ¢ = 1.53(3). Fitting
the data in Fig. 5.16 with this stretching exponent only slightly changes the coherence
times, yielding a maximum coherence time of T,(128) = 1.32(6) s. This value is in good
agreement with the longest coherence times reported for nuclear spins coupled to group-IV
centers. Grimm et al. observed a coherence time of 2.5 s for a >C nuclear spin coupled to
a GeV center [144]. Similarly, coherence times of approximately 2 s were reported for 2°Si
host nuclear spins coupled to SiV centers by Stas et al. and Knaut et al. on two independent
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Figure 5.18.: Overview of all CPMG coherence times measured over the course of 72 days, comprising a
total of 46 measurements. Data points are color-coded by the AWG sampling rate. For pulse numbers with
more than one measurement, boxplots are shown: the black diamond marks the mean coherence time, the
box spans the 50% quartile, and the capped lines indicate the maximum and minimum measured values. A
power-law fit yields f = 0.40(2), consistent with the result in Fig. 5.16.

SiV centers [31]. These works attribute the limited coherence time to phonon-induced
fluctuations mediated by the electron spin.

In addition, the predicted Ornstein-Uhlenbeck noise spectrum obtained from the echo fit
is shown as a dashed line. The reconstructed spectrum clearly deviates from this model.
The crossing point with the reconstructed noise spectrum is determined by the choice of
parameters from the echo fit. Reproducing the noise spectral density within the Ornstein-
Uhlenbeck framework would require bath correlation times that increase as a function of
the number of pulses, which is nonphysical and not experimentally observed [144]. As
we observe no substructure in the noise spectrum, it is not possible to assign additional
bath contributions beyond the baths discussed above with any justification. Adding white
noise to the Ornstein-Uhlenbeck bath limits the noise spectral density at high frequencies
but does not change the scaling exponent « in the relevant frequency region. As we
deviate from the Ornstein-Uhlenbeck noise model significant, we can conclude we are
not limited by the nuclear spin bath but one of the other noise sources discussed above.
Similar scalings ~ 0.4 have been observed for NV centers in 2C enriched samples [115],
which also hints to other dominating noise sources.

To give an overview of all coherence times measured, we plot the observed coherence
times with their respective pulse number N in Fig. 5.18. The data points are color-coded
by the sampling rate of the AWG. Even for the lowest sampling rates, the coherence times
show no systematic deviation. For pulse numbers with more than one measurement,
boxplots are shown: the black diamond marks the mean coherence time, the box spans
the 50% quartile, and the capped lines indicate the maximum and minimum measured
values. The plot consists of a total of 46 measurements over the course of 72 days. The
most frequently measured sequences are N = 1 and N = 32, with 11 and 15 repetitions,
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Figure 5.19.: XY8 measurement of the nuclear-spin coherence time. An initialization is followed by a the
pulse sequence depicted for a single XY8-N sequence with N = 1. The visibility decays following a stretched
exponential with a stretching factor of £ = 1.6(2), yielding a coherence time T, = 0.41(2) s in good agreement
with the CPMG-8 sequence shown in Fig. 5.16.

respectively. The N = 32 measurements were taken over the course of 11 different days.
Fitting the coherence times to a power-law model yields f = 0.40(2), in good agreement
with the result in Fig. 5.16. We also observe a clustering of coherence times into two groups
with the same scaling exponent but different absolute values. The origin of these two
sets of initial coherence times is unknown, as all measurements were performed during a
single cooldown and noise reconstruction did not lead to any substructure in the noise
spectral density. In summary, this demonstrates that the reported CPMG parameters are
reproducible over many repeated measurements and do not merely reflect handpicked
best-case data.

In order to exclude pulse errors we also use the commonly XY8-sequence [31, 65, 144]. The
sequence is shown in Fig. 5.19. A total waiting time for a single XY8-sequence is t = 167.
Fitting the visibility signal leads also to a stretched exponential decay with a coherence
time of T, = 0.41(2) s. As this coherence time matches the coherence time of the CPMG-8
sequence, we conclude that pulse errors were indeed negligible [144] and the discussion
above sufficient.

5.4.4. Nuclear-spin coherence under optical excitation

An important consideration for the realization of quantum network nodes is the extent to
which a proximal nuclear spin is affected by optical excitation of the electron spin. This is
can be either during a spin-dependent reflection [64, 65] or when intermediate readouts of
the electron spin is required [65, 158].
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5. Coherent control of a single strongly coupled *C nuclear spin

This question is twofold: first, how quickly does the nuclear spin depolarize due to electron-
spin flips during optical cycling; and second, how much additional dephasing does the
nuclear spin experience from the differing hyperfine coupling in the electronic ground
and excited states. The first effect is sensitive to the pseudo-secular hyperfine coupling
Azx, while the second effect is also sensitive on the difference of the secular hyperfine
coupling A,, [176].

As a first step, we perform pump-probe measurements to quantify the depolarization
of the nuclear spin under resonant optical excitation of the electron spin. The nuclear
spin is initialized, after which the optical transition is driven for a variable duration, and
the remaining nuclear-spin polarization is read out. To further investigate the coherence
properties under optical illumination, we perform Hahn-echo measurements on the nuclear
spin while the electron is optically excited, following the approach of Stas et al. [65], where
analogous measurements were carried out on the host 2°Si nuclear spin of SiV centers.

Nuclear-spin depolarization under optical excitation. To quantify the depolarization of
the nuclear spin induced by optical cycling of the electron spin, we perform pump-probe
measurements. The system is initialized into the sub-state |Te]n) by pumping transitions
Al and MW1, followed by a variable waiting time ty,j and subsequent readout. For the
bright (dark) readout, an RF2 z-pulse is applied (omitted) before the readout pulse, and
the contrast is defined as the bright readout counts divided by the sum of bright and dark
counts. The resulting contrast as a function of ty,; is shown in Fig. 5.20(a) as the blue
curve, labeled C;. No decrease in contrast is observed, confirming that the electron-spin
lifetime T; does not measurably affect the nuclear-spin state on timescales up to 30s.

To probe the nuclear-spin depolarization rate Rgp, the same pump-probe measurement is
repeated with the laser kept continuously resonant with A1 during the waiting time tysjt.
After initialization, the electron occupies the spin state whose resonant optical transition
is B2, while the laser is tuned to Al. Excitation can therefore only occur off-resonantly via
the Lorentzian tail of the A1 line overlapping with B2, leading to occasional excitation into
the optically excited state. These off-resonant excitations can induce a flip of the nuclear
spin. With increasing waiting time under this continuous A1 illumination, a decrease in
the contrast is observed, labeled C2 in Fig. 5.20(a) (red curve).

In total a sequence consists of three cases, which are appended after each other

Case 1 : Init — apply A1 — ngp; — Readout, (5.30)
Case 2 : Init — wait — ngp2 — Readout, (5.31)
Case 3 : Init — wait — do nothing — Readout . (5.32)

Each sequence Case 1 - Case 2 - Case 3 is repeated between 5000 and 250 times, depending
on the difference in sequence duration, to accumulate enough statistics. The laser was
aligned spectrally such that both nuclear spin resonances are driven with equal probability.
For example C; in Fig. 5.20(a) is then defined as the ratio by of the signals obtained in
Case 2/ (Case 2 + Case 3).
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Figure 5.20.: Measurement of the electron-spin population and nuclear-spin depolarization. (a) Pump-probe
measurement of the electron-spin population and nuclear-spin depolarization. The system is initialized into
[Teln), followed by a variable waiting time ty,;, an RF2 z-pulse, and subsequent readout. The contrast C;
(green), measured without laser illumination during the waiting time, shows no decay up to 30s, placing a
lower bound on the electron-spin lifetime of T; > 30 s. When the laser remains resonant with A1 during
the waiting time, the contrast C, (purple) decreases due to off-resonant excitation-induced nuclear-spin
depolarization. Both contrasts are normalized using a reference sequence in which the RF2 z-pulse is omitted.
(b) Ratio C,/Cy, isolating the nuclear-spin depolarization from other effects. An exponential fit yields a
depolarization rate of Ry, = 1.3(3) Hz, corresponding to a nuclear cyclicity of A, = 3.7(9) electron-spin flips
before depolarization.

Fitting the ratio C;/C; to an exponential decay of the form

C
2 = Coo + (1 = Coo) & Rap twai (5.33)
G

yields a depolarization rate of Ry, = 1.3(3) Hz [see Fig. 5.20(b)].

To relate this depolarization rate to the number of optically induced electron-spin flips,
we compare background-corrected count rates under off-resonant and far-detuned excita-
tion. Specifically, we measure the difference in count rates between driving on Al and
illuminating with the laser detuned by —9.6 GHz, with a total integration time of 30 min
for each setting as shown in Fig. 5.21. At a resonant laser power of 9.2nW, we observe a
count rate of Sa; = 30.419(3) Hz on A1l and Syet = 23.689(3) Hz when detuned, giving a
difference of Sa; — Sget = 6.730(4) Hz.

To convert this into an electron-spin-flip rate, we measure the electron-spin initialization
under identical experimental conditions and obtain an average background-corrected
photon count per electron initialization of S,y = 1.37(1). This is performed in the
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Figure 5.21.: Comparison of the background count rates under resonant and far-detuned excitation. Specif-
ically, the difference in count rates between driving on A1l and illuminating with the laser detuned by
—9.6 GHz. The measured count rates during the experiment in Fig. 5.20(a) (dots) are compared to cw mea-
surements with a total integration time of 30 min for each setting (solid lines). At a resonant laser power of
9.2nW, we observe a count rate of Sa; = 30.419(3) Hz on A1l and Sqet = 23.689(3) Hz when detuned. We
observe an increase in count rate for shorter waiting times, which we attribute to intensity fluctuations due
to heating of the acousto optical modulator. As we are mostly in the long-time regime, the values obtained
in the cw measurements, which provide lower statistical uncertainty, are used in the main text.

same manner as shown in Fig. 4.2, where a similar value for the mean photon counts
per initialization was found. As the procedure and result are essentially identical, the
corresponding plot is not reproduced here.

The electron-spin-flip rate is then

SAl - Sdet

Rqip(9.20W) = =4.9(4)Hz. (5.34)

Sinit
Comparing this to the depolarization rate yields an estimate of the nuclear cyclicity,

R .
Ay = 2 _379(9), (5.35)
Rap

indicating that the nuclear spin depolarizes after an average of approximately four random
electron-spin flips.

In Fig. 5.22, we show the electron initialization together with the nuclear-spin repump
applied before every repetition of the sequence. If the combination of an electron 7-pulse
followed by electron initialization did not affect the nuclear eigenstate, no additional
fluorescence would be expected during the subsequent nuclear repump step. However, a
clear fluorescence signal is observed. The integrated counts during this nuclear repump are
approximately 20% smaller than those during the electron initialization. For comparison,
a full nuclear repump, implemented by deliberately applying an RF2 z-pulse, produces
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Figure 5.22.: Electron initialization with nuclear spin repump. The pulse sequence consists of a nuclear
initialization phase (A1+MW1), followed by an MW2 r-pulse to flip the electron spin, and a subsequent
electron initialization phase (A1). The green trace shows the fluorescence during the nuclear initialization,
the purple trace the fluorescence during the electron initialization, and the dark gray trace a laser-only
reference. The gray trace shows the total unused data. The integrated counts during the nuclear initialization
are approximately 20% smaller than those during the electron initialization, indicating that the preceding
electron manipulations partially disturb the nuclear spin state.

approximately 2.6 times more photons than electron initialization alone. From this cali-

bration, the observed nuclear-repump signal corresponds to an admixture of the opposite

nuclear branch of approximately 30%. Thus, after a single electron-spin flip followed by

electron initialization, the nuclear-state contrast is reduced to approximately Cpye =~ 70%.

Solving Cfl\ffc = 1/e gives an effective nuclear cyclicity of A, = —1/log Cyyc & 3 in reason-

able agreement with the depolarization rate obtained above. Using A,, = 3.7, we would
_1

find a remaining contrast of Cyyc ~ 76%. The fidelity is given by Fyue = 5(1 + Chue) [175],

which yields F,,. = 85% — 88% depending on the remaining contrast chosen.

The observed nuclear-state mixing can originate either from imperfect coherent electron
manipulation or from the subsequent electron initialization either by the optical cycling
of the electron spin or the electron-spin flip itself. The small effective nuclear cyclicity is
consistent with the expected strong pseudo-secular hyperfine coupling of the proximal
13C spin, which makes the nuclear eigenbasis sensitive to changes in the electron-spin
configuration. This does not, by itself, imply that a selective microwave pulse randomly
flips the nuclear spin. A coherent microwave pulse drives a well-defined transition between
electro-nuclear eigenstates and can in principle be reversible. The situation is different
for optical electron initialization. Although the electron is reset (flipped) only once, the
reset is an incoherent and effectively sudden operation on the electro-nuclear system
accompanied by many optical cycles between ground and excited state.

For '*C nuclear spins strongly coupled to NV centers, it has been observed that the nuclear
spin remains unaffected even after scattering a large number of optical photons, on the
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5. Coherent control of a single strongly coupled *C nuclear spin

order of ~ 10 [175]. They excluded that the electron spin-flipping transitions are the
dominant process, but the spin-cycling transitions are the relevant effect [129]. This
large number of possible scattered photons without depolarizing the nuclear spin allowed
repetitive readout of the electron spin for an improved signal amplitude [171]. Special
care needs to be taken to compare these results to our system. As the NV center is a spin-1
system, in the m; = 0 state, which is optically cycled in their experiment, no hyperfine
action is present [175]. For the m; = +1 a finite hyperfine action is present, which they
assume to point along the z-axis of the NV center [171, 175].

Since we look at a spin-1/2 system, the pseudo-secular hyperfine interaction makes
the nuclear quantization axis depend on the electron spin state with a finite hyperfine
interaction for both electron spin states. If we take the DFT values from above (see Sec. 5.1
and Ref. [157]), we find a tilt angle of the hyperfine quantization axis away from the SnV
centers quantization of & = (77, + 175)/2 = —24° [86]. Using the increased A, = 41.75 MHz
inferred from the behavior of the measured data in Fig. 5.12, we find a tilt of the hyperfine
quantization axis of £ = —19°, which the two nuclear precession vectors spanning an angle
almost antiparallel of n = 178° [86] (see Fig. 5.1(b) for the geometrical illustration). In
addition, due to the different hyperfine coupling in the excited state the nuclear spin will
precess around a different axis in the excited state, even if the electron is not flipped [129].
These fast oscillations will lead to high frequency noise, also possibly flip the nuclear
spin [129]. The amount of photons, which can be scattered by the electron before the
nuclear spin depolarizes is y*/(Aw, )?, in the limit that y > Aw,, where y is the decay rate
of the excited state and Aw, the perpendicular component of the hyperfine difference [129].
As we will see in the following section, we measure a hyperfine difference in the range of
MHz and thus this ratio could become comparable to the cyclicity of the spin-conserving
optical transition A., and thus a single electron initialization can already produce a sizable
nuclear-state error. To mitigate this an initialization via the spin-flipping transition or
decrease in the optical lifetime via the integration into optical cavities could be used.

A direct test would be a measurement analogous to Fig. 5.22, but with a nominal 27-
pulse instead of a 7-pulse before the electron-only reset (only pumping the A1l transition)
and a subsequent nuclear-repump step. The purpose of this measurement is to separate
two pieces of information that are otherwise mixed together. The fluorescence in the
electron-nuclear initialization only shows how much population is outside the dark state
before the initialization pulse. Since the full electro-nuclear initialization pumps all bright
electro-nuclear states back into the same dark state, this fluorescence signal does not tell
us into which nuclear branch the population has ended. In contrast, applying only the
electron reset first and then measuring the fluorescence during a following nuclear repump
directly tests whether the electron reset has mapped population into the wrong nuclear
branch. In addition, this should be done as a function of laser power and laser duration
for both the spin-conserving and spin-flipping transition. For such measurements, to get
reliable data, the electron Rabi frequency should be large compared with the electron
dephasing rate, which is not the case for the present SnV center. This can be improved in
emitters with larger strain, where stronger and cleaner electron-spin driving is possible,
as we have shown previously [70].
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5.4. Radio-frequency control of the nuclear spin

These depolarization effects are in contrast with group-IV color centers using the host
nuclear spin as the memory qubit. In that case, no pseudo-secular term is present in the
hyperfine tensor in the ground and excited state [156]. This means the nuclear spin should
dephase during initialization but not depolarize.

Also in the work with *C nuclear spins weakly coupled to NV centers, the main error
source is dephasing due to the different Larmor precession for the two different electron
spin states [67, 158, 177] and not a change in precession axes. This is due to the fact that

the relation y;3.B > VA%, + AZ, holds and change in precession axis is suppressed [67].
This means a field of Bg. > 4T would be needed to be applied for our system to reach
this regime. As this is not possible, this also mean that we would not directly benefit of
the encoding into decoherence free subspaces, as this copes only with dephasing of the
nuclear spin states [67].

Nuclear-spin dephasing under optical excitation. To develop an intuitive understanding
of the impact of the additional dephasing on the nuclear-spin memory when the electron
spin is optically excited, we follow the analysis of Harris et al. [176] and Kalb et al. [158]
and calculate the memory fidelity of the nuclear spin after n optical excitations. Consider
an initial superposition state |¢;,) = %(lln) +|Tn)). Upon optical excitation of the electron

spin, the nuclear-spin state accumulates a differential phase, since the hyperfine interaction
differs between the electronic ground and excited states due to their distinct wavefunctions
and consequently different overlap at the nuclear site [129]. After a time ¢ spent in the
excited state, the nuclear-spin state evolves to |¢y) = lz(e_m“hf H2 ) + ethont/2 |1 ),

where Awyy is the difference in hyperfine splitting between the two electronic states.

At low excitation powers, the time spent in the excited state is random and follows an
exponential probability distribution p(t) = %e_t/ ’, where 7 is the excited-state lifetime.
The relevant quantity is then the absolute value of the expectation value of the acquired

phase, which can be computed as

. © . 1
(e‘¢>‘ = / p(t) ehomt gyl = — — (5.36)
0 V1+ (ACL)th)Z
After n excitations, the memory fidelity takes the form
1 .
Fnem() = 5 (1+1€)") (537)

which yields Fpem = 1 for n = 0 and decays to Fpem = 1/2 for n > 1, since [(e'?)] < 1.

This expression immediately reveals two strategies for preserving nuclear-spin coherence
during optical operations: either minimize the time spent in the excited state or ensure a
small difference in hyperfine coupling between the ground and excited electronic states.

A useful experimental indicator for the magnitude of Awys is the PLE spectrum of the defect.
For low-strain emitters, if the hyperfine coupling exceeds the optical linewidth, typically
tens of megahertz, a resolved splitting appears in the PLE transitions, corresponding to
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Figure 5.23.: Hahn-echo measurement with short time resolution. The visibility is plotted as a function
of half the free evolution time 7. After an initial decrease, the echo visibility recovers. Two durations of
high visibility are selected: 7 = 21 ms for Fig. 5.24(a) and 7 = 16 ms for Fig. 5.24(b), as indicated by the gray
vertical lines.

half the difference between the ground- and excited-state hyperfine splittings [156]. This
is indeed observed for host nuclear spins such as 2°Si [65], 7*Ge [156], or 117/11°Sn [156]. In
our case, however, the PLE spectra show a purely Lorentzian lineshape with no resolvable
double structure, albeit with a linewidth somewhat broader than expected from the lifetime
alone. This constrains the hyperfine difference to roughly Awps < 10 MHz, consistent with
DFT calculations that predict Awns ~ 5 MHz. We also observe no angular-dependence of
this behavior (see Fig. A.1 for more details).

To quantify this dephasing experimentally, we follow the approach of Ref. [65] and perform
Hahn-echo-like measurements on the nuclear spin under optical illumination. The system
is first initialized into |T.|,) by pumping A1 and MW1. An RF2 /2-pulse then creates
a nuclear-spin superposition. During a fixed nuclear-spin evolution time of 7 = 21 ms,
a laser pulse resonant with A1l of variable duration t is applied. We note that in our
Ref. [71] a waiting time of 7 = 20 ms was stated; this does not affect any of the results
and can already be inferred from Fig. 14 in that reference, where the data points extend
beyond the 20 ms mark. The free-evolution time is chosen such that the echo is maximally
refocused, meaning that neither resonances in the echo signal nor the overall decay should
be too pronounced. At the same time, the duration must be long enough for the expected
oscillations to be observable. This is illustrated in Fig. 5.23, where the echo visibility is
plotted as a function of half the free evolution time t/2 = 7. After an initial decrease of
the visibility, most likely due to coupling to nearby nuclear spins, the echo signal is fully
recovered. Two durations of high visibility are selected: 7 = 21 ms for Fig. 5.24(a) and
7 = 16 ms for Fig. 5.24(b), as indicated by the gray vertical lines.
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Figure 5.24.: (a) Hahn-echo measurement of the nuclear-spin coherence under optical excitation. A laser
pulse of variable duration ¢ is applied during the echo waiting time. In the asymmetric configuration (green),
a single laser pulse is applied in the first waiting-time window, revealing both coherent phase oscillations
and exponential decoherence. In the symmetric configuration (purple), equal laser pulses are applied in both
windows, canceling the coherent phase accumulation and isolating the decoherence contribution. (b) Power
dependence of the oscillation frequency extracted from the asymmetric measurements, corresponding to
the differential Larmor precession between the electronic ground and excited states. Error bars denote the
standard error of the fitted frequency.

After the first free evolution time under optical illumination, the nuclear spin is refocused
with a m-pulse, followed by a second waiting interval of equal length and a final 7/2-pulse
that projects the state before readout.

If the laser is applied only during the first free evolution, this constitutes the asymmetric
configuration, following the notation of Stas et al. [65], as shown in Fig. 5.24(a). To
normalize the signal, the sequence is repeated with the phase of the final 7/2-pulse shifted
by 180°, and a visibility is calculated as usual.

The differing hyperfine interaction in the electronic ground and excited states leads to
an electronic-state-dependent precession frequency of the nuclear spin, as observed in
Fig. 5.24(a). In the asymmetric configuration, increasing the illumination time leads to
more time spent in the excited state on average, and we expect to observe oscillations
governed by the acquired phase ¢ = Awpyf texe [176].

The time spent in the excited state, t.y, is determined by the optical pump rate, i.e. the
saturation parameter s [66, 88]. Because an electron-spin flip followed by re-initialization
would involve many optical cycles under resonant excitation and immediately decohere
the nuclear spin state, we apply off-resonant excitation during the free evolution and focus
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5. Coherent control of a single strongly coupled *C nuclear spin

on the off-resonant excitations that occur without inducing a spin flip. Specifically, driving

A1 with the laser while the electron occupies states resonant with the B2 transition results

in a very small effective saturation parameter, et = peff/Psat < 1. In this limit [66, 88],
Seff Deff

—————— I R Seft = — . (5.38)
28er +1 ¢ Psat

fexc =

This is important because it shows that the time spent in the excited state is linear not
only in the applied power but also in the laser duration. Consequently, increasing the
laser duration ¢ at constant power yields a sinusoidal evolution of the visibility. Since the
oscillation frequency in Fig. 5.24(a) is given by fy = ¢/t = Awps sesr, a single oscillation
trace could in principle be used to determine the difference in hyperfine splitting. To
obtain a more precise measurement, we examine the power dependence of the oscillation
frequency. The effective saturation parameter as a function of the applied power on Al is
given by

pst _ p  TI*

psat B psat I‘Z + 4Agpt ’

(5.39)

where Aqpt is the detuning between the Al and B2 transitions. The oscillation frequency

is then ,
r
fo = L A S— (5.40)

psat Fz + 4A(2)pt

which yields the expected linear dependence on power. Fitting the linear trend measured in
Fig. 5.24(b) gives a slope of a = 54.9 HznW ™. Using an optical splitting of Aqp = 647 MHz,
an emitter linewidth of I' = 34(4) MHz, and a saturation power of 32(2) nW inferred from
the cyclicity measurement [71], we obtain a difference in hyperfine splitting of

4Agpt
Awns = apsar [1 + =271 X 2.6(6) MHz. (5.41)

1"2

Despite propagating all uncertainties, this value depends on a number of parameters, and
we therefore seek to confirm the result using as independently measured quantities as
possible.

We perform count-rate measurements analogous to those in the previous section at a fixed
excitation power of 10 nW. The excitation rate is inferred from the photon rate detected
under continuous driving on A1, which is effectively off-resonant during the measurement,
as the electron resides in the opposite spin state. Using the measured photon rate and the
number of photons per electron initialization defined in the previous section, we extract
the electron-spin-flip rate, obtaining Rg;, (10 nW) = 8.1(1) Hz for this cooldown. This is
then converted into an excitation rate via

1
Rexe(10nW) = — A, Rap(10nW) = 24.3(3) kHz. (5.42)

The factor of 1/2 accounts for the fact that under continuous A1 driving, on average
twice as many photons are detected per flip event: after an detected electron-spin flip, i.e.
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5.4. Radio-frequency control of the nuclear spin

on average after 1/n attempts, where 7 is the collection efficiency, the system becomes
resonant with A1 and typically flips back rapidly (on the timescale of the measurement),
producing a second photon burst. In the asymmetric echo measurement, by contrast, A1l
is applied only for a short duration and at low effective saturation, so that electron-spin
flips during the pulse are negligible. The observed oscillation therefore reflects phase
accumulation from off-resonant excitations without this rapid flip-back process. The
excitation rate inferred in this way is in excellent agreement with the theoretical excitation
rate given by Eq. 2.94, which yields R ~ 23.6 kHz for detuned pumping of a two-level
system.

Measuring a single asymmetric echo configuration at this excitation power yields an
oscillation frequency of f; = 253(3) Hz. Combined with the mean excited-state lifetime
Tsny = 1/(22T) = 4.7(6) ns, this gives a differential hyperfine splitting of

J3

=21 X 2.3(3) MHz, (5.43)
Rexc * Tsnv

Awyps =

in good agreement with the value obtained from the power-dependent measurements.

These oscillations are superimposed on an exponential damping envelope, reflecting the
probabilistic distribution of times spent in the excited state due to the spontaneous emission
process. When a second laser pulse of equal duration is applied in the second waiting-time
window, i.e. the symmetric configuration in Fig. 5.24(a), the coherent phase accumulation
cancels, isolating purely the decoherence contribution.

The decay of the echo visibility as a function of the optical excitation duration thus provides
a direct measure of the optically induced nuclear-spin dephasing. Equation 5.36 describes
the mean phase accumulated per optical excitation. In the low-excitation limit, the number
of excitations is given by n & Rey. t. The coherence should therefore decay as

Rece
el . | 5.44
(1) )<e >) (\/1 + (AwthSnV)z) "

Using the identity a* = exp(x In a), we find

C(t) = exp [—R‘;"C In (1 + (Awnstsay)?) t] , (5.45)

which allows us to introduce a decay time

2
Rexc In (1 + (AwthSnV)z) ‘

Tdecay = (5.46)
For small random phases per excitation, i.e. Awprzspy << 1, this simplifies to Tyecay ~
2/[Rexc (AwneTsny)?]. Here we find Awpersny = 66(11) mrad, and this condition is indeed
satisfied. From this we obtain an expected decay time of Tyecay = 19(3) ms, in excellent
agreement with the exponential decay time of 17(5) ms extracted from the damping
envelope of the echo, as shown in Fig. 5.24(a).
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Figure 5.25.: Nuclear-spin memory fidelity Fy,er, as a function of the number of successfully collected photons
nn,, calculated for different collection efficiencies 1 using the model of Harris et al. [176]. While the decay
curves shift horizontally with 7, they all correspond to the same underlying decoherence as a function of
the total number of optical 7-pulses n, shown as the dashed curve. Full decoherence of the nuclear spin
is reached after approximately 5 x 10* optical 7-pulses. Higher collection efficiencies, as achieved with
photonic structures such as solid immersion lenses or photonic crystal cavities, yield significantly more
collected photons before the nuclear-spin coherence is lost.

Knowing the differential hyperfine splitting between the ground and excited states allows
us to estimate the reduction in nuclear-spin memory fidelity during network protocols
that employ optical 7-pulses. Following the model of Ref. [176], the number of optical =
pulses required to reach a remaining coherence |<ei¢)| is

2 In (1/|<ei¢>|)
= Wl (ot 47

For our parameters, we find that approximately ny, ~ 10* optical 7-pulses reduce the
coherence to |(e’¢)|nth = 1/e, corresponding to a memory fidelity of Fpem = 68 %. Since
the total number of excitations required scales inversely with the collection efficiency 7 of
the setup, it is instructive to express the memory fidelity as a function of the number of
successfully collected photons, given by the product nn,, as shown in Fig. 5.25.

We estimate the collection efficiency from the ratio of the number of photons collected
per initialization to the electron cyclicity A, = 5988, the latter corresponding to the mean
number of scattered photons during an initialization process. This yields n = 0.0208(3) %.
While this value is low, it is expected given that our SnV center is located in bulk diamond
without photonic enhancement. For comparison, we plot the memory fidelity for the same
differential hyperfine splitting but using the collection efficiencies reported for photonic
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structures in diamond, specifically solid immersion lenses and photonic crystal cavities.
As shown in Fig. 5.25, these enhanced collection efficiencies yield substantially higher
fidelity for the same number of collected photons.

5.5. Summary

In this chapter, we have demonstrated full coherent control of a single *C nuclear spin
strongly coupled to the electron spin of an SnV center in diamond. Starting from the theo-
retical framework of the hyperfine interaction, we identified the relevant level structure
and used DFT calculations to estimate the expected coupling strengths, finding that our
observed hyperfine coupling indicates a 1>C nuclear spin located at one of the nearest-
neighbor lattice sites.

The nuclear spin is initialized into a single electro-nuclear sub-state via simultaneous
incoherent microwave and optical pumping, achieving fidelities of up to Finit = 99.5 %.
Optically detected nuclear resonance spectroscopy reveals the RF transitions around
20 MHz. The RF1 transition exhibits a doublet structure from coupling to a second *C
nuclear spin, while RF2 remains a clean single Lorentzian most likely due to electron-
state-dependent nuclear-nuclear coupling. All subsequent experiments were therefore
performed on RF2.

Rabi measurements demonstrate clean oscillations sustained for 9.5 ms, corresponding to
138 z-pulses without any loss of contrast, confirming that the superconducting waveg-
uide can deliver extended continuous RF driving without introducing heating. The Rabi
frequency scales linearly with the ac magnetic field, yielding an enhancement factor of
1.526(6) over the bare gyromagnetic ratio attributed to hyperfine-mediated mixing of
electronic character into the nuclear spin levels. Ramsey interferometry yields a dephasing
time of T, ~ 1.7 ms with a stretching exponent near 2, consistent with slow quasi-static
noise, and a four-day chevron measurement confirms long-term frequency stability. Ran-
domized benchmarking establishes a primitive gate fidelity of Fg = 99.92(1) % and a
single-qubit Clifford gate fidelity of Fc = 99.85(2) %.

The high gate fidelity enables effective dynamical decoupling. A Hahn-echo measurement
yields T, = 166 ms, confirming that the dominant noise is slow and refocus-able. CPMG
sequences progressively extend the coherence to T;(128) = 1.35s with 128 decoupling
pulses, scaling as N*37, which is weaker than the § = 2/3 expected for a pure Ornstein-
Uhlenbeck noise spectrum, which we attribute to additional noise channels. Noise spectral
reconstruction confirms a power-law spectrum with exponent a = 0.53, deviating from
a single Ornstein-Uhlenbeck model. Importantly, neither a reduction in visibility nor a
deviation from the power-law scaling is observed at large pulse numbers, indicating that
the achieved coherence time is so far rather limited by the programming capacity of the
arbitrary waveform generator rather than by any intrinsic property of the system.

Finally, we characterized the optical dephasing of the nuclear spin, which arises from the
differing hyperfine interaction in the electronic ground and excited states. Asymmetric
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5. Coherent control of a single strongly coupled *C nuclear spin

Hahn-echo measurements under optical illumination reveal coherent phase oscillations
superimposed on an exponential damping envelope. From both power-dependent and
count-rate-based analyses, we extract a differential hyperfine splitting of Awps = 27 X
2.3 — 2.6 MHz, in the same order of magnitude as DFT predictions and consistent with
the absence of resolved splittings in the PLE spectrum. The measured decay times are in
excellent agreement with a model based on the stochastic excited-state lifetime distribution,
providing a quantitative understanding of the nuclear-spin memory performance during
optical operations on the electron spin.
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Summary of the main achievements. This thesis investigated the tin-vacancy center in
diamond as a platform for optically addressable spin qubits, with a particular focus on
the coherent control of its electron spin and of a nearby !*C nuclear spin. As discussed
in the introduction, quantum-network nodes require an efficient spin-photon interface,
long-lived quantum memories, and high-fidelity control that remains compatible with
cryogenic operation. The SnV center is a promising candidate in this context due to
its inversion symmetry, leading to narrow optical transitions suitable for spin-photon
interfaces, while its larger spin-orbit splitting compared to the SiV center can relax the
requirements on operating temperature.

The work presented here addresses several of the corresponding challenges. Microwave
control of a low-strain SnV center was investigated using superconducting coplanar
waveguides, providing a route toward spin control with reduced Ohmic heating. Building
on this, the coupling to a proximal *C nuclear spin was explored as a possible route
toward a local quantum memory. The thesis thereby connects the microscopic physics
of the SnV center, including spin-orbit coupling, strain, magnetic fields, and hyperfine
interaction, to the experimentally observed spin control, coherence, and optical robustness
of the coupled electron-nuclear system.

The main result is the high-fidelity coherent control of the single proximal *C nuclear spin
coupled to an SnV center, together with a study of the mechanisms that limit its coherence
and robustness under optical excitation. In the following, the main results of this thesis are
summarized. These results are then compared to the current state of the art for group-IV
color centers in diamond, followed by an outlook on possible future directions toward
SnV-based quantum-network nodes.

Electron-spin control of a low-strain SnV center. In this work, coherent microwave control
of a low-strain SnV center was demonstrated using superconducting coplanar waveguides,
enabling strong drive fields while minimizing microwave-induced heating. The analysis
builds on existing theoretical work on the angle-dependent Rabi frequency [80], reformu-
lated in the notation used in our earlier work [70]. The measured angle dependence of
the Rabi frequency is reproduced qualitatively using the strain of the SnV center as the
only parameter. In particular, the observed asymmetry between scans in different angular
planes confirms both the theoretical model and the geometry of the applied driving field.

Together with the optical cyclicity analysis, these measurements show that strain can be
used as a tuning parameter of the SnV spin-photon interface. It determines the trade-off

131



6. Conclusion and outlook

between microwave drivability and optical cyclicity: stronger mixing can enhance spin
driving, while at the same time modifying the spin selectivity of the optical transitions.
This trade-off is an important design consideration for future SnV-based quantum-network
nodes, where efficient spin control and high-fidelity optical initialization and readout have
to be achieved simultaneously.

Identification and high-fidelity control of a proximal 1°C nuclear spin. A strongly cou-
pled proximal 3C nuclear spin was identified through the large hyperfine splitting of
approximately 45 MHz observed in optically detected magnetic resonance. Because the
hyperfine interaction is large compared with the nuclear Larmor frequency, the hyperfine
parameters could not be determined independently from the measured transition frequen-
cies, even within the secular approximation and using different external magnetic fields.
Nevertheless, a consistent level scheme was assigned in analogy to the host #’Si nuclear
spin strongly coupled to the SiV center [65].

Using microwave-assisted optical pumping, the nuclear spin was initialized with high
fidelity. The large electron-spin cyclicity of A. ~ 6000 allows efficient electron-spin
readout. Coherent radio-frequency control of the nuclear spin was demonstrated, with
single-qubit gates reaching sub-percent error rates per gate. Finally, dynamical decoupling
extended the nuclear-spin coherence time to above one second.

Decoherence of the nuclear spin under optical excitation. The difference between the
hyperfine splittings in the electronic ground and excited states is comparatively small.
Estimating the nuclear-memory fidelity as a function of the number of optical excitations,
a full decay of the nuclear coherence is expected after approximately 10* optical excitation
cycles. However, the collection efficiency of the optical setup is only n = 0.0208(3)%, as
extracted from the ratio of collected photons per initialization event to the electron-spin
cyclicity. This low value is expected for an SnV center in bulk diamond without photonic
enhancement. As a consequence, only a single-digit number of photons can be collected
before the nuclear-spin state is expected to fully decohere. This highlights the need for
photonic structures that enhance photon collection and light-matter interaction, such
as solid-immersion lenses, photonic crystal cavities, or open microcavities. The latter
approach has recently shown promising results within our group through the work of
Kerim Koster, demonstrating coherent coupling of single SnV centers to a fiber-based
microcavity with an extinction contrast of 81%.

Comparison to other existing platforms. The development of the SnV center could follow
a similar path to the one established for the SiV platform, where deterministic spin-photon
interfaces, telecom-band frequency conversion, and remote entanglement of nuclear-spin
memories through deployed fiber have been demonstrated [23, 31, 61-64]. The larger
ground-state splitting of the SnV center may relax the cryogenic requirements compared
with the SiV center, even in a low-strain regime, and could therefore make future multi-
node implementations more practical.
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To place the results of this thesis in the context of the current state of the art, we compare
the nuclear-spin memory performance of our system with that of Stas et al. [65], who
used a host 2%Si nuclear spin coupled to a SiV center. Although our system is based on a
proximal *C nuclear spin coupled to an SnV center, the comparison is useful for assessing
both platforms as candidates for group-IV quantum-network nodes.

Since cavity experiments were not performed as part of this thesis, the comparison is
based on a hypothetical scenario in which our emitter is placed in the same nanophotonic
diamond cavity as used by Stas et al.. We therefore assume identical cavity parameters:
a total cavity linewidth of /27 = 250 GHz, an in-coupling rate of ki, /27 = 202 GHz,
an emitter-cavity coupling rate of g/27 = 3.19 GHz, and no out-coupling, xout/27 = 0.
The cavity detuning is chosen as w1, — w. = 27 X 150 GHz. This detuning is larger
than in Ref. [65], because the narrower emitter linewidth in our system, y,/27 = 35 MHz,
requires a larger detuning to reach full reflection contrast. Using a hyperfine splitting of
Awps =~ 3 MHz, we then follow the approach of Ref. [65] and calculate the decoherence of
the nuclear spin upon reflection of a photon from the cavity'.

The exact photon-number requirements for the readout are not explicitly stated in Ref. [65].
We therefore infer from Figs. S6 and 1G of that work that a phase readout with 95% fidelity
requires a mean photon number of approximately 20, whereas a resonant readout requires
a mean photon number of approximately 5, assuming a coherent state reflected from
the cavity. Using these values, we reproduce the behavior reported in Ref. [65] for their
system, shown by the green curves in Fig. 6.1(b). Resonant readout on one of the spin
transitions leads to a rapid decay of the nuclear memory fidelity. By contrast, phase readout,
performed at a detuning on either side of the spin transition, causes substantially less
decoherence because the scattered photons acquire less information about the nuclear-spin
state [65].

Applying the same photon-number requirements to our SnV-'*C system yields the purple
curves in Fig. 6.1(b). Two features are apparent. First, the resonant readout shows a similar
decay despite the smaller difference between the ground- and excited-state hyperfine
splittings. This is caused by the larger cavity detuning chosen to obtain sufficient reflection
and phase contrast. Second, and more importantly, the phase readout shows a substantially
improved memory fidelity. This improvement originates from the larger separation of
the spin-conserving optical transitions in the low-strain SnV center compared with the
high-strain SiV center, even though the magnetic field used here is four times smaller.
Together with the narrower emitter linewidth, this larger optical separation improves the
expected memory performance. This directly addresses one of the limitations identified
by Stas et al., namely that the optical transition separation in their SiV system limits the
phase-readout performance, while increasing the magnetic field would push the qubit
frequency into a regime where microwave control becomes increasingly lossy.

1 T thank Kerim Késter for providing the scripts used to calculate the cavity reflection and scattering
coefficients!
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Figure 6.1.: Simulated comparison of nuclear-spin memory fidelity for the SnV center (purple) and the SiV
center (Stas et al. [65], green). (a) Memory fidelity as a function of the number of electron-spin initializations
for the SnV center, reflecting the depolarization of the *C nuclear spin using a remaining contrast Cyye = 0.7
per initialization. This effect is absent for the host ?Si spin in the SiV system and thus unit fidelity is assumed.
(b) Memory fidelity as a function of the number of photons scattered off a cavity, assuming identical cavity
parameters for both systems. Circles correspond to a resonant readout scheme, diamonds to a phase readout.
The SnV center benefits from more widely separated optical transitions and a narrower emitter linewidth,
leading to significantly improved phase-readout performance. However, the nuclear-spin depolarization
upon electron-spin initialization shown in (a) limits the overall memory fidelity.

However, the comparison must also include nuclear-spin depolarization during electron-
spin initialization, which is an effect that is negligible in the case of a SiV center coupled to
its host nuclear spin. In the system studied here, by contrast, the observed nuclear contrast
decreases by approximately 30% per electron-spin initialization. We use this value as a
reference and define the corresponding memory fidelity as Fyey = % (1+CPy), where
n is the number of electron-spin initializations and Cyyc = 0.7 is the remaining nuclear
contrast per initialization, extracted from Fig. 5.22. [175]

This analysis reveals a rapid decay of the memory fidelity with the number of electron-spin
initializations. For quantum-network applications, the overall performance will be limited
by the smallest of the relevant fidelities. Under the assumptions used here, the proximal
3C nuclear spin coupled to our SnV center would therefore be limited by initialization-
induced depolarization, despite its favorable behavior under phase-readout. Moving to
more weakly coupled nuclear spins could reduce the pseudo-secular hyperfine terms
relative to the nuclear Zeeman energy and thereby suppress this limitation. In such a
regime, the low-strain SnV center could benefit from the optical advantages discussed
above, in particular the larger separation of the spin-conserving optical transitions and
the narrower emitter linewidth. The coherent control of weakly coupled *C nuclear spins
has recently been demonstrated by Beukers et al. [66], with dephasing times in the tens
of milliseconds and coherence decay over hundreds of optical cycles, making these spins
promising candidates for robust quantum memories.
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6. Conclusion and outlook

Taken together, this work demonstrates coherent control of the electron spin of a low-
strain SnV center and of a proximal *C nuclear spin coupled to it. A superconducting
waveguide with reduced heating, careful magnetic-field alignment, and a qualitative model
of the hyperfine interaction enabled control of both spins and characterization of the
3C nuclear-spin decoherence under optical excitation. Future experiments can build
on these results by combining the spin-control and coherence properties studied in this
thesis with photonic integration. Improved photon collection and enhanced light-matter
interaction will be important for assessing SnV-based systems under conditions closer to
those required for quantum-network applications.
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A.1. Explicit representation of the gyromagnetic tensor /i

As discussed in Sec. 2.2, the interaction of the SnV center electron spin with the ac
magnetic field can be derived from Eq. 2.38 by replacing the dc field components with the
corresponding ac field components and expressing it in the eigenbasis of the dc magnetic

field.

For this we need the eigenvectors of the static dc magnetic field Hamiltonian in Eq. 2.27.
These can be computed as

(I)l —iCI)Z _ A+®
_ | V(a+0)2+2*+@? V(A+0)2+0%+0?
EVge = © =iy NG E (A1)

V(A-0)2+02+02  /(A-0)2+02+@2

where the variables ®; = ®(B, BSC), D, = @(—Bf}c, BY%), © = ©(BI°) and the splitting

A =P + 92 + @2, (A.2)

can be derived from the variables ® and © defined in Sec. 2.2.

Expressing the ac magnetic field Hamiltonian, by substituting the field components in
Eq. 2.27 by ac fields, and representing it in the eigenbasis of the dc magnetic Hamiltonian
using the eigenvectors above, gives

R Hll H12
Hae = ys (H%CI H%CZ > (A.3)
ac ac

where we defined the sub-matrices
00, + O + O, D5F

b (07— A2 (=0 (D? + DF) + O(D1 0 + D)) DID, — PP,
Hac = A((I)Z n @2)3/2 +1 (AS)
1% Jo? + @2
g (02— AD)(—Oue(DF + @) + O(D1 D + DY) DLD, — PID,
Hac = - A(q)Z N @2)3/2 —1 (A6)
172 A D% + P2
2 _ OO, + B0} + D05 )
A
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Using the general form of the interaction

~

. 1
He=S-ji-B*= —5[(B;C,uzx + Bzcluzy + B ;) 0,

+(B5 pxx + BZnyy + B2 iy 0y

_(B;C.ny + Bzc/lyy + Bgcﬂyz)gy] )
and comparing each component of the two matrices yields the mediation matrix

4y2B,Osin(x)  4y2B,Osin(x) _ 4y20|B | sin(x)

[BLlAg [BLlAg B:Aq
~ _ | _2ysBy sin(x) 2ysBy sin(x) 0
# 5] 1B,
4y§BX sin(x)? 4y§By sin(x)? 4y§®2
A, Aq B.A,
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A.2. Angular dependence of the spin-conserving transition linewidths

A.2. Angular dependence of the spin-conserving transition
linewidths

In order to check whether the difference in hyperfine coupling between the ground and
excited states, as discussed in Sec. 5.4.4, has an angular dependence, we fit the data shown
in Fig. 2.14. The resulting FWHM for all six frames measured is shown in Fig. A.1. As can be
seen, the data show no additional angle-dependent broadening beyond the measurement
uncertainty.

XiabYlab YiabZlab XiabZlab
N 100 A . :
=
= e o o o® ¢ S - o e ..0 ol o o
T °° PYITI NI TR S CAPTRETSANE R TN X PRV PR
= .
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6 9 6

Figure A.1.: Angular dependence of the spin-conserving optical transition linewidths. FWHM of the two
Lorentzians extracted from the dc magnetic angle-resolved spectra of Fig. 2.14, plotted as a function of the
rotation angle 0 for each of the six planes in either the lab- or SnV-frame. Markers in green and purple
correspond to the lower- and higher-frequency branch, i.e. A1 and B2, respectively. Error bars are the
standard deviations of the fit. Points near the branch crossing are omitted because the two Lorentzian
transitions become unresolvable.

A.3. Diamond sample fabrication and further
characterization

The diamond sample used in this work is an electronic-grade diamond membrane from
Element Six, cut along the (110) directions with a (100) surface orientation. The initial
dimensions are 2X2x0.04 mm, with a surface roughness of 4 nm (side A) and 2.3 nm (side B).
To relieve residual strain from the manufacturing polish and reduce the surface roughness,
both sides are etched by reactive ion etching by Philipp Fuchs (Saarland University) using
the following procedures:
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(i) Side A: 50 min Ar/Cl; + 5X(7 min Ar/Cl, + 13 min O3),
(ii) Side B: 20 min Ar/Cly + 5%(7 min Ar/Cl; + 15 min O,) + 10 min Ar/Cl, + 15 min O,.

For further details on this etching procedure, see Ref. [49]. In total, 7um of material
is removed from each side, resulting in a final surface roughness of 3 nm (side A) and
2 nm (side B) measured by Julia Heupel (Kassel University) and confirmed by white-light-
interferometry measurements, which yield a RMS surface roughness of S; = 0.5 nm with
a maximum peak-height of 5, = 2.5nm over an area of 20 um x 20 um. The total final
membrane thickness is 26 pm.

Side B, having the lower surface roughness, is used for ion implantation. The isotope '°Sn
is implanted at an energy of 65 keV with a fluence of 1x 10° cm™ by Michael Kieschnick at
the Felix-Bloch-Institute for solid state physics (University Leipzig). Post-implantation, the
sample is annealed at 1200 °C for 4 h at a pressure below 1 X 10~ mbar by Philipp Fuchs.
Surface cleaning is carried out by boiling in a tri-acid mixture (1:1:1, nitric acid:sulfuric
acid:perchloric acid) at 400 °C.

The membrane is subsequently laser-cut into four pieces by Diamond Materials. All
measurements were performed on SnV-F in sample SnV-2-B2 (see Karapatzakis [72] for
comparison). The diamond piece used in this work is baked on a hotplate, which consists
of a ramp-up from room-temperature to 450 °C over 2.5 h, a baking for 6 h and a final boil
in piranha acid after cooldown.

Electron spin lifetime at elevated temperatures. As discussed throughout this thesis,
the electron spin lifetime at the operating temperature of T = 50 mK is longer than all
relevant experimental timescales. This regime was already studied in detail in our previous
work [70], and a more extensive temperature- and field-dependent study was performed
by Ioannis Karapatzakis [72]. Therefore, we do not repeat in presenting the electron spin
lifetime measurements in greater detail here.

However, as mentioned in Sec. 2.5.1, the spin lifetime decreases significantly at elevated
temperatures. To quantify this effect and to illustrate the measurement procedure, we show
in Fig. A.2 an electron spin lifetime measurement performed by loannis Karapatzakis at
T =3.6K. The system is initialized by resonantly pumping the A1 transition, followed by
a variable waiting time fy,it and a second initialization pulse. The increase in fluorescence
with increasing waiting time directly reflects the re-population of the initially depleted
spin state and is used to extract the spin lifetime.

For the measurement shown in Fig. A.2, an external magnetic field of 400 mT is applied
parallel to the quantization axis of the SnV center, i.e. 63, = 0°. In the off-axis field
configurations used for the angle-dependent Zeeman measurements in Sec. 2.5.1, and at
the even higher temperatures used there, the spin lifetime is further reduced. This ensures
that both spin states are populated during the measurement.
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Figure A.2.: Electron spin lifetime measurement at T = 3.6 K. Normalized fluorescence as a function of the
waiting time ty,;; between two initialization pulses. The pulse sequence is shown schematically in the inset
in the lower right. An external magnetic field of 400 mT is applied parallel to the quantization axis of the
SnV center, i.e. 03 = 0°. At an elevated temperature of T = 3.6 K, a spin lifetime of T; = 4(1) ms is measured.

Since no increase in fluorescence is observed during spin driving, we conclude that, at
the operating temperature of T = 50 mK, the spin lifetime remains sufficiently long com-
pared to the relevant experimental timescales. This indicates the absence of significant
microwave-induced heating, since heating would lead to a visible increase in fluores-
cence.

A.4. Additional experimental setup details

The optical setup is the same as described in detail by Ioannis Karapatzakis in his thesis [72].
We therefore do not reproduce the full description here, but instead refer the reader to his
work. A detailed overview of the optical setup is shown in Fig. A.3, which was taken from
his thesis. For completeness, the setup is summarized in Sec. 2.3.2.
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Figure A.3.: Optical setup of the experiment. The setup is distributed across two optical tables in the same
laboratory: one dedicated to laser pulse generation (blue border) and one hosting the table-top cryostat and
the detection components (brown border). Some of the components depicted in this image are from the
ComponentLibrary by Alexander Franzen [93]. This figure was taken with permission from the thesis of

Ioannis Karapatzakis [72].
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A.5. List of abbreviations

A.5. List of abbreviations

Color centers

SnV Tin-Vacancy

Siv Silicon-Vacancy

GeV Germanium-Vacancy

PbV Lead-Vacancy

NV Nitrogen-Vacancy

Theory

DJT Dynamical Jahn-Teller (effect)
SALC Symmetry-Adapted Linear Combinations
DFT Density Functional Theory

SO Spin-Orbit (coupling)

TLS Two-level system

ou Ornstein-Uhlenbeck (noise model)

Measurement techniques

ac Alternating Current

dc Direct Current

PLE Photoluminescence Excitation

FWHM Full Width at Half Maximum

PSB Phonon Sideband

lab frame Laboratory Coordinate System

EPR Electron Paramagnetic Resonance
ODMR Optically Detected Magnetic Resonance
NMR Nuclear Magnetic Resonance

ODNR Optically Detected Nuclear Resonance
ENDOR Electron Nuclear Double Resonance
CPMG Carr-Purcell-Meiboom-Gill (sequence)
RMBM Randomized Benchmarking
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Hyperfine Interactions

HF Hyperfine (interaction)

NZ Nuclear Zeeman (interaction)
NQ Nuclear Quadrupole (interaction)
NN Nuclear-Nuclear (interaction)
FC Fermi Contact (interaction)

DD Dipole-Dipole (interaction)
Hardware

AWG Arbitrary Waveform Generator
MW (mw) Microwave

RF (rf) Radio frequency

mK Millikelvin

TTL Transistor-Transistor-Logic
AOM Acousto Optical Modulator
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Erklarung zum Einsatz generativer KI

Der Einsatz generativer kiinstlicher Intelligenz (KI), insbesondere in Form grofler Sprach-
modelle, gewinnt in Forschung und wissenschaftlicher Praxis zunehmend an Bedeutung.
Die vorliegende Dissertation wurde unter Beachtung der Handreichung zur Nutzung von
generativer kiinstlicher Intelligenz (KI) in studentischen Arbeiten im Studium, in Abschlus-
sarbeiten und Promotionen an der Fakultit fiir Physik! sowie der allgemeinen Leitlinien
zum Einsatz generativer KI am KIT? erstellt. Dariiber hinaus wurden die Grundsétze guter
wissenschaftlicher Praxis berticksichtigt.

In dieser Arbeit wurde generative KI ausschliellich als unterstiitzendes Werkzeug fiir klar
abgegrenzte Aufgaben eingesetzt. Dazu gehorten insbesondere die Strukturierung von
Inhalten, etwa durch Vorschlage zur Gliederung von Abschnitten und zu Ubergéngen zwis-
chen Textteilen, sowie die sprachliche Uberarbeitung von Textpassagen, etwa hinsichtlich
Grammatik, Stil, Verstandlichkeit und Kohéarenz einzelner Textabschnitte. Dartiiber hinaus
wurde generative KI punktuell zur Unterstiitzung bei der technischen Umsetzung von
Programmcode verwendet, etwa in Bezug auf Syntax, Visualisierung oder numerische
Auswertung. Als verwendete Werkzeuge wurden insbesondere ChatGPT von OpenAl und
Claude von Anthropic eingesetzt; die Nutzung beschrénkte sich auf die oben genannten
unterstiitzenden Téatigkeiten.

Nicht eingesetzt wurde generative KI zur Entwicklung wissenschaftlicher Fragestellungen,
zur theoretischen Modellbildung, zur Generierung, Analyse oder Interpretation experi-
menteller oder numerischer Daten, zur Ableitung wissenschaftlicher Schlussfolgerungen
oder zur Bewertung der wissenschaftlichen Qualitat, Originalitat oder Relevanz der in
dieser Arbeit dargestellten Ergebnisse.

Die Verantwortung fiir saimtliche Inhalte dieser Dissertation liegt vollstandig beim Autor.
Alle durch generative KI unterstiitzten Inhalte wurden kritisch gepriift, eigenstandig tiber-
arbeitet und inhaltlich verifiziert. Die Verwendung generativer KI erfolgte in dem Bewusst-
sein ihrer Grenzen, insbesondere hinsichtlich méglicher sachlicher Fehler, Verzerrungen
und unvollstandiger Quellenbeziige, sowie unter Wahrung der geltenden rechtlichen,
ethischen und wissenschaftlichen Standards.
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Intelligenz (K1) in studentischen Arbeiten im Studium, in Abschlussarbeiten und Promotionen an der Fakultdt
fiir Physik, letzte Anderung: 03.06.2025, URL: https://www.imktro.kit.edu/13269.php, Zugriff am
18.05.2026.

2 Karlsruher Institut fiir Technologie, Leitlinien zum Einsatz generativer KI am KIT, Stand: 30.06.2025, URL:
https://www.kit.edu/downloads/KI-Leitlinien-de.pdf, Zugriff am 18.05.2026.
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