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Summary

The technology of building quantum networks by interconnecting multiple quantum nodes

has the potential to revolutionize the world, much like its classical equivalent - the internet

- did. The possibility of processing quantum information on a shared network promises

exciting applications that are not possible with today’s technologies. Quantum systems

with stationary qubits and qubit-photon interfaces, like diamond color centers, are prime

candidates for these quantum network nodes. Here, the qubit-photon interface efficiency

is crucial for their connectivity, which propels the development of cavity systems that

enhance this interface via the Purcell effect. This dissertation presents advances in coupling

nitrogen-vacancy (NV) and tin-vacancy (SnV) centers in diamond to open microcavities

and explores their capabilities for quantum networks.

The basis for experiments with cavity-coupled color centers is laid by the construction

of a cryogenic fiber-based open microcavity system. This system uses a flat sample mirror

opposite to a laser-ablated spherical fiber mirror to confine optical cavity modes. It is

designed to achieve a low passive cavity length fluctuation level, microwave integration as

well as full optical access through the fiber-mirror and free-space via the sample mirror.

A closed-cycle optical cryostat hosts this system and enables continuous operation in a

controlled high-vacuum environment.

Besides the microcavity developments, a novel patterning method for the fabrication of

micrometer-thin diamond membranes is presented. The method involves laser-cutting to

pattern diamonds with micrometer-scale feature sizes and subsequent bonding to a sample

mirror. Comparing the laser-cutting method to established electron-beam lithography and

a two-step transfer pattern process with a silicon nitride hard mask validates the fabrication

of high-quality diamond devices for microcavity applications.

By integrating a diamond device hosting SnV centers into the cryogenic microcavity

system, single cavity-coupled SnV centers are investigated. The coherent coupling regime

is reached as a result of the achieved Purcell enhancement and the coherence of the optical

transition. The coupled system of SnV center and cavity exhibits quantum nonlinear behav-

ior, as evidenced by dips in the cavity transmission spectrum and changes in the photon

statistics of the transmitted light. These effects can be exploited in remote entanglement

protocols, underlining the potential of these systems to serve as quantum network nodes

with Purcell-enhanced photonic interfaces.

Moreover, the cryogenic microcavity system is employed to equip NV centers with

efficient qubit-photon interfaces. The cavity-coupling is used in combination with a cross-

polarized resonant excitation and detection scheme to initialize and read out the NV center

electron spin qubit. In addition, the electron spin is coherently controlled with on-chip

delivered microwave pulses, and pulsed resonant excitation enables the generation of

spin-photon correlated states. The quantum networking capabilities of the system are

demonstrated by measuring heralded Z-basis correlations between photonic time-bin

qubits and the spin qubit. In these experiments, a tenfold improvement in resonant photon
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detection probability is achieved over state-of-the-art NV center quantum network nodes,

paving the way for cavity-enhanced quantum networking with NV centers.
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Samenvatting

De technologie voor het bouwen van kwantumnetwerken door meerdere kwantumknoop-

punten met elkaar te verbinden, heeft het potentieel om een nieuwe revolutie tot stand te

brengen, net zoals zijn klassieke equivalent – het internet – dat heeft gedaan. De mogelijk-

heid om kwantuminformatie te verwerken op een gedeeld netwerk biedt interessante toe-

passingen die met de huidige technologieën onmogelijk zijn. Kwantumsystemen met statio-

naire qubits en qubit-fotoninterfaces, zoals diamantkleurcentra, zijn uitstekende kandidaten

voor deze kwantumnetwerkknooppunten. Hier is de efficiëntie van de qubit-fotoninterface

cruciaal voor hun connectiviteit, wat de ontwikkeling stimuleert van caviteitssystemen die

deze interface verbeteren via het Purcell-effect. Dit proefschrift presenteert vorderingen op

het gebied van het koppelen van stikstof-holte (NV) en tin-holte (SnV) centra in diamant

aan open microcaviteiten en onderzoekt hun mogelijkheden voor kwantumnetwerken.

De basis voor experimenten met caviteit-gekoppelde kleurcentra wordt gelegd door de

constructie van een cryogeen glasvezel-gebaseerd open microcaviteitsysteem. Dit systeem

maakt gebruik van een vlakke sample spiegel tegenover een laser-geërodeerde sferische

glasvezel spiegel om optische caviteitmodi te lokaliseren. Het is ontworpen voor een laag

passief caviteitlengtefluctuatie niveau, microgolfintegratie en volledige optische toegang

via de glasvezel spiegel en via de lucht door de sample spiegel. Een optische gesloten cyclus

cryostaat omvat dit systeem en maakt continue werking mogelijk in een gecontroleerde

hoogvacuümomgeving.

Naast de ontwikkelingen op het gebied van microcaviteiten wordt een nieuwe fabrica-

gemethode voor het structureren van micrometer-dunne diamantmembranen gepresen-

teerd. De methode omvat lasersnijden om diamanten te structuren met micrometer-schaal

kenmerken en vervolgens te hechten aan een sample spiegel. Een vergelijking van de

lasersnijmethode met de bestaande methode gebaseerd op elektronenstraallithografie en

een tweestaps-transferpatroonproces met een siliciumnitride masker bevestigt de fabricage

van hoogwaardige diamant samples voor microcaviteitstoepassingen.

Door een diamanten sample met SnV-centra te integreren in het cryogene microca-

viteitssysteem, worden enkelvoudige caviteit-gekoppelde SnV-centra onderzocht. Het

coherente koppelingsregime wordt bereikt als gevolg van de bereikte Purcell-versterking

en de coherentie van de optische transitie. Het gekoppelde systeem van SnV-centrum en

caviteit vertoont kwantum-niet-lineair gedrag, wat blijkt uit dalen in het transmissiespec-

trum van de caviteit en veranderingen in de fotonstatistieken van het doorgelaten licht.

Deze effecten kunnen worden benut in protocollen voor niet lokale verstrengeling, wat het

potentieel van deze systemen benadrukt om te dienen als kwantumnetwerkknooppunten

met Purcell-versterkte fotonische interfaces.

Bovendien wordt het cryogene microcaviteitssysteem gebruikt om NV-centra uit te rus-

tenmet efficiënte qubit-fotoninterfaces. De caviteitskoppeling wordt gebruikt in combinatie

met een kruisgepolariseerd resonant excitatie- en detectiemethode om de elektronenspin-

qubit van NV-centra te initialiseren en uit te lezen. Bovendien wordt de elektronenspin
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coherent aangedreven met on-chip geleverde microgolfpulsen en maakt gepulseerde re-

sonante excitatie het mogelijk om spin-fotongecorreleerde toestanden te genereren. De

kwantumnetwerkcapaciteiten van het systeem worden aangetoond door het meten van

aangekondigde Z-basiscorrelaties tussen fotonische time-bin qubits en de spin-qubit. In

deze experimenten wordt een tienvoudige verbetering in de resonante foton detectiekans

bereikt ten opzichte van de meest geavanceerde NV-centrum kwantumnetwerkknooppun-

ten, wat de weg vrijmaakt voor caviteitsversterkte kwantumnetwerken met NV-centra.
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Kurzfassung

Die Technologie zum Aufbau von Quantennetzwerken, durch das Zusammenschalten

mehrerer Quantenknotenpunkte, hat das Potenzial die Welt zu revolutioniere. Ähnlich

hat dies bereits ihre klassische Entsprechung – das Internet – getan. Die Möglichkeit

Quanteninformationen in einem gemeinsamen Netzwerk zu verarbeiten verspricht aus-

sichtsreiche Anwendungen, die mit heutigen Technologien nicht möglich sind. Quantensy-

steme mit stationären Qubits und Qubit-Photon-Schnittstellen, wie Diamant-Farbzentren,

sind vielversprechende Kandidaten für diese Quantennetzwerkknoten. Die Effizienz der

Qubit-Photon-Schnittstelle ist dabei entscheidend für ihre Konnektivität, was die Ent-

wicklung von Hohlraumresonatoren vorantreibt, welche diese Schnittstelle mit Hilfe des

Purcell-Effekt verbessern. Diese Dissertation präsentiert Fortschritte bei der Kopplung von

Stickstoff-Fehlstellen (NV) und Zinn-Fehlstellen (SnV) Zentren in Diamanten an offene

Mikroresonatoren und untersucht deren Eignung für Quantennetzwerke.

Die Grundlage für Experimente mit resonatorgekoppelten Farbzentren bildet die Kon-

struktion eines kryogenen, glasfaser-basierten, offenen Mikroresonatorsystems. Dieses

System verwendet einen flachen Probenspiegel gegenüber einem laserabgetragenen sphä-

rischen Glasfaserspiegel, um optische Resonatormoden zu begrenzen. Es ist so ausgelegt,

dass es geringe passive Resonatorlängenschwankungen, Mikrowellenintegration sowie

vollständigen optischen Zugang durch den Glasfaserspiegel und Freistrahl über den Pro-

benspiegel erreicht. Dieses System ist in einem optischen Kryostat mit geschlossenem

Kühlkreislauf eingebaut und ermöglicht einen kontinuierlichen Betrieb in einer kontrol-

lierten Hochvakuumumgebung.

Neben den Entwicklungen im Bereich des Mikroresonators wird ein neuartiges Struk-

turierungsverfahren für die Herstellung von mikrometerdünnen Diamantmembranen vor-

gestellt. Das Verfahren umfasst das Laserschneiden zur Strukturierung von Diamanten

im Mikrometerbereich und das anschließende Aufbringen auf einen Probenspiegel. Der

Vergleich des Laserschneidverfahrens mit der etablierten Elektronenstrahllithografie und

einem zweistufigen Transferstrukturverfahren mit einer Siliziumnitridmaske bestätigt die

Herstellung hochwertiger Diamantproben für Mikroresonatoranwendungen.

Durch die Integration einer Diamantprobe mit SnV-Zentren in das kryogene Mikroreso-

natorsystemswerden einzelne resonatorgekoppelte SnV-Zentren untersucht. Das kohärente

Kopplungsregime wird als Ergebnis der erzielten Purcell-Verstärkung und der Kohärenz

des optischen Übergangs erreicht. Das gekoppelte System aus SnV-Zentrum und Resonator

zeigt quantenmechanisches nichtlineares Verhalten, das sich durch Senken im Transmissi-

onsspektrum des Resonators und Veränderungen der Photonenstatistik des transmittierten

Lichts zeigt. Diese Effekte können in Verschränkungsprotokollen genutzt werden, was das

Potenzial dieser Systeme als Knotenpunkte in Quantennetzwerken mit Purcell-verstärkten

photonischen Schnittstellen unterstreicht.

Darüber hinaus wird das kryogene Mikroresonatorsystem verwendet, um NV-Zentren

mit effizienten Qubit-Photon-Schnittstellen auszustatten. Die Resonatorkopplung wird in
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Kombination mit einer kreuzpolarisierten resonanten Anregungs- und Detektionsmethode

verwendet, um das Elektronenspin-Qubit des NV-Zentrums zu initialisieren und auszulesen.

Zudem wird der Elektronenspin mit on-chip Mikrowellenleitern kohärent kontrolliert und

gepulste resonante Anregung ermöglicht die Erzeugung von Spin-Photon-korrelierten

Zuständen. Die Quantennetzwerkfähigkeiten des Systems werden durch die Messung

angekündigter Z-Basis Korrelationen zwischen photonischen time-bin Qubits und dem

Spin-Qubit demonstriert. In diesen Experimenten wird eine zehnfache Verbesserung der

resonanten Photonendetektionswahrscheinlichkeit gegenüber modernster NV-Zentren-

Quantennetzwerkknoten erzielt, was den Weg für ein resonatorverstärktes Quantennetz-

werk mit NV-Zentren ebnet.
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1
Introduction

What began about sixty years ago with research efforts on internetworking of classical

computer systems has evolved to a globe-spanning network that we now call the internet

[1]. Nowadays, this technology processes a tremendous amount of information every day

to provide us with services such as the World Wide Web.

More recently, research groups around the world have managed to isolate and control

quantum systems, which are considered the first quantum computers as they can process

quantum information [2]. These achievements stimulate research on quantum networks,

which aims to interconnect quantum computers toward realizing a quantum internet

in analogy to the ’classical’ internet of today [3]. By harnessing quantum mechanical

phenomena, novel services like quantum key distribution, blind quantum computing, and

many more yet to be discovered applications can be implemented [4]. The prospect of

executing network applications that are currently infeasible with existing technology drives

research in this area.

At the core of quantum information technologies, quantum bits (qubits) are used to

store and process quantum information. Compared to the ’classical’ bit, qubits have two

key differences due to their quantum nature. First, a qubit cannot only be in the bit state

’0’ or ’1’, but also in a superposition state of ’0’ and ’1’ at the same time. If the state of such

a qubit is read out (measured) the outcome is either ’0’ or ’1’ with probabilities that are

determined by the amplitudes of the superposition state. Second, qubits can be entangled

with each other, which means that they share a common quantum state. The measurement

of one of the qubits changes the state of the others, and hence influences their measurement

outcome irrespective of their spatial separation. These quantum-mechanical properties

make quantum information technologies fundamentally distinct from today’s information

technologies.

1.1Quantum Networks
Figure 1.1 illustrates a quantum network of multiple quantum nodes with stationary qubits,

that is capable of generating, processing and measuring shared quantum states. Next to

classical communication channels, quantum nodes are connected via quantum channels,

that enable the generation of shared (entangled) quantum states via middle stations. These
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quantum channels are optical and can be implemented using optical fibers or free-space

transmission lines.

Figure 1.1: Quantum network illustration of quantum nodes with stationary qubits and optical interfaces. The

quantum nodes (square boxes) exhibit memory qubits (in orange) and communication qubits (in purple). The

communication qubit can be used to generate photons as flying qubits (red wave packets), which are sent over

quantum channels and middle stations (yellow circles) to distribute entanglement in the quantum network.

The fundamental task of a quantum network is to distribute entanglement amoung

quantum nodes. In this context, remote entanglement can be seen as a resource that, in

combination with local processing and classical communication, can be used to realize

quantum operations on a network. In these quantum networks, generating remote entan-

glement requires at least one qubit per quantum node with a qubit-photon interface. This

interface enables local generation of an entangled state between the stationary qubit and a

photon, which can be sent over a quantum channel to generate an entangled state with

another node. The generated photons are referred to as flying qubits, and the stationary

qubits with photonic interfaces are referred to as communication qubits.

Moreover, for many quantum network applications, additional stationary qubits are

required as memory qubits to store quantum states, while, for example, the communication

qubit establishes entanglement. The stored quantum states in stationary qubits decohere

over time, which demands qubit-photon interfaces that efficiently generate entanglement

in a network. In a final step, after generating and processing a shared quantum state on

a quantum network, the qubits of the particpating quantum nodes can be measured to

conclude the performed task.

In the last decades, many hardware platforms with stationary qubits and optical in-

terfaces have been investigated for quantum networking, and multiple have achieved the

generation of remote entanglement. These platforms include atomic clouds [5, 6], single

atoms [7–10] and trapped ions [11–13] as well as solid-state systems like color centers in

diamond [14–18], quantum dots [19, 20], rare-earth ion doped crystals [21], T centers in
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silicon [22] and ytterbium ions in yttrium orthovanadate crystals [23].

1.2 DiamondQuantum Networks: State of the Art
Among the different qubit platforms, color centers in diamond have emerged as a very

promising solid-state system for quantum networking. Diamond is a wide band gap

semiconductor and can host quantum emitters with atom-like level structures within

its band gap. These quantum emitters can show spin qubits with long coherence times

and spin-selective optical transitions for remote entanglement generation. Up until now,

systems based on the nitrogen-vacancy (NV) center [14] and the silicon-vacancy (SiV)

center [17] have demonstrated the generation of entanglement between quantum network

nodes. Moreover, in both systems nuclear spins in the color center’s environment have

been explored as memory qubits [24, 25].

Next to the first demonstration of heralded remote entanglement between solid-state

qubits [14], the NV center platform has shown core quantum network capabilities like qubit

teleportation [26], entanglement distillation [27] and deterministic entanglement delivery

[15] between two quantum nodes as well as qubit teleportation between non-neighboring

nodes [28] in a multinode quantum network [29]. Furthermore, the NV center platform has

been used to develop and test a software control stack for quantum networks [30, 31]. In

addition, the compatibility of the NV center platform with quantum frequency conversion

to telecom wavelengths has been demonstrated [32, 33], which enabled the generation of

heralded entanglement on a metropolitan scale [16].

In all of these experiments, NV centers in solid immersion lenses are used, which

provide a sufficient spin-photon interface for these demonstrations. Compared to these

non-resonant photonic structures, the SiV center has been successfully integrated in

resonant diamond nanophotonic crystal cavities [34–36]. These structures can realize

very efficient spin-photon interfaces and have enabled the exploration of different remote

entanglement generation protocols [17, 18].

In the last years, also the tin-vacancy (SnV) center in diamond has emerged as a

candidate for quantum networking due to its promising optical and spin properties [37, 38].

1.3 Next-GenerationQuantum Network Nodes
Scaling quantum networks to more nodes and longer distances requires efficient spin-

photon interfaces to mitigate photon loss and decoherence. Integrating color centers in

resonant cavity structures is a very promising approach for this purpose [39]. Cavities

benefit here in two ways: the color center’s coherent photon emission probability can be

enhanced via the Purcell effect, and the photons are emitted into a well-defined mode, en-

abling highly efficient collection. Cavities can equip color centers with almost deterministic

spin-photon interfaces [40].

1.4 The Open Microcavity Platform
For the realization of diamond quantumnetwork nodeswith efficient spin-photon interfaces,

open microcavities can be used [41]. An open microcavity consists of two mirrors that face

each other at micrometer separations to confine photonic cavity modes between them. In
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this work, we follow a fiber-based approach in which a spherical mirror on the tip of an

optical fiber [42] and a flat sample mirror are used. As depicted in Fig. 1.2, the integration of

color centers can be achieved by bonding micrometer-thin diamond devices to the sample

mirror.

Figure 1.2: Quantum network node illustration of a microcavity-enhanced diamond color center in an open

microcavity. The cavity mode is confined between the spherical and the flat sample mirror (light red lines). The

electron spin of the color center (in purple) serves as the communication qubit and is coupled to the cavity mode.

Nuclear spins (in orange) around the color center are used as memory qubits. The microcavity equips the color

center with a spin-photon interface, enabling efficient generation and coupling of photons as flying qubits (red

wave packets) to a quantum channel.

This cavity platform stands out for its great spatial and spectral tunability. Using a posi-

tioning system, the fiber mirror can be moved laterally over diamond devices, and a change

in mirror separation (cavity length) can tune the cavity resonance over large wavelength

ranges. Moreover, the cavity can be tailored to the optically active quantum emitter of

interest by designing the center wavelengths, spectral bandwidths, and reflectivities of the

mirrors. In addition, many solid-state sample types, like membranes [43], two-dimensional

materials [44] or nanoparticles [45–47] can be integrated.

1.5 Thesis Overview
In this thesis, we address the challenge of using open microcavities to realize efficient spin-

photon interfaces with NV and SnV centers in diamond and explore the open microcavity

platform as a next-generation quantum network node. In the following, the thesis structure

is outlined.

In Chapter 2, we present the basics about cavity-enhanced quantum network nodes with

diamond color centers. First, the diamond NV center and the SnV center are introduced as

qubit platforms, and their qubit control is summarized. Then, the Purcell enhancement of

color centers in cavities and the generation of spin-photon entanglement as well as remote

spin-spin entanglement are discussed.

In Chapter 3, a theoretical framework for diamond-air microcavities is introduced, that

allows for quantifiying and optimizing the spin-photon interface performance. We in-

vestigate the cavity outcoupled coherent photon emission as well as the emitter-cavity
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cooperativity, and discuss the optical interfacing of cavity-coupled color centers.

In Chapter 4, we present a cryogenic open microcavity setup featuring high passive stability

and microwave integration. The passive stability is investigated by measuring cavity length

fluctuations across multiple setup configurations, and the microwave integration is studied

by performing optically detected magnetic resonance measurements of a microcavity-

coupled NV center electron spin.

In Chapter 5, we introduce a novel patterning method for the fabrication of micrometer-thin

diamond membranes utilizing laser-cutting. This method is used to fabricate diamond

membranes for open microcavity applications and is compared with an established method

that uses electron-beam lithography and a two-step transfer patterning with a silicon

nitride hard mask. The diamond microdevices are characterized using scanning cavity

microscopy, and the optical properties of color centers hosted in the diamond are studied

using confocal photoluminescence excitation measurements.

In Chapter 6, the coherent coupling of a single SnV center to an open microcavity is

studied. The Purcell enhancement is investigated with excited state lifetime and linewidth

measurements. Moreover, the coherent interaction between the SnV center and the cavity

is probed in cavity transmission, revealing its quantum nonlinear behavior.

In Chapter 7, a single NV center is microcavity-enhanced, and its electron spin is coher-

ently controlled with microwave pulses. This efficient spin-photon interface is used in

combination with short optical excitation pulses to generate spin-photon states. Finally,

correlations between the photonic and the electron spin qubit states are measured.

In Chapter 8, the main results of this thesis are summarized, and an outlook about future

microcavity experiments and research directions is provided.
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2
Methods for

Cavity-enhancedQuantum
Network Nodes with

Diamond Color Centers

In this chapter, the basics of cavity-enhanced quantum networking are outlined. First, the
nitrogen-vacancy and the tin-vacancy center in diamond are introduced as the qubit platforms
of this thesis. Next, an overview of the state-of-the-art microwave-based qubit control for
quantum network nodes is provided for both platforms. Then, the Purcell enhancement of
the color center’s optical transitions and the resulting spin-photon interface efficiency are
discussed. The chapter closes with the description of spin-photon and spin-spin entanglement
generation using different remote entanglement protocols in a quantum network.
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2.1 The Nitrogen-Vacancy Center in Diamond
The nitrogen-vacancy (NV) center in diamond is a crystallographic point defect that is

formed by a substitutional nitrogen atom next to a vacant lattice site hosted in the diamond

cubic crystal structure of carbon atoms, as shown in Fig. 2.1(a). The basis of the negatively

charged NV center’s electronic level structure is given by atomic orbitals of three electrons

of the carbon dangling bonds, two electrons of the nitrogen atom, and an additional electron

that is captured from the defect’s environment [1]. The neutrally charged nitrogen vacancy

center, with a total of five electrons, also forms an optically active defect. In general, crystal

defects that exhibit optical transitions are called color centers. Since only the negatively

charged NV center is studied in this thesis, we refer to it as the NV center in short. Following

the 𝐶3𝑣 point group symmetry of the defect, molecular orbitals are constructed as linear

combinations of atomic orbitals [2]. Figure 2.1(b) shows the occupation of these molecular

orbitals for the NV center’s ground state within the band gap of diamond. Both the ground

state and the first excited state of the NV center lie within the diamond band gap, which

explains the atom-like behavior of the defect in a solid-state host.

Figure 2.1: The nitrogen-vacancy center in diamond. (a) The crystallographic structure of the NV center in

the diamond lattice unit cell, formed by a substitutional nitrogen atom (N) next to a lattice vacancy (V). (b) The

molecular orbital states within the band gap of diamond. The electron occupation for the ground state of the

negatively charged NV center is depicted. Figure (a) from Ruf [3] and Figure (b) from Bernien [4], Pfaff [5].

The NV center is a spin-1 system exhibiting spin-singlet and spin-triplet states. The

ground states are formed by orbital-singlet spin-triplet states that are connected via spin-

selective optical transitions to orbital-doublet spin-triplet excited states [1]. Next to the

direct decay from the excited states to the ground states, the decay can also occur via the

spin-singlet states as depicted in Fig. 2.2(a). At cryogenic temperatures, the individual

optical transitions can be spectrally resolved, and the 𝐸𝑥 and 𝐸𝑦 transition show high

cyclicities and hence lower decay rates into the spin-singlet states than the other excited

states [6, 7]. The excited states are susceptible to crystal strain and electric fields, which

can affect cyclicities of the optical transitions. Moreover, deliberately applied electric

fields can be used to tune optical transitions in experiments via the Stark effect [8, 9].
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Furthermore, the degeneracy of the ground states is lifted by an external magnetic field,

and the (communication) qubit states are defined.

Figure 2.2: Electronic level structure of the negatively charged NV center. (a) The spin-triplet ground states

3𝐴2 are connected to the excited states
3𝐸 via spin-selective optical transitions. The excitation and decay can

occur either resonantly via the zero-phonon line (ZPL, solid arrows) or via the phonon sideband (PSB) involving

phonon processes (dashed-dotted arrows). From the spin-triplet excited states, there is spin-dependent decay into

the spin-singlet excited states
1𝐴1. The decay back into the spin-triplet manifold from the spin-singlet ground

states
1𝐸 favors the 𝑚𝑠 = 0 ground state. (b) At cryogenic temperatures, the individual optical transitions between

the spin-triplet states can be observed. (c) Transverse strain and electric fields change the excited states. (d) The

𝑚𝑠 = ±1 ground state degeneracy is lifted by magnetic fields aligned with the NV center crystal axis. This allows

one to define, for example, the spin states 𝑚𝑠 = 0 and 𝑚𝑠 = −1 as the |0⟩ and |1⟩ qubit states, respectively. Figure

adapted from Ruf [3], Kalb [10], Bernien [4], Pfaff [5].

Optical excitation and decay can occur either resonantly via the zero-phonon line (ZPL)

or via the phonon sideband (PSB) of the excited states and ground states, respectively. For

the NV center decay, a ∼ 3% fraction [11] of the total radiative emission is emitted into

the ZPL. Since only the ZPL emission is suitable for remote entanglement generation, as

quantum information is lost when a phonon leaks into the environment, this constitues a

limit of the remote entanglement generation efficiency.

For quantum networking applications the NV center must be operated at temperatures

< 10K as this enables the observation of lifetime-limited linewidths of the optical transitions

[12], which are needed for remote entanglement generation. The temperature requirements
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on the electron spin qubit in the ground states are more relaxed with demonstrations of

coherent spin dynamics at room temperature [13].

2.2 The Tin-Vacancy Center in Diamond
The diamond tin-vacancy (SnV) center is a crystallographic point defect and belongs to the

group IV vacancy centers in diamond. As depicted in Fig. 2.3(a), these defects are formed

by an interstitial atom of a group 14
1
element between two vacant carbon lattice sites,

which is also known as a split-vacancy configuration. Optical studies have been performed

with silicon-[14–17], germanium-[18–20], tin-[21–24] and lead-vacancy centers [25–27],

that all show similar electronic level structures with differing energetic level spacings.

The electronic level structure of the negatively-charged SnV center, or just SnV center in

short, is based on the atomic orbitals of six electrons from the carbon dangling bonds, four

electrons from the tin atom, and an additional electron that is captured from the defect’s

environment. Following the 𝐷3𝑑 point group symmetry of the defect, molecular orbitals

are constructed as linear combinations of atomic orbitals [28]. Figure 2.3(b) shows the

occupation of these molecular orbitals for the SnV center ground state within the band gap

of diamond. The 𝑒𝑢 molecular orbitals are close to the valence band edge in the ground state

and contribute in the excited state [29]. Furthermore, the point group symmetry includes

an inversion symmetry around the position of the interstitial group IV atom, which leads

to a vanishing permanent electric dipole moment of the defect. As a consequence, the

optical transitions of SnV centers are first-order insensitive to electric fields, enabling

their integration into nanophotonic diamond structures where fluctuating electric surface

charges are in close proximity [30, 31].

Figure 2.3: The tin-vacancy center in diamond. (a) The crystallographic structure of the SnV center in the

diamond lattice unit cell, formed by an interstitial tin atom (Sn) between two lattice vacancies (V). (b) The

molecular orbital states within the band gap of diamond. The electron occupation for the ground state of the

negatively charged SnV center is depicted. Figure (a) adapted from Ruf [3], and Figure (b) adapted from Herrmann

[32].

1
Official IUPAC nomenclature.
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The SnV center is a spin-1/2 system with an orbital-doublet spin-doublet ground and

excited state. The ground and excited states are split into an orbital lower branch (LB) and

upper branch (UB), each with a double spin degeneracy. All of these states are susceptible

to crystal strain and magnetic fields, which can also mix their orbital and spin component,

respectively [33]. In addition, phonon transitions are allowed between the LB and UB in

the excited and ground states [34]. Figure 2.4 shows the electronic level structure of the

SnV center with the relevant optical and phonon transitions. At cryogenic temperatures,

effectively only the LBs are occupied, justifying the focus on the 𝐶 transition, which splits

into the 𝐴1, 𝐴2, 𝐵1, and 𝐵2 optical transitions as a result of the magnetic field [23]. The two

states of the LB in the ground states can be used as a (communication) qubit. Without strain

or off-axis magnetic fields, the qubit states have opposite orbital and spin components,

which renders direct driving forbidden. This shows that engineering strain and magnetic

fields is crucial for qubit driving with microwaves and opens up a parameter space to

explore [35]. In experiments, strain can be used to facilitate qubit driving and, with smaller

magnitudes, already be used for large-range tuning of the optical transitions [36]. Moreover,

strain and magnetic fields affect the cyclicities of the optical transitions, which need to be

considered for the photonic qubit interface [37].

As for the NV center, the optical excitation and decay can occur either resonantly via

the ZPL or via the PSB of the excited states and ground states, respectively. For the SnV

center decay, about 57% [24] is attributed to ZPL emission, of which about 64% [38] is

emitted into the 𝐶 transition. Compared to the NV center, with a remote entanglement

suited emission fraction of 3% [11], the SnV center exhibits an approximately tenfold more

efficient optical interface.

To use the SnV center as a quantum network node, temperatures of < 2K are required

to improve phonon-related spin coherence times to > 1s [39]. Further, SnV centers with

strain magnitudes on the order of the spin-orbit coupling have been coherently controlled

at temperatures of 4K [40]. This constitutes a stricter requirement compared to the ob-

servation of lifetime-limited linewidths of the optical transitions, which is possible for

temperatures < 6K [27].
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Figure 2.4: Electronic level structure of the negatively charged SnV center. (a) The excited and ground states are

formed by an orbital-doublet spin-doublet and are connected via spin-selective optical transitions. The excitation

and decay can occur either resonantly via the zero-phonon line (ZPL, solid arrows) or via the phonon sideband

(PSB) involving phonon processes (dashed-dotted arrows). (b) The excited and ground states are split into a lower

branch (LB) and an upper branch (UB), from which four optical transitions 𝐴, 𝐵, 𝐶, and 𝐷 arise. Between the

branches in the excited and ground states, phonon transitions (wavy arrows) are allowed. In (c), the effect of

strain and magnetic fields on the ground and excited states is visualized. The application of a magnetic field

can lift the degeneracy in all branches. This allows one to define the two qubit states |0⟩ and |1⟩ in the LB of

the ground states, with their corresponding optical transitions 𝐴1, 𝐴2, 𝐵1, and 𝐵2 to the LB of the excited states.

Figure adapted from Herrmann [32].
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2.3 CommunicationandMemoryQubitControl: State
of the Art

This section provides a brief overview of microwave qubit control of the electron spin

(communication qubit) and of surrounding nuclear spins (memory qubits) with NV and SnV

centers. In addition, timescales of their qubit coherence are summarized. Microwave-based

qubit control is well studied for the NV center and has been adapted to the SnV center

more recently.

For NV centers, extended electron spin coherence times [41] and high-fidelity quantum

gates [42] have been demonstrated. Furthermore, the NV center has been used to realize a

ten-qubit register with the nitrogen nuclear spin and surrounding carbon-13 nuclear spins

[43]. In addition, a spin-qubit network consisting of 50 nuclear spins has been mapped out

in the environment of a NV center [44].

In the last few years, microwave-based qubit control has been realized with the SnV

center electron spin [37, 40, 45]. In addition, single-shot readout of the electron spin [46]

and the coherent control of a carbon-13 nuclear spin in the vicinity of the SnV center have

been achieved [47].

In these demonstrations, the microwave signals are delivered to the color center via

striplines or wire bonds with typical qubit gate times of hundreds of ns for the electron spin

and hundreds of μs for carbon-13 nuclear spins. Furthermore, the electron spin is initialized

and read out via optical pumping with durations on the order of μs. To summarize, electron

spin coherence times of > 1s have been achieved with a NV center [41], while for the

SnV center, recent results have shown coherence times of ∼ 10ms [45]. For carbon-13

nuclear spins as memory qubits, coherence times ∼ 50ms for NV centers under remote

entanglement generation [48] and ∼ 20ms for SnV centers [47] have been demonstrated.

Comparing the spin coherence times to reported attempt durations for heralded remote

entanglement of ∼ 5μs [49] in a meter-scale network and of ∼ 100μs [50] in a metropolitan-

scale network shows that multiple remote entanglement attempts can be executed within

the spin coherence time. This underlines the potential of both color centers for quantum

networking.

2.4 Purcell Enhancement of a Color Center’s Opti-
cal Transition

In this section, the Purcell effect [51] as the underlying physical phenomenon to realize

cavity-based spin-photon interfaces for diamond color centers is outlined. Therefore, the

optical transition rate of a dipole emitter in a homogeneous medium and in an optical

cavity is discussed.

Fermi’s golden rule can be used to calculate the emitter transition rate from an excited

state |𝑒⟩ to a ground state |𝑔⟩, considering external perturbations. For an emitter with

electric dipole moment 𝜇𝑒𝑔 , vacuum fluctuations of the electric field 𝐸vac perturb the

emitter system, which leads to the transition rate [52, 53]

Γ𝑒→𝑔 (𝜔) =
2𝜋

ℏ2
|
|
|
𝜇𝑒𝑔 ⋅ 𝐸vac

|
|
|

2

𝐷(𝜔), (2.1)
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with the photonic density of states 𝐷(𝜔) at the emitter’s optical transition frequency 𝜔.

The root mean square electric field amplitude of the vacuum fluctuations is given by [53]

𝐸vac =
|
|
|
𝐸vac

|
|
|
⋅ 𝑒 =

√
ℏ𝜔

2𝜖0𝜖𝑟𝑉
⋅ 𝑒, (2.2)

with the vacuum permittivity 𝜖0, the relative permittivity 𝜖𝑟 , the vacuum field quantization

volume 𝑉 and the polarization unit vector of the electric field 𝑒. This results in the transition

rate

Γ𝑒→𝑔 (𝜔) =
𝜋𝜔

ℏ𝜖0𝜖𝑟𝑉
𝜇
2
𝑒𝑔

|
|
|
𝑑̂ ⋅ 𝑒

|
|
|

2

𝐷(𝜔) = 2𝜋𝑔
2 |
|
|
𝑑̂ ⋅ 𝑒

|
|
|

2

𝐷(𝜔), (2.3)

with 𝜇𝑒𝑔 = 𝜇𝑒𝑔 𝑑̂ and the introduction of the coupling constant between dipole emitter and

vacuum electric field

𝑔 =

√

𝜔𝜇2𝑒𝑔

2ℏ𝜖0𝜖𝑟𝑉
. (2.4)

For a homogeneous medium, the photonic density of states is given by [53]

𝐷hom(𝜔) =
𝜔2𝑉

𝜋2(𝑐/𝑛)3
, (2.5)

with the refractive index 𝑛 of the medium. This leads to the emitter optical transition rate

Γhom(𝜔) =
𝜔3𝑛3𝜇2𝑒𝑔

3ℏ𝜋𝜖0𝜖𝑟 𝑐3
, (2.6)

considering a random overlap between emitter dipole and electric field polarization in the

medium with an average of |𝑑̂ ⋅ 𝑒|2 = 1/3. The resulting rate resembles the natural emission

decay rate of the optical transition, that connects the excited state |𝑒⟩ to the ground state

|𝑔⟩ of the emitter.

Integrating a dipole emitter in an optical cavity can lead to additional emission decay

due to the interaction with the vacuum electric field of the cavity mode, which can exhibit

a high photonic density of states 𝐷cav(𝜔) at the emitter’s optical transition frequency.

The photonic density of states around a cavity resonance 𝜔𝑐 follows a Lorentzian line

shape and is given by [53]

𝐷cav(𝜔) =
2

𝜋𝜅
⋅

𝜅2

4(𝜔−𝜔𝑐)
2+𝜅2

, (2.7)

with the cavity decay rate 𝜅 = 2𝜋𝛿𝜈, which is connected to the Lorentzian full width at

half maximum cavity linewidth 𝛿𝜈. On resonance, the cavity density of states yields

𝐷cav(𝜔 = 𝜔𝑐) =
2

𝜋𝜅
=

2𝑄

𝜋𝜔
, (2.8)

with the definition of the cavity quality factor 𝑄 = 𝜔/𝜅. Finally, the emission decay rate

into the cavity mode on resonance reads

Γcav(𝜔 = 𝜔𝑐) =
2𝜇2𝑒𝑔

ℏ𝜖0𝜖𝑟
|
|
|
𝑑̂ ⋅ 𝑒

|
|
|

2 𝑄

𝑉
, (2.9)
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with the cavity electric field quantization volume 𝑉 , given as the cavity mode volume. The

Purcell factor is defined as the ratio of the coherent emission rate into the cavity to the

natural emission rate

𝐹𝑃 =
Γcav

Γhom
=

3

4𝜋2 (

𝜆0

𝑛 )

3
𝑄

𝑉
, (2.10)

where we assume a unity emitter dipole overlap with the polarization of the cavity electric

field |𝑑̂ ⋅ 𝑒|2 = 𝜉 = 1.

Diamond color centers exhibit multiple decay mechanisms from an excited state |𝑒⟩,

which all contribute to a total natural emitter decay rate 𝛾 . These can involve non-radiative

decay, phonon sideband decay via vibrational states, and resonant decay that branches into

other ground states, which are specified by the quantum efficiency 𝜂, the Debye-Waller

factor 𝛽0, and the branching ratio 𝛼, respectively. Next to these emitter properties, the

emitter dipole overlap with the cavity electric field polarization 𝜉 and the spatial overlap

between emitter and cavity mode 𝜖 must be considered. All these contributions lead to the

definition of the cooperativity [38]

𝐶 =
4𝑔2

𝜅𝛾
=
𝛾cav

𝛾
= 𝜂𝛽0𝛼𝜉𝜖𝐹𝑃 , (2.11)

which describes the color centers coherent emission rate into the cavity mode 𝛾cav to its

total natural emitter decay rate 𝛾 and by that the efficiency of the spin-photon interface

[54]. The fraction of emission into the cavity mode is then given by

𝛽cav =
𝛾cav

𝛾cav+𝛾
=

𝐶

𝐶 +1
. (2.12)

The cavity mode is a well-defined optical mode, that enables efficient detection. In ex-

periments, the cavity outcoupling efficiency must be considered to determine the actual

fraction of emission available for detection. The outcoupling efficiency 𝜂out = 𝜅out/𝜅 is

given by the cavity loss rate into the detection mode 𝜅out to the total cavity loss rate 𝜅.

This leads to the cavity outcoupled coherent emission of 𝛽out = 𝜂out𝛽cav, which is the upper

bound of the photon detection efficiency after optical excitation 𝑝det in experiments.

Color centers can also show a pure dephasing rate 𝛾d in addition to their lifetime-limited

emitter linewidth 𝛾 . This dephasing is taken into account in the coherent cooperativity

𝐶coh = 𝐶
𝛾

𝛾′
=
4𝑔2

𝜅𝛾′
, (2.13)

with the linewidth-broadened emitter decay rate 𝛾′ = 𝛾 +𝛾d. The coherent cooperativity

ultimately determines the fidelity of a protocol [54].

2.5 Spin-PhotonandRemote Spin-SpinEntanglement
Generation

The generation of spin-photon and remote spin-spin entanglement requires a coherent

spin-photon interface. Depending on the specific spin-photon interface, there are multiple
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schemes to generate spin-photon entanglement and different protocols to generate spin-

spin entanglement [55]. With NV centers in solid immersion lenses, the spin-photon

emission scheme has been used in two different remote entanglement protocols [49, 56].

More recently, a spin-photon projector scheme with SiV centers in nanophotonic crystal

cavities has been used in two reflection-based remote entanglement protocols [57, 58].

In the spin-photon emission scheme, the spin qubit is first prepared in a superposition

state
√
𝛼 |0⟩+

√
1−𝛼 |1⟩ , (2.14)

with the population 𝛼 of the |0⟩ spin state. Then, spin-selective optical excitation is used to

address the |0⟩ state, to generate coherent photons that are entangled with the spin state.

The spin-photon state after coherent photon emission equals

√
𝛼 |0⟩ |1⟩𝛾 +

√
1−𝛼 |1⟩ |0⟩𝛾 , (2.15)

where the photonic qubit is encoded in the presence (|1⟩𝛾 ) and absence (|0⟩𝛾 ) of a photon.

Spin-photon states of this form are used in the single photon protocol for remote entan-

glement generation [59, 60] with typical 𝛼 values of ≲ 0.1 [48, 61]. In the case of the two

photon protocol for remote entanglement generation [62] the qubit state is flipped after the

first (early) excitation pulse and a second (late) excitation pulse is applied which ultimately

encodes the photonic qubit in the early (|𝑒⟩𝛾 ) and late (|𝑙⟩𝛾 ) time-bin basis

√
𝛼 |1⟩ |𝑒⟩𝛾 +

√
1−𝛼 |0⟩ |𝑙⟩𝛾 . (2.16)

Using an equal superposition state with 𝛼 = 0.5 results in a maximally entangled spin-

photon state as used for the two photon protocol [56].

In both remote entanglement protocols, the indistinguishable photonic qubits of each

spin-photon state are interfered at a beam splitter to remove the ’which path’ information,

and subsequent photon detection click patterns at the two beam splitter output ports herald

the spins in one of the entangled states

|Ψ
±
⟩ =

|0⟩ |1⟩± 𝑒𝑖Δ𝜃 |1⟩ |0⟩
√
2

. (2.17)

The ± sign depends on the detector click pattern and can be taken into account by local

qubit operations after remote entanglement generation.

The two photon protocol heralds the entangled states with Δ𝜃 = 0 and, in principle,

with unity fidelity, and a success probability per attempt of 0.5𝑝2
det
, where 𝑝det is the

photon detection efficiency after optical excitation for both quantum network nodes. In

experiments, this results in remote entanglement rates of ∼ 1mHz [56] and fidelities ∼ 0.9

[63]. Compared to that, the single photon protocol heralds the entangled state with a

Δ𝜃 that is determined by the optical phase difference of the interfering photonic qubits,

and a fidelity of 1−𝛼 with a success probability per attempt that scales with 2𝑝det𝛼. In

experiments, optical phase stabilization routines are used to control Δ𝜃 to a known set

point [49]. The single photon protocol achieves higher remote entanglement generation

rates in the high loss regime (𝑝2
det

≪ 𝑝det) at the expense of a fidelity decrease by 𝛼. This

leads to rates of ∼ 10Hz and fidelities ∼ 0.8 [49, 61].
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Figure 2.5: Comparing the remote entanglement generation of the two photon protocol (in blue) with the single

photon protocol (in green), depending on the photon detection efficiency. The solid lines show the average remote

entanglement generation rates for the single and two photon protocol, following 2𝛼𝑝
det

and 0.5𝑝2
det

, respectively.

A duration of 5μs per entanglement attempt and 𝛼 = 0.1 is used. The dashed lines show the success probabilities

for an implementation that performs at most 1000 remote entanglement generation attempts before starting over.

The gray dotted line presents the threshold 𝑝
det

= 4𝛼, from which on the two photon protocol outperforms the

single photon protocol. The used system parameters are based on experimental values of state-of-the-art NV

center quantum networks [48, 49, 61].

Figure 2.5 compares the single and two photon protocol for remote entanglement

generation depending on the detection efficiency in a quantum network with realistic

system parameters [48, 61]. State-of-the-art quantum network experiments with NV

centers in solid immersion lenses achieve detection efficiencies of ∼ 5×10−4 and employ

the single photon protocol [48, 61]. To achieve similar remote entanglement rates with

the two photon protocol, a detection efficiency of ∼ 2% is needed, whereas the single

photon protocol would already be capable of delivering an on average entangled state

deterministically in 1000 generation attempts. This regime is reached for the two photon

protocol only for detection efficiencies above ∼ 10%, and for 𝑝det > 4𝛼 the two photon

protocol outperforms the single photon protocol in the remote entanglement generation

rate.

Moreover, Fig. 2.5 shows that for reported entanglement attempt durations of ∼ 5μs

[49], remote entanglement generation rates are limited to a few kHz for a 10dB photon loss.

This is equivalent to optical fiber losses of ∼ 1km at the NV center emission wavelength

[63] or ∼ 50km at a frequency-converted telecom wavelength [50] and further does not

consider any additional communication times for distant quantum network nodes. Higher

rates can be achieved by performing multiplexing with multiple qubits per quantum node.

For SiV centers in nanophotonic crystal cavities, two reflection-based protocols have

been realized that use spin-dependent cavity reflection at both nodes to mediate entan-

glement generation in a serial [57] and a parallel [58] network configuration. In these
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demonstrations, weak coherent states are used as photonic qubits and remote entangled

states with fidelities ∼ 0.8 at generation rates of ∼ 50mHz [57] and ∼ 1Hz [58] are achieved,

respectively. These experiments establish the first quantum network demonstrations using

cavity-enhanced diamond color centers and open up exciting avenues for exploring new

types of remote entanglement generation protocols [55].
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3
A Theoretical Introduction
to Diamond-Air Microcavities

forQuantum Networks

The open microcavity platform is a promising approach to equip diamond color centers with
efficient spin-photon interfaces for next-generation quantum network nodes. We use a one-
dimensional transfer matrix model to study the properties of dielectric cavity mirrors and
complete diamond-air microcavity systems. The different hybrid modes of the diamond-air
cavity are outlined, and an analytical model of the Purcell enhancement with its susceptibility
to cavity length fluctuations is derived. This enables the optimization of cavity parameters to
maximize the Purcell factor and the cavity outcoupled zero-phonon line emission for diamond
nitrogen-vacancy and tin-vacancy centers. Finally, the optical interfacing of microcavity-
coupled color centers is discussed, and methods for resonant optical spin qubit readout are
presented.
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30 A Theoretical Introduction to Diamond-Air Microcavities forQuantum Networks

3.1 Introduction
The open microcavity platform has been used at cryogenic temperatures to Purcell-enhance

the diamond nitrogen-vacancy (NV) center [1–3] as well as various diamond group IV color

centers, like the silicon-vacancy (SiV) [4, 5], the germanium-vacancy (GeV) [6] and the

tin-vacancy (SnV) center [7, 8]. The color centers can be integrated into the microcavity by

micrometer-thin diamond membranes that are bonded to one of the cavity mirrors. This

leads to hybridized cavity modes arising from a diamond part and an air gap between the

two cavity mirrors [9]. To describe these cavity modes and their Purcell effect on color

centers under experimental conditions, a detailed theoretical model is needed.

In this work, we derive an analytical expression for the Purcell factor of diamond-air

microcavities and optimize cavity parameters for next-generation quantum network nodes

with NV and SnV centers. Therefore, we consider a hemispherical plano-concave cavity

geometry, consisting of a flat sample mirror with a bonded diamond membrane that faces

a spherical fiber mirror. The used dielectric mirror coating parameters are designed for the

NV center ZPL wavelength of 637nm, which also serves as the reference for the refractive

indices of the coating material. The cavity materials exhibit negligible absorption at this

wavelength, and their refractive indices are 1.45 for fused silica, 1.48 for silicon dioxide,

2.10 for tantalum pentoxide, 𝑛𝑑 = 2.41 for diamond, and 𝑛𝑎 = 1 for air (vacuum). Since the

SnV center ZPL wavelength of 619nm is close to that of the NV center, the optimized cavity

parameters for the NV center are used for the calculations with SnV centers as well.

3.2 Dielectric Mirrors and Bonded Diamond Mem-
branes

The microcavity is built with highly reflective dielectric mirrors that are fabricated on

fused silica substrates. For the spherical mirrors, cleaved optical fibers, and for the flat

sample mirrors, wafers can be used. These substrates are coated with alternating layers of

silicon dioxide and tantalum pentoxide, forming a Bragg mirror. All mirrors terminate with

a tantalum pentoxide layer as the high refractive index material, and an anti-reflection

coating is applied to the opposite surface of the sample mirror (not shown here). The fiber

mirror shown in Fig. 3.1 (a) consists of quarter wavelength layers, whereas the sample

mirror shown in Fig. 3.1 (c) uses quarter wavelength and three-quarter wavelength layers

to realize a narrower stopband. Further, we consider the sample mirror to be terminated

with diamond.

The optical properties of the dielectric mirrors are derived from electric field simulations

based on a one-dimensional transfer matrix model [9–11]. In this formalism, the electric

field 𝐸 = 𝐸++𝐸− of a monochromatic plane wave is split into a forward 𝐸+ and a backward

𝐸− field describing the co-propagating and the counter-propagating component, respec-

tively. These fields are translated along a propagation axis using matrices (see Appendix

3.8.1 for matrix definitions). By performing incremental propagation steps, the electric field

𝐸(𝑧) = 𝐸+(𝑧)+𝐸−(𝑧) along the propagation axis 𝑧 is calculated. The linear polarization 𝑒

of the electric field is transverse with respect to the propagation axis (𝑒 ⋅ 𝑧̂ = 0). Further, we

assume a harmonic time-dependence, leading to the position and time-dependent electric

field 𝐸̂(𝑧, 𝑡) = 𝐸(𝑧)𝑒 exp(𝑖𝜔𝑡) with angular frequency 𝜔 of the monochromatic plane wave.

In addition, the magnetic field 𝐵̂(𝑧, 𝑡) = (𝐸+(𝑧)−𝐸−(𝑧))(𝑧̂ × 𝑒)exp(𝑖𝜔𝑡)/𝑐 is directly linked
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Figure 3.1: Simulations of the dielectric fiber and sample mirror using a one-dimensional transfer matrix model.

(a) and (c) Refractive index mirror layers (solid black line) and corresponding electric field distribution (solid

red line) for an incident monochromatic plane wave from the left side with wavelength 𝜆0 = 637nm for the

air-terminated fiber and diamond-terminated sample mirror. The rightmost layer resembles the fused silica

substrate, and the leftmost layer is air or diamond, respectively. (b) and (d) Mirror reflectance (solid pink line) and

transmission (solid black line) depending on the wavelength for the air-terminated fiber and diamond-terminated

sample mirror. The mirror coating designs are developed by Laseroptik.

to the electric field and the physically observable fields are given by their corresponding

real parts. In the following, we make use of subscripts 𝑥 that reference the variable to the

corresponding part of the refractive index 𝑛𝑥 . A general optical system expressed by its

transfer matrix 𝑀 relates the electric field to its right (material with refractive index 𝑛𝑟 ) to

its left (material with refractive index 𝑛𝑙) by

(

𝐸+
𝑙

𝐸−
𝑙 )

=
(

𝑀0,0 𝑀0,1

𝑀1,0 𝑀1,1)(

𝐸+𝑟
𝐸−𝑟 )

. (3.1)

We solve these electric field equations for the case that there is no incident electric field from

the right side (𝐸−𝑟 = 0). Figure 3.1 (a) and (c) show the simulated electric field distribution

|𝐸(𝑧)| of the mirrors for an incident monochromatic plane wave from the left side with

a wavelength of 𝜆0 = 637nm forming a standing wave. Based on the calculated electric

fields, the mirror transmission 𝑇 and reflectance 𝑅 are calculated by

𝑇 =
Transmitted Power

Incident Power

=
𝑛𝑟 |𝐸

+
𝑟 |

2

𝑛𝑙 |𝐸
+
𝑙
|2
=

𝑛𝑟

𝑛𝑙 |𝑀0,0|
2
= 𝑀,𝑙 , (3.2)

𝑅 =
Reflected Power

Incident Power

=
|𝐸−

𝑙
|2

|𝐸+
𝑙
|2
=
|𝑀1,0|

2

|𝑀0,0|
2
. (3.3)

Figure 3.1 (b) and (d) show the mirror reflectance depending on the wavelength of the

incident plane wave. Both mirrors exhibit a stopband centered at 𝜆0 = 637nm with a
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transmission of 𝑀,𝑎 = 48ppm and 𝑀,𝑑 = 888ppm for the air-terminated fiber mirror and

diamond-terminated sample mirror, respectively.

Figure 3.2: (a) Refractive index mirror layers (solid black line) and corresponding electric field distribution

(solid red line) for an incident monochromatic plane wave from the left side with wavelength 𝜆0 = 637nm of the

sample mirror with a bonded diamond membrane. (b) Effective mirror transmission loss of the sample mirror

as a function of the thickness of the bonded diamond membrane. The transmission of the sample mirror with

diamond termination is 𝑀,𝑑 = 888ppm at 𝜆0 = 637nm. The black dot presents the effective mirror loss for the

shown diamond thickness in (a) with the corresponding electric field at the air-diamond interface.

In the following, we study the influence of the bonded diamond sample on the optical

properties of the mirror. First, the mirror transmission at a wavelength of 𝜆0 = 637nm is

investigated as a function of the thickness of the diamond sample. For that, the transition

of the electric field at the air-diamond interface is of interest because it determines the

transmission loss ultimately (see Fig. 3.2). The electric field intensity ratio between the air

and the diamond part is given by

𝑛𝑎|𝐸
+
𝑎 |

2

𝑛𝑑 |𝐸
+
𝑑
|2
=

𝑛𝑎|𝐸
−
𝑎 |

2

𝑛𝑑 |𝐸
−
𝑑
|2
=

𝑛𝑎|𝐸max,𝑎|
2

𝑛𝑑 |𝐸max,𝑑 |
2
=

𝑛𝑎

𝑛𝑑
sin

2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆0 )
+
𝑛𝑑

𝑛𝑎
cos

2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆0 )
= 𝛼, (3.4)

with the electric field 𝐸𝑎 in air, 𝐸𝑑 in diamond and the diamond thickness 𝑡𝑑 (see Appendix

3.8.1 for the derivation). Together with equation (3.2), the effective mirror transmission

loss is derived as

𝑛𝑟 |𝐸
+
𝑟 |

2

𝑛𝑎|𝐸
+
𝑎 |

2
=

𝑛𝑟 |𝐸
+
𝑟 |

2

𝑛𝑑 |𝐸
+
𝑑
|2

𝑛𝑑 |𝐸
+
𝑑
|2

𝑛𝑎|𝐸
+
𝑎 |

2
=
𝑀,𝑑

𝛼
, (3.5)

which shows the modulation of the mirror transmission𝑀,𝑑 with the electric field intensity

ratio 𝛼. As outlined in more detail in section 3.3, the effective mirror transmission loss with

its diamond thickness dependence leads to a variation in the cavity finesse of diamond-air

microcavities.
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Moreover, the effects of the transmission loss modulations can be observed under a

light microscope when broadband optical illumination is taken into account. We simulate

the wavelength-dependent reflectance of the mirror-bonded diamond and convert it into

an observable color using an illuminant spectrum. Figure 3.3 (a) shows the observable

color depending on the thickness of the diamond. The color variations are substantial

for diamond thicknesses below ∼ 600nm and fade to a uniform lighter color for larger

diamond thicknesses.

Figure 3.3: Simulated observable color of the sample mirror with bonded diamond membrane under broadband

optical illumination. (a) Observable color depending on the thickness of the diamond membrane. (b) Observable

color depending on the bond gap between the sample mirror and a 3.7μm thick diamond membrane. For these

simulations, the standard daylight illuminant D50 is used.

Furthermore, ill-bonded membranes can exhibit bond gaps between the mirror surface

and the diamond, which cause interference patterns known as Newton rings [12]. Anal-

ogous to the diamond thickness-dependent color, we simulate the observable color as a

function of the bond gap between the diamond membrane and the mirror. Figure 3.3 (b)

shows the bond gap dependent color for a diamond with a thickness of 3.7μm.

Note that the color variations simulated in Fig. 3.3 (a) and (b) do not follow a periodic

oscillation with 𝜆0/2𝑛𝑑 nor 𝜆0/2𝑛𝑎 (𝜆0 = 637nm) for the diamond thickness and bond

gap, respectively. This is a result of mirror-specific broadband interference and must be

considered when interpreting light microscope images.

3.3 Diamond-Air Microcavity
A Fabry-Pérot microcavity is formed by placing the fiber mirror opposite to the sample

mirror and adjusting the emerging air gap such that the cavity is on resonance with a
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specific wavelength within the mirror stopbands. Figure 3.4 (a) and (c) show the electric

field simulations at a wavelength of 𝜆0 = 637nm for two particular diamond thicknesses,

which cause a so-called air-like mode and diamond-like mode with an electric field node

and antinode at the air-diamond interface, respectively.

Figure 3.4: Simulations of the open microcavity using a one-dimensional transfer matrix model. (a) and (c)

Refractive index mirror layers (solid black line) and corresponding electric field distribution (solid red line) for an

incident monochromatic plane wave from the left side with wavelength 𝜆0 = 637nm of a microcavity with an

air-like mode and a diamond-like mode, respectively. The diamond membrane thickness is about 3.7μm. The

shown electric field distribution resembles the rms vacuum electric field amplitude, obtained by normalizing the

stored cavity energy to the vacuum energy ℎ𝜈/2. (b) and (d) Open microcavity mode dispersion simulated as the

cavity transmission depending on the air gap under broadband optical illumination for the cavity presented in (a)

and (c), respectively. The horizontal red line represents the cavity resonance wavelength of 𝜆0 = 637nm.

The air-like and diamond-like modes are two special cases of the diamond-air hybrid

cavity mode that obey the following resonance conditions [13]

𝑡𝑑 = 𝑚𝑑

𝜆0

2𝑛𝑑
and 𝑡𝑎 = 𝑚𝑎

𝜆0

2𝑛𝑎
(air-like mode), (3.6)

𝑡𝑑 = (2𝑚𝑑 −1)
𝜆0

4𝑛𝑑
and 𝑡𝑎 = (2𝑚𝑎−1)

𝜆0

4𝑛𝑎
(diamond-like mode), (3.7)

with the positive integer numbers 𝑚𝑑 and 𝑚𝑎 defining the hybrid cavity mode number

𝑚 = 𝑚𝑑 +𝑚𝑎. The electric field intensity ratio 𝛼 simplifies to 𝑛𝑑/𝑛𝑎 for air-like modes and

𝑛𝑎/𝑛𝑑 for diamond-like modes. In general, for any diamond thickness and wavelength,

the air gap can be adjusted to form a resonance mode. Figure 3.4 (b) and (d) show the

corresponding simulated mode dispersions depending on the air gap. Air-like and diamond-

like modes are identified by regions of steepest and flattest slope, respectively. Moreover,
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the mode dispersion can be measured experimentally and allows for determining the

diamond thickness and air gap of a hybrid microcavity via an analytical fit [9, 11].

For every wavelength and microcavity geometry, the two main cavity parameters,

namely the mode volume 𝑉𝑥 and the cavity loss rate 𝜅 = 2𝜋𝜈/𝑄, with the cavity resonance

frequency 𝜈 = 𝑐/𝜆0 and the cavity quality factor 𝑄, must be calculated to determine the

Purcell factor. The mode volume is calculated as the volume integral of the normalized

electric field energy density in the cavity. For the considered hemispherical plano-concave

cavity geometry, the integral splits into the mode field area of the Gaussian cavity beam in

the lateral dimensions multiplied by the integral over the normalized cavity electric field

energy distribution in the vertical direction. Hence, the cavity mode volume is calculated

by [11]

𝑉𝑥 =
𝜋𝑤2

0

2

∫
cav

𝜖(𝑧)|𝐸(𝑧)|2 d𝑧

𝜖𝑥 |𝐸max,𝑥 |
2

=
𝜋𝑤2

0

4
𝐿eff,𝑥 , (3.8)

with the permittivity 𝜖(𝑧) = 𝜖0𝑛(𝑧)
2
, the cavity beam waist 𝑤0 and the maximum electric

field |𝐸max,𝑥 | = max(|𝐸(𝑧)|) for all 𝑧 in the considered cavity part of refractive index 𝑛𝑥 .

Finally, this results in the definition of the effective cavity length 𝐿eff,𝑥 . Typically, the

maximum electric field is chosen in the cavity part hosting the quantum emitter, as this

defines the cavity mode volume used for the Purcell factor [11]. This is the diamond part of

the cavity for diamond color centers. For now, we normalize to the air gap, as this provides

insights into the cavity air gap dependence later. By definition, the effective cavity length

normalized to the air gap compared to the diamond part relates by 𝐿eff,𝑎/𝐿eff,𝑑 = 𝑛𝑑/𝑛𝑎𝛼 with

the electric field intensity ratio of equation (3.4). Next, the cavity loss rate 𝜅 = 𝑃loss/𝐸cav

describing the exponential energy decay of the cavity field is calculated by the ratio of

power 𝑃loss leaving the cavity and its stored energy 𝐸cav. The stored energy of a microcavity

is calculated by

𝐸cav =
𝜋𝑤2

0

2 ∫
cav

𝜖(𝑧)|𝐸(𝑧)|
2
d𝑧 =

𝜋𝑤2
0

4
𝐿eff,𝑎𝜖𝑎|𝐸max,𝑎|

2
= 𝑉𝑎𝜖𝑎|𝐸max,𝑎|

2
, (3.9)

where the energy is equally stored in the electric and magnetic cavity field, which leads to

the interpretation of |𝐸(𝑧)| and |𝐸max,𝑎| as root mean square (rms) electric field amplitudes.

The power 𝑃loss is determined by the carried energy of the Gaussian beams leaving the

cavity on both cavity sides, which is described by the mode field area multiplied by their

time-averaged Poynting vectors [10]. This leads to

𝑃loss =
𝜋𝑤2

0

2 (

𝑐𝜖𝑙

2𝑛𝑙
|𝐸

−
𝑙 |

2
+
𝑐𝜖𝑟

2𝑛𝑟
|𝐸

+
𝑟 |

2

)
, (3.10)

𝑃loss =
𝜋𝑤2

0

2 (

𝑐𝜖𝑙

2𝑛𝑙

𝑛𝑎

𝑛𝑙

𝑛𝑙 |𝐸
−
𝑙
|2

𝑛𝑎|𝐸
−
𝑎 |

2
|𝐸

−
𝑎 |

2
+
𝑐𝜖𝑟

2𝑛𝑟

𝑛𝑎

𝑛𝑟

𝑛𝑟 |𝐸
+
𝑟 |

2

𝑛𝑑 |𝐸
+
𝑑
|2

𝑛𝑑 |𝐸
+
𝑑
|2

𝑛𝑎|𝐸
+
𝑎 |

2
|𝐸

+
𝑎 |

2

)
, (3.11)

𝑃loss =
𝜋𝑤2

0

4

𝑐𝜖𝑎

𝑛𝑎 (
𝑀,𝑎+

𝑀,𝑑

𝛼 )

|
|
|
|

𝐸max,𝑎
√
2

|
|
|
|

2

, (3.12)

where inside the air gap the forward and backward field amplitudes relate to the maximum

rms electric field amplitude by |𝐸−𝑎 | = |𝐸+𝑎 | = |𝐸max,𝑎/
√
2|. With the definition of the air
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cavity finesse 𝑎 = 2𝜋/(𝑀,𝑎 +𝑀,𝑑/𝛼), this leads to the final expression for the cavity

loss rate of

𝜅 =
𝑃loss

𝐸cav
=

𝑐

2𝑛𝑎𝐿eff,𝑎

2𝜋

𝑎

. (3.13)

Solving equation (3.13) for the air cavity finesse leads to

𝑎 =

𝜆0
2𝑛𝑎

𝛿𝜈
𝐿
eff,𝑎

𝜈

, (3.14)

with the Lorentzian full width at half maximum (FWHM) cavity linewidth 𝛿𝜈 = 𝜅/2𝜋. The

air cavity finesse of equation (3.14) can be interpreted as the ratio of the cavity free spectral

range in length 𝜆0/2𝑛𝑎 to the FWHM cavity linewidth in length 𝛿𝑡𝑎 = 𝛿𝜈𝐿eff,𝑎/𝜈. For that

reason, the air cavity finesse is also referred to as finesse in length [9]. The on resonance

cavity slope 𝑠 of the microcavity mode dispersion can thus be expressed as

𝑠 =
|
|
|
|

𝜕𝜈

𝜕𝑡𝑎

|
|
|
|
=

𝜈

𝐿eff,𝑎
, (3.15)

which describes the change in resonance frequency to the change in air gap. We note

that the derivation of the cavity loss rate 𝜅 can also be carried out by normalizing to the

diamond part of the cavity, which results in the same linewidth value and the formula

𝜅 =
𝑐

2𝑛𝑑𝐿eff,𝑑

2𝜋

𝑑

, (3.16)

with the definition of a diamond cavity finesse 𝑑 = 𝑎/𝛼, which can also be referred

to as finesse in frequency (see Appendix 3.8.2 for experimental considerations of these

finesse definitions). Following this derivation, the deduced slope would describe the change

in cavity resonance frequency to the change in diamond thickness (while keeping the

air gap constant). This slope is experimentally challenging to probe compared to the

straightforward accessible change in air gap for open microcavities. On the other hand, the

diamond cavity finesse, as discussed earlier for the cavity mode volume 𝑉𝑑 , is of importance

for calculating the cavity Purcell factor for diamond color centers

𝐹𝑃 =
3

4𝜋2 (

𝜆0

𝑛𝑑)

3
𝑄

𝑉𝑑
=

6

𝜋2 (

𝜆0

𝑛𝑑)

2 𝑑

𝜋𝑤2
0

, (3.17)

with the cavity quality factor𝑄 = 2𝑛𝑑𝐿eff,𝑑𝑑/𝜆0 following from equation (3.16). The Purcell

factor of equation (3.17) is a analytical formula considering the cavity beam waist [11]

𝑤0 =

√
𝜆0

𝜋𝑛𝑎 ((
𝑡𝑎+

𝑛𝑎𝑡𝑑

𝑛𝑑 )(
𝑅𝑂𝐶−

(
𝑡𝑎+

𝑛𝑎𝑡𝑑

𝑛𝑑 )))

1/4

, (3.18)

with the radius of curvature 𝑅𝑂𝐶 of the spherical fiber mirror. Furthermore, we note

that the effective length can be approximated by 𝐿eff,𝑎 ≈ 𝑡𝑎+ 𝑡𝑑𝑛𝑑/𝑛𝑎𝛼 if the electric field

penetration depth into the mirrors is small compared to the air gap and diamond thickness.

Moreover, scattering losses at the air-diamond interface 𝑆,eff,𝑑 as well as absorption losses
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inside the diamond 𝐴,𝑑 can be taken into account for the cavity finesse [9, 11, 12, 14].

These additional losses reduce the achievable Purcell factor in experiments and affect

the cavity outcoupling efficiency. As an example, the outcoupling efficiency through the

sample mirror 𝜂out = 𝑀,𝑑/(𝛼𝑀,𝑎 +𝑀,𝑑 +𝑆,eff,𝑑 +𝐴,𝑑) is given by the ratios of the

corresponding effective cavity losses.

In addition, cavity length fluctuations can average out the Purcell factor in experiments.

Requiring that the standard deviation of cavity resonance frequencies caused by cavity

length fluctuations should be smaller than the cavity linewidth results in the upper bound

for the rms cavity length fluctuations of

𝜎rms <
𝜆0

2𝑛𝑎𝛼𝑑

. (3.19)

For typical finesse values of diamond-air microcavities, this imposes a cavity vibration

level of tens of picometers or less [15]. In addition, for any finesse value, the 𝛼 dependence

in equation (3.19) shows that the microcavity is a factor of 𝑛2
𝑑
/𝑛2𝑎 ≈ 5.8 less susceptible to

cavity length fluctuations in a diamond-like mode compared to an air-like mode. In general,

it is challenging to achieve such low cavity vibration levels at cryogenic temperatures

[15–17]. Therefore, we investigate and optimize cavity parameters as a function of the

cavity vibration level in the next section.

3.4 Optimizing Microcavity Parameters
In this section, we optimize the cavity parameters for two quantities: the cooperativity and

the outcoupled zero-phonon line (ZPL) emission. The first is proportional to the Purcell

factor and describes the interaction strength between the quantum emitter and the cavity

electric field. The second describes the probability for extracting the optical excitation of a

cavity-coupled quantum emitter as a resonant photon from the cavity mode. In both cases,

the properties of the quantum emitter must be taken into account. In general, the larger

the ratio of the emitter’s optical transition rate 𝛾coupled used for cavity-coupling to the total

natural emitter decay rate 𝛾 , the higher the achievable cooperativity and outcoupled ZPL

emission. We denote this ratio as 𝛽∗0 = 𝛾coupled/𝛾 and set it to 0.03 for diamond nitrogen-

vacancy centers [1] and 0.36 for diamond tin-vacancy centers [7]. For easier comparison, a

cavity resonance wavelength of 𝜆0 = 637nm is used for both color centers.

We focus on the influence of cavity length fluctuations and tailor themirror transmission

loss values accordingly, as they can be well engineered for microcavities. In addition, we

use a 𝑅𝑂𝐶 value of 15.7μm if not stated otherwise. Furthermore, we do consider scattering

or absorption losses in the cavity and choose the sample mirror side of the cavity for

excitation and detection, which typically leads to an overcoupled cavity due to our choice

of a higher transmission loss for the sample mirror compared to the fiber mirror.

3.4.1 Cavity Length Fluctuations Model
We use the cavity length fluctuation mode as introduced in Ref. [15] to calculate vibration-

averaged cavity quantities. The standard deviation of fluctuations in cavity length translates

via the cavity slope into fluctuations in cavity frequency 𝜎𝜈 = 𝑠𝜎rms, which are modeled by
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the Gaussian probability density function [2]

𝑓 (Δ𝜈) =
1

√
2𝜋𝜎2

𝜈

𝑒
−Δ𝜈2/2𝜎2𝜈 , (3.20)

with the emitter-cavity detuning Δ𝜈. In addition, for emitters with an optical linewidth

much smaller than the cavity linewidth, the spectral overlap is given by [11]

𝜉𝑠(Δ𝜈) =
1

1+
4𝑄2

𝜈2
Δ𝜈2

, (3.21)

with the cavity resonance frequency 𝜈. By taking the spectral overlap for the Purcell

factor into account and integrating the probability density function over the emitter-cavity

detunings Δ𝜈, the vibration-averaged cooperativity and outcoupled ZPL emission are

calculated.

3.4.2 Maximum Attainable Outcoupled ZPL Emission
We define the outcoupled ZPL emission 𝛽out = 𝜂out𝛽

∗
0𝐹𝑃/(𝛽

∗
0𝐹𝑃 +1) with the outcoupling

efficiency through the sample mirror 𝜂out. Considering cavity length fluctuations, the

maximum attainable outcoupled ZPL emission is calculated by

𝛽out,max = max
𝑀,𝑑 (

𝜂out∫

∞

−∞

𝑑(Δ𝜈)
𝛽∗0𝐹𝑃 𝜉𝑠(Δ𝜈)

𝛽∗0𝐹𝑃 𝜉𝑠(Δ𝜈)+1
𝑓 (Δ𝜈)

)
, (3.22)

where 𝜂out is a function of𝑀,𝑑 as well as𝑀,𝑎 = 48ppm and additionally 𝐹𝑃 depends on the

cavity beam waist 𝑤0. Figure 3.5 shows the maximum attainable outcoupled ZPL emission

for a NV and SnV center in a microcavity for the simulated air-like and diamond-like mode

of Fig. 3.4. For vanishing cavity length fluctuations, the maximum attainable outcoupled

ZPL emission is mainly determined by the fiber mirror loss𝑀,𝑎 = 48ppm. Figure 3.5 shows

that the maximum attainable outcoupled ZPL emission decreases less in the diamond-like

mode compared to the air-like mode with increasing vibrations. In addition, the maximum

attainable outcoupled ZPL emission is generally larger for SnV centers as a consequence of

the significantly larger 𝛽∗0 value compared to NV centers. Despite that, outcoupled ZPL

emissions of tens of percent are feasible for both color centers, which presents a significant

improvement compared to setups based on bulk or solid-immersion lens samples [18, 19].
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Figure 3.5: Maximum attainable outcoupled ZPL emission depending on the cavity vibration level for a

microcavity-coupled NV (dashed orange lines) and SnV (dashed-dotted orange lines) center. The microcav-

ity geometry of an air-like (a) and diamond-like (b) mode as introduced in Fig. 3.4 with a cavity beam waist

of 𝑤0 = 1.2μm is considered. The diamond finesse values (black lines) correspond to the optimized mirror

transmission losses. A fixed fiber mirror transmission loss of 𝑀,𝑎 = 48ppm is used.
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3.4.3 Maximum Attainable Purcell Factor
Following Ref. [15] and combining it with the here derived cavity mode volume 𝑉𝑑 and

cavity slope 𝑠 = 𝜈𝑛𝑎𝛼/𝐿eff,𝑑𝑛𝑑 leads to the maximum attainable Purcell factor

𝐹𝑃,max =
3

4𝜋2 (

𝜆0

𝑛𝑑)

3
1

𝜋𝑤2
0

√
𝜋

2𝜎2
rms

2𝑛𝑑

𝛼𝑛𝑎
. (3.23)

We highlight that equation (3.23) is inversely proportional to 𝛼, and since 𝑤0 is almost

independent of the hybrid cavity mode, the maximum attainable Purcell factor is 𝑛2
𝑑
/𝑛2𝑎 ≈ 5.8

higher in a diamond-like mode compared to an air-like mode. The maximum attainable

cooperativity is then given by 𝐶 = 𝛽∗0𝐹𝑃,max. Figure 3.6 shows these maximum attainable

Purcell factors as well as the corresponding cooperativities for a NV and SnV center in the

microcavity as considered in Fig. 3.5.

Figure 3.6: Maximum attainable Purcell factor and corresponding cooperativities for a microcavity-coupled NV

and SnV center depending on the cavity vibration level. For the air-like and diamond-like mode as introduced

in Fig. 3.4, the cavity beam waist is 𝑤0 = 1.2μm. The stated effective finesse is the back-calculated value of

the maximum attainable Purcell factor for vanishing cavity length fluctuations. It serves as an estimate of the

experimentally required diamond cavity finesse.

The cooperativity of the SnV to the NV center differs by their ratio in 𝛽∗0 , and Fig. 3.6

shows that a strong coupling (𝐶 > 1) can be reached for both color centers. Furthermore,

since SnV centers preserve their optical coherence in very thin (∼ 150nm) diamond mem-

branes [20], shorter cavity length and fiber mirrors with smaller 𝑅𝑂𝐶 of ∼ 4μm [21, 22] can

be used. This adjustment promises cavity geometries with a two-fold reduction in cavity

beam waist 𝑤0 and consequently a four-fold increase in Purcell factor and cooperativity

compared to the data shown in Fig. 3.6. This presents a route to strongly coupled SnV

centers (𝐶 ≫ 1) in open microcavities with moderate requirements on the cavity finesse.
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3.5 Optical InterfacingofMicrocavity-coupledColor
Centers

In this section, we outline the resonant optical interfacing of microcavity-coupled color

centers and present two optical qubit readout methods. The optical transitions used for

cavity-coupling connect a ground state to an excited state of the color center, where we

consider the ground state to be one of the electron spin qubit states. Given that, a resonant

laser pulse can be used to probe the optical transition spin-selectively, enabling the optical

qubit readout.

For a cavity-coupled optical transition, resonant addressing is mediated by the cavity

mode, which can be modeled with cavity quantum electrodynamics. In this framework, the

emitter-cavity system is described by the cavity loss rate 𝜅, the total natural emitter decay

rate 𝛾 , and the single-photon Rabi frequency 𝑔 , which is determined by the cooperativity

𝐶 = 4𝑔2/𝜅𝛾 . In the following, we use this framework and the parameters of the microcavity

of Fig. 3.4(c), with a FWHM cavity linewidth of 1.87GHz, an outcoupling efficiency of 98%

and maximum cooperativities of about 2 for NV and 23 for SnV centers.

We note that the optical readout of the electron spin relies on a measurable difference

in the detected photon counts depending on the spin qubit state. The better the two

distributions of detected photons are separated, the higher the readout fidelity. This means

that, in addition to the readout methods discussed here, the emitter transition cyclicity and

the detection efficiency also affect the readout fidelity.

3.5.1 Optical Readout via Resonance Fluorescence
The first readout method is based on detecting emitter resonance fluorescence (ZPL emis-

sion) while driving the readout transition. This method requires filtering of resonant

laser light from the resonance fluorescence signal. For microcavities, this can be done by

polarization filtering via the two orthogonal linear polarization cavity modes [3, 23], to

both of which the emitter’s transition electric dipole is coupled. This enables excitation

and detection in two orthogonal modes, and subsequent polarization filtering retrieves

the desired resonance fluorescence signal. To estimate the required cooperativity per

cavity mode, we simulate the detected ratio of resonance fluorescence to the laser photon

count rate leaking through the polarization filtering. Figure 3.7 shows simulated ratios

as a function of the cooperativity using a Lindblad master equation approach [7, 24]. In

addition, the influence of an exemplary pure dephasing rate of 5𝛾 and a frequency splitting

between the two polarization cavity modes of 5𝜅/2𝜋 is investigated. In recent experiments,

laser polarization suppression ratios of > 60dB [3] have been demonstrated, which enables

spin qubit state readouts with high signal to laser background ratios (> 100) for moderate

cooperativities on the percent level (see Fig. 3.7). This means that for the considered cavity,

the cooperativity can be split asymmetrically between the polarization cavity modes to

realize efficient excitation, while preserving an efficient spin-photon interface in the detec-

tion cavity mode, as discussed in section 3.4. If sufficient cooperativities are not achieved

in experiments, pulsed resonant excitation, combined with detection time filtering, can

also be used to filter the excitation laser light from the resonance fluorescence signal in the

time domain [3].
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Figure 3.7: Simulated emitter resonance fluorescence to excitation laser count rate for an emitter that is equally

coupled to both polarization microcavity modes. The cooperativity is stated per polarization cavity mode, and

the simulations are performed in the linear excitation regime, where the resonance fluorescence count rate

increases linearly with laser power. In addition, the cavity reflection is assumed to be unity for the excitation

cavity polarization mode. Furthermore, an emitter decay rate 𝛾 = 12.8MHz [25] of the NV center is used, albeit

the results are virtually identical for a SnV center decay rate. The dashed gray line indiactes a threshold that,

with laser polarization suppression ratios of > 60dB, yields high signal to laser background ratios of > 100.

3.5.2 Optical Readout via Cavity Reflection
The second readout method is based on detecting resonant laser light that is reflected off

the cavity with a spin state-dependent coefficient. This method requires a relatively large

cooperativity (𝐶 ≳ 1) and good optical coherence of the emitter, such that the cavity-coupled

optical transitions significantly modulate the cavity reflection. Figure 3.8 shows the cavity

reflection for a SnV center with an exemplary optical spin state transition splitting of

500MHz and a cooperativity of 𝐶 = 1. In addition, the detuning between the emitter and

the cavity resonance frequency is chosen such that the reflection vanishes at a specific

frequency for one of the spin states. Probing the cavity with resonant laser light at this

frequency can enable spin state readout with high contrast [26]. For a NV center, the cavity

reflection of the readout transition is qualitatively similar, but achieving the considered

cooperativity of 𝐶 = 1 in experiments is more challenging.
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Figure 3.8: Cavity reflection of a cavity-coupled SnV center, derived from an analytical model [27]. In the

simulations, an optical spin state transition splitting of 500MHz and a cooperativity of 𝐶 = 1 are used. In addition,

the optical transition frequency of spin state 0 is intentionally detuned by about 200MHz from the cavity resonance

to achieve a vanishing reflection for that spin state. Furthermore, an emitter decay rate 𝛾 = 32MHz [7] of the SnV

center is used.

3.6 Summary and Discussion
In summary, we have introduced a one-dimensional transfer matrix model to describe

dielectric mirrors with bonded diamond membranes and diamond-air microcavities, includ-

ing their hybridized cavity modes. An analytical model for the Purcell factor of diamond

color centers in microcavities is derived, which provides insights into different finesse

definitions and the susceptibility of the open microcavity to cavity length fluctuations.

We optimize the cavity parameters to maximize the outcoupled ZPL emission and the

cooperativity. Cavity outcoupled ZPL emission values of tens of percent are feasible for the

NV and the SnV center, with, in general, higher values in diamond-like modes. Considering

the cooperativity, SnV centers exhibit approximately a factor of 10 higher values than NV

centers due to their natively larger decay ratio into the cavity-coupled optical transition.

Moreover, in the presence of cavity length fluctuations, the cooperativity in a diamond-like

mode is a factor of 𝑛2
𝑑
/𝑛2𝑎 ≈ 5.8 larger than in an air-like mode, which follows from different

susceptibilities to cavity length fluctuations. This highlights the diamond-like mode as the

preferred cavity mode under cavity length fluctuations. However, in diamond-like modes,

additional scattering losses can occur due to their electric field antinode at the air-diamond

interface. This can reduce the cavity finesse and the cavity outcoupling efficiency in experi-

ments, such that air-like modes are again more favorable. Purcell-enhanced diamond color

centers have not been reported in diamond-like modes, but high diamond cavity finesse

values ∼ 104 [28] similar to air-like modes [29] have been achieved.

Finally, the optical interfacing of microcavity-coupled diamond color centers is dis-
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cussed, and cavity quantum electrodynamics calculations are used to present two resonant

optical readout methods for the color center’s electron spin. The first readout method

is based on the detection of resonance fluorescence signal in a cross-polarized scheme

using the two cavity polarization modes of the microcavity. We show that, with a laser

polarization suppression ratio > 60dB and cooperativities on the percent level, high res-

onance fluorescence to laser background ratios > 100 can be achieved. This shows that

efficient optical qubit readout is possible with moderate cooperativities in the polarization

cavity mode used for excitation, without sacrificing an efficient spin-photon interface with

high cooperativity in the cavity polarization mode used for detection. The second readout

method relies on a rather strongly cavity-coupled optical transition (𝐶 ≳ 1), which alters

the cavity reflection response. Depending on the spin qubit state, the light from a probe

laser is reflected off the cavity with different amplitudes, allowing the two qubit states to be

distinguished. This readout technique is particularly interesting for microcavity-coupled

SnV centers, as they can achieve the required cooperativities more easily than NV centers.
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3.8 Appendix
3.8.1 Transfer Matrix Model: Definitions and Derivations
The transfer matrices used in this work are composed of matrices to describe the propa-

gation of the electric field in a homogeneous medium and boundary matrices to describe

the transition of the electric field between two media of different refractive index. The

propagation matrix is defined as [10]

𝑀propagation =
(

𝑒𝑖𝑘𝑧 0

0 𝑒−𝑖𝑘𝑧)
, (3.24)

with the wave vector 𝑘 = 2𝜋𝑛/𝜆0, the refractive index 𝑛 of the homogeneous medium and

the propagation distance 𝑧. The boundary matrix is defined as [10]

𝑀boundary =
1

𝜏 (

1 𝜌

𝜌 1)
, (3.25)

with the coefficient 𝜏 = 2𝑛𝑙/(𝑛𝑙 +𝑛𝑟 ) and 𝜌 = (𝑛𝑙 −𝑛𝑟 )/(𝑛𝑙 +𝑛𝑟 ).

Electric field intensity ratio of air-diamond interfaces
We consider the reflection of a monochromatic plane wave of wavelength 𝜆0 at the sample

mirror with bonded diamond membrane as depicted in Fig. 3.2(a). Using equation (3.25),

we translate the electric fields at the air-diamond interface from its right side with 𝑛𝑟 = 𝑛𝑑
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to its left side with 𝑛𝑙 = 𝑛𝑎. This yields the relation between the forward and backward

electric fields

𝐸
+
𝑎 =

𝐸+
𝑑
+𝜌𝐸−

𝑑

𝜏
, (3.26)

𝐸
−
𝑎 =

𝜌𝐸+
𝑑
+𝐸−

𝑑

𝜏
, (3.27)

at the air-diamond interface. Assuming a highly reflective sample mirror (𝑅 = 1) results

in a standing wave in front of the mirror with |𝐸+𝑎 | = |𝐸−𝑎 | and |𝐸+
𝑑
| = |𝐸−

𝑑
| at any position.

Further, the ratio of the backward to the forward electric field in diamond at the air-

diamond interface 𝐸−
𝑑
/𝐸+

𝑑
= exp(𝑖𝜑) relates by the phase 𝜑 = 𝑘2𝑡𝑑 +𝜋 with 𝑘 = 2𝜋𝑛𝑑/𝜆0,

which originates from the propagation in the diamond of thickness 𝑡𝑑 and a 𝜋 phase shift

from the mirror reflection. In combination with equation (3.26), the squared electric field

ratio of the air side to the diamond side is

|𝐸+𝑎 |
2

|𝐸+
𝑑
|2
=
|1+𝜌𝑒𝑖𝜑|2

𝜏2
=
1+𝜌2+2𝜌cos(𝜑)

𝜏2
, (3.28)

=
1

2
(1+cos(𝜑))+

𝑛2
𝑑

2𝑛2𝑎
(1−cos(𝜑)). (3.29)

This finally leads to the electric field intensity ratio

𝑛𝑎|𝐸
+
𝑎 |

2

𝑛𝑑 |𝐸
+
𝑑
|2
=

𝑛𝑎

𝑛𝑑
sin

2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆0 )
+
𝑛𝑑

𝑛𝑎
cos

2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆0 )
=

𝑛𝑎|𝐸
−
𝑎 |

2

𝑛𝑑 |𝐸
−
𝑑
|2
=

𝑛𝑎|𝐸max,𝑎|
2

𝑛𝑑 |𝐸max,𝑑 |
2
, (3.30)

which also holds for the backward electric fields and the maximum electric fields.

3.8.2 Finesse Measurements of Diamond-Air Microcavities
In this work, we introduce the air cavity finesse 𝑎 (finesse in length) and the diamond

cavity finesse 𝑑 (finesse in frequency). These two definitions arise from considering

the air gap or the diamond part of the microcavity as the cavity medium, as reflected

in the derived formulas by normalizing to the air gap or the diamond part. In the first

consideration, the air gap is the cavity medium, confined on one side by an air-terminated

dielectric mirror and on the other by a dielectric mirror with an additional diamond layer

(the diamond membrane). In the second consideration, the diamond part is the cavity

medium, confined on onse side by a diamond-terminated dielectric mirror and on the

other by a dielectric mirror with an additional air layer (the air gap). These two cavity

views and their corresponding finesse definitions must be distinguished in experiments, as

they provide different measures and are related by 𝑑 = 𝑎/𝛼, where 𝛼 is the electric field

intensity ratio. In the following, we summarize experimental methods for determining

both cavity finesse quantities.

Air cavity finesse (finesse in length)
The air cavity finesse for a wavelength 𝜆0 can be measured experimentally by the following

methods:
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• The microcavity is probed in transmission or reflection with a narrowband laser of

wavelength 𝜆0, while scanning the air gap over two subsequent resonance modes

(scan range > 𝜆0/2𝑛𝑎) and measuring the probe laser intensity [12]. The intensity

signal is recorded over the air gap, which allows the width of the studied resonance

mode and the distance between the two subsequent modes (equal to 𝜆0/2𝑛𝑎) to be

extracted. Following equation (3.14), the ratio of the subsequent mode distance to

the FWHM width of the resonance mode yields the air cavity finesse.

• The cavity quality factor 𝑄 = 𝜈/𝛿𝜈 is determined for subsequent cavity modes at the

cavity resonance frequency 𝜈 = 𝑐/𝜆0 by measuring the FWHM cavity linewidth 𝛿𝜈

[28]. This can be done by scanning a frequency-stabilized narrowband probe laser

over the cavity resonance mode and extracting the FWHM cavity linewidth 𝛿𝜈 from

the laser intensity signal in cavity transmission or reflection [3, 7]. Alternatively,

the probe laser can be frequency modulated with sidebands, or two probe lasers

with a known frequency offset can be used, while scanning the air gap over the

studied cavity resonance and measuring the laser intensity [12, 15]. Taking the

sideband modulation frequency or the frequency offset as a reference enables the

extraction of the cavity linewidth from the probe laser intensity signal. Following

equation (3.13), the cavity quality factor can be expressed as 𝑄 = 2𝑛𝑎𝐿eff,𝑎𝑎/𝜆0.

Further, the effective cavity length normalized to the air gap can be decomposed to

𝐿eff,𝑎 = 𝑡𝑎+𝐿rest, where 𝐿rest is the remaining integral of the normalized cavity electric

field energy distribution over the diamond part and the mirrors. Translating the air

gap 𝑡𝑎 to the air mode number 𝑚𝑎 with equations (3.7) yields the cavity quality factor

𝑄 = 𝑚𝑎𝑎+𝑄0 with an air gap independent offset value 𝑄0. This shows that the air

cavity finesse 𝑎 can be calculated as the cavity quality factor difference between

two subsequent cavity modes with air mode numbers 𝑚𝑎 and 𝑚𝑎+1.

Diamond cavity finesse (finesse in freqency)
The diamond cavity finesse for a wavelength 𝜆0 can be measured experimentally by the

following method:

• The FWHM cavity linewidth 𝛿𝜈 of the studied resonance mode is measured and

following equation (3.16) the diamond cavity finesse 𝑑 = 𝑐/2𝑛𝑑𝐿eff,𝑑𝛿𝜈 is determined

with the effective cavity length 𝐿eff,𝑑 [3, 7]. The cavity linewidth can be measured

using a narrowband probe laser of wavelength 𝜆0, as outlined for the air cavity finesse.

The effective cavity length normalized to the diamond part can be calculated by the

integral of the normalized cavity electric field energy distribution, which requires

knowledge of the dielectric mirrors as well as the air gap and diamond membrane

thickness. The parameters of the dielectric mirrors are known from the mirror

coating design, whereas the air gap and diamond thickness must be determined

experimentally. This can be done by measuring the cavity mode dispersion and

fitting an analytical model [9, 11].
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4
A Low-Temperature Tunable
Microcavity featuring High

Passive Stability and
Microwave Integration

Y. Herrmann*, J. Fischer*, S. Scheijen, C. F. J. Wolfs, J. M. Brevoord,
C. Sauerzapf, L. G. C. Wienhoven, L. J. Feije, M. Eschen, M. Ruf,

M. J. Weaver and R. Hanson

Open microcavities offer great potential for the exploration and utilization of efficient spin-
photon interfaces with Purcell-enhanced quantum emitters, thanks to their large spectral and
spatial tunability combined with high versatility of sample integration. However, a major
challenge for this platform is the sensitivity to cavity length fluctuations in the cryogenic
environment, which leads to cavity resonance frequency variations and thereby a lowered
averaged Purcell enhancement. This work presents a closed-cycle cryogenic fiber-based mi-
crocavity setup, which is in particular designed for a low passive vibration level, while still
providing large tunability and flexibility in fiber and sample integration, and high photon
collection efficiency from the cavity mode. At temperatures below 10 kelvin, a stability level
of around 25 picometer is reproducibly achieved in different setup configurations, including
the extension with microwave control for manipulating the spin of cavity-coupled quantum
emitters, enabling a bright photonic interface with optically active qubits.

The results of this chapter have been published in AVS Quantum Science 6, 041401 (2024).
* Equally contributed authors.
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4.1 Microcavities with SingleQuantum Emitters
The strength of the light-matter interaction is a key parameter for the realization of efficient

interfaces between single quantum emitters and optical photons. Optically active quantum

emitters are interesting testbeds for quantum science and are promising candidates for

realizing stationary qubits [1–3], but the bare coupling to optical photons in bulk materials

is generally weak. This coupling can be greatly improved by integrating the emitter into

an optical resonator [4–7]. In the simplest form, two highly reflective mirrors facing each

other can be used to realize such a cavity. The cavity can be utilized to efficiently couple

quantum emitters to an optical photon mode, thereby selectively enhancing their emission,

known as the Purcell effect. When used with solid-state host materials, a hemispherical

plano-concave cavity geometry with a low radius of curvature and a micrometer short

length can be used to minimize the mode volume. Such open optical microcavities have

proven to be a versatile tool in quantum optics, due to their high spectral and spatial

tunability and their compatibility with a broad spectrum of quantum systems. The cavity

design allows the incorporation of quantum emitters in various ways: quantum dots can

be directly grown on top of the mirror [8–11] or emitters in layered materials [12–14]

can be bonded onto the mirror surface. Furthermore, the spatial tunability can be used to

optimize on localized emitters on the mirror like carbon nanotubes [15, 16], rare-earth ions

in nanoparticles [17] or color centers in nanodiamonds [18–21]. And (sub) micrometer

thin membranes can integrate color centers in host materials like diamond [22–24], silicon

carbide [25, 26], yttrium orthosilicate [27] or organic crystals [28] into the cavity. This

approach is especially advantageous for emitters like the nitrogen-vacancy center in

diamond, which are notoriously hard to integrate coherently into nanostructures due

to the presence of a permanent electric dipole, but maintain good optical properties in

micrometer-thin membranes [29].

The optical access of the microcavity can conveniently benefit from the realization of the

mirrors on the tip of optical fibers [30, 31], enabling direct fiber coupling. Furthermore, high

cavity quality factors can be realized by commercially available mirror coatings, including

the purposely design of symmetric or single-sided cavities.

The high spectral tunability makes the cavity sensitive to fluctuations in length, leading to

variations in the resonance frequency. These perturbations lower the effective coupling of

the emitter to the cavity and lead to a reduced averaged Purcell enhancement. This can

be expressed with the spectral overlap of the resonance frequency of the emitter and the

cavity frequency [32]. Assuming a Gaussian distribution of the varying cavity length [33],

we can find a bound for the maximum attainable (effective) Purcell factor

𝐹𝑃,𝑚𝑎𝑥 =
3

4𝜋2 (

𝑐

𝑛𝜈)

3 1

𝑉

√
𝜋

2(𝑠𝜎)2

𝜈

2
, (4.1)

which depends on the cavity resonance frequency 𝜈, mode volume 𝑉 , mode dispersion

slope 𝑠, and root mean square (RMS) cavity length fluctuations 𝜎 with the refractive index

in diamond 𝑛 and the speed of light 𝑐. The derivation of equation (4.1) can be found in

Appendix 4.8.1. For a hybrid cavity consisting of an air part and a diamond membrane,

certain modes of a fixed frequency become more air- or diamond-like [34]. The mode type

depends only on the diamond thickness. Due to a smaller slope in the cavity dispersion

relation, diamond-like modes are less sensitive to vibrations [32]. Note that for a given
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membrane thickness and air length, the cavity mode dispersion slope 𝑠 can be calculated

with an analytic expression [32]. Figure 4.1 (a) shows the maximum attainable Purcell

factor depending on the RMS cavity length fluctuations for different cavity parameters

realized in other works. To reach a large Purcell enhancement, a vibration level on the

order of tens of picometer RMS vibrations is required. This poses a technical challenge, as

most quantum systems need to be operated in high vacuum at cryogenic temperatures. For

a closed-cycle cryostat configuration, which enables continuous operation and reduced

experimental overhead, the vicinity of a running cryostat cold head inevitably introduces

vibrations.

Setups with high stability levels have been reported in quiet helium bath cryostats [35]

or with limited spatial control in closed-cycle cryostats [27]. Recently, systems with large

spatial tunability and passive stability levels at the tens of picometer level have been

reported in closed-cycle cryostats [36–39].

Figure 4.1: (a) Maximum attainable Purcell factor depending on RMS cavity length fluctuations. The black lines

show simulations for a microcavity with an around 0.8μm thin diamond membrane, achieved in Ref. [40] for

an air-like mode (mode volume 𝑉 = 9 𝜆3, cavity dispersion 𝑠 = 139MHz/pm for 637nm) and in Ref. [41] for a

diamond-like mode (mode volume 𝑉 = 4 𝜆3, cavity dispersion 𝑠 = 89MHz/pm for 637nm). The blue lines show

simulations for an around 3.7μm thin diamond membrane, achieved in Ref. [42] for an air-like mode (mode

volume 𝑉 = 55 𝜆3, cavity dispersion 𝑠 = 46MHz/pm for 619nm) and for the diamond-like case (mode volume

𝑉 = 31 𝜆3, cavity dispersion 𝑠 = 21MHz/pm for 619nm). For a cavity without the diamond membrane, the

maximum attainable Purcell factor follows approximately the air-like modes. (b) Sketch of the experimental

setup design. The microcavity is composed of a flat sample mirror and a curved microscopic mirror, fabricated

on the tip of an optical fiber. Optical access to the sample mirror side of the cavity is provided with a movable

objective. The optical cavity axis is changed by moving the cavity fiber and the outcoupling objective over the

sample mirror. The objective is kept at room temperature and thermally shielded by an aluminum cone with a

thin window for optical access. The sample mirror has embedded gold striplines, which are connected over a

support printed circuit board (PCB), to deliver microwaves close to the cavity spot.

In the following, we present a low-temperature fiber-based Fabry-Pérot microcavity

setup inside a closed-cycle cryostat, which is designed to maintain a high passive stability

level. We present the operation of the cavity together with an analysis of the passive

stability. We showcase the functionality of this tunable platform by demonstrating the
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coupling of two different diamond color centers, the tin-vacancy center and the nitrogen-

vacancy center, to the cavity at temperatures below 10K. Furthermore, we show that

the integration of microwave delivery lines into our system, to address the spin states of

cavity-enhanced nitrogen-vacancy centers, does not change the passive stability level.

4.2 Setup Design
A schematic drawing of the cavity geometry and the setup design is shown in Fig. 4.1 (b).

The microcavity is mounted in an optical cryostat (Montana Instruments HILA) with an

off-table cold head design and a base temperature of 5.6K. The cold head is a two-stage

Gifford-McMahon cryocooler, which is suspended inside a rack-mounted cooling tower

assembly, hovering above the optical table. To minimize the vibration transfer, the cold

head tower is connected over a loose bellow for vacuum and flexible braiding for cooling

to the main chamber (see photograph in Appendix Fig. 4.10).

A computer-aided design (CAD) software drawing of the cryostat baseplate with the mi-

crocavity insert is shown in Fig. 4.2 (a) and a photograph in Appendix Fig. 4.9 (a). The

baseplate is integrated into an auto-leveling floating stage acting as a low-pass filter for

mechanical vibrations with a cutoff frequency of about 1Hz. The baseplate is separated

into three parts: an outer ring, kept at room temperature to mount the objective cone. An

intermediate ring, which is connected to stage one of the cold head, reaching about 90K.

This ring is used for connecting the electrical cables and mounting the radiation shield

separating microcavity and room temperature objective. The microcavity insert is placed

on the central part, connected to stage two of the cold head, reaching the base temperature.

The cryostat chamber (photograph shown in Appendix Fig. 4.9 (b)) is constantly pumped

to a pressure in the range of 1×10−6mbar, by an integrated turbopump and a differentially

pumped outer vacuum.

The flexibility of moving the fiber over a millimeter-large range usually comes with the

drawback of lower mechanical resonance frequencies, making the positioning system

more susceptible to vibrations [43]. With a microcavity, where the fiber is placed on an

orthogonal XYZ nanopositioning stage (JPE CS021), we measure a vibration level of about

0.5nm directly on the baseplate at room temperature. A possible explanation for this is the

low mechanical resonance frequencies of the nanopositioner stack (typically on the order

of several 100Hz), which are less suppressed by the isolation system.

To improve the vibration level, a different positioning system with a high internal reso-

nance frequency is chosen. This is provided by the cryo positioning stage high resonance

(JPE CPSHR1-a) placed on a passive vibration isolator (JPE CVIP1). The cross-section

through the stage is shown in Fig. 4.2 (b). An optimized stiffness due to parallel kinematics

results in a high resonance frequency of about 4kHz along the cavity axis [44]. Three

linear actuators (JPE CLA2201) move the fiber in situ in a tripod configuration over a

range of more than 2mm laterally and 1mm along the cavity length axis, with a minimum

step size of 1nm at low temperatures. Additionally, each tripod axis is equipped with

a fine scanning piezo element, with sub-nanometer resolution. This allows continuous

cavity length detuning with frequencies up to 5kHz over a range of up to 0.5μm at low

temperatures (all specifications of the CPSHR1-a stage can be found online [44]).

We employ two different ways of mounting the fiber, displayed in Fig. 4.2 (d): directly glued

on a titanium holder or onto a shear piezo element featuring a high resonance frequency
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(Noliac CSAP02). The latter enables high-bandwidth fine control of the cavity length, al-

lowing for active cavity length stabilization [45]. In both settings, we use a two-component

epoxy (Stycast 2850FT with catalyst LV 24) to glue the fiber. To guide the cavity fiber into

the vacuum chamber, we make use of a 1/8in stainless steel tube fitting (Swagelok male

connector) with a custom-made Teflon ferrule. This ferrule has a borehole of 0.17mm to fit

the cavity fiber (Coherent FUD-4519 S630-P single-mode fiber) with a polyimide protection

coating. Furthermore, we use a 0.25mm thin polytetrafluoroethylene (PTFE) film (Reichelt

Chemietechnik), cut to pieces of approximately 5mm width and 25mm length to further

damp the fiber movement. This film connects the fiber mount and the reference frame

(not shown in Fig. 4.2, see photograph in Appendix Fig. 4.8 (a)). We see that the additional

damping by the film can improve the vibration level.

The sample mirror is mounted on top of the positioning system, separated by > 100μm

to the fiber. To ensure a good thermalization of the sample mirror to the baseplate, three

flexible links made out of highly conductive copper (Montana Instruments custom-design)

are used (not shown in the drawing, see Appendix Fig. 4.9 (a)). Each link is composed of

multiple flat braids to ensure a good thermal connection in combination with a low trans-

fer of vibrations from the baseplate to the cavity. This keeps the temperature difference

between the mirror holder and baseplate to about 0.2K. On the mirror holder, we monitor

the temperature with a temperature sensor (Lake Shore Cryotronics Cernox 1050). To

further ensure that the sample mirror reaches a low temperature, a 0.2mm thin window

(Edmond Optics Ultra-Thin N-BK7, with anti-reflection coating for 425nm to 675nm) glued

into the radiation shield is used. This considerably reduces the heat load stemming from

the black-body radiation of the room temperature objective that is about 4mm away. The

sample mirror is glued with silver conductive paint to the mirror holder, shown in Fig. 4.2 (c).

In a test cooldown, we measure the temperature directly on the center of the sample mirror

with a temperature sensor (Lake Shore Cryotronics Cernox Thin Film RTD), glued onto

it with GE low-temperature varnish. Without the window, a temperature of around 20K

on the sample mirror is measured, while a temperature of about 8K is reached with the

window. This temperature is consistent with the measured linewidth of cavity-integrated

diamond tin-vacancy centers in previous work [42].

To control the spin state of quantum emitters inside the cavity, microwaves are delivered to

the cavity spot with gold striplines, embedded into the sample mirror [46]. The striplines

are interfaced with 25μm thin standard wire bonds to a support PCB, glued onto the

cryostat insert (see Fig. 4.2 (b),(c) and Appendix Fig. 4.8 (b)). The PCB is connected with

flexible coax cables (Montana Instruments LF-5 with SMP female ends) to semi-rigid coax

cables (Montana Instruments C-20) on the baseplate, which are interfaced over a vacuum

microwave feedthrough.

Optical access to the sample mirror side of the cavity is provided by a standard objective

(Zeiss LD EC Epiplan-Neofluar, 100x magnification, 0.75 numerical aperture, 4mm work-

ing distance). The objective can be positioned in a tripod configuration with three linear

actuators (Physik Instrumente Q-545), mounted on an encircling stainless steel cone shown

in Appendix Fig. 4.9 (b).
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Figure 4.2: CAD drawing of the full setup with detailed individual parts. The drawing of the HILA cryostat in (a)

is made by Montana Instruments, and the drawings of the positioner stage in (a) and (b) and the adapter piece

in (c) are from JPE, used with permission and available under Ref. [47]. The drawing of the linear actuators in

(a) is made by Physik Instrumente, used with permission, and is available under Ref. [48]. The drawing of the

temperature sensor in (a) and (b) is made by Lakeshore, used with permission, and is available under Ref. [49]. (a)

Floating cryostat baseplate with microcavity insert inside the vacuum chamber. The front part shows the fiber,

microwave, and electrical feedthroughs. The insert is mounted on the copper-colored inner part of the baseplate,

reaching a base temperature of 5.6K. Two D-Sub 19 feedthroughs on the baseplate are used to connect the

actuators, piezo elements, and temperature sensor to the control and readout electronics. The middle ring of the

baseplate mounts the radiation shield (at about 90K), while the outer part is used for the objective cone (at room

temperature). (b) Cross-section of the microcavity insert. The fiber mount is positioned by three linear actuators

in a tripod configuration. The sample mirror is glued on a copper holder, which is directly connected with

flexible thermal links to the baseplate (not shown here, see photograph of the setup in the Appendix Fig. 4.9 (a)).

The sample mirror has a thickness of about 0.5mm, and is placed at a distance of > 100μm to the fiber, which

can be compensated by the positioning system (a detailed sketch of the full microcavity insert can be found in

Appendix Fig. 4.7). Each moving axis has an additional piezo element for fine positioning. We monitor the sample

temperature with a sensor mounted on top of the microcavity insert. Furthermore, a support PCB is glued onto

the stack to connect the mirror striplines to flexible coax cables. (c) Sample mirror on the copper holder with

an adapter piece (JPE I2-CPSHR1) connecting to the reference frame. The gold striplines embedded into the

mirror coating are connected with standard wire bonds to the support PCB. (d) Mounting of the cavity fiber: the

fiber is glued either directly on a titanium mount (left) or onto a shear piezo element for fast fine control (right).

The length of the fiber sticking out is kept as short as possible (between 100μm and 200μm) to avoid possible

resonances associated with the overhanging fiber tip [45].

4.3 Microcavity Operation
The setup is controlled via a PC and the Python 3 framework QMI [50]. We use a real-

time microcontroller (Jäger Computergesteuerte Messtechnik Adwin Pro II) for analog

voltage control of the fine piezo element offset. Cavity scans with a frequency of up to

5kHz are accomplished with a signal generator, connected to the fine piezo via a bias-T.

The signal is amplified (JPE Piezo Scanning Module) and filtered afterward with a home-

built voltage-controlled, switchable lowpass filter (cutoff frequency in the range of 30Hz).

Without filtering, we see that the noise from the amplifier can excite the resonance fre-

quencies and increase the vibration level by a factor of up to two. The driving voltage of

the linear actuators is also filtered and controlled by a high voltage amplifier (JPE Cryo Ac-

tuator Driver Module 2).

The microcavity is characterized by linewidth and length (or air length and membrane
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thickness). With these parameters, important properties like finesse, quality factor, and

mode volume can be calculated, and the sensitivity to vibrations can be determined. To

measure the linewidth, we probe the cavity in transmission with two resonant lasers

(Newfocus Velocity TLB-6300-LN and Toptica DL Pro), which are frequency-stabilized to a

reference wavemeter (High FinesseWS-U). The cavity transmission signal is measured with

a free-space photodiode (Thorlabs APD130A2). In Fig. 4.3 (a) we scan the cavity resonance

over the two laser frequencies by applying a voltage to one of the fine piezo elements,

moving the fiber. The difference in laser frequency is used to transform the scanning

voltage into a change in cavity resonance frequency and to fit the two transmission peaks

in the frequency domain. The use of two lasers with an arbitrary detuning allows the

determination of a narrow, but also broader (> 10GHz) cavity linewidth. This contrasts

the use of a single laser with sidebands imprinted by an electrooptic phase modulator [33],

in which case the range is limited by the frequency spacing of sidebands. To determine

the cavity length, we probe the cavity in transmission with a supercontinuum white light

source (NKT Photonics SC-450-2), filtered to 600nm to 700nm, which fully covers the cavity

stopband (Fig. 4.3 (b)). The transmission signal is sent to a fiber-coupled spectrometer

(Princeton Instruments SP-2500i). The cavity acts as a spectral filter, where fundamental

modes appear as bright peaks in transmission. These modes are spaced by the free spectral

range, which is directly related to the cavity length.

During cooling to the base temperature, the microcavity insert shrinks in height by about

550μm (measured by the difference in the focal position of the objective), and the cavity

length is reduced by about 50μm.

Imaging through the objective with an LED and camera provides accurate observation of

the cavity fiber position and the sample. The high magnification of the objective makes it

possible to move the fiber with micrometer precision laterally over the sample mirror.

The cavity length stability, as a crucial system parameter, needs to be studied for different

system configurations. For a given cavity length, the measured spectral cavity linewidth

can be translated into a spatial linewidth, which allows direct measurement of the cavity

length fluctuations. We use the same method as used in earlier work [33], where the cavity

transmission signal is recorded and mapped to a change in cavity lengths (Fig. 4.3 (c)).

The length is monitored with the cavity transmission signal, measured on a photodiode

(50MHz bandwidth) over a time of 10s. This time trace is used to calculate the RMS vibra-

tions, and a Fourier transform gives insights into the corresponding mechanical resonance

frequencies. The cavity is operated in the low Finesse regime (1000 to 4000 ) to make

sure that the transmission signal is fully caught on one half of the Lorentzian linewidth.

Overshooting would lead to an underestimated cavity vibration level. To avoid this, we

make sure that all points of the acquired length displacement trace follow an approximate

Gaussian distribution (inset in Fig. 4.3 (c)).
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Figure 4.3: Characterizing the microcavity properties and the vibration level. (a) Cavity linewidth measurement

with two detuned resonant lasers. The cavity transmission is probed by applying a voltage to one of the fine

piezo elements to scan the cavity length (scan frequency of 2.33kHz). (b) Cavity length measurement by probing

the transmission of a broadband supercontinuum white light source. The visible fundamental modes directly

determine the free spectral range and the cavity length. (c) Exemplary cavity vibration measurement: the cavity

transmission signal (center panel) is mapped on half of the Lorentzian cavity resonance (left panel). The spatial

linewidth of the cavity allows for translating the transmission signal into a change in length. The right panel

shows a histogram of the transmission for the full measurement (10s). The insert shows the corresponding

distribution of the cavity length values.

4.4 Performance of System at Low Temperatures
At ambient temperature under vacuum of typically 1×10−6mbar, we measure a vibration

level less than 4pm. At low temperatures, we see an increase to about 25pm. This level is

consistently reached for several setup configurations, including different fiber and sample

mounting and the integrated electronics for applying microwaves. Figure 4.4 (a) shows the

integrated noise spectrum of the measured length fluctuations, and Fig. 4.4 (b) an individual

frequency spectrum. The length fluctuations show a small low-frequency contribution,

which we attribute to the cold head cycle of the cryostat, running with a speed of about

1.4Hz (settings: 25Hz compressor and 70Hz cold head). For all configurations, the spec-

trum shows a jump between 2kHz and 4kHz, which fits the first resonance of the fiber

positioning system along the cavity axis. Most configurations show an almost flat spectrum

for frequencies higher than 5kHz.

Another measure of the vibration level is a resonant laser scan over the cavity transmission,

shown in Fig. 4.4 (c). The cavity is probed with a resonant 637nm laser from the fiber

side and the transmission signal is recorded with a fiber-coupled single photon detector

(Laser Components COUNT-10C-FC). With the cavity length, we determine a dispersion

of 20MHz/pm. In the previous measurement in Fig. 4.3 (a) the linewidth is measured

by scanning the cavity with a high scan speed to ’freeze’ the vibrations, revealing the

intrinsic cavity linewidth (shown in Fig. 4.3 (a)). In contrast, the cavity is at a fixed length
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in Fig. 4.4 (c), but the resonant laser frequency is swept to measure the linewidth. The data

is fitted with a Voigt profile with a fixed Lorentzian part set to the intrinsic cavity linewidth.

Vibrations lead to a Gaussian broadening, which can be transformed into an RMS vibration

level with the dispersion relation. For the scans shown in Fig. 4.4 (c), we measure a vibration

level of (25.1±1.1)pm, which is close to the 22pm measured in Fig. 4.4 (a).

We want to emphasize that the low vibration level is reproducibly reached for different

configurations, in which the fiber or sample mounting is changed. Furthermore, it is also

independent of the additional integration of microwave cables, a support PCB, and wire

bonds to the sample mirror. The microcavity insert was reassembled in between different

configurations, and thermally cycled for more than 50 times over two years without a

degradation in performance. We do not see a vibration dependence on the exact wiring of

cables used to connect the piezo elements or the microwave wires. Moreover, the vibration

level did not change after exchanging the cold head.

In addition to vibrations > 1Hz, the cavity can show drifts on longer timescales. When

operated with higher incident laser power (> 1μW) or microwave power (> 25dBm mea-

sured before the input of the cryostat, see next section for the transmission losses), cavity

length drifts of more than one linewidth can be observed. However, after some time (order

of minutes), the drifts reduce to a new equilibrium.

The closed-cycle operation of the cryostat allows to operate the cavity at a constant tem-

perature (cryostat temperature stability < 25mK) and to maintain the exact cavity spot

for a longer time. In previous work [42], measurements with the same cavity-coupled

diamond tin-vacancy center were conducted for more than two months with preserved

cavity parameters.

Figure 4.4: System performance at low temperatures for different setup configurations. (a) A comparable vibration

level is reached for different settings: for the first three configurations, the fiber is mounted on a shear piezo

element (right side of Fig. 2 (d)), while configuration four is without (left side of Fig. 2 (d)). All configurations use

different cavity fibers and sample mirrors; configuration two was used in previous work with diamond tin-vacancy

centers [42]. The extended PCB for microwave control in configuration four does not influence the vibration

level. (b) Resonance spectrum of configuration four, revealing a typical resonance at 1.4Hz corresponding to

the cold head cycle and resonances up to 5kHz attributed to the fiber positioning system. (c) Resonant cavity

transmission scan for configuration four. The cavity is probed with a scan speed of about 10GHz/s. The data is

fitted with a Voigt profile, in which the Lorentzian part is fixed to the cavity linewidth. The Gaussian component

can be used to calculate the vibration level. The inset shows 15 consecutive scans.
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The same microcavity insert (JPE CVIP 1 with CPSHR1-a) was operated in earlier

work [33] in a standard optical cryostation (Montana Instruments C2). Thanks to the

similarity in setup design, it is instructive to compare both performances, see Fig. 4.5. The

much better vibration isolation of the HILA leads to an almost six times improved RMS

vibration level and a much smaller dependence on the cryostat cycle.

There are several further improvements of the vibration level possible: the damping with

the PTFE film as explained in Section 4.2 can be optimized. Furthermore, the stability

of the system would benefit from an increased mechanical resonance frequency of the

positioning system, which can be achieved by further engineering. For example, a higher

resonance frequency might be achievable by removing the fine piezo element and losing

the ability for precise positioning and scanning of the fiber. Along the cavity axis, this could

be compensated by using the shear piezo element with a scanning range of about 300nm

at low temperatures. Another possibility would be to increase the temperature of the

positioning system. At room temperature, under vacuum, and with a running cold head, we

observe a much better vibration level. An explanation could be that temperature-dependent

material properties lead to an increased vibration level at low temperatures. Thus, putting

the fiber positioning system at a higher temperature (for example, on stage one of the cold

head at 90K) might further improve the stability.

Furthermore, if it is compatible with the sample, it might be beneficial to operate the fiber

in contact with the sample mirror. In a similar setup with a fiber-based microcavity in a

closed-cycle cryostat [38], this resulted in a vibration level improved by a factor of six.

So far, we have only discussed the passive stability of the system. Most mechanical

resonance frequencies are present below 10kHz, which makes active length stabilization

appealing. The use of a high bandwidth piezo element in a similar system enabled a locking

bandwidth of 44kHz [45], which would be sufficient to compensate for the resonance

frequencies present in our system. Active stabilization would require some experimental

overhead, like an additional laser and a broad (or second) cavity stopband, to find a cavity

resonance that can be used to generate the error signal. This is especially challenging for

a short cavity with a large free spectral range. Furthermore, the locking laser could lead

to stimulated emission of the cavity-coupled emitters [51]. To avoid this, a second cavity

formed by an additional fiber dimple can be utilized for active length stabilization [52].
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Figure 4.5: Comparison of vibration level achieved in configuration four with the HILA cryostat (light blue)

versus the C2 optical cryostation (grey), used in an earlier experiment [33]. (a) Integrated noise spectra show that

the mechanical resonance frequencies of the positioning system are excited in both cryostats, although at a much

lower level in the HILA. Frequencies larger than 5kHz are almost completely suppressed in the HILA. (b) RMS

vibration level scaled to the time fraction of the cryostat cycle (about 0.7s for the HILA and 1.2s for the C2). The

HILA shows a much smaller susceptibility to ’kicks’ within the cold head cycle.

4.5 Cavity-coupled Diamond Color Centers withMi-
crowave Control

We showcase the versatility of our platform by coupling two types of diamond color centers

to the cavity, namely tin-vacancy (SnV) and nitrogen-vacancy (NV) centers, shown in

Fig. 4.6 (a) and (b), respectively. The SnV sample is a 70x 70μm2
square diamond device

with a thickness of about 2.2μm bonded to the sample mirror via Van der Waals force [40].

SnV centers are created by ion implantation in the range of the first intracavity electric

field antinode. The NV sample is a 2x2mm2
and about 50μm thick diamond membrane,

with a central part thinned down to a thickness of about 5.8μm, used in earlier work [33].

NV centers are created by electron irradiation and annealing [29]. The cavity spot shown

in the inset of Fig. 4.6 (b) is formed in the thinned-down region.

To demonstrate that diamond color centers are coupled to the cavity at low temperature,

we use off-resonant 515nm excitation light (Hübner Photonics Cobolt MLD515) sent into

the cavity via the fiber. The detection signal is collected from the sample mirror side

by collimating the Gaussian beam leaving the cavity with the objective. The detection

is filtered with a 600nm longpass filter and measured with a spectrometer. The cavity

resonance frequency is tuned around the emitter zero-phonon line by scanning the volt-

age of the three fine piezo elements. Once the cavity becomes resonant with an emitter,

enhanced photoluminescence at that frequency is observed. An individual emitter can

then be selectively coupled to the cavity by adjusting the fine piezo element voltage to the

corresponding resonance frequency.

An essential capability for quantum information applications is qubit control, which can
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be efficiently achieved through driving the corresponding spin states with microwaves. To

deliver microwaves close to the cavity spot, 65nm thin gold striplines are partly embedded

into the sample mirror with nano-fabrication methods [46]. The striplines are connected

as described in Section 4.2. With a vector network analyzer, we measure around 6.5dB

transmission loss including the PCB at a frequency of 2.88GHz. The total cryostat trans-

mission losses add up to about 25dB due to several cable connections. To demonstrate

the ability to address the spin states of the NV center, we measure an optically detected

magnetic resonance (ODMR) spectrum without and with a static magnetic field, shown

in Fig. 4.6 (c) and (d). The NV centers are excited with off-resonant green light sent in

via the cavity fiber. Cavity-enhanced zero-phonon light is detected from the free space

side with a single photon detector. This light is filtered with a 600nm longpass filter, a

(640±5)nm bandpass filter and an angle-tunable etalon filter (LightMachinery custom coat-

ing, full width at half maximum ≈ 100GHz). The cavity is kept on resonance during the

ODMR measurement by interleaved probing of the cavity transmission with a reference

laser and a voltage feedback on the fine piezo element. An external magnetic field is pro-

vided by a neodymium disc magnet (Supermagnete S-70-35-N), which is mounted on top of

the cryostat vacuum chamber lid. Microwaves are delivered by a single-sideband modulated

vector signal generator (Rohde & Schwarz SMBV100A) with an output power of −5dBm

(−3dBm for the higher-frequency transition), which is amplified by 35dB (MiniCiruits ZVE-

6W-83+). A reduction in NV photoluminescence is observed when the microwave driving

is on resonance with one of the ground-state spin transitions.
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Figure 4.6: Platform versatility and microwave spin addressing. The insets of (a) and (b) show an about 50x50μm2

large section. (a) Cavity-coupled SnV centers under off-resonant excitation. The cavity mode (faint straight line)

is scanned over the 619nm and 620nm zero-phonon line transitions of several SnV centers within the mode

volume, which appear as bright spots. The inset shows the diamond device hosting the color centers bonded to

the sample mirror. The position of the cavity on the sample is indicated by the bright laser spot, stemming from a

green laser for which the cavity is mostly transparent. (b) Cavity-coupled NV centers. Under green excitation,

the NV center is mostly initialized into the spin ground state. When the cavity becomes resonant, it enhances

the 𝐸𝑥 or 𝐸𝑦 zero-phonon line transitions. The inset shows the thinned-down diamond membrane bonded to

the sample mirror and the approximately 30μm distant gold stripline. The nonlinearity in the cavity resonance

in (a) and (b) stems from a small cavity length drift during the data acquisition. (c) ODMR measurement of a

cavity-coupled NV center without an applied magnetic field. The NV zero field splitting around 2.87GHz can

be observed as a resonance. The splitting of 8MHz can originate from a residual magnetic field or a strongly

coupled carbon nuclear spin in the vicinity of the NV center. (d) ODMR measurement of a cavity-coupled NV

center with an external static magnetic field. In the presence of the magnetic field, the two resonances associated

with the NV electron spin are separated by the Zeeman splitting 2𝛾𝑒𝐵𝑧 , with the NV electron spin gyromagnetic

ratio 𝛾𝑒 and the magnetic field 𝐵𝑧 . The splitting of 201MHz corresponds to 𝐵𝑧 ≈ 36G. The lower contrast for

the high-frequency transition is caused by increased microwave losses at this frequency. Note that the ODMR

measurements were acquired at a cavity spot around 20μm distant to the stripline, which is a different spot than

shown in (b). All measurements are performed at a sample temperature of about 8K.
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4.6 Conclusion
We present the design, assembly, and operation of a fiber-based microcavity platform

with high passive stability and demonstrate the cavity coupling of diamond color centers

together with the ability to address the spin of cavity-coupled NV centers with microwaves.

The key elements for achieving high passive stability are the combination of a low-noise

cryostat with incorporated vibration suppression and a positioning system with a high

mechanical resonance frequency. The resulting separation of noise frequencies and the

positioning system resonance frequencies leads to the high cavity length stability. Our

system shows robustness and reproducibility over many thermal cycles with varied setup

configurations. Moreover, the passive stability seems to be independent of experimental

imperfections such as the exact wiring of cables or the tightness of screws. The vibrations

in our system are mainly caused by the cold head, and we do not observe any influences

on the vibration level of other external sources, like acoustic noise.

With improvements such as demonstrated by a related system [38] or by active cavity

length stabilization [53], it might be possible to further reduce the vibration level. A stability

improvement by another order of magnitude would render the effect of the vibrations on

the maximum attainable Purcell factor almost negligible.

Notably, all parts for achieving the high passive vibration level, such as the floating baseplate

cryostat and the fiber positioning system, are commercial.

For the estimated values for diamond color centers in Fig. 4.1 (a), the achieved passive

stability would allow for an air-like Purcell factor up to about 25, with even higher values

possible for a diamond-like cavity, in conjunction with good collection efficiency. With the

integration of microwaves for full qubit control, this system provides a promising platform

for testing and utilizing efficient qubit-photon interfaces.
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4.8 Appendix
4.8.1 Derivation of the Maximum Attainable Purcell Factor
The Purcell factor is defined as [55]

𝐹𝑃 =
3

4𝜋2 (

𝑐

𝑛𝜈)

3 𝑄

𝑉
, (4.2)

with the cavity resonance frequency 𝜈, refractive index 𝑛, cavity quality factor 𝑄, cavity

mode volume 𝑉 , refractive index of diamond 𝑛 and the speed of light 𝑐.

The spectral overlap of an emitter with a linewidth much smaller than the cavity

linewidth is given by [32]

𝜉𝑠(Δ𝜈) =
1

1+
4𝑄2

𝜈2
Δ𝜈2

, (4.3)

with the cavity resonance frequency 𝜈 and the emitter-cavity detuning Δ𝜈.

The cavity frequency fluctuations can be modeled by a Gaussian distribution, where

the probability density function reads [33]

𝑓 (Δ𝜈) =
1

√
2𝜋𝜎2

𝜈

𝑒
−Δ𝜈2/2𝜎2𝜈 , (4.4)

with the RMS value of the cavity frequency fluctuations 𝜎𝜈 = 𝑠𝜎, where 𝑠 is the cavity

mode dispersion slope and 𝜎 the RMS cavity length fluctuations.

For an emitter on cavity resonance, the effective vibration-averaged Purcell factor can

be calculated with

https://www.doi.org/10.4121/451152e2-a4d4-4e42-96e0-4147afb1e45c
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𝐹𝑃,𝑣𝑖𝑏 = 𝐹𝑃 ∫

∞

−∞

𝑑(Δ𝜈)𝜉𝑠(Δ𝜈)𝑓 (Δ𝜈). (4.5)

For a given cavity geometry, which determines the cavity mode volume 𝑉 and the

cavity mode dispersion slope 𝑠, the maximum attainable Purcell factor follows as

𝐹𝑃,𝑚𝑎𝑥 = max
𝑄>0

𝐹𝑃,𝑣𝑖𝑏 =
3

4𝜋2 (

𝑐

𝑛𝜈)

3 1

𝑉

√
𝜋

2(𝑠𝜎)2

𝜈

2
. (4.6)

To obtain equation (4.6) we make use of

∫

∞

−∞

𝑑𝑥
𝑒−𝑥

2/𝐵

1+𝐴𝑥2
=
𝜋𝑒1/𝐴𝐵erfc(1/

√
𝐴𝐵)

√
𝐴

, (4.7)

with 𝐴 > 0, 𝐵 > 0 and the complementary error function erfc(𝑥) = 1− erf(𝑥) as well as

max
𝑥>0 (

𝑒
1/𝑥2

erfc(1/𝑥)
)
= 1. (4.8)
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4.8.2 Cavity Fiber Positioning System
Fig. 4.7 shows a sketch of the full microcavity insert, which is presented in the main text as

a rendered CAD drawing in Fig. 4.2 (b).

Figure 4.7: Sketch of the microcavity insert. Three linear actuators (JPE CLA2201) position the cavity fiber in

front of the sample mirror: moving all three actuators simultaneously changes the cavity length in axial direction,

while a single actuator movement changes the lateral position (together with a small change in the fiber angle).

Each axis can additionally be controlled with a fine scanning piezo, which is clamped between the fiber platform

and the linear actuators. Optionally, the fiber can be glued on a shear piezo for axial cavity length control. A

passive vibration isolator (JPE CVIP1) is placed underneath the positioning system (JPE CPSHR1-a).

4.8.3 Photographs of the Setup
Photographs of individual parts of the setup and the cryostat can be found in Fig. 4.8 to

Fig. 4.10.
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Figure 4.8: Photograph of the fiber and sample mounting. (a) The lower half of the cavity: cavity fiber glued to

the shear piezo element for fast cavity length control. A 0.25mm thin PTFE film is used to introduce additional

damping, which can improve the passive stability. The platform with the fiber mount is moved in situ by the

positioning system. (b) The upper half of the cavity: the sample mirror with embedded microwave stripline and a

partially thinned-down diamond membrane. A support PCB is glued to the mirror holder adapter to connect the

microwave lines via wire bonds.
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Figure 4.9: Photograph of the microcavity insert and the enclosing objective cone. (a) The insert is placed on

the 5.6K platform of the cryostat baseplate. Three thermal links ensure a good thermalization of the mirror

holder to the baseplate. The temperature reached on top of the stack is monitored with a temperature sensor. The

microwave lines of the PCB are connected with flexible coax cables to the baseplate to minimize the transfer of

vibrations. On the baseplate, microwaves are guided by rigid cables to the vacuum feedthrough. (b) The insert is

enclosed by a radiation shield and a stainless steel cone mounting the objective with linear actuators in a tripod

setting. The radiation shield is made of a lower cone and an upper cylinder with an opening fitting the objective.

The upper part is screwed into the lower part. The cone and objective are at room temperature inside the cryostat

vacuum chamber.
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Figure 4.10: Photograph of the HILA cryostat vacuum chamber with the off-table cold head inside the tower

assembly, mounted by a rack next to the optical table. Both stages of the cold head are connected over flexible

thermal links with the floating baseplate inside the vacuum chamber.
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5
Laser-cut Patterned,

Micrometer-thin Diamond
Membranes with Coherent

Color Centers for Open
Microcavities

Y. Herrmann*, J. M. Brevoord*, J. Fischer*, S. Scheijen, N. Codreanu,
L .G. C. Wienhoven, Y. M. Q. van der Graaf, C. F. J. Wolfs, R. Méjard,

M. Ruf, N. de Jong and R. Hanson.

Micrometer-scale thin diamond devices are key components for various quantum sensing and
networking experiments, including the integration of color centers into optical microcavities.
In this work, we introduce a laser-cutting method for patterning microdevices from millimeter-
sized diamond membranes. The method can be used to fabricate devices with micrometer
thicknesses and edge lengths of typically 10 µm to 100 µm. We compare this method with an
established nanofabrication process based on electron-beam lithography, a two-step transfer
pattern utilizing a silicon nitride hard mask material, and reactive ion etching. Microdevices
fabricated using both methods are bonded to a cavity Bragg mirror and characterized using
scanning cavity microscopy. We record two-dimensional cavity finesse maps over the devices,
revealing insights about the variation in diamond thickness, surface quality, and strain. The
scans demonstrate that devices fabricated by laser-cutting exhibit similar properties to devices
obtained by the conventional method. Finally, we show that the devices host optically coherent
tin- and nitrogen-vacancy centers suitable for applications in quantum networking.

The results of this chapter have been published in Materials for Quantum Technology 5, 035001 (2025).

https://doi.org/10.1088/2633-4356/adfa5a
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5.1 Introduction
Single-crystal (sub) micrometer-thin diamond samples hosting coherent color centers are

relevant for several quantum technology applications spanning from quantum networking

to sensing. In quantum networking, such platforms can be used to engineer the photonic

environment of color centers for enhanced photon collection [1–4]. This includes photonic

crystal cavities, fabricated directly into the diamond [5–8] and thinned-down membranes,

coated from both sides with a dielectric layer, which can function as an optical antenna [9].

Furthermore, such platforms can be incorporated into open microcavities [10–12] and they

facilitate the manufacturing of heterogeneous photonic structures such as solid immersion

lenses [13], nanophotonic resonators [14, 15] or plasmonic nanogap cavities [16].

In quantum sensing, chemically inert and biocompatible, thin diamond samples can

bring color centers near other materials, while still providing optical access. This can be

used in sensing of living cells [15], wide-field microscopy of electrical currents [17], or

magnetic fields [18–22].

In this work, our main focus is on the fabrication of diamond microdevices for open

microcavities to Purcell-enhance color centers hosted inside the device. While pioneering

work made use of color centers in nanodiamonds [23–25], a micrometer-thin diamond

sample is beneficial to maintain good optical coherence, especially in the case of nitrogen-

vacancy centers [26, 27]. Such diamond samples have been used to couple nitrogen-vacancy

and group-IV vacancy centers to open microcavities [28–31]. The coupling of color centers

to the cavity is quantified by the Purcell factor, which is proportional to 𝑄/𝑉 , where

𝑄 denotes the cavity quality factor and 𝑉 is the cavity mode volume. To demonstrate

significant Purcell enhancement of color centers, the following microdevice properties

must be taken into consideration: (1) A thickness of a few micrometers (or less) is desired

to minimize the cavity mode volume. (2) A smooth surface (roughness 𝑅𝑞 ⪅ 1nm) is needed

to maintain a high cavity quality factor (finesse). (3) Large lateral dimensions (tens of

micrometers) with a small wedge are beneficial to provide an area to probe several cavity

spots (cavity beam waist is on the order of a micrometer). (4) Bonding to a cavity Bragg

mirror at a micrometer distance to a stripline for delivering microwaves [32] or static

electric fields [33] is necessary. (5) The sample should contain color centers with good

optical properties for quantum science and technology applications. While these criteria

are relevant for the microcavity platform, they are also relevant to most of the applications

mentioned.

Several fabrication methods have been developed to realize (sub) micrometer-thin diamond

samples. These include the fabrication methods listed in the following: smart cut makes

use of the implantation of light ions (like carbon [34] or helium [35]) to produce a sacrificial

layer of amorphous carbon, which can be removed electrochemically [6, 36]. Additional

overgrowth is necessary for a high crystalline quality thin film diamond released from the

sacrificial layer [37]. In a diamond-on-insulator approach, a thin diamond membrane is

bonded to a host (e.g. silicon) substrate and subsequently thinned down to the required

thickness [5, 7, 38–40]. Furthermore, ∼ 50μm diamond microdevices can be patterned in

a one-step (e.g. with a hydrogen silsesquioxane (HSQ) mask [41]) or two-step pattern

* Equally contributed authors.

The authors Y. H., J. M. B., J. F., C. S., M. R., N. d. J., and R. H. filed a patent for the method of laser-cutting device

fabrication used in this chapter.
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transfer process (e.g. with a silicon nitride (SixNy) hard mask [42]) and thinned down

by dry etching and a heterogeneously integrated mask (e.g. a fused quartz mask [43]).

Alternatively, such diamond membranes can be first bonded to the cavity mirror and then

thinned downwith a fused quartz [26] or diamond [44] mask. Other methods start from bulk

diamond and use an undercutting process (via angled plasma etching [45] or quasi-isotropic

plasma etching [46]). Moreover, the production of free-standing diamond nanoslabs with a

Chromium protection mask and dry etching has been demonstrated [47]. These fabrication

methods are typically complex, labor-intensive, and necessitate additional equipment for

the pattern transfer, lithography tools, and deposition tools to define microstructures in

lateral dimensions.

In this work, we present a fabrication method for patterning microdevices of different

sizes and shapes using laser-cutting to engrave ∼ 50μm thick diamond membranes. This

approach utilizes only two fabrication tools (a femtosecond pulsed laser writer and a reactive

ion etcher), significantly simplifying the process, reducing its duration, and increasing

accessibility. The method allows to achieve feature sizes of approximately 3 μm, limited by

the laser spot size. We compare this new fabrication method with an already established

method of patterning the diamond membrane with electron-beam lithography (EBL) based

on two-step patterning: the desired design is EBL patterned into a resist, followed by a

reactive ion etch (RIE) to transfer the pattern into a hard mask material. Next, the hard mask

pattern is transferred into the diamond membrane via RIE [42]. Diamond microdevices

obtained from both fabrication methods are then subsequently bonded to a cavity Bragg

sample mirror, equipped with striplines for microwave delivery, see Fig. 5.1 (a) and (b). To

demonstrate that the laser-cut microdevices are suitable for microcavity applications, we

characterize the microdevices by scanning cavity microscopy (SCM) [48–50], see Fig. 5.1 (d).

This demonstrates that both methods lead to microdevices with comparable cavity quality

factors (cavity finesses). Furthermore, we study the optical properties of negatively charged

tin-vacancy (SnV) and negatively charged nitrogen-vacancy (NV) centers embedded in

diamond microdevices at low temperatures. Both methods result in devices suitable for

microcavity applications in quantum networking.

5.2 Fabrication of Diamond Microdevices
The two fabrication methods are compared and described in detail in the following. The

process flow of both methods can be divided into five steps: sample preparation, patterning,

color center creation, device release etch, and bonding. Specifically, the two methods

majorly differ in the patterning fabrication step, where the method presented here foresees

a design pattern transfer via laser-cutting. In contrast, the conventional fabrication method

foresees a two-step transfer pattern based on EBL. The laser-cut method with SnV center

creation is schematically summarized in Fig. 5.1 (c). The conventional EBL-based fabrication

method is detailed in [42]. Detailed fabrication steps and parameters can be found in the

Appendix Tab. 5.1.

5.2.1 Sample Preparation
For both methods, we follow the sample preparation step outlined in Ref. [26]. We start

with commercially available single-crystal, electronic-grade bulk diamonds, measuring
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Figure 5.1: False-colored (cyan) scanning electron microscope (SEM) images of diamond microdevices obtained by

laser-cutting (device originated from a parent diamond membrane named: Vincent Vega) in (a) and electron-beam

lithography, and dry etching with a silicon nitride hard mask (Pai Mei) in (b). The devices are bonded to the cavity

mirror. A gold stripline (yellow false-colored) can be used for microwave delivery. (c) Process flow to fabricate

laser-cut diamond microdevices with tin-vacancy centers bonded to the cavity mirror. PVA: polyvinyl alcohol,

ICP-RIE: inductively coupled plasma reactive ion etching. (d) Schematic of the scanning cavity microscope. The

cavity is optically probed from the fiber side, and the transmission is detected. The sample mirror with the bonded

diamond microdevices is scanned laterally in front of the fiber.

(2 × 2)mm2
and 0.5mm in thickness with a face-orientation of ⟨100⟩, grown by chemical

vapor deposition. The diamonds are laser-sliced into three ∼ 50μm thick membranes and

polished on both sides (Almax Easylab). The roughness of the polished surface is typically

𝑅𝑞 < 1nm. Before patterning, the membranes are cleaned by fuming nitric acid (65 %) at

room temperature (step (1) in Fig. 5.1 (c)).

5.2.2 Patterning
Patterns of arbitrary microdevice designs are transferred into the ∼ 50μm thick diamond

membrane via the two methods by selectively removing diamond material. In the case

of the laser-cutting method, the diamond membrane is coated with a polyvinyl alcohol

(PVA) mask using standard PVA-based hairspray (step (2)). Next, approximately 10 µm to

15 µm deep trenches are created with a femtosecond-pulsed laser (Lasertec), transferring

an arbitrary design into the diamond membrane (step (3)) [51]. After patterning, the PVA

mask is removed via an ultrasonic bath in de-ionized (DI) water (H2O) and acetone for

10min each at room temperature (step (4)), followed by inorganic wet cleaning in a Piranha

mixture (ratio 3:1 of H2SO4 (95 %) : H2O2 (31 %)) at 80
◦
C for 20min. In the next step, the

surface is treated with a strain relief etch for cleaning and to remove the residual polishing-

induced strain from the membrane surface (step (5)) [41]. The membrane is mounted with

PMMA495 A4 on a fused quartz carrier wafer and etched with inductively coupled plasma

reactive ion etching (ICP/RIE) for 35min in Ar/Cl2 plasma chemistry, followed by 7min

etch in O2 plasma chemistry (Oxford Instruments, Plasmalab System 100). This removes

∼ 1.4μm and ∼ 2.1μm, respectively, of diamond material from the surface. Alternatively,

the strain relief etch can also be performed with a cyclic Ar/Cl2 and O2 recipe to improve



5.2 Fabrication of Diamond Microdevices

5

81

surface roughness, as demonstrated in Ref. [44].

The EBL method starts with processing the diamond membrane with a strain relief etch as

described above (with different etching times). After the color center creation (described

below), a ∼ 320nm thin SixNy layer hard mask material is deposited on the top diamond

surface by plasma-enhanced chemical vapor deposition (PECVD, Oxford Instruments

Plasmalab 80 Plus). Next, CSAR-13 (AR-P 6200.13) positive tone resist is spin-coated,

followed by the spin coating of Electra 92 (AR-PC 5090) conductive polymer to prevent

charging effects during EBL exposure (Raith EPBG-5200). Before the development step,

the Electra 92 is removed in deionized water and blow-dried with nitrogen. The resist is

then developed by immersing the sample for 1min in pentyl acetate, 5 s in ortho-xylene,

1min in isopropyl alcohol (IPA), and blow-drying with nitrogen. The pattern is transferred

into the SixNy hard mask layer via ICP/RIE (Adixen AMS 100 I-speeder) in a CHF3/O2

based plasma chemistry [52]. The resist is removed in a two-fold step: first, a coarse resist

removal is executed by immersing the sample in a PRS 3000 positive resist stripper solution,

followed by a second fine resist removal in a Piranha mixture clean, which is executed

two times. Next, the pattern is transferred from the SixNy hard mask into the diamond

membrane by ICP/RIE with an O2 plasma (Oxford Instruments, Plasmalab System 100),

resulting in a trench depth of around 6 µm to 10 µm. The SixNy hard mask is then removed

by wet inorganic etch in hydrofluoric (HF) acid (40 %) for 15min at room temperature.

The patterning step in the EBL method accounts for at least half of the total processing

time, which can be saved with the laser-cutting method, especially when outsourced.

5.2.3 Color Center Creation
SnV centers are created in the diamond membrane by ion implantation of tin (

120Sn) at

an implantation energy of 350 keV and a dose of 3×1010 ions/cm2
under an implantation

angle of 7
◦
(step (6)). The desired implantation energy is determined using Stopping Range

of Ions in Matter (SRIM) simulations [53], resulting in an implantation depth of ∼ 90nm

(straggle of ∼ 17nm), and the implantation angle is adopted to prevent ion channeling

effects. For laser-cut samples, ion implantation is performed after patterning and strain

relief etch. For EBL samples, the ion implantation is performed after the strain relief etch,

but before the patterning step.

For the generation of NV centers with high optical coherence, we employ electron irra-

diation with minimal crystal damage to generate NV centers from the native nitrogen

concentration [26, 33, 54]. We irradiate and anneal the bulk diamonds before laser-slicing

into membranes, but this step can also be performed later in the process. Irradiation is

realized at the Reactor Institute in Delft with an electron-beam acceleration energy of

2MeV and a dose of 4×1013 e−/cm2
. The energy leads to penetration of electrons through

the full diamond (for both substrates used in this study, the 0.5mm thick bulk and ∼ 50μm

membranes). This results in lattice vacancies formed over the full thickness extent of the

diamond substrates.

After the implantation and the irradiation steps, the diamond substrates are processed

with a tri-acid clean (mixture of 1:1:1 ratio of H2SO4(97 %):HNO3(65 %):HClO4(60 %)) at

120
◦
C for one hour. To enable vacancy migration and to activate color centers, as well as

to remove defects (such as divacancies from the lattice), the samples are high-temperature

annealed (at a pressure of ∼ 1×10−6mbar) with a temperature of up to 1100
◦
C (step (7)),
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followed by a tri-acid clean to remove any created graphite during the annealing step. We

use the same annealing recipe as presented in former work [26]. Both ways to create color

centers (implantation and electron irradiation) are compatible with the two demonstrated

fabrication methods.

5.2.4 Device Release Etch
To release the structures, the membrane with the patterned side facing down is placed

on a fused quartz wafer. A 0.5mm thick fused quartz mask with a 1.4mm rectangular

central opening and angled sidewalls (30
◦
) is positioned and aligned on top of the back

surface of the diamond membrane [26]. The mask allows the etching plasma to access the

back surface of the diamond membrane over the entire opening area, whereas areas of the

membrane covered yield a supporting diamond frame. The center part of the membrane is

etched with an ICP/RIE process (Oxford Instruments, Plasmalab System 100) composed

of Ar/Cl2 for 45min for cleaning and smoothening the surface, followed by consecutive

multiple rounds of O2 plasma deep etching (step (8), depending on the diamond membrane

thickness). Between etching rounds, the membrane is inspected under an optical light

microscope to assess the progressing thickness and verify the release of the microdevices,

connected to the parent membrane by a small tether by design. The device release etch

step is concluded when the target thickness is reached.

5.2.5 Bonding
Prior to the diamond microdevice bonding to the cavity sample mirrors [12], microwave

striplines can be fabricated on top of the mirrors. These are produced by an EBL and lift-off

fabrication process, resulting in 5 nm titanium and 75 nm thick, 50 µm wide gold striplines.

A wet inorganic Piranha clean concludes the microwave stripline fabrication, improving

the bonding quality of the diamond microdevices. The stripline fabrication process does

not reduce the cavity mirror reflectivity, as demonstrated in Ref. [32].

The bonding is performed by a four-degrees-of-freedom, piezo micromanipulator (Im-

ina Technologies SA, miBots), used to controllably break the tether and release the dia-

mond microdevices from the parent membrane (shown in Appendix Fig. 5.7 (a), see also

Supplementary Video 1, which can be found on Ref. [55]). As a result, the microdevices

land on the cavity mirror, aligned and positioned under the parent diamond membrane

such that proximity to the microwave striplines is ensured (step (9)). The micromanipulator

is equipped with a 0.6 µm fine tungsten needle (Ted Pella, Ultrafine Tungsten Manipulator

Probe). To increase the probability of obtaining well-bonded devices, the surface of the

cavity mirror can be activated for 30min inside an Ozone chamber (BioForce Nanosciences

UV/Ozone ProCleaner), which removes organic contamination on the molecular level. In

addition, the overall parent diamond membrane with the released microdevices can be

cleaned in HF (40 %) at room temperature. A well-bonded device exhibits a color matching

with the mirror surface and does not show any interference patterns. Furthermore, these

devices do not move when a lateral force with the micromanipulator tip is applied. Bonded

microdevices from both fabrication methods are shown in Fig. 5.1 (a) and (b), measured

with an SEM, and in Fig. 5.2 (a) and (c) with a light microscope.

In contrast, devices that are not fully bonded are typically identified by wave-like interfer-

ence patterns (Newton’s rings) or an opaque appearance (see Appendix Fig. 5.7 (b) and (c)).
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Unbonded devices can be repositioned on the mirror surface for alignment, such as place-

ment near the stripline. For some devices, gentle force or tappingwith themicromanipulator

has resulted in bonding. Both fabrication methods, laser-cutting (Fig. 5.2 (a)) and EBL

(Fig. 5.2 (c)), produce well-bonded devices.

5.2.6 Fabrication Results
Representative examples of bondedmicrodevices fabricatedwith the twomethods presented

in the previous sections are shown in Fig. 5.2. A laser-cut (70 × 70) µm2
, ∼ 2.5μm thin

microdevice shown in Fig. 5.2 (a) hosts SnV centers. The corresponding height map in

Fig. 5.2 (b) is measured by a white light interferometer (Bruker ContourX-500) and yields

a wedge with a slope of ∼ 0.7μm/100μm. The second microdevice, fabricated by EBL is

(90×90) µm2
in size and around 3.5 µm thin, shown in Fig. 5.2 (c) and contains NV centers.

The height maps (Fig.5.2 (d)) shows a wedge of∼ 1.4μm/100μm. The higher gradient wedge

indicates that this device originated from the outer region of the parent diamond membrane,

where the etched profile is less homogeneous, because of the proximity effect due to the

fused quartz mask. The determined wedge of both microdevices enables the investigation

of the two different mode types, which are formed in the diamond-microcavity system

(air-like and diamond-like, see next section).

The laser-cutting method yields devices with a significantly higher surface roughness for

an extent of ∼ 10μm from the edges when compared to the EBL method obtained devices

(compare Fig. 5.2 (a) to (c)). Beyond the high surface roughness extent of ∼ 10μm, the

inner area of the laser-cut microdevice shows a comparable surface quality to the devices

fabricated by EBL.

Both methods lead to the successful fabrication of microdevices with high-quality surfaces

in the center, suitable for microcavity experiments (next section).
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Figure 5.2: Comparison of diamond microdevices fabricated by laser-cutting and EBL. (a) Optical light microscope

picture of the laser-cut microdevice (Vincent Vega). The rougher edge (indicated by the 10 µm spaced, dashed

lines) of the laser-cut microdevice is visible. (b) The corresponding height map is measured with a white light

interferometer. The white lines are overlayed and indicate a microdevice thickness matching air-like modes with

𝑞 = 16 to 𝑞 = 19, calculated by equation (5.1). (c) Optical light microscope picture of the EBL microdevice (Pai
Mei). (d) Corresponding height map with diamond thicknesses leading to an air-like mode of 𝑞 = 22 to 𝑞 = 32,

calculated by equation (5.1). Both devices are well-bonded to the underlying (pink) cavity mirror. The height data

of the white light interferometer is stated with respect to the mirror surface.

5.3 Scanning Cavity Microscopy
In this section, we use SCM (see Supplementary Video 2, which can be found on Ref. [55])

to study the quality of the bonded diamond microdevices. The experiments involve finesse

measurements of the microcavity that give insights into cavity losses and allow us to

conclude the diamond device surface wedge and quality. For this, we first introduce a

cavity loss model to describe the finesse determined in length, as done in our cavity finesse

measurements.

5.3.1 Cavity Loss Model
We consider a hemispherical plano–concave microcavity, where both Bragg mirrors are

terminated with a high refractive index material and the diamond microdevices are bonded

to the (flat) sample mirror (see Fig. 5.1 (d)). The cavity finesse  = 2𝜋/eff is inversely
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proportional to the sum of the effective losses eff . Together with the known mirror

transmission loss values, this results in a complete understanding of the system. Most

fundamentally, the diamond devices change the sample mirror transmission loss for a

given probe laser wavelength depending on their thickness. Hereby so-called air-like and

diamond-like mode [10, 56] thicknesses can be defined:

𝑡𝑑 = 𝑞
𝜆

2𝑛𝑑
(air− like), 𝑡𝑑 = (2𝑞 +1)

𝜆

4𝑛𝑑
(diamond− like), (5.1)

with a corresponding fundamental mode number 𝑞 and the refractive index of diamond

𝑛𝑑 = 2.41 [57] (for our laser wavelength of 𝜆 = 637nm). For the air-like (diamond-like)

modes, the mirror transmission loss is minimal (maximal). This phenomenon is associ-

ated with the electric field intensity ratio of the air and the diamond part of the cavity.

A consecutive air-like and diamond-like mode is separated by a diamond thickness of

𝜆/(4𝑛𝑑) ≈ 66nm and hence can indicate a device thickness wedge.

To include further diamond-related loss mechanisms, we can model the effective losses for

the here conducted finesse measurements with:

eff = 𝑀,𝑎+
𝑛𝑑𝐸

2
max,d

𝐸2max,a
(𝑀,𝑑 +𝐴,𝑑 +𝑆,eff,d)+add. (5.2)

In this equation, 𝑀,𝑎 accounts for the loss through the air-side mirror and add consid-

ers any additional losses. The fraction 𝑛𝑑𝐸
2
max,d/𝐸

2
max,a describes the electric field intensity

ratio between the air and diamond part, and can be calculated by [56]:

(

𝑛𝑑𝐸
2
max,d

𝐸2max,a )

−1

=
1

𝑛𝑑
sin

2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆 )
+𝑛𝑑 cos

2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆 )
. (5.3)

The ratio depends on the diamond thickness and leads to the modulation of the finesse

values between air-like (𝑛𝑑𝐸
2
max,d/𝐸

2
max,a = 1/𝑛𝑑) and diamond-likemodes (𝑛𝑑𝐸

2
max,d/𝐸

2
max,a =

𝑛𝑑). The modulated losses are: the diamond-side sample mirror loss 𝑀,𝑑 , the absorption

losses 𝐴,𝑑 , and the scattering losses at the air-diamond interface 𝑆,eff,d. The absorption

losses can be calculated with the diamond absorption coefficient 𝛼 to 𝐴,𝑑 ≈ 2𝛼𝑡𝑑 , while

the scattering losses can be calculated by [56]:

𝑆,eff,d ≈ sin
2

(

2𝜋𝑛𝑑 𝑡𝑑

𝜆 )

(𝑛𝑑 +1)(𝑛𝑑 −1)2

𝑛𝑑 (

4𝜋𝜎𝐷𝐴

𝜆 )

2

. (5.4)

Here, 𝜎𝐷𝐴 includes the device surface roughness at the air-diamond interface. For an

air-like mode, the scattering losses are zero, while they become maximal in a diamond-like

mode. The cavity finesse on the diamond is thus also a measure of the surface roughness.

5.3.2 Cavity Finesse Measurements
We characterize the diamond microdevices by two-dimensional scans, in which the cavity

finesse is measured on each lateral spot with a room temperature fiber-based Fabry-Pérot

microcavity, schematically depicted in Fig. 5.1(d) (scanning cavitymicroscopy [58]). The (1×

1)cm2
sample mirror, on which the diamond devices are bonded, is scanned laterally with
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a piezo nanopositioning stage in steps of 0.2 µm. Technical details about the microcavity

setup can be found in 5.7.3. An individual finesse measurement is performed by scanning

the cavity length over two fundamental modes while probing the cavity transmission with

a resonant laser, shown in Appendix Fig. 5.9 (a). We record all measurements with cavity

lengths below 15 µm, to ensure that the cavity finesse is not limited by clipping losses (see

Appendix Fig. 5.9 (b) for characterization of the cavity fiber). A scan of the two devices

fabricated by laser-cutting and EBL is presented in Fig. 5.3 (a) and (c).

The mirror coatings (Laseroptik) are designed to be maximally reflective for 637 nm light

with 𝑀,𝑎 = 50ppm (𝑀,𝑑 = 670ppm for diamond termination) losses for the fiber tip

(sample) mirror. As follows from equation (5.2), in a bare cavity (𝑡𝑑 = 0μm), scattering

and absorption losses vanish and the sample mirror transmission losses translate to the

air-terminated value of 1/𝑛𝑑 ×𝑀,𝑑 = 280ppm. The measured finesse around 8000 (see

green distributions in Fig. 5.3 (b) and (d)) indicates additional losses around add = 470ppm.

We attribute these additional losses to the quality of the concave fiber tip.

On both diamond microdevices in Fig. 5.3 (a) and (c), the finesse shows a clear modulation

with the same pattern as in the diamond thickness variation from Fig. 5.2 (b) and (d).

We associate the variation in finesse values with the alternation between air-like modes

(higher finesse) and diamond-like modes (lower finesse). In the air-like modes, only a

slight reduction of the cavity finesse compared to the bare cavity is observed. For the

diamond-like modes, the finesse is much reduced. The cavity transmission on the EBL

device (Pai Mei) is reduced around diamond-like mode regions so much that no finesse can

be determined. Some thin lines with reduced finesse are visible in the scan in Fig. 5.3 (c),

which are attributed to transverse-mode mixing [58].

To study the effect of the diamond microdevices more quantitatively, we investigate the

finesse depending on the device thickness. This data is obtained by overlaying the white

light interferometer data from Fig. 5.2 (b) and (d) with the finesse scans from Fig. 5.3 (a)

and (c). The interferometer data has a sufficient lateral resolution of about 0.13 µm per

step. For every measured finesse value, within the white rectangle in the scan, we take the

corresponding diamond thickness from the interferometer data. This is shown in Fig. 5.4

for both diamond devices.

We notice that the absolute thickness values from the white light interferometer do not

directly match the expected positions of the air-like and diamond-like modes according to

equation (5.1). The measured values might be distorted due to the multilayer Bragg mirror

on which the devices are bonded. We compensate for this by measuring the diamond

thickness using the cavity mode dispersion (Appendix Fig. 5.10) on an air-like mode on the

diamond (indicated in Fig. 5.3) to determine an offset for the diamond thickness values.

The absolute thickness from the white light interferometer and the thickness determined

by the cavity dispersion differ by 0.16 µm to 0.32 µm.

We fit the measured finesse values depending on the diamond thickness in Fig. 5.4 with

the effective losses from equation (5.2). In the fit, we use the known mirror losses from

the coating design as stated above, and a small diamond thickness translation of < 20nm

is allowed. Furthermore, for the used high-purity, electronic-grade diamonds grown by

chemical vapor deposition, no absorption losses are expected [59]. This leaves the additional

losses add and the diamond surface roughness 𝜎𝐷𝐴 as free parameters in the fit.

For the laser-cut microdevice, the fit yields a diamond surface roughness value of
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Figure 5.3: Scanning cavity microscopy of the diamond microdevices. Both devices show a clear modulation

of the finesse due to the alternation between air-like and diamond-like modes. (a) Measured two-dimensional

finesse scan on a laser-cut diamond microdevice (Vincent Vega). (b) Histogram of the finesse values measured in

(a). Values on the diamond (bare cavity) are taken from inside the white rectangle (outside the black rectangle).

(c) Measured two-dimensional finesse scan on an EBL diamond microdevice (Pai Mei). (d) Histogram of finesse

values measured in (c). Finesse values on the diamond (bare cavity) are taken from inside the white rectangle

(outside the black rectangle). For the bare cavity, a finesse centered around 8000 is determined by the Gaussian

fits in (b) and (d). The red crosses in (a) and (c) indicate the positions where the cavity length measurements

presented in 5.7.5 are taken. The histograms are plotted in bins of 100.

0.9 nm and additional losses of 610 ppm. The EBL device fit yields values of 1.2 nm surface

roughness and 820 ppm additional losses. For both devices, a distribution of finesse values

for a fixed diamond thickness is observed, leading to the band-like structure in Fig. 5.4.

This means that for a specific diamond thickness, lateral cavity positions with varying

surface quality are found. To quantify the spread in surface roughness of the data presented

in Fig. 5.4, we use the following procedure: the finesse values for a thickness segment

of 10 nm are binned into a histogram, which is fitted with a Gaussian function. This fit

determines for every thickness segment a mean value and a standard deviation. We fit the

mean plus (minus) the standard deviation values of all segments with the model losses of

equation (5.2), to determine the upper yellow (lower bright green) curves in Fig. 5.4. With

that, we find that our laser-cut (EBL) device exhibits areas with surface roughness values

as low as 0.6 nm (1.1 nm), which are common values for these fabrication methods. For

both samples finesse values similar to the bare cavity are reached in the air-like modes,

whereas in the diamond-like modes scattering losses of 𝑆,eff,d = 390ppm (1330 ppm) limit

the achievable finesse in the laser-cut (EBL) device.
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Figure 5.4: Diamond thickness dependent finesse values observed by SCM. Finesse values are taken from inside

the white rectangle in Fig. 5.3. The black line is a fit of the finesse values with losses from equation (5.2). The

modulation of the finesse values between high-finesse air-like modes and low-finesse diamond-like modes is

visible. The diamond thickness values that correspond to an air-like (diamond-like) mode are indicated by the

bright blue (purple) axis ticks, determined by equation (5.1). By determining the mean and standard deviation of

the finesse values in 10 nm segments (see text), we also give an upper (yellow) and lower finesse curve (bright

green) for both devices. More than 60 % of the finesse values lie between the two curves. The diamond thickness

measurement by the cavity dispersion is performed for the displayed first air-like mode for both samples (see

Appendix Fig. 5.10). (a) Finesse measured on the laser-cut diamond microdevice (Vincent Vega). (b) Finesse
measured on the EBL diamond microdevice (Pai Mei). Note that the black fit is lowered due to the higher spread

in finesse values.

5.3.3 Freqency Splitting of the Polarization Cavity Modes
In addition to the finesse, the frequency splitting of the two orthogonal polarization modes

of the microcavity is studied. Strain-induced birefringence in the diamond microdevice can

cause a splitting of the horizontal and vertical polarization cavity mode [60]. In general,

diamond color centers couple differently to these modes depending on their electric dipole

overlap with the electric field of the cavity. These polarization modes are used in cross-

polarization resonant excitation and detection schemes, and the magnitude of polarization

splitting becomes relevant for excitation laser power considerations [28].

We investigate the polarization splitting of the fundamental modes within the same

scan used for the finesse measurements. To measure the splitting, the cavity is resonantly

probed using laser light with frequency-modulated sidebands, generated by a phase electro-

optic modulator. The cavity length is scanned around the fundamental mode, and a typical

measurement is shown in 5.7.6. The spacing of the sidebands is set by the modulator driving

frequency and is used to determine the frequency splitting of the polarization modes.
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Figure 5.5: Polarization splitting on the laser-cut diamond microdevice (Vincent Vega). (a) Polarization splitting is

measured on the bare mirror and the diamond device. Data is taken within the same scan as shown in Fig. 5.3 (a).

(b) Histogram of the polarization splitting measured on the diamond device inside the white rectangle in (a).

Around half of the measured lateral points do not show a polarization splitting (zero bin not included in the

histogram). The bin size is 0.2 GHz. (c) Polarization splitting, seperately measured with a 70 nm resolution in the

(20×20) µm2
area indicated in (a). (d) Corresponding finesse values of the same area as shown in (c). The air-like

modes with a higher finesse show a smaller polarization splitting compared to the diamond-like modes.

Figure 5.5 (a) shows the polarization splitting measured on and around the laser-cut

microdevice. On the bare mirror, no polarization splitting is measured, while on the

diamond device, polarization splittings up to 15GHz can be observed (histogram shown

in Fig. 5.5 (b)). It seems that regions with higher polarization splitting in Fig. 5.5 (a) are

closer to the device edges, which can be explained by higher strain, possibly induced by

the damage of the laser-cutting. Figure 5.5 (c) shows a selected part of the device with the

corresponding finesse scan in Fig. 5.5 (d). It is observed that the polarization splitting is

higher in the low-finesse, diamond-like mode part (upper area in the scan). This can be

explained by the higher electric field intensity inside the diamond for diamond-like modes,

leading to a more pronounced effect of the birefringence [58].

For the EBL microdevices presented here, we do not observe significant polarization

splitting beyond the cavity linewidth. However, we have also seen polarization splittings

up to 10GHz on other EBL-fabricated devices. To understand the origin of the different

strain values, further investigations are needed.
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5.4 Optically Coherent Color Centers
For quantum network applications, the color centers in the diamond microdevices must

show a (close to) transform-limited optical emitter linewidth. Noise in the environment

of the color center (such as fluctuating charges) broadens the emitter linewidth. We can

decompose the linewidth broadening into a slow noise contribution, spectral diffusion,

and a fast noise contribution, pure dephasing [61]. The former leads to a Gaussian broad-

ening and can be mitigated by active tracking and feedback on the emitter transition

frequency [62–65]. Whereas pure dephasing leads to a Lorentzian broadening with a more

fundamental influence, as it directly determines the indistinguishability in a two-photon

quantum interference experiment of color centers [66, 67] and limits the achievable remote

entanglement fidelity in emission-based entanglement protocols [61, 68]. Moreover, the

pure dephasing linewidth enters the coherent cooperativity determining fidelities of quan-

tum information protocols [69].

We study the optical emitter linewidth of the color centers in our diamond microdevices

with photoluminescence excitation (PLE) measurements. These measurements are per-

formed in a home-built confocal microscope setup, where the samples are mounted in a

closed-cycle helium cryostat. In the PLE measurements, a resonant laser is scanned over

the zero-phonon line (ZPL) of the color center, and the fluorescence is detected in the

phonon sideband.

Figure 5.6 (a) shows a confocal scan of the laser-cut diamond microdevice hosting SnV

centers. Note that this device is a different microdevice than shown before, but it origi-

nated from the same fabrication run and parent membrane (Vincent Vega). For the PLE
measurements, an off-resonant, 515 nm laser is used before each resonant laser scan to

initialize the SnV center in its negatively charged state. The application of a green laser

pulse is known to change the charge environment of the color center, resulting in spectral

diffusion. We acquire 100 of these scans on three different SnV centers (Fig. 5.6 (b)) and

average all scans to get a measure of the spectral diffusion linewidth. In some of these

measurements, a bistability of the SnV center transition frequency is observed. These

discrete jumps between two spectral positions separated by about 100MHz might be caused

by a charge trap near the SnV center [70, 71].

To quantify the pure dephasing linewidth, scans that show a complete Lorentzian fluores-

cence peak are manually selected (more than 50%), fitted, and centered before averaging.

The SnV centers of Fig. 5.6 (b) show good optical coherence with pure dephasing linewidths

close to the transform limit around 32MHz. The corresponding excited state lifetime was

determined in previous work [31], which also demonstrated the coherent cavity coupling

of a single SnV center in a device obtained from the same diamond membrane. These

results demonstrate that coherent SnV centers are created in the laser-cut microdevices.

Figure 5.6 (c) shows the confocal scan of an EBL diamond microdevice hosting NV centers.

Note that this device is fabricated in a second run with the EBL method (device originated

from parent membrane named Mr. Orange). For NV centers, we probe the spin-conserving

Ex or Ey emitter transition of the ZPL, which involves the application of intermediate

off-resonant, 515 nm, laser pulses at every resonant laser scan frequency to mitigate spin

state pumping. These off-resonant laser pulses initialize the NV center predominantly in

the negatively charged and spin ground state [72]. Because of the intermediate application

of green laser pulses, we can experimentally not measure spectral diffusion and pure
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dephasing linewidth separately. We thus analyze the emitter fluorescence peaks by fitting

a Voigt profile, which is a convolution of a Gaussian and a Lorentzian function. In the fit

routine, the Lorentzian linewidth is lower bound to the transform-limited linewidth of

13MHz of the NV center [73]. Typical scan results with their corresponding Voigt fits are

shown in Fig. 5.6 (d).

We analyze 20 different NV centers at several lateral diamond microdevice positions and

find linewidths between 38MHz and 130MHz with a median linewidth of 62MHz (statis-

tics shown in Appendix Fig. 5.12). These results are in line with former work with larger

(2 × 2)mm2
thinned-down diamond membranes [26], indicating that the much tighter

lateral dimensions do not induce additional optical decoherence.

Figure 5.6: Optical properties of SnV centers inside a laser-cut diamond microdevice (Vincent Vega) and NV

centers inside an EBL patterned diamond device (Mr. Orange). The emitter linewidth measurements are performed

at ∼ 4K with a confocal microscope. (a) A map of the SnV device with off-resonant, 515 nm excitation. The

fluorescence is filtered with a 620nm bandpass filter (full-width half maximum of 10nm) to detect predominantly

fluorescence of SnV centers. A high SnV center density is observed in the center of the device, while the SnV

center layer is removed at the wedged edges. Note that this map is measured in a room-temperature scanning

confocal microscope. (b) Typical PLE laser scans of SnV centers, fitted with a Gaussian (ocher) and Lorentzian

(orange) function to obtain the spectral diffusion and dephasing linewidth, respectively. (c) Confocal map of the

electron-beam patterned device, showing individual, spatially separated NV centers. (d) Typical PLE laser scans

of NV centers, fitted with a Voigt function to extract the linewidth. To initialize the NV center into the bright

state, a green laser pulse is applied in every repetition. The relevant measurement parameters for the scans in (b)

and (d) can be found in 5.7.7.
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5.5 Conclusion
We present a method for patterning high-quality micrometer-thin diamond devices utiliz-

ing laser-cutting. This method significantly simplifies the fabrication process compared

to previously reported methods. Also, the process step of laser-cutting can be readily

outsourced. We show that these microdevices can be successfully bonded to a dielectric

cavity Bragg sample mirror using a micromanipulator. SCM scans reveal a high surface

quality of the fabricated devices, reflected by high cavity finesse values. In addition, we

demonstrate that the devices host coherent color centers, which are suitable for quantum

optical experiments and applications.

For quantum spin-photon interfaces, the expected microdevice performance in microcavi-

ties can be estimated with the measured finesse of 9000 (2000) in the air-like (diamond-like)

mode. With the 17.3 µm radius of curvature of the used fiber mirror, these values translate

to a maximum Purcell factor of about 30 (39) for a NV center and, with adjusted mir-

ror coatings, also for a SnV center. The Purcell enhancement would be combined with

a high outcoupling efficiency through the sample mirror of 40 % (51 %) for the air-like

(diamond-like) modes and the used mirror coatings. The performance values could be

further improved by using a fiber tip mirror that shows lower additional losses [74–76].

Combined with the integrated gold striplines on the sample mirror for microwave control

of the spin qubits [32, 77, 78], the presented approach can enable the realization of an

efficient spin-photon interface with diamond color centers.
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5.7 Appendix
5.7.1 Outline of Fabrication
The detailed steps of both fabrication methods are summarized in table 5.1.
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Fab. Step Electron-Beam Lithography (EBL) Laser-Cutting

I. Cleaning Fuming nitric acid (1): 10min in HNO3 (65 %) at room temperature

(II. Strain Re-

lief Etch, Im-

plantation, An-

nealing)

Strain relief etch as described in Sec-

tion 5.2.2, followed by tri-acid clean,

implantation, annealing, and a post-

anneal tri-acid clean as detailed in Sub-

section 5.2.3

-

III. Application

of Protection

Mask

PECVD ∼ 320nm silicon nitride SixNy Application of PVA layer (2)

IV. Spin Coat-

ing

Sample mounted with PMMA495 A4

on silicon piece, resist CSAR-13 (AR-

P 6200.13), 3500 rpm (thickness of

∼ 430nm), bake 3min at 150
◦
C

-

Spin coat Electra 92 (AR-PC 5090),

4000 rpm (thickness of ∼ 30nm), bake

2min at 90
◦
C

V. Exposure Electron-beam: Dose of 400uC/cm2

with 3 nm spot size

-

VI. Develop-

ment

Remove Electra 92 with 1min deion-

ized water, blow dry with nitrogen.

CSAR-13 development: 1min in pentyl-

acetate, 5 s in ortho-xylene, 1min in

IPA, blow dry with nitrogen

-

VII. Patterning

Hard Mask

SixNy etch with plasma composed of

CHF3/O2 [79]

-

VIII. Resist Re-

moval

PRS 3000 for 2 h at 80
◦
C, followed by

overnight PRS 3000 at room tempera-

ture

-

IX. Cleaning Double Piranha clean: Mixture with

ratio 3:1 of H2SO4 (95 %) : H2O2 (31 %)

at 80
◦
C for 20min

-

X. Transfer Pat-

tern into Dia-

mond

Anisotropic ICP/RIE: Sample mounted

with PMMA495 A4 on fused quartz

carrier wafer, 30min O2 plasma

chemistry

Laser-cutting (3) with a femtosecond

pulsed laser

XI. Cleaning Removal of the SixNy hard mask:

Hydrofluoric (HF) acid (40 %) clean

15min at room temperature

Removal of PVA: Ultrasonic bath in

de-ionized water and acetone for

10min, each at room temperature (4),

followed by Piranha clean

(XII. Strain Re-

lief Etch, Im-

plantation, An-

nealing)

- Strain relief etch (5) as described in

Section 5.2.2, followed by tri-acid

clean, implantation (6), annealing (7),

and post-anneal tri-acid clean as de-

tailed in Section 5.2.3

XIII. Release ICP/RIE (8): Membrane protected by fused quartz mask with central

Etch opening, 45 min Ar/Cl2. Multiple rounds of O2 etch until

individual microdevices are released. Etch rates can be found in Ruf et al. [26].

XIV. Cleaning HF clean

XV. Bonding Micromanipulator (9)

Table 5.1: Detailed fabrication steps and process parameters of the two fabrication methods to obtain diamond

microdevices, starting with ∼ 50μm membranes. All wet processing steps are followed by a dip in acetone and

IPA and blow-drying with a nitrogen gun. The numbers in brackets for the laser-cutting refer to Fig. 5.1 (c) of the

main text. Fabrication step II. (XII.) of the EBL (laser-cutting) method is used to create SnV centers. In the case of

NV centers, the color centers are created in the bulk diamond, before slicing into membranes, as described in

Section 5.2.3.
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5.7.2 Bonding of Microdevices to Cavity Mirror
Figure 5.7 (a) shows the breaking out of individual microdevices by a micromanipulator.

Supplementary Video 1 (Ref. [55]) shows the process with devices from a second laser-cut

membrane. We observe that up to 30% of the devices bond fully to the cavity mirror.

Figure 5.7 (b) and (c) show diamond devices that are not fully bonded to the mirror. When

approached by the cavity fiber, such devices can be moved or picked up accidentally.

Figure 5.7: Bonding of diamond microdevices to the cavity mirror. (a) Released, thinned-down diamond devices

above the cavity mirror. Individual devices can be broken out with the tip of a micromanipulator. An ill-bonded

device fabricated by EBL (Pai Mei) in (b) and by laser-cutting (Vincent Vega) in (c). Both devices show interference

fringes and an opaque color.

5.7.3 Experimental Setup: Room Temperature Microcavity
The cavity sample mirror with the microdevices (Fig. 5.8 (a)) is mounted on a piezo nanopo-

sitioning stage (Physik Instrumente P-542.2SL) with a range of 200 µm in both the 𝑋 - and

𝑌 -direction. The other cavity mirror is a coated, laser-ablated fiber tip [74], which can be

moved in the axial direction by a high-precision objective scanner (Physik Instrumente P-

721) to change the cavity length along the 𝑍-direction.

Figure 5.8 (b) shows a sketch of the optical setup and the microcavity. The cavity can be

probed with resonant 637 nm light (Newport New Focus Velocity TLB-6300-LN) or with

a white light supercontinuum source (NKT Photonics SC-450-2), spectrally filtered for

600 nm to 700 nm. The excitation light is combined in fiber and sent via the fiber side into

the cavity. The transmitted light is collimated with an objective (100X Mitutoyo Plan Apoc-

hromat Objective) and collected on a photodiode (Thorlabs APD130A2) or sent via fiber to a

spectrometer (Princeton Instruments SP-2500i). In addition, the microcavity can be imaged

from the sample mirror side by a lamp and a camera for lateral alignment. Supplementary

Video 2 (Ref. [55]) shows a two-dimensional cavity finesse scan over an exemplary device

recorded with the camera.
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Figure 5.8: (a) Microscope picture of the microcavity with exemplary microdevices on the sample mirror next to

a gold stripline. The cavity fiber can be seen on the left side, while the reflection in the mirror is on the right side.

(b) Sketch of the home-built SCM setup. Excitation light (resonant laser or white light) is sent into the cavity via

the fiber. The light can be modulated with a phase electro-optic modulator (PEOM), and the polarization is set

manually with a 3-paddle fiber polarization controller (FPC). The outcoupled detection beam is collimated with

an objective and sent either to a photodiode or coupled into a single-mode fiber for the spectrometer.

5.7.4 Experimental Methods: Finesse Measurements and Cav-
ity Fiber Properties

To measure the finesse, the cavity is probed with a resonant 637 nm laser, and the trans-

mission signal is recorded on the photodiode. We record the time trace of the photodiode

voltage with an oscilloscope (Picotech Picoscope 3403). The cavity length is scanned by a

triangular voltage with a frequency of 300Hz over approximately five fundamental modes

to ensure that the middle of these modes is not affected by nonlinearities occurring at

the edges of the scanning range. The middle modes are fitted with Lorentzian functions,

resulting in a measured cavity finesse defined as the ratio of the mode distance to the

linewidth in time. An exemplary trace with two fundamental modes is shown in Fig. 5.9 (a).

The resonance peak with the higher coefficient of determination (𝑅2
) is used to determine

the finesse. The data is filtered by requiring the mode distance to be within an acceptance

range to ensure that only the fundamental modes are fitted.

As discussed in the main text, birefringence in diamond microdevices can cause polarization

splitting, which is observed as a frequency splitting of the fundamental cavity mode. To

correctly fit these modes in the finesse measurements, two Lorentzian functions are fitted

(see Fig. 5.11 (a)).

The same cavity fiber is used for all the presented measurements. From an interferometric

measurement of the concave fiber tip, we extract a spherical radius of curvature 𝑅𝑂𝐶 of

17.3 µm with an asymmetry of 7.8 %. To determine the range in which the fiber exhibits a

stable finesse, we measure the cavity length-dependent finesse in Fig. 5.9 (b) on the bare

mirror. The cavity length is determined by taking white light transmission spectra, which

directly yield the cavity free spectral range and thereby the cavity length. For longer cavity

lengths 𝐿𝑐𝑎𝑣 clipping losses 𝑐𝑙𝑖𝑝 emerge which dependent on the diameter of the concave
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feature 𝐷𝑑 and the 𝑅𝑂𝐶 of the fiber mirror and can be calculated by [56]:

𝑐𝑙𝑖𝑝 = 𝑒(
−2

(

𝐷𝑑
2𝜔𝑚 )

2

). (5.5)

In this formula, 𝜔𝑚 denotes the cavity beam width on the fiber mirror and can be

calculated by the beam waist on the sample cavity mirror 𝜔0 [80]:

𝜔𝑚 = 𝜔𝑜

√

1+
(

𝐿𝑐𝑎𝑣𝜆

𝜋𝑛𝜔2
0
)

2

, 𝜔0 =

√
𝜆

𝜋
(𝐿𝑐𝑎𝑣(𝑅𝑂𝐶 −𝐿𝑐𝑎𝑣))

1/4
. (5.6)

Figure 5.9: (a) Typical cavity finesse measurement recorded with an oscilloscope. The cavity length is scanned

with a triangular voltage, and two fundamental modes with a few higher-order modes are visible in the upper

panel. The peaks of the fundamental modes are fitted with a Lorentzian function, yielding the cavity linewidth

in time. The free spectral range in time is given by the spacing of the fundamental modes. From the shown

measurement, a finesse of 9500 is determined. (b) Cavity length-dependent measured finesse of the fiber used to

characterize the diamond microdevices. The coating limited finesse is 19000with 330 ppm losses. A clear plateau

of finesse values of ∼ 8700 is reached for a cavity length smaller than 15 µm.

We fit the measured finesse values in Fig. 5.9 (b), with the losses determined by equa-

tion (5.2) plus the clipping losses𝑐𝑙𝑖𝑝 . Like in Section 5.3.2 of the main text, we set 𝑡𝑑 = 0μm

and leave the additional losses and the diameter of the concave feature as free parameters.

The radius of curvature is set to the measured value as stated above.

Note that the finesse values measured on the plateau in Fig. 5.9 (b) are a bit higher than

the average bare cavity finesse values due to a local optimization on the lateral spot and

reveal additional losses of 390 ppm determined by the fit.

5.7.5 Experimental Methods: Hybrid Cavity Modes
To determine the cavity length and the thickness of incorporated devices, we probe the

cavity with broadband white light and send the transmitted light to a spectrometer. The

cavity length is changed by applying a voltage to the objective scanner, which holds the

cavity fiber.

For the broadband white light, the cavity acts as a spectral filter, and fundamental modes
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appear as bright lines. We fit the fundamental modes with an analytic formula [10], yielding

the length of the air gap and the device thickness. The measurements are shown in Fig. 5.10.

Figure 5.10: Cavity dispersion measured by transmission spectra of a broadband light source. (a) On the EBL

microdevice (Pai Mei), we measure a device thickness of 3.31 µm. (b) On the laser-cut microdevice (Vincent Vega),
the fit determines a thickness of 2.51 µm. Both devices are probed in the air-like mode (steeper slope) at 637 nm,

indicated by the white, dashed line. The positions on the devices of these measurements are indicated in Fig. 5.3 (a)

and (c) with a red cross.

5.7.6 Experimental Methods: Polarization Splitting
To measure the cavity polarization splitting, a second trace of the resonance peaks is

measured at each lateral scan point with the resonant 637 nm laser, modulated by sidebands.

The sidebands are imprinted by a phase electro-optic modulator (Jenoptik PM635) with

a microwave source (Rohde & Schwarz SGS100A) at a frequency of 6GHz. The obtained

modes are fitted with three (or six) Lorentzian peaks, and the sidebands are used to convert

the polarization splitting from scanning time to frequency. The data are filtered by requiring

𝑅2 > 0.95 to ensure the fit succeeded. An example measurement is shown in Fig. 5.11.
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Figure 5.11: Exemplary measurement of the polarization splitting of the two orthogonal cavity modes on the

diamond device. The cavity length is scanned with a triangular voltage over the fundamental mode, and the

transmission is measured on a photodiode. (a) The length-dependent polarization splitting of the fundamental

mode. (b) The same measurement with the sideband modulation. The fixed distance of the sidebands (indicated

by the dashed lines) is used to determine the cavity linewidth and polarization splitting in frequency. In this

measurement, a linewidth of 2.9 GHz and polarization splitting of 14.9 GHz (dotted lines in (a)) is extracted.
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5.7.7 Experimental Methods: PLE Scans
Measurements are performed in a home-built, cryogenic confocal microscope, whose

excitation and detection path can be adapted for the measurements of SnV and NV centers.

Details about the low-temperature setup and the measurement methods are described in

the Supplementary Information of Brevoord et al. [63] and Ruf et al. [26].

The parameters for the SnV center measurements shown in Fig. 5.6 (b) are: 1 µW green

repump for 100ms and 0.5 nW to 1 nW resonant laser excitation power for 10ms integration.

The resonant laser is detuned in steps between 10MHz to 20MHzwith a speed of∼ 2GHz/s.

The parameters of the NV center measurements in Fig. 5.6 (d) are: 40 µW green repump

for 10 µs and 40 nW resonant laser excitation power for 20 µs integration. At each frequency

step between 8MHz to 20MHz, a sequence of repump, waiting of 10 µs, and readout is

repeated for a total time of 200ms. The statistics of the NV center measurements can be

found in Fig. 5.12.

Figure 5.12: Statistics of the optical coherence of 20 different NV centers in an EBL patterned diamondmicrodevice

(Mr. Orange), measured at ∼ 4K with a confocal microscope. (a) ZPL center frequencies and linewidth values,

obtained by a Voigt fit to the individual NV center resonances (see Fig. 5.6 for exemplary data and fit). The errors

are also obtained by the fit. (b) The linewidth values are plotted as a cumulative distribution function (CDF). The

measurement parameters can be found in 5.7.7.

5.7.8 Measurements on the Laser-cut Microdevice
An overview of all measurements performed on the laser-cut microdevice (Vincent Vega) is
shown in Fig. 5.13.
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Figure 5.13: Summary of different measurements of the laser-cut diamond microdevice (Vincent Vega). (a) Light
microscope image. (b) Height map measured by a white light interferometer. (c)-(f) Scanning cavity microscopy.

All data is measured within one scan and by probing the cavity with a resonant laser. (c) Cavity transmission

intensity is measured on a photodiode. Note that the laser power is varied during the measurement. (d) Cavity

linewidth. (e) Cavity finesse. (f) Cavity polarization splitting.
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6
Coherent Coupling of a

Diamond Tin-Vacancy Center
to a Tunable Open

Microcavity

Y. Herrmann*, J. Fischer*, J. M. Brevoord, C. Sauerzapf,
L. G. C. Wienhoven, L. J. Feije, M. Pasini, M. Eschen, M. Ruf,

M. J. Weaver and R. Hanson

Efficient coupling of optically active qubits to optical cavities is a key challenge for solid-
state-based quantum optics experiments and future quantum technologies. Here we present a
quantum photonic interface based on a single tin-vacancy center in a micrometer-thin diamond
membrane coupled to a tunable open microcavity. We use the full tunability of the microcavity
to selectively address individual tin-vacancy centers within the cavity mode volume. Purcell
enhancement of the tin-vacancy center optical transition is evidenced both by optical excited
state lifetime reduction and by optical linewidth broadening. As the emitter selectively reflects
the single-photon component of the incident light, the coupled emitter-cavity system exhibits
strong quantum nonlinear behavior. On resonance, we observe a transmission dip of 50 % for
low incident photon number per Purcell-reduced excited state lifetime, while the dip disappears
as the emitter is saturated with higher photon number. Moreover, we demonstrate that the
emitter strongly modifies the photon statistics of the transmitted light by observing photon
bunching. This work establishes a versatile and tunable platform for advanced quantum optics
experiments and proof-of-principle demonstrations on quantum networking with solid-state
qubits.

The results of this chapter have been published in Physical Review X 14, 041013 (2024).
* Equally contributed authors.

https://doi.org/10.1103/PhysRevX.14.041013
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6.1 Introduction
Coherent interactions between photons and two-level matter systems are a central building

block in quantum optics and quantum information science, with potential application in

future quantum networks for communication and computation [1, 2]. To achieve significant

light-matter interaction, optical resonators (cavities) are widely employed [3–6]. In the past

years, tunable open microcavities have emerged as a versatile tool to explore and enhance

the optical interface for a variety of solid-state emitters like rare-earth ions [7, 8], quantum

dots [9–12], two-dimensional materials [13, 14], and dye molecules embedded in organic

crystals [15]. These experiments capitalize on the combination of spatial flexibility, large

spectral tunability, full optical accessibility, and simple hybrid integration with emitter

hosts. Moreover, the mirror parameters can be tailored to a desired application, including

native fiber coupling by mirrors fabricated on the tip of optical fibers [16].

Much work with open microcavities has focused on diamond color centers [17–26],

which have been the main workhorse for early quantum network nodes [27–29]. The

electron spin of those color centers functions as a good communication qubit thanks to the

combination of excellent quantum coherence [30] and spin-dependent optical transitions.

Furthermore, the center’s native nuclear spin [31, 32] as well as surrounding nuclear

spins [33] can be utilized as additional qubits, enabling network experiments with multi-

qubit nodes [34–36]. Recent experiments on coupling color centers to open microcavities

have demonstrated Purcell enhancement [21], resonant excitation and detection [24] and

optical addressing of the spin [26]. However, access to the coherent coupling regime, where

the color center significantly alters the cavity transmission as well as the photon statistics

of the transmitted light, has so far remained elusive.

In this work, we demonstrate the coherent coupling of individual diamond tin-vacancy

(SnV) centers to a fiber-based Fabry-Pérot microcavity. We capitalize on the excellent

spatial and spectral tunability of the open microcavity to select a well-coupled SnV center,

which is characterized through the reduced excited state lifetime and the broadened emitter

linewidth. Compared to previous implementations with nitrogen-vacancy centers [21, 24],

we achieve an improvement in coherent cooperativity of nearly two orders of magnitude

through the combination of SnV centers and a high-quality, stable microcavity. We then

exploit the coherent coupling to observe a strong reduction of cavity transmission by

the emitter on resonance and study the dependence on detuning and on incident photon

number. Finally, we explicitly demonstrate the nonlinearity of the light-emitter interaction

by measuring changes in the photon statistics of the transmitted light induced by the

emitter.

6.2 Experimental Setup
We use a fiber-based Fabry-Pérot microcavity, that is schematically depicted in Fig. 6.1 (a).

The microcavity is formed by a laser-ablated concave fiber tip input mirror with a radius

of curvature of 15.7μm and a macroscopic flat output mirror [16], where thin diamond

samples are bonded via Van der Waals forces. The used diamond device hosts implanted

SnV centers and has a thickness of about 3.72μm in the region of the cavity. SnV centers

have recently emerged among solid-state color centers as a promising qubit platform

with demonstrations of excellent optical and spin coherence [37–41]. The inset of Fig. 6.1
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(a) shows the energy level structure of the negatively charged SnV center in diamond,

including the zero-phonon line (ZPL) C and D transition at 619nm and 620nm, respectively.

These transitions connect the lower branch of the excited states (ES) to the ground states

(GS).

Figure 6.1: Schematical experimental setup, diamond devices, and air-diamond hybrid cavity operation. (a) On-

and off-resonant excitation light is sent into the cavity via the fiber input mirror, and the outcoupled Gaussian

beam is collimated with an objective, sent to a spectrometer after free-space filtering, or split into zero-phonon

line and phonon sideband light and fiber-coupled to single-photon detectors (see Appendix 6.8.1 for details). SnV

centers are hosted in the micrometer-thin diamond devices. The inset shows the energy level structure of the

negatively charged SnV center in diamond. (b) Light microscope image of the diamond devices in their holding

structure. (c) Cavity transmission spectra of a broadband, white light supercontinuum source depending on the

cavity air gap, which shows the mode dispersion of the air-diamond hybrid cavity. The dashed red lines display

a fit using a one-dimensional hybrid cavity model [42]. The white arrow indicates the operation point of the

cavity at an air gap of 6.50μm and a diamond thickness of 3.72μm matching the SnV center zero-phonon line

wavelength.

The sample fabrication starts with an approximately 50μm thick and top-facing ⟨100⟩

oriented diamond membrane, obtained by laser cutting and polishing [43]. In the next

step, 25x25μm2
squares with support bars are patterned into the diamond, followed by tin

ion implantation and subsequent annealing at 1200 ◦C. With the implantation energy of

350keV (implantation dose of 3× 1010 ions/cm2
under an angle of 7

◦
) SnV centers in the

range of the first intracavity electric field antinode located about 64nm away from the

output mirror are created. The membranes are further thinned down to a few micrometers

using a fused quartz mask and reactive ion etching [43, 44]. Figure 6.1 (b) shows a light

microscope image of the membrane after this step. Individual small diamond devices are
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broken out with a micromanipulator and bonded to the output mirror [21].

The input and output mirror transmittance is specified with 80ppm and 2000ppm

(diamond termination), respectively. A piezo positioning system moves the fiber across

multiple diamond devices and changes cavity position and length in situ. As illustrated

in Fig. 6.1 (c) we operate the cavity at an air gap of 6.50μm (mode number 𝑞 = 50 of the

air-diamond hybrid cavity) matching the resonance of the SnV center ZPL wavelength of

619nm and showing an air-like mode character with a local dispersion slope of 46MHz/pm.

By measuring the cavity mode in transmission with a resonant 619nm laser a Lorentzian

linewidth of (6.86±0.05)GHz is determined (see Appendix 6.8.2, Fig. 6.7), resulting in a

cavity quality factor 𝑄 of about 7 × 104. Using a transfer matrix model we estimate an

effective cavity length 𝐿eff = 10.8μm and a beam waist of 𝜔0 = 1.24μm, leading to a mode

volume of 𝑉 = 55 𝜆3 (see Appendix 6.8.2 for details) [45]. The estimated total cavity losses

read 7500ppm (Finesse  = 830 ). Comparing with the mirror transmittance values, we find

additional losses that we attribute to residual scattering at the refractive index interfaces

of our hybrid cavity. With these cavity parameters we calculate a Purcell factor of 𝐹𝑃 = 6.9

following the definition

𝐹𝑃 =
3

4𝜋2 (

𝜆

𝑛)

3
𝑄

𝑉
, (6.1)

with the cavity resonance wavelength 𝜆, the refractive index of diamond 𝑛, the cavity

quality factor 𝑄 and the cavity mode volume 𝑉 .

The microcavity is cooled by a closed-cycle optical cryostat to a device temperature of

about 8K. We measure cavity length fluctuations of 27pm over the full cryostat cold head

cycle, a five times improvement over our previous work [24] (extended technical details of

the cryostat setup can be found in Ref. [46]). For the SnV center measurements, excitation

laser light is inserted into the cavity via the fiber input mirror. We use free-space optics to

collect the light exiting the cavity through the output mirror for detection (see Fig. 6.1 (a)).

In combination with the asymmetric mirror transmittance values, this enables the efficient

coupling of the cavity mode signal into a single-mode fiber.

All power and photons per lifetime values stated in this work refer to the values after

the output mirror of the microcavity. Moreover, the reported uncertainties correspond to

one standard deviation confidence intervals.

6.3 Coupling of Individual SnV Centers to the Mi-
crocavity

With the cavity resonance set close to the SnV center ZPL we explore the coupling of SnV

centers in the diamond device to the optical cavity. We excite the emitters with continuous

wave, off-resonant 515nm excitation through the input mirror and detect the light that is

leaving the cavity through the output mirror. The cavity resonance frequency is tuned

by applying a voltage to the piezo positioning system, on which the fiber input mirror is

mounted. The cavity coating is almost transparent for (525±15)nm light, which renders

the emitter excitation independent of the cavity resonance frequency. In this measurement,

we directly send the outcoupled light to a spectrometer after filtering out the excitation

laser with a 600nm longpass filter. When the cavity comes in resonance with an emitter,

cavity-coupled SnV center light emission is expected to appear. Figure 6.2 (a) shows the
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resulting spectra as a function of relative cavity air gap displacement. As expected for SnV

centers at cryogenic temperatures, two prominent regions of high emission are observed

around 619nm and 620nm. We attribute these regions to the C and D transition of multiple

SnV centers, corresponding to the optical transitions from the lower branch of the excited

state to the two ground states (see energy level structure in Fig. 6.1 (a)).

To analyze the emission with the spectral resolution of the cavity (vibration averaged

linewidth 8.0GHz) we scan the cavity mode over the emission lines and measure the

intensity in the ZPL detection path with a single-photon detector under pulsed, off-resonant

532nm excitation (see Fig. 6.2 (b)). The ZPL detection path is equipped with a (620±5)nm

bandpass filter and polarization optics, which are already adjusted to the emission line

investigated below. In the resulting spectrum, a group of multiple SnV center emission

lines around 619nm and 620nm is observed together with individual, spectrally isolated

emission lines.

In the following, we focus on the isolated 619nm emission line indicated by the arrow in

Fig. 6.2 (b). We additionally filter the ZPL light with an angle-tunable etalonwith a full width

at half maximum linewidth (FWHM) of ≈ 45GHz to further reduce background counts.

This background emission may originate from parasitic light created by the green excitation

laser in the cavity input fiber and in the output mirror substrate. We verify that the selected

emission line corresponds to a single SnV center coupled to the cavity by measuring the

𝑔(2)(𝜏) correlation function of the ZPL light under pulsed, off-resonant 532nm excitation

(inset of Fig. 6.2 (b)). We find 𝑔(2)(0) ≪ 0.5 without background subtraction, showing that

indeed this emission is dominated by a single SnV center.
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Figure 6.2: Coupling SnV centers to the microcavity under off-resonant excitation. (a) Analyzing the detection

with a spectrometer, after filtering out the excitation light with a 600nm longpass filter. High emission is observed

when the cavity mode (straight line) becomes resonant with the C or D transition of a SnV center. (b) The detection

path light is sent to a single-photon detector, after filtering with a (620±5)nm bandpass filter and polarization

optics. The left and right y-axis show the count rate and the corresponding photon detection probability per

pulse (laser repetition rate 𝑓rep = 10MHz), respectively. We tune the cavity to the isolated line, which is marked

with an arrow. The inset shows a normalized 𝑔(2)(𝜏) correlation measurement of the ZPL fluorescence, which is

additionally filtered with an etalon (measurement time 20min, count rate per detector 7kHz, background count

rate 200Hz).
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6.4 Characterization of the Emitter-Cavity System
After selecting an isolated SnV center emission line, we quantify the coupling of the SnV

center to the cavity. We make use of the tunability of our microcavity, which enables

us to switch the coupling on and off by tuning the cavity on and off resonance with the

emitter. For emitters with a coupling strength to the cavity field comparable to other decay

channels, the emission is significantly altered. In particular, the excited state lifetime is

reduced via the Purcell effect. The coupling strength to the cavity can thus be estimated by

comparing the excited state lifetimes for the cases where the cavity is on resonance and off

resonance with the emitter.

Figure 6.3 (a) shows excited state lifetime measurements of the SnV center at the C

transition for different cavity frequency detunings. The emitter is excited by pulsed, off-

resonant 532nm excitation. Each cavity frequency detuning is set by matching the cavity

resonance to a frequency-stabilized reference laser before starting the lifetimemeasurement.

When the cavity is fully on resonance with the SnV center, we measure a detector count rate

of 15kHz and a Purcell-reduced excited state lifetime of 𝜏𝑃 = (2.55±0.01)ns (see Fig. 6.3

(b)). The emitter’s natural lifetime of 𝜏 = (5.0±0.1)ns (corresponding to a lifetime-limited

linewidth of 𝛾 = 1/2𝜋𝜏 = 32MHz) is determined at large cavity detuning, where the Purcell

enhancement is negligible.

As expected qualitatively, the measured emitter count rate in Fig. 6.3 (a) decreases with

increasing cavity frequency detuning. However, the range over which the decrease occurs

does not quantitatively match the previously characterized cavity linewidth (vibration-

averaged 8GHz). We attribute this to random emission frequency jumps (spectral diffusion)

of the SnV center, due to changes in the environment caused by the strong pulsed, off-

resonant 532nm excitation light (see Appendix 6.8.8 for details). The presence of this

spectral diffusion in the individual lifetime measurements leads to an averaging of the

Purcell enhancement. Thus, the Purcell-reduced excited state lifetime only yields a lower

bound on the cooperativity, which we calculate to be 𝐶 ≥ 𝜏/𝜏𝑃 −1 = 0.96±0.05 .

We note that we observe Purcell-reduced lifetimes on several other SnV centers in this

device, with the shortest lifetime measured to be (1.78±0.01)ns (see Appendix 6.8.6, Fig. 6.9

and Fig. 6.12). Differences between measured Purcell-reduced lifetimes are likely due to

differences in the cavity quality factor at different lateral positions and due to emitters

being at different depths in the diamond device, leading to a different overlap with the

cavity field.

The Purcell-reduction of the excited state lifetime also reflects in a broadening of

the emitter linewidth, which presents an alternative approach to measure the emitter-

cavity coupling. Since spectral diffusion is expected to be strongly reduced in linewidth

measurements using resonant excitation, the coupling can be more precisely determined.

Figure 6.3 (c) shows such photoluminescence excitation (PLE) measurements using phonon

sideband (PSB) detection. We define the emitter linewidth for the case that the cavity is

on resonance as 𝛾′𝑃/2𝜋 and for a far-detuned cavity as 𝛾′/2𝜋. On cavity resonance, we

measure 𝛾′𝑃/2𝜋 = (126±4)MHz, and for a large emitter-cavity detuning of > 100GHz an

emitter linewidth of 𝛾′/2𝜋 = (77.6±0.8)MHz (see Appendix 6.8.7 for details about the PLE

measurements). From these measurements we calculate a cooperativity of 𝐶 = 1.7±0.2 (see

Appendix 6.8.4 for details about the employed vibration correction) and conclude the full

set of emitter-cavity parameters {𝑔,𝜅, 𝛾}/2𝜋 = {0.30,6.86,0.032}GHz, with the single photon
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Figure 6.3: Quantifying the emitter-cavity coupling. (a) SnV center fluorescence and excited state lifetime for

different cavity detunings with respect to the SnV center. Off-resonant, pulsed excitation (𝑃 ≈ 5mW, 𝑓rep = 10MHz)

is used to excite the SnV center independently of the cavity resonance. The colored data points indicate the

lifetime measurements plotted in (b). The complete dataset is shown in Appendix 6.8.6, Fig. 6.10. The error bars

represent one standard deviation confidence intervals of the fit. (b) Individual lifetime measurements (integration

time of 30s) of four different cavity detunings of (a), varying from fully on resonance to off resonance. The

dashed lines show the fits to a monoexponential decay in a 10ns fit window. The lifetime measurements without

normalization are shown in Appendix 6.8.6, Fig. 6.11. (c) On and off cavity resonance PLE linewidth measurement

of the SnV center. For the off resonance measurement, the cavity is detuned by > 100GHz with respect to the

SnV center.
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Rabi frequency 𝑔 and the total cavity loss rate 𝜅. The determined cooperativity, to our

knowledge, the highest reported for color centers in microcavities, puts the emitter-cavity

system in the coherent coupling regime in which quantum nonlinear behavior dominates

the dynamics.

Since our cavity system is characterized and understood in detail, the measured co-

operativity also allows us to draw conclusions about the SnV center properties, when

considering the cooperativity definition

𝐶 = 𝐹𝑃 𝛽0 𝜂 𝛼 𝜁 𝜖, (6.2)

with the SnV center Debye-Waller factor 𝛽0, quantum efficiency 𝜂, branching ratio between

C and D transition 𝛼, overlap of cavity polarization with the emitter dipole 𝜁 and the

spatial overlap of cavity mode and emitter 𝜖. For our implementation 𝜁 = cos2 (35◦) due

to the ⟨100⟩ diamond crystal orientation. In addition, the SnV center Debye-Waller factor

of 𝛽0 = 0.57±0.01 [47] is reported. Since the spatial overlap is bounded by unity (𝜖 ≤ 1) a

lower bound for the product of branching ratio and quantum efficiency 𝛼 𝜂 ≥ 0.64±0.06 is

calculated. This value represents an important figure of merit to estimate the performance

of future SnV-cavity implementations and is consistent with reported estimates 𝜂 ≈ 0.8 [48]

and 𝛼 ≈ 0.8 [49].

While the cooperativity quantifies the efficiency of the spin-photon interface, the

coherent cooperativity ultimately determines the fidelity of protocols [50]. The investi-

gated emitter exhibits contributions of nonradiative broadening above its lifetime-limited

linewidth, likely due to phonon dephasing because of finite temperature effects [51, 52].

Accounting for these contributions a vibration-corrected coherent cooperativity of 𝐶coh =

𝐶𝛾/𝛾′ = 0.69±0.07 is evaluated.

6.5Quantum Nonlinear Behavior of the Emitter-
Cavity System

For an emitter coherently coupled to a cavity, resonant light entering the cavity is signifi-

cantly modulated by coherent scattering. Due to destructive interference of the incident

light with light scattered by the emitter in the forward direction, the transmission through

the cavity can be strongly reduced [53]. We probe this effect by scanning the frequency

of a weak coherent laser and measuring the cavity transmission with a single-photon

detector. Figure 6.4 (a) depicts transmission measurements for different cavity detunings.

These measurements exhibit transmission dips at the emitter frequency, with a contrast on

resonance reaching 50%. As the detuning is increased, the transmission dip shape changes

from absorptive to dispersive.

We model the emitter-cavity system with a Lindblad master equation approach [54],

which allows for quantitative numerical simulations of the cavity transmission as well as

photon correlations (see Appendix 6.8.5 for details). All simulation input parameters are

determined through independent measurements. The solid lines in Fig. 6.4 (a) and (b) show

the predicted, simulated transmission curves, which are in good agreement with the data

and confirm our quantitative understanding of the emitter-cavity system.

The coherent scattering observed here is a highly nonlinear quantum effect as it

results from the light interacting with a single two-level system. In Fig. 6.4 (c) we plot
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Figure 6.4: Nonlinear quantum effects of the emitter-cavity system. The dots are measured values, while the

solid lines are modeled with a Lindblad master equation approach using the previously measured parameters of

the emitter-cavity system. (a) Exemplary transmission dip measurements for increasing emitter-cavity detuning

in steps of about 1GHz and weak coherent probe laser power (𝑃 = 260fW). (b) Zoom in on the data and simulated

graphs presented in (a). (c) Cavity transmission dip contrast depending on photons per Purcell-reduced excited

state lifetime. The evaluation of the transmission dip contrast and error is described in Appendix 6.8.9. (d)

Measured 𝑔(2)(𝜏) correlation function of the transmitted cavity light on emitter resonance, showing photon

bunching as a quantum nonlinear effect. For the measured and simulated correlation function, a binning of 1ns is

used. The error bars represent one standard deviation confidence intervals of the data.

the transmission dip contrasts for different light intensities, expressed in photons per

Purcell-reduced excited state lifetime measured after the cavity. For the cooperativity

𝐶 = 1.7 of our emitter-cavity system the Purcell-reduced lifetime reads 1.85ns. For very

weak incident light intensity, the emitter acts as an efficient scatterer, whereas the emitter

saturates for light intensities on the order of a photon per excited state lifetime.

The nonlinearity of the coherent coupling fundamentally modifies the statistical prop-

erties of the transmitted light. To show this quantum nonlinear behavior, we measure the

𝑔(2)(𝜏) correlation function of the transmitted light when the cavity is on resonance with

the SnV center (see Fig. 6.4 (d)). The observed photon bunching 𝑔(2)(0) ≈ 1.5 evidences the

modified statistics resulting from the selective reflection of the single-photon component

of the incident weak coherent light.

The measured photon bunching time scale, which is related to the Purcell-reduced

excited state lifetime, is slightly larger than predicted by our theoretical model (solid line).

We attribute this to a residual emitter-cavity detuning during the measurement time, which

leads to a slightly longer excited state lifetime (less Purcell-reduction) and thereby to a

larger bunching time constant.

6.6 Conclusion and Outlook
Our work establishes a versatile tunable platform for exploring light-matter interactions

with individual diamond color centers, showing coherent coupling that modifies the cavity
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transmission intensity and photon statistics. These results constitute the first demonstration

of these quantum nonlinear effects for any color center in a hybrid cavity. Furthermore,

the methods used here can be directly extended to other color centers such as diamond

nitrogen-vacancy and silicon-vacancy centers as well as color centers in other materials

such as silicon carbide [55, 56].

Our results open up near-term opportunities along several directions. First, our cavity

performance may be improved by an order of magnitude as finesse values exceeding 10,000

were shown with reduced losses from the diamond sample in comparable systems [23, 57–

59]. Furthermore, SnV centers in waveguides and thin membranes have shown near

lifetime-limited linewidths at liquid helium temperatures [38, 41], leading to an improved

coherent cooperativity.

Moreover, this system can be complemented with the recently established coherent

control over the SnV center ground state spin [40, 41]. Striplines to deliver microwaves

can be fabricated onto the diamond membrane [41] or embedded into the mirror [60].

Combining the light-matter interface with spin control would enable a versatile spin-photon

interface for advanced quantum optics experiments and proof-of-principle demonstrations

towards cavity-enhanced quantum networking with solid-state qubits.
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6.8 Appendix
6.8.1 Experimental Setup
Experimental sequences are orchestrated with a real-time microcontroller (Jäger Adwin

Pro II) and time-resolved measurements are recorded with a single photon counting module

(Picoquant Hydraharp 400). The setup is controlled and measurements are performed with

a PC and the Python 3 framework QMI 0.37 [62]. We use quantify-core
1
for data handling

and analysis.

Figure 6.5: Schematic of the detection setup. The collimated cavity beam comes from the right-hand side and is

split into ZPL and PSB detection. Alternatively, the cavity light can be sent with a flip mirror to a fiber-coupled

spectrometer. Further, a 50:50 pellicle beam splitter can be inserted to image the cavity with an LED and a CCD

camera. Spectral filtering is performed with various shortpass (SP), longpass (LP), and bandpass (BP) filters (see

main text for details).

The excitation path consists of a frequency-doubled tunable diode laser (619nm, Toptica

TA-SHG pro), which is frequency stabilized to a wavemeter (High Finesse WS-U) and

intensity-controlled with a fiber-based amplitude acousto-optic modulator (Gooch and

Housego Fiber-Q 633 nm). After free-space launching, we fix the polarization with a Glan-

Thompson polarizer (Thorlabs GTH10M-A), after which half- (HWP) and quarter-wave

(QWP) plates are used for polarization control. For off-resonant excitation, a continuous

wave laser (515nm, Hübner Photonics Cobolt MLD515) and a pulsed laser (532nm, 230ps

pulse duration, (5−12)MHz repetition rate, NKT Photonics Katana-05HP) are combined

with a 30:70 beam splitter and overlapped with the 619nm diode laser via a dichroic mirror.

The light is coupled into one port of a 4x1 single-mode fiber switch (Agiltron custom

version), whose output port is connected to the cavity fiber (single mode, 5μm mode field

diameter, IVG CU600). A different input port of the fiber switch is connected to a white

1
Available at https://gitlab.com/quantify-os/quantify-core.

https://gitlab.com/quantify-os/quantify-core
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light supercontinuum source (NKT Photonics SC-450-2), which is spectrally filtered for

(600−700)nm to measure the cavity dispersion.

We use a floating stage helium-free optical cryostat (Montana Instruments HILA) with

an off-table cold head design and a base temperature of 6K. A detailed description of the

design and operation of the full setup is presented in Ref. [46]. The fiber can be placed and

fine-tuned in situ with a piezo positioning stage (JPE CPSHR1-a), which is mounted on a

passive vibration isolator (JPE CVIP1). The output beam of the cavity is collimated with a

room temperature objective (100x magnification, 0.75 numerical aperture, 4mm working

distance, Zeiss LD EC Epiplan-Neofluar), which is positioned by three linear piezo stages

(Physik Instrumente Q-545) in a tripod configuration.

Figure 6.6: Micrograph of the hybrid cavity imaged through the output mirror, showing the diamond device.

Off-resonant 515nm laser light is inserted over the input mirror, illuminating the lateral cavity position used in

the experiments.

The collimated cavity beam leaves free-space the cryostat vacuum chamber to the

detection path shown in Fig. 6.5. We illuminate and monitor the cavity with an LED lamp

and a CCD camera to position the fiber with respect to the sample (see Fig. 6.6 for the

exact cavity spot on the diamond device). To measure the cavity dispersion or SnV center

fluorescence, the light can be sent to a fiber-coupled spectrometer (Princeton Instruments

SP-2500i). For all other measurements, the light is split into the ZPL and PSB path with

a longpass filter (Asahi Spectra LP 630nm). The PSB path is spectrally filtered with two

longpass (Semrock VersaChrome Edge TLP01-628) and a shortpass filter (Thorlabs FES700)

and fiber-coupled into a multimode fiber (25μm core size, 0.1 numerical aperture, Thorlabs

FG025LJA) with an objective (10x magnification, 0.1 numerical aperture, 10.6mm working

distance, Olympus RMS10X). The PSB light is measured with a single-photon detector (Laser

Components COUNT-10C-FC). The ZPL light is filtered for polarization with a quarter- and

half-wave plate and a Glan-Thompson polarizer (Thorlabs GTH10M-A) and spectrally with

a bandpass filter (Thorlabs FBH620-10). We additionally filter the light for some experiments

with an angle-tunable free-space etalon (full width at half maximum ≈ 45GHz, free spectral

range ≈ 2.7THz, LightMachinery custom coating). The ZPL light is fiber-coupled into a
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single-mode fiber (3.6−5.3μmmode field diameter, 0.1−0.14 numerical aperture, Thorlabs

SM600) with an objective (Olympus RMS10X). For the correlation measurements, a 50:50

single-mode fiber beam splitter (Thorlabs TW630R5A2) is used. The ZPL light is measured

with a single-photon detector (Picoquant Tau-SPAD-20).

6.8.2 Hybrid Cavity Characterization and Simulation
Figure 6.7 shows a cavity transmission measurement used to determine the cavity linewidth.

In this measurement, a resonant laser is scanned over the cavity resonance, while the trans-

mission is detected with a single-photon detector in the ZPL path. To this transmission

signal, a Voigt fit with a fixed Gaussian contribution of 2.92GHz is applied. This Gaussian

contribution accounts for the 27pm root mean square (RMS) value of cavity length fluctua-

tion. The Voigt fit yields a Lorentzian contribution of (6.86±0.05)GHz, which corresponds

to the Lorentzian cavity linewidth.

Figure 6.7: Linewidth characterization of the air-diamond hybrid cavity. Extracted from a resonant cavity

transmission scan fit, the cavity shows a total Voigt linewidth of 8GHz, composed of a Lorentzian cavity linewidth

of (6.86 ± 0.05)GHz and a Gaussian contribution of 2.92GHz (= 27pm ⋅ 46MHz/pm ⋅ 2
√
2ln2) accounting for

27pm RMS cavity length fluctuations.

To calculate the cavity mode volume of our microcavity, the electric field distribution

inside the cavity is simulated in Fig. 6.8 [45]. The electric field is confined between the

dielectric input and output mirrors and spreads over the air and diamond part in between.

From simulations, an effective cavity length 𝐿eff = 10.8μm is calculated, which leads with

the cavity beam waist 𝜔0 = 1.24μm to a cavity mode volume of 55 𝜆3.
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Figure 6.8: Simulation of the electric field distribution inside the microcavity. The solid black line displays the

refractive index 𝑛 over the extent of our microcavity, and the yellow solid line shows the simulated electric field

strength |𝐸|. The dielectric input and output mirrors are shown on the left and right sides. In between, the air

gap of 6.50μm and the diamond of thickness 3.72μm are modeled with a refractive index of 𝑛 = 1 and 𝑛 = 2.41,

respectively. An effective cavity length of 𝐿
eff

= 10.8μm is numerically calculated.
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6.8.3 Vibration Model
The cavity length fluctuations of our microcavity lead to vibration averaging in measure-

ments, which we take into account in simulations and when stating vibration-corrected

quantities. We model a Gaussian distribution of cavity length fluctuations that trans-

late over a local linear cavity mode dispersion into cavity frequency detunings Δ𝜈. The

probability density function is given by [24]

𝑓 (Δ𝜈) =
1

√
2𝜋𝜎2

𝑒
−Δ𝜈2/2𝜎2

, (6.3)

with the RMS value 𝜎 of the cavity frequency fluctuations. We perform the vibration

averaging by discretizing the probability density function and integrating numerically.

6.8.4 Cooperativity Definitions and Vibration Correction
The efficiency of a spin-photon interface is quantified by the cooperativity [50]

𝐶 =
4𝑔2

𝜅 (𝛾rad+𝛾nonrad)
, (6.4)

with the single photon Rabi frequency 𝑔 and the emitter decay rate 𝛾 = 𝛾rad+𝛾nonrad with

its radiative and nonradiative component. For the SnV center, the radiative component is

composed of a ZPL and a PSB part 𝛾rad = 𝛾ZPL+𝛾PSB. Further, the ZPL component splits up

into the SnV center C and D transition 𝛾ZPL = 𝛾C+𝛾D.

In this study, we couple a narrow-linewidth SnV center via its C transition to a spectrally

broad cavity (𝜅 ≫ 𝛾). The cavity-induced increase in the C transition decay rate with

respect to its initial value 𝛾C is determined by the Purcell factor times the spatial 𝜖 as well

as polarization 𝜁 overlap between emitter and cavity mode. Hence, the Purcell-enhanced

emitter decay rate reads

𝛾𝑃 = 𝐹𝑃 𝜖 𝜁 𝛾C+𝛾. (6.5)

This Purcell-enhanced decay rate can be expressed as a function of the cooperativity by

introducing the branching ratio between C and D transition 𝛼 = 𝛾C/𝛾ZPL, the Debye-Waller

factor 𝛽0 = 𝛾ZPL/𝛾rad and the quantum efficiency 𝜂 = 𝛾rad/𝛾 . Equation (6.5) transforms to

𝛾𝑃 = 𝐹𝑃 𝜖 𝜁 𝛼 𝛽0 𝜂 𝛾 +𝛾 = 𝛾(𝐶 +1), (6.6)

with the cooperativity 𝐶 as defined in equation (6.2) of the main text.

Following equation (6.6) the cooperativity

𝐶 = (𝛾𝑃 −𝛾)/𝛾 = 𝜏/𝜏𝑃 −1, (6.7)

can be determined by measuring the Purcell-reduced excited state lifetime 𝜏𝑃 and the

natural excited state lifetime 𝜏. In the case of a linewidth-broadened emitter 𝛾′ = 𝛾 +𝛾dp

with pure dephasing rate 𝛾dp the cooperativity

𝐶 = (𝛾
′
𝑃 −𝛾

′
)/𝛾, (6.8)

can be calculated by measuring the emitter linewidth 𝛾′ and the Purcell-enhanced linewidth

𝛾′𝑃 together with the lifetime-limited linewidth 𝛾 = 1/2𝜋𝜏 deduced from a lifetime measure-

ment.



6.8 Appendix

6

125

The coherent cooperativity that takes emitter coherence into account reads [50]

𝐶coh = 𝐶
𝛾

𝛾′
=
𝛾′𝑃

𝛾′
−1, (6.9)

and hence can be determined by measuring the emitter linewidth and the Purcell-enhanced

linewidth only.

Moreover, the emitter-cavity coupling, described by the cooperativity 𝐶, depends on

the spectral overlap between emitter and cavity. In the regime where the emitter linewidth

is much smaller than the cavity linewidth, the cooperativity is given by [45]

𝐶overlap(𝜈𝑒 , 𝜈𝑐) =
𝐶

1+4𝑄2(𝜈𝑒/𝜈𝑐 −1)2
, (6.10)

with the maximal cooperativity 𝐶 on emitter-cavity resonance, the cavity quality factor

𝑄, the cavity resonance frequency 𝜈𝑐 and the emitter transition frequency 𝜈𝑒 . Note that

this dependency needs to be generally considered for emitter-cavity detunings and also

vibration averaging. Using equation (6.10) and (6.3), a ratio of 0.90 between measured

(vibration averaged) and maximal cooperativity on emitter-cavity resonance is calculated

for our RMS vibration level of 27pm. We take this factor into account when stating

vibration-corrected cooperativity values.

6.8.5 Modeling SnV Centers in Optical Cavities
The investigated emitter-cavity system under resonant excitation is described by an atomic

system and a driven optical cavity, modeling the SnV center and the probed microcavity,

respectively. For sample temperatures of about 8K, the SnV center in diamond is well

approximated by a two-level atomic system, considering only the lower branches of the

excited and ground states that are linked via the SnV center C transition.

The population in the upper branch states of the ground state can be calculated by the

ratio of the fast electron-phonon transition rates between the ground state branches 𝛾+

and 𝛾− [51]. The ratio 𝛾+/𝛾− is determined by the thermal population of the corresponding

phononmode, which for the SnV center ground state splitting of≈ 850GHz and temperature

of 8K is well approximated by the Maxwell-Boltzmann distribution. In this regime, the

population of the upper branch states follows the Maxwell-Boltzmann distribution as well

and is with < 1% very low, allowing to disregard this state. Note that the SnV center Debye-

Waller factor, quantum efficiency, and branching ratio are included in the cooperativity of

the emitter-cavity system.

The dynamics of the emitter-cavity system are modeled with a Lindblad master equation

approach, where the Hamiltonian of the system in the rotating frame of the probe frequency

reads [54]

𝐻̂ = Δ𝑒 |𝑒⟩ ⟨𝑒|+Δ𝑐 𝑎̂
†
𝑎̂ + 𝑖𝜉 (𝑎̂

†
− 𝑎̂)+ 𝑖𝑔 (𝑎̂ |𝑒⟩ ⟨𝑔|− 𝑎̂

†
|𝑔⟩ ⟨𝑒|) (6.11)

with Δ𝑒/2𝜋 = 𝜈𝑒−𝜈𝑝 , Δ𝑐/2𝜋 = 𝜈𝑐−𝜈𝑝 , where 𝜈𝑒 is the emitter transition frequency between

excited state |𝑒⟩ and ground state |𝑔⟩ and 𝜈𝑐 the resonance frequency of the cavity. The

cavity field is described by the bosonic photon annihilation operator 𝑎̂. The single photon

Rabi frequency 𝑔 determines the coupling strength between the two atomic levels and the

cavity field via the Jaynes-Cummings interaction. The weak coherent probe laser field
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at frequency 𝜈𝑝 has a photon flux amplitude of 𝜉/
√
𝜅𝑖𝑛 at the cavity input mirror. The

Lindblad operators of the system are

𝐿̂1 =
√
𝛾 |𝑔⟩⟨𝑒| ,

𝐿̂2 =
√
𝛾dp |𝑒⟩ ⟨𝑒| ,

𝐿̂3 =
√
𝜅𝑎̂, (6.12)

with the decay rate 𝛾 from the state |𝑒⟩ to |𝑔⟩, the dephasing rate 𝛾dp and the total cavity

loss rate 𝜅. The Linblad master equation for the system density matrix 𝜌 reads

𝜌̇ = −[𝐻̂ ,𝜌]+

3

∑

𝑥=1

𝐿̂𝑥𝜌𝐿̂
†
𝑥 −

1

2
(𝐿̂

†
𝑥 𝐿̂𝑥𝜌+𝜌𝐿̂

†
𝑥 𝐿̂𝑥) . (6.13)

In the weak driving regime (𝜉 ≪ 𝜅), the Hilbert space can be truncated, and we assume at

most two excitations in our system, which results in the basis

{|0,𝑔⟩ , |0, 𝑒⟩ , |1,𝑔⟩ , |1, 𝑒⟩ , |2,𝑔⟩} . (6.14)

To calculate the cavity transmission and intensity correlation function of the transmitted

light, the steady state of the system is considered. The cavity transmission is given by

𝑇 =
𝜅𝑜𝑢𝑡 ⟨𝑎̂

†𝑎̂⟩

⟨𝑎̂
†

𝑖𝑛𝑎̂𝑖𝑛⟩
=
𝜅𝑜𝑢𝑡𝜅𝑖𝑛

𝜉2
⟨𝑎̂

†
𝑎̂⟩ , (6.15)

with the loss rate of the output mirror 𝜅𝑜𝑢𝑡 and the input photon flux ⟨𝑎̂
†

𝑖𝑛𝑎̂𝑖𝑛⟩ = 𝜉2/𝜅𝑖𝑛. The

normalized intensity correlation function of the transmitted light is given by

𝑔
(2)

𝑇 (𝜏) =
⟨𝑎̂†(0)𝑎̂†(𝜏)𝑎̂(𝜏)𝑎̂(0)⟩

⟨𝑎̂†𝑎̂⟩
2

, (6.16)

with the correlation time delay 𝜏.

We use the Python toolbox qutip [63] to solve for the operator expectation values. To

calculate the photon field expectation values of the correlation functions, we increase the

photon Hilbert space to eight excitations for numerical stability.

6.8.6 Further Data on SnV-Cavity Coupling
To identify SnV centers exhibiting large cavity coupling strengths within the cavity mode

volume, we tune the cavity resonance over a large range by sweeping the piezo voltage of

the fiber positioning system. We simultaneously excite with a pulsed, off-resonant 532nm

laser and monitor the counts in the ZPL detection. Once a certain count rate is exceeded,

the sweep is paused and a lifetime measurement (usually 10s to 60s integration time) is

performed to extract the excited state lifetime. The measurement and analysis are fully

automated, and the best coupled SnV centers are found efficiently. For the cavity used in

this work, an exemplary sweep is shown in Fig. 6.9, where the SnV center used in this

study is located at a piezo voltage of 0.12V with a Purcell-reduced excited state lifetime of

about 2.5ns as indicated by the black arrow.
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Figure 6.9: Detuning of the cavity resonance from about 617nm to 621nm with a lifetime measurement triggered

on a predefined count rate threshold of 7kCts (background of 2kCts). The ZPL path is filtered with a (620±5)nm

bandpass filter only. We attribute the clustered peaks around 0.2V and 0.35V to the C and D transition of multiple

SnV centers. The SnV center used in this study is indicated by the black arrow with a Purcell-reduced excited

state lifetime of about 2.5ns. The error bars represent one standard deviation confidence intervals of the fit.

After finding a SnV center with a good coupling strength to the cavity, an etalon

filter (full width at half maximum ≈ 45GHz) is added to the ZPL path to further reduce

the background and the polarization detection is optimized on the emitter counts under

pulsed, off-resonant 532nm excitation. The coupling is then quantified via cavity detuning-

dependent lifetime measurements as reported in Fig. 6.3 (a) and (b). Figure 6.10 depicts the

full dataset, which is used in Fig. 6.3 (a). The investigated emission line is located at around

455GHz (with respect to 484THz), whereas at around 430GHz another weaker coupled

emission line is present. We choose to analyze the data for frequencies ≥ 455GHz only,

where leakage of the 430GHz emission line is very small. Note that these measurements

under pulsed, off-resonant 532nm excitation were performed last and caused the emitter

frequency to jump from the initial 484.558THz to 484.455THz. We attribute this jump to

the extensive irradiation of the diamond device with high power (≈ 5mW) pulsed 532nm

light.

The lifetime measurements of Fig. 6.3 (b) are shown without normalization in Fig. 6.11

together with the monoexponential fits, which are used to extract the lifetime.

The lifetime measurement of a different SnV center with a larger lifetime reduction is

shown in Fig. 6.12. Note that this is measured at a different lateral cavity position with a

better cavity quality factor.
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Figure 6.10: Full dataset of the cavity detuning measurement presented in Fig. 6.3 (a). The cavity frequency,

which is matched to a frequency-stabilized reference laser, is stated in absolute values. Note that in the lifetime

measurement of frequency 461GHz, the cavity is not set to the correct resonance frequency, which leads to a

wrong lifetime value. The error bars represent one standard deviation confidence intervals of the fit.

Figure 6.11: Lifetime measurements and fits (dashed lines) of the data presented in Fig. 6.3 (b) without normaliza-

tion. The signal of the SnV center is reduced for larger cavity detuning. Here, an additional fast-decaying signal

can be observed for short detection times. We attribute this to background fluorescence, which could stem from

the cavity fiber, the mirror coating, or the output mirror substrate. The fit window is chosen to exclude this fast

decay. A binning of 0.25ns is used.
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Figure 6.12: Lifetime measurement of the SnV center, which shows the largest lifetime reduction. This is

measured at a different lateral position on the diamond device with a better cavity quality factor of about 8×104

and a comparable mode volume. Note that, in this measurement, the ZPL signal is filtered in a 10 nm window.

The change in the exponential slope for longer detection times could stem from weaker coupled SnV centers or

not filtered slow-decaying background fluorescence. A binning of 0.25ns is used.
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6.8.7 PLE Measurements of SnV Centers with the Microcavity
The investigated SnV center shows spectral diffusion and emitter ionization. In the PLE

measurements, a conditional off-resonant 515nm laser pulse is applied before scanning

the resonant laser over the emission line. This sequence measures the emitter linewidth

without contributions of spectral diffusion, and the SnV center is likely found in its negative

charge state. The usage of the 515nm pulse is conditioned on the detected emitter counts

of the previous scan. If a specified peak contrast is not reached, the emitter is likely

ionized, and a 10μW 515nm laser pulse is applied for 50ms to repump the charge state.

The resonant laser is scanned with about 180MHz/s, while we integrate the emitter counts

for 50ms at each frequency step. Phonon sideband detection is utilized to filter out residual

resonant excitation laser after the microcavity. The microcavity itself strongly filters the

PSB emission of the emitter, resulting in a low PSB photon collection rate. Therefore,

individual PLE scans are postselected and averaged to get a good estimate of the emitter

linewidth.

Cavity On Resonance PLE Measurement Analysis
For the cavity on resonance, PLE scans a low excitation power corresponding to 260fW is

used. This enables the acquisition of the ZPL counts next to the PSB counts with single-

photon detectors in the detection. These ZPL count traces are equivalent to transmission dip

measurements, which show a significantly better signal-to-noise than the PSB count traces.

We use the transmission dips for postselecting PLE measurements. First, we only consider

measurements that exhibit a transmission dip and where the cavity mode is resonant with

the laser scan range. Next, each transmission dip is fitted with a Lorentzian function, and

further postselection is performed on the resulting fit parameters. The transmission dip,

and therewith the emission frequency, has to be in the range (558−559)GHz in the center

of the laser scan. In addition, a Lorentzian width > 100MHz and a dip contrast > 50% are

required, which sorts out scans where emitter ionization occurred. The selected PLE scans

are centered using the Lorentzian fit center frequencies and finally averaged. For the data

presented in Fig. 6.3 (c), where the cavity is on resonance with the emitter, the average is

performed with 170 individual scans.

Cavity Off Resonance PLE Measurement Analysis
For cavity off resonance PLE scans, the propagation of the scanned resonant laser light into

the cavity is highly suppressed. To achieve similar PSB emitter count rates, the excitation

laser power is increased by a factor of 400. In postselection, we use the knowledge if a

conditional repump is applied to select scans where no ionization occurred and additionally

require a certain emission peak contrast. Then, each PLE scan is fitted with a Lorentzian

peak, and further postselection is performed based on the resulting fitting parameters. A

Lorentzian center frequency in the range of (558−559)GHz and the linewidth in the range

of (30−500)MHz is required. Moreover, we select on the Lorentzian peak amplitude as

a criterion for a successful fit. The selected PLE scans are centered using the Lorentzian

fit center frequencies and finally averaged. For the data presented in Fig. 6.3 (c), where

the cavity is off resonance with the emitter, the average is performed with 307 individual

scans.
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6.8.8 Cavity Transmission Dip Measurements
The cavity transmission dip measurements are performed by scanning a weak coherent

laser over the cavity resonance and detecting the transmitted laser signal with a single-

photon detector in the ZPL path. These transmission scans exhibit a good signal-to-noise

ratio, allowing to scan the laser faster than in the PLE measurements, which is beneficial

to lower the chance of emitter ionization. The measurements depicted in Fig. 6.4 (a) and

(b) were conducted with a laser power of 260fW, a laser scan speed of about 350MHz/s

and an integration time of 20ms for each frequency step. A 50uW off-resonant 515nm

laser pulse is applied for 50ms before each scan. Figure 6.13 depicts successively acquired

cavity transmission dip measurements. These reveal the effect of spectral diffusion of the

investigated SnV center. In individual measurements, the SnV center exhibits its narrow

emitter linewidth, whereas between measurements, spectral diffusion on the order of GHz

is observed. We attribute these frequency jumps to changes in the SnV center environment

due to the application of the off-resonant 515nm laser before each measurement. Without

the application of the off-resonant 515nm laser, the frequency jumps between successive

measurements are on the order of the emitter linewidth.

Figure 6.13: Successively acquired cavity transmission dip measurements. The cavity resonance is not actively

controlled during these measurements.

6.8.9 Transmission Dip Contrast Measurements
The transmission dip contrasts, depending on photons per Purcell-reduced excited state

lifetime, are determined by performing transmission dip measurements with different

laser powers. In all of these measurements, we use a scan range of 1.8GHz and apply an

off-resonant 515nm laser pulse before each scan. The laser scan speed and the frequency

step integration time are adjusted for each laser power to acquire transmission dips before

they vanish due to emitter ionization. An exemplary transmission dip contrast analysis is

shown in Fig. 6.14. For each power value, we analyze four scans and take the mean contrast

value with standard deviation as the dip contrast displayed in Fig. 6.4 (c).

The experimental data of Fig. 6.4 (c) is fit to the simulations by scaling the used excitation

powers to the simulated photons per lifetime, which maps the experimentally set laser
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power to the actual laser power leaving the cavity. A set laser power of 1.0nW measured

in our excitation setup corresponds to 0.015 photons per lifetime and a power of 2.6pW

after the cavity. This power ratio originates from an initial free space to fiber coupling

efficiency, fiber and fiber splice losses, fiber mode to cavity mode matching efficiency, and

cavity transmission. The cavity transmission is calculated to be 2.4 %, and an achievable

fiber mode to cavity mode efficiency of 47 % is calculated for the used cavity geometry. The

determined power ratio is used to state the resonant laser power values. By comparing the

detector count rate with the expected photons per lifetime after the cavity, we estimate

a cavity mode collection efficiency of about 12%. An independent measurement of the

collection efficiency confirms this value.

Figure 6.14: Exemplary analysis of the cavity transmission dip contrasts shown in Fig. 6.4 (c) for a set laser

power of 7.5nW, corresponding to about 0.1 photons per lifetime. Four individual scans of the resonant cavity

transmission measurements, where a clear dip is visible, are selected. We use a running average of the count rate

to automatically identify the position of the dip. 12 data points inside the dip are taken as an average to define

the dip depth (green area). Excluding 50 data points to both sides of the dip, the remaining points are averaged to

calculate the cavity transmission peak height (red area).

6.8.10 Photon Statistics Measurement of the Cavity Transmis-
sion on Emitter Resonance

The measurement, depicted in Fig. 6.4 (d), shows the photon statistics of the light that is

transmitted through the cavity on emitter resonance. The transmitted light is collected by

a single-mode fiber in the ZPL path and guided by a 50:50 fiber beam splitter to two single-

photon detectors, which are connected to time-tagging electronics. In this measurement,

a probe laser power of 2.6pW, a scan speed of about 1.8GHz/s, and a frequency step

integration time of 5ms is used. To exclusively acquire data on emitter resonance, we

only trigger the time tagging electronics to record for the next 5ms if the transmission dip
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contrast is > 35% in the previous frequency step. Before each scan a 10uW off-resonant

515nm laser pulse is applied for 50ms. In the simulated graph of Fig. 6.4 (d), the detunings

between emitter and probe laser due to the transmission dip trigger threshold of 35% are

taken into account. Emitter-cavity detunings due to spectral diffusion and small cavity

drift during the course of the experiment are not captured by the measurement routine nor

by the simulations.

6.8.11 Summary of System Parameters
An overview of measured, estimated, and simulated values of this work is summarized in

Tab. 6.1.

Table 6.1: Overview of system parameters.

Parameter Value

Input mirror radius of curvature 15.7μm

Cavity air gap 6.50μm

Diamond thickness 3.72μm

Hybrid cavity mode number 𝑞 50

Effective cavity length 𝐿eff [45] 10.8μm

Estimated cavity beam waist 𝜔0 [45] 1.24μm

Estimated cavity mode volume 𝑉 [45] 55 𝜆3

Cavity Lorentzian linewidth 𝜅/2𝜋 (6.86±0.05)GHz

Root mean square cavity length fluctuations 27pm

Cavity mode dispersion slope 46MHz/pm

Cavity quality factor 𝑄 7×104

Cavity finesse  830

Calculated Purcell factor 𝐹𝑃 [45] 6.9

Calculated cavity transmission 2.4%

SnV center natural lifetime 𝜏 (5.0±0.1)ns

SnV center lifetime-limited linewidth 𝛾/2𝜋 32MHz

SnV center linewidth 𝛾′/2𝜋 (77.6±0.8)MHz

Purcell-enhanced emitter linewidth 𝛾′𝑃/2𝜋 (126±4)MHz

Vibration-corrected cooperativity 𝐶 1.7±0.2

Vibration-corrected coherent cooperativity 𝐶coh 0.69±0.07

Single photon Rabi frequency 𝑔 (300±20)MHz
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7
Spin-Photon Correlations
from a Purcell-enhanced

Diamond Nitrogen-Vacancy
Center Coupled to an Open

Microcavity

J. Fischer*, Y. Herrmann*, C. F. J. Wolfs, S. Scheijen, M. Ruf and
R. Hanson

An efficient interface between a spin qubit and single photons is a key enabling system for
quantum science and technology. We report on a coherently controlled diamond nitrogen-
vacancy center electron spin qubit that is optically interfaced with an open microcavity.
Through Purcell enhancement and an asymmetric cavity design, we achieve efficient collection
of resonant photons, while on-chip microwave lines allow for spin qubit control at a 10MHz

Rabi frequency. With the microcavity tuned to resonance with the nitrogen-vacancy center’s
optical transition, we use excited state lifetime measurements to determine a Purcell factor of
7.3±1.6. Upon pulsed resonant excitation, we find a coherent photon detection probability of
0.5% per pulse. Although this result is limited by the finite excitation probability, it already
presents an order of magnitude improvement over the solid immersion lens devices used in
previous quantum network demonstrations. Furthermore, we use resonant optical pulses to
initialize and read out the electron spin. By combining the efficient interface with spin qubit
control, we generate two-qubit and three-qubit spin-photon states and measure heralded
Z-basis correlations between the photonic time-bin qubits and the spin qubit.

The results of this chapter have been published in Nature Communications 16, 11680 (2025).

https://doi.org/10.1038/s41467-025-66722-8
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Spin-Photon Correlations from a Purcell-enhanced Diamond Nitrogen-Vacancy Center

Coupled to an Open Microcavity

7.1 Introduction
Optically active solid-state qubits are promising physical systems for quantum network-

ing [1–4]. Among several candidates [5–8], the nitrogen-vacancy (NV) center in diamond is

one of the most-studied, with the realization of qubit teleportation [9] across a multi-node

quantum network [10] and metropolitan-scale heralded entanglement [11]. Furthermore,

efficient quantum frequency conversion to telecom wavelength [12, 13] and hybrid entan-

glement of photons and nuclear spins [14, 15] have been demonstrated. The NV center

offers excellent spin qubit properties [16] and the nitrogen nuclear spin [17] together with

nearby carbon-13 spins [18] can function as a multi-qubit register [19, 20] to store [21–23]

and process [24–26] quantum states with high fidelities [27]. The main challenges for the

generation of spin-photon states with the NV center are the relatively low zero-phonon

line (ZPL) emission of ∼ 3% [28] and the reduced optical coherence in the presence of

charge noise hindering integration into nanophotonic devices [29–32]. State-of-the-art

quantum network nodes [9] are thus realized with solid immersion lenses (SIL) [33], in

which the NV center retains lifetime-limited optical linewidth [34]. In practice, such sys-

tems have shown ZPL detector click probabilities around 5×10−4 upon pulsed resonant

excitation [9, 10, 35, 36].

In this work, we realize the integration of a NV center into a fiber-based Fabry-Pérot

microcavity [37, 38] in combination with coherent microwave spin control, enabling the

generation of spin-photon states. This platform features bulk-like optical coherence of the

NV center by incorporating a micrometer-thin diamond membrane into the cavity [39, 40]

and a Purcell-enhanced emission into the ZPL combined with an efficient photon extraction.

We quantify the coupling of the NV center’s readout transition to the cavity modes with

the Purcell factor by measuring the reduction of the excited state lifetime. Further, we

investigate the cavity-coupled readout transition with a photoluminescence excitation

(PLE) measurement to determine the optical linewidth, a Hanbury Brown and Twiss (HBT)

experiment to verify single-photon emission, and a saturation measurement, which reveals

a ZPL detector click probability that is an order of magnitude higher compared to standard

solid immersion lens systems. Moreover, we demonstrate coherent control of the NV

center’s electron spin and characterize its coherence properties in a Ramsey and a Hahn-

Echo measurement. Finally, we use our platform to generate spin-photon states of the

electron spin qubit with one and two time-bin encoded ZPL photon qubits. We herald

on the photon detection in their time-bin states and observe the correlation with the

corresponding spin qubit readout.

7.2 Interfacing Diamond Nitrogen-Vacancy Center
SpinQubits with an Optical Microcavity

In this section, we conceptually outline the optical interfacing of NV centers which are

coupled to a fiber-based Fabry-Pérot microcavity as schematically depicted in Fig. 7.1(a). At

its heart, a sample mirror with a bonded diamond membrane faces a laser-ablated spherical

mirror on the tip of an optical fiber forming the microcavity [38]. Using the experimental

setup presented in Fig. 7.1(b), the cavity-coupled NV centers are optically addressed via

* Equally contributed authors.
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the microcavity, which is mounted inside a closed-cycle optical cryostat. Details about the

low-vibration cryogenic microcavity setup can be found in Ref. [41], and the fabrication of

the thinned-down diamond membrane, which is also used in earlier work [40], is reported

in Ref. [39].

Figure 7.1: (a) Schematic of the fiber-based Fabry-Pérot microcavity. The NV center is hosted in a diamond

membrane bonded to a planar sample mirror that faces a spherical mirror on the tip of an optical fiber, forming the

cavity. The cavity mirrors are dielectric Bragg mirrors. (b) Schematic experimental setup to efficiently interface

a NV center qubit with an optical microcavity. The cavity-coupled NV center spin qubit is controlled with

microwave signals, which are delivered via a gold stripline that is embedded into the sample mirror. Outside the

cryostat, a permanent magnet is mounted to apply a static magnetic field to the qubit. The optical readout of the

cavity-coupled NV center is achieved using free-space cross-polarized resonant excitation and detection via the

sample mirror side. Additional lasers for charge repump, spin initialization, and cavity locking are deployed in

fiber via the fiber mirror side. (c) Energy diagram showing the investigated levels of the cavity-coupled NV center.

The microwave qubit control, as well as the optical interface for readout and spin initialization, is depicted. The

cavity is on resonance with the NV center 𝐸𝑦 transition for readout.

For the experiments in this study, the two orthogonal, linear polarization modes of

the microcavity must be considered. Due to birefringence in the diamond membrane, the

frequency degeneracy of these cavity modes is lifted, which is identified as a polarization

mode splitting in the optical cavity response. In our lab frame, the low frequency (LF) and

high frequency (HF) cavity mode is referred to as horizontal and vertical polarization cavity

modes, respectively. The NV center’s optical dipole of the readout transition around 637nm

couples to both polarization cavity modes, enabling resonant excitation and detection in

a cross-polarized fashion [42]. Nanosecond optical excitation pulses are coupled into

the vertical polarization cavity mode through the sample mirror via the reflection of a

polarizing beamsplitter. Upon excitation, the NV center ZPL emission into the horizontal

polarization cavity mode is coupled out through the sample mirror and detected by a

fiber-coupled single-photon detector in transmission of the polarizing beamsplitter. This

cross-polarization filtering reaches high suppression values of the excitation laser and
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is actively optimized during the experiments via piezo rotation mounted waveplates. In

addition, a cavity lock laser at 637nm is launched over the optical fiber mirror into the

horizontal polarization cavity mode and is detected in cavity transmission by the same

single-photon detector. This signal is used in the experiments to run a side-of-fringe

lock that feedbacks on the piezo that is controlling the fiber mirror position to maintain

a constant cavity length. More details about the experimental setup and the methods

to maintain a high excitation laser suppression and to lock the cavity are described in

Appendix 7.8.1.

To prepare the NV center in its negatively charged state an off-resonant 515nm charge

repump laser is deployed over the fiber mirror next to a second, 637nm laser to initialize the

NV center in its 𝑚𝑠 = 0 spin ground state via the 𝐸1 transition (see Fig. 7.1(c)). A permanent

magnet outside the cryostat creates a static magnetic field at the position of the NV center,

which Zeeman-splits the NV center’s 𝑚𝑠 = ±1 spin states, allowing us to define a qubit

subspace consisting of the 𝑚𝑠 = 0 and 𝑚𝑠 = −1 states. Microwave pulses for qubit control

are delivered via a gold stripline, which is embedded into the sample mirror [43].

All reported uncertainties in this work correspond to one standard deviation confidence

intervals.

7.3 Coupling a Single Nitrogen-Vacancy Center to
the Microcavity

With the full spatial and spectral tunability of the microcavity [44], we select a position on

the diamond membrane that is close to the mirror-embedded gold stripline, exhibits a high

cavity quality factor, and a well-coupled NV center. At the selected position, a frequency

splitting between the horizontal and vertical polarization cavity mode of (9.56±0.02)GHz

is observed, which we attribute to birefringence due to the presence of strain in the diamond

membrane. The individual cavity polarization mode shows a linewidth of (1.69±0.02)GHz,

which corresponds to a quality factor of 280×103. With the determined cavity geometry, a

cavity mode volume of 86 𝜆3 is simulated. Accounting for our residual cavity vibration

level of 22pm, this results in a maximal vibration-averaged Purcell factor of 12 for a NV

center that is perfectly coupled to a single cavity mode [45]. In addition, a cavity mode

outcoupling efficiency through the sample mirror of 39% is calculated by taking the mirror

coating transmission losses into account (see Appendix 7.8.2 for the cavity characterization

details).

For the investigated cavity, we find a NV center that is coupled with its 𝐸𝑦 transition

(readout transition) at a frequency of 470.377THz (−23.34GHz with respect to 470.4THz).

Figure 7.2(a) shows a PLE measurement of this transition in the LF cavity mode, resulting

in a linewidth of (45±3)MHz determined by a Gaussian fit. We attribute the additional

broadening above the expected linewidth of 1/2𝜋𝜏𝑃,LF ≈ 20MHz for the Purcell-reduced

lifetime 𝜏𝑃,LF in the LF cavity mode as stated below to spectral diffusion. The determined

transition linewidth is typical for NV centers with bulk-like optical properties and the

used experimental PLE sequence involving 515nm repump laser pulses [39]. Furthermore,

we find the NV center’s 𝐸𝑥 transition at a frequency of 10GHz. This corresponds to a

transverse strain with 𝐸𝑥 - 𝐸𝑦 excited state splitting of ∼ 33GHz, which is larger compared

to typical bulk samples. We note that we also find NV centers with less strain in the diamond
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Figure 7.2: Characterization of the optical interface of the cavity-coupled NV center. (a) PLE measurement of

the NV center’s 𝐸𝑦 transition (readout transition) in the LF cavity mode with a Gaussian fit (solid line). Details

about the PLE measurement sequence and the applied background correction are presented in Appendix 7.8.3. (b)

Pulsed resonant saturation measurement of the readout transition in the LF cavity mode, together with a linear fit

as a guide for the eye. The inset shows the time-resolved detector counts for a laser pulse peak power of 35μW

measured free-space before the objective and the used integration window from 3ns to 30ns with respect to the

excitation pulse center. The small peak at a detection time of about −5ns is light of the excitation pulse that is

backscattered into the free-space detection before reaching the cryostat. (c) Lifetime measurements of the NV

center’s 𝐸𝑦 excited state on cavity resonance in the LF and HF cavity modes, as well as off resonance in the LF

mode. Details about the applied background correction are outlined in Appendix 7.8.5. The fit windows of 5ns to

18ns are represented by the length of the solid lines of the monoexponential fits. The data is offset for visual

clarity. (d) Second-order correlation measurement of the readout transition in the LF cavity mode for a pulse

train of 30 consecutive short resonant excitation pulses. In this measurement, the integration window of (b) is

used. The triangular function capturing the finite pulse train (black dashed line) is shown next to the fit function

that also includes the spin flipping process (black solid line).

membrane. Next to these NV center transitions associated with the 𝑚𝑠 = 0 spin state, we

find emission lines at −26.0GHz as well as −24.5GHz that are associated with the 𝑚𝑠 = ±1

spin states. We attribute these to the NV center’s 𝐸1 and 𝐸2 transitions, where we use the

former as our spin initialization transition. In all measurements, a static magnetic field of

about 37.5G is present along the NV center crystal axis. See Appendix 7.8.3 and 7.8.10 for

the PLE measurements of the other transitions and details about the used sequences of the

here studied and another cavity-coupled NV center.

In the sequences of all following measurements, we start by applying a 515nm charge

repump laser pulse to prepare the NV center with high probability in its negatively charged

state, and a spin initialization laser pulse to initialize the NV center in its 𝑚𝑠 = 0 spin

state (see Appendix 7.8.7 for details). Figure 7.2(c) shows lifetime measurements of the NV

center’s 𝐸𝑦 excited state using 2ns short resonant excitation pulses (see Appendix 7.8.4 for

details about the excitation pulse). The Purcell-reduced lifetime is measured in the LF and
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HF cavity modes with the cavity being on resonance with the readout transition. An off

resonance lifetime is determined in the LF mode by detuning the cavity from the readout

transition by−4GHz. The lifetimemeasurement data is fitted with monoexponential curves.

We observe that the data start to deviate from a monoexponential behavior for detection

times ≳ 20ns. We attribute this to the detected fluorescence of other (weaker coupled) NV

centers and therefore restrict the fit window size. Details about the applied background

subtraction and the influence of the fit window are further outlined in Appendix 7.8.5.

From the monoexponential fit, we determine an off resonance lifetime of 𝜏off = (9.5±0.4)ns

and a Purcell-reduced lifetime of 𝜏𝑃,LF = (7.8±0.2)ns and 𝜏𝑃,HF = (9.0±0.2)ns for the LF

and HF cavity mode, respectively. The off resonance lifetime differs from the expected

excited state lifetime of 12.4ns for low-strained NV centers [34]. We attribute this to strain-

induced mixing in excited states [46, 47]. In Appendix 7.8.5 we show a complementary

investigation of this mechanism with time-resolved detection during continuous wave

resonant excitation. The determined lifetimes allow to calculate the Purcell factor

𝐹𝑃 =
1

𝛽0 (

𝜏off

𝜏𝑃
−1

)
, (7.1)

with the NV center Debye-Waller factor 𝛽0 = 0.03 [28]. The Purcell factors for the

LF and HF cavity mode are 𝐹𝑃,LF = 7.3 ± 1.6 and 𝐹𝑃,HF = 2.0 ± 1.4 . In all the following

measurements, we use the stronger coupling to the LF cavity mode to enhance the NV

center emission and the HF cavity mode for excitation. Based on the determined Purcell

factor the NV center coherently emits 𝛽LF = 𝛽0𝐹𝑃,LF/(𝛽0𝐹𝑃,LF+1) ≈ 18% into the LF cavity

mode, which corresponds to a cavity outcoupled ZPL emission of about 7% and a maximal

detector click probability of about 1.4% per excitation pulse for our setup efficiency and

detection time window (see Appendix 7.8.11 for details).

In Figure 7.2(b), the saturation behavior of the NV center readout transition is studied.

For that, the peak power of the short excitation pulse is varied, and the ZPL detector click

probability after the first excitation pulse is measured. A ZPL detector click probability of

0.5% per pulse is determined for the highest power applied, which outperforms the standard

NV center quantum network node setups based on solid immersion lenses by an order of

magnitude [9, 10, 35, 36]. In addition, the detector click probability still increases linearly

for the investigated laser power regime showing that higher detector click probabilities can

be reached if more laser power is applied. In the experiments, we are limited to the here

investigated laser power regime due to the efficiency of our short optical pulse generation

setup.

Furthermore, we confirm single-photon emission by performing a pulsed resonant

HBT experiment on the readout transition. In the experiment, we perform in total 55×106

measurement sequence repetitions in which we apply a train of short excitation pulses with

a consecutive time separation of 126ns. Figure 7.2(d) shows the second-order correlation

function for 30 consecutive excitation pulses. The second-order correlation function

exhibits clear antibunching at zero pulse number difference. Further, it shows two bunching-

like features, which we attribute to the spin flipping probability into the 𝑚𝑠 = ±1 states

for larger pulse number differences and the probability to decay back into the 𝑚𝑠 = 0

state from the intersystem crossing singlet state for small pulse number differences. We

fit the data with a triangular function as expected for the finite pulse train multiplied



7.4 Coherent Microwave Control of the Nitrogen-Vacancy Center SpinQubit

7

147

by a monoexponential function capturing the spin flipping process (see Appendix 7.8.6

for details)). The exponential decay for small pulse number differences is not included,

since the amount of affected data points is insufficient for a reliable fit. We quantify an

antibunching value of 𝑔(2)(0) = 0.034±0.005 by the ratio of measured coincidences in the

zero bin to the triangular fit amplitude.

7.4 Coherent Microwave Control of the Nitrogen-
Vacancy Center SpinQubit

The NV center electron spin is coherently manipulated with microwave pulses, that are

delivered via an about 10μm distant gold stripline. Before microwave spin manipulation

a 515nm charge repump laser pulse prepares the NV center with high probability in its

negatively charged state and the spin is optically initialized in its 𝑚𝑠 = 0 ground state with

a spin initialization laser pulse and a fidelity of (93.5±0.9)% (see Appendix 7.8.7 for details

about the initialization and qubit readout analysis). The applied magnetic field along the NV

center crystal axis splits the 𝑚𝑠 = ±1 states by about 210MHz, enabling selective driving of

the 𝑚𝑠 = 0 and 𝑚𝑠 = −1 qubit subsystem. After spin manipulation, the qubit is read out via

the readout transition using the short excitation pulses and the same integration window

as introduced in Fig. 7.2(b). Figure 7.3(a) shows the statistics of detected photons for our

spin qubit readout after spin initialization in the𝑚𝑠 = ±1 or𝑚𝑠 = 0 state. This measurement

is used as a readout fidelity calibration, and its dependency on the number of used short

readout pulses is presented in the inset. The average fidelity 𝐹avg of the 𝑚𝑠 = ±1 readout

fidelity 𝐹±1 and the𝑚𝑠 = 0 readout fidelity 𝐹0 plateaus for larger readout pulse numbers and

is optimal around 200 pulses, which is used in the following experiments. These readout

fidelities are used for qubit readout correction, where the finite spin state initialization

fidelity is also taken into account. We note that the average readout fidelity is not limited

by laser power, but rather the average number of emitted photons before the studied NV

center spin flips. The outcoupled ZPL emission of about 7% for our system is comparable

to the collected non-coherent phonon sideband (PSB) emission used for readout in a SIL

setup, rendering high-fidelity qubit readout possible [48].

In Figure 7.3(b), coherent Rabi oscillations with a Rabi frequency of Ω = (10.73 ±

0.02)MHz are shown for our spin qubit at a microwave frequency of 2.773GHz. Based on

the fitted contrast of the Rabi oscillations and correcting for the finite spin state initialization

fidelity, a microwave 𝜋 pulse fidelity of (83±9)% is extracted.

For the next experiments, a 𝜋 pulse and a 𝜋/2 pulse are calibrated by varying the

amplitude of five consecutively applied 𝜋 pulses that minimize the probability to readout

𝑚𝑠 = 0. The 𝜋 pulse duration is fixed to 64ns, and half of that duration is used for the 𝜋/2

pulse. As depicted in Fig. 7.3(c), the qubit coherence is probed in a Ramsey experiment

with an artificial detuning of 50MHz by applying a delay time-dependent phase shift to the

second 𝜋/2 pulse. The observed beating signature is attributed to the hyperfine coupling

of the nitrogen nuclear spin, which is included in the fit model (see Appendix 7.8.8 for

details). By fitting the measurement data, a free-induction decay time of 𝑇 ∗2 = (170±20)ns

is determined, which is short compared to typical 𝑇 ∗2 times for these diamond membranes

(see Appendix 7.8.10 for additional data).

Using a Hahn-Echo experiment as presented in Fig. 7.3(d), the qubit coherence can be
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Figure 7.3: Characterization of the NV center electron spin qubit. (a) Statistics of detected photons for our

spin qubit readout after spin initialization in the 𝑚𝑠 = ±1 or 𝑚𝑠 = 0 state. The inset presents the corresponding

readout fidelities depending on the number of used short excitation pulses. For the experiments 200 short readout

pulses are used, which leads to fidelities of 𝐹±1 = 98.4%, 𝐹0 = 10.3% and 𝐹avg = 54.4% for the shown calibration.

(b) Coherent Rabi oscillations with a fit (solid line) showing a Rabi frequency of Ω = (10.73± 0.02)MHz. The

error bars are within the dot size. (c) Ramsey measurement with an artificial detuning of 50MHz. The inset

shows the used microwave pulse sequence, where a delay time-dependent phase is applied to the second pulse

to generate the artificial detuning. The fit (solid line) captures a beating signature of (2.68±0.05)MHz which

is attributed to the coupled nitrogen nuclear spin and the free-induction decay of 𝑇 ∗2 = (170± 20)ns with an

exponent of 𝑛 = 1.0±0.2. The error bars are within the dot size. (d) Hahn-Echo measurement with its microwave

pulse sequence in the inset. The grey solid line is a guide for the eye of a Gaussian decay curve with an amplitude

of 0.9 and a decay time of 180μs. The error bars are within the dot size.

largely recovered by choosing an appropriate total delay time 𝜏, which mitigates quasi-

static magnetic field fluctuations. In this measurement, three revivals are observed and a

Gaussian decay curve with a time constant of 180μs is displayed as a guide for the eye in

Fig. 7.3(d). The revivals occur around decoupling interpulse delay times 𝜏/2 that correspond

to integer multiples of the bare Larmor period of the carbon-13 nuclear spin bath of about

25μs (𝛾𝐶13 = 1.0705kHz/G and 𝐵 = 37.5G) [49].

7.5 Generation of Spin-Photon States
In this section, we use our system to generate two-qubit and three-qubit spin-photon states

and measure heralded correlations between the photonic and spin states. Figure 7.4(a)

depicts the used pulse sequence, which combines spin qubit microwave control with the

short resonant excitation pulses to generate spin-dependent photonic time-bin qubits. After

optical initialization, the spin qubit is brought into equal superposition with a 𝜋/2 mi-

crowave pulse, followed by two resonant excitation pulses with an intermediate microwave

𝜋 pulse. This generates the Bell state |NV spin,photon⟩ = (|1,E⟩+ |0,L⟩)/
√
2 between the
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spin qubit states 𝑚𝑠 = 0 (|0⟩) and 𝑚𝑠 = −1 (|1⟩) and the photonic qubit in the time-bin

basis of early (|E⟩) and late (|L⟩) as used for remote entanglement generation in quantum

network demonstrations [5, 35, 50]. The generated photon is measured by a single-photon

detector, which heralds an early or late detection event. The spin qubit is optically read

out in its Z-basis by 200 short readout pulses. The qubit readout probabilities conditioned

on a photon heralding event in the early or late time-bin are shown in Fig. 7.4(b) (see

Appendix 7.8.7 for details about the applied qubit readout correction and Appendix 7.8.9

for an X-basis spin qubit readout). A photon detection event in the late time-bin heralds

the qubit in its expected |0⟩ state. For an early time-bin photon detection event, the spin is

read out with a probability of 82% in its expected |1⟩ state. We attribute the lower readout

probability of the |1⟩ state to our limited microwave 𝜋 pulse fidelity and an imperfect pulse

calibration. In the Bell state correlation measurement, we record 27143 photon heralding

events in 5×106 attempts, which corresponds to a probability of 0.54% per attempt.

Furthermore, the Greenberger–Horne–Zeilinger (GHZ) state |NV spin,photon,photon⟩ =

(|0,E,L⟩ + |1,L,E⟩)/
√
2 can be generated by repeating the center sequence with the two

short resonant excitation pulses before readout (see case 𝑁 = 2 in Fig. 7.4(a)). The correla-

tions after a successful double photon heralding event are displayed in Fig. 7.4(c). After

heralding a correct two-photon state, the expected spin state is read out with similar prob-

abilities as in the Bell state measurement. In total, we measure 5242 two-photon heralding

events in 220×106 attempts, which corresponds to a probability of 2.4 × 10−5 per attempt.
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Figure 7.4: Spin-photon correlation measurements. (a) Pulse sequence to generate spin-photon states involving

microwave pulses (in purple) for qubit control and short excitation pulses (in red) to generate spin-dependent

time-bin photons. In the experiments, a microwave decoupling interpulse delay time of 𝜏/2 = 23568ns is used. (b)

Conditional probabilities of the spin qubit readout in the Z-basis after successful heralding an early (|E⟩) or late

(|L⟩) photon of the spin-photon Bell state. The error bars are within the black dot size. (c) Conditional probabilities

of the spin qubit readout in the Z-basis after a successful double heralding event of the photonic state |L,E⟩ or

|E,L⟩ of the spin-photon GHZ state. The error bars are within the black dot size.

7.6 Discussion
We have equipped a coherent NV center spin qubit with an efficient spin-photon interface

by coupling it to an open microcavity. Coherent qubit control is realized with microwave

pulses, and qubit initialization as well as qubit readout are achieved with optical pulses in a

cross-polarized resonant excitation and detection scheme. Moreover, we have demonstrated

the quantum networking capabilities of our system by generating two-qubit and three-qubit

spin-photon states and measuring heralded correlations between the photonic time-bin

and the spin qubit states.

For the presented system, we project a saturation ZPL detector click probability of

1.4% per pulse, by improving the excitation efficiency without modifying the microcavity.

Furthermore, improving the device quality to eliminate additional cavity losses suggests

a ZPL detector click probability of about 5%, which corresponds to a cavity outcoupled

ZPL emission of 26%. Moreover, the system can be further optimized by implementing a

charge-resonant check procedure of the optical transitions to mitigate spectral diffusion,

improving charge state and qubit initialization fidelities [51], as well as microwave pulse

shaping for high-fidelity qubit control [27].
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Ourwork opens up opportunities to explore quantumnetworkingwith Purcell-enhanced

NV centers, promising remote entanglement generation with higher rates and fidelities.

Furthermore, we expect that the here developed methods provide guidance for other solid-

state qubits to realize efficient spin-photon interfaces based on microcavities for quantum

network applications [45, 52–55].
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7.8 Appendix
7.8.1 Experimental Setup
We use a floating stage closed-cycle optical cryostat (Montana Instruments HILA) with a

base temperature of about 6K and a sample mirror holder temperature of about 8K. The

spherical fiber mirror, that faces the sample mirror, is made out of a single-mode optical fiber

with a pure silica core and a polyimide protection coating (Coherent FUD-4519, S630-P) and

is mounted on a cryo-compatible positioning stage (JPE CPSHR1-a). A room temperature

objective (Zeiss LD EC Epiplan-Neofluar), which is thermally shielded, is used to optically

interface the sample mirror side of the cavity. The objective is positioned with three linear

nanopositioning stages (Physik Instrumente Q-545) in a tripod configuration. A permanent

neodymium disc magnet (Supermagnete S-70-35-N), which is mounted on the lid of the

cryostat, is used to create a static magnetic field at the position of the sample mirror. Further

details about the cryogenic setup can be found in Ref. [41].

The setup is operated with a computer and the Python-based software QMI version
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0.44 [57]. The data is stored and analyzed with the Python framework quantify-core.

The actual measurement sequences are timed and executed by an interplay between a

microcontroller (Jäger Computergesteuerte Messtechnik Adwin Pro II) and an arbitrary

waveform generator (Tektronix AWG5014C). Microwave pulses are generated with a single

sideband modulated vector signal generator (Rohde & Schwarz SMBV100A), amplified

by a microwave amplifier (Mini-Circuits ZHL-50W-63+) and delivered to the cryostat via

a home-built microwave switch. At the qubit frequency of 2.773GHz we measure about

26dB transmission loss through the cryostat. Further details about the microwave wiring

and a picture of the sample mirror with mirror-embedded gold striplines can be found in

Ref. [41].

Laser Pulse Generation and Delivery
We use one 637nm continuous wave diode laser each for cavity locking (Newport Newfo-

cus Velocity TLB-6300-LN) and spin initialization (Toptica DL Pro 637nm). To modulate the

laser intensity and generate microsecond-long optical pulses with high on/off ratios, two

cascaded in-fiber acousto-optic modulators (AOM, Gooch and Housego Fiber-Q 633nm)

are used. Both lasers are combined free-space by a 50:50 non-polarizing beamsplitter

(Thorlabs BS016). Then, a Glan-Taylor polarizer (Thorlabs GT10-A) and a half-wave and

quarter-wave plate (Thorlabs WPH05M-633 and WPQ05M-633) are used to set and control

the polarization. Finally, the 637nm lasers are overlapped with the 515nm repump laser

(Hübner Photonics Cobolt 06-MLD) by a dichroic mirror (Semrock Di01-R532) and coupled

into a single-mode fiber, which is connected to the cavity fiber.

A frequency-doubled, high-power tunable diode laser (Toptica TA-SHG Pro 637nm)

is used for readout as well as for cross-polarization control. For that, the laser is split by

a 50:50 fiber beamsplitter (Thorlabs PN635R5A2) into two in-fiber paths. In the path for

cross-polarization control, two in-fiber AOMs are used for modulation, whereas in the

readout laser path, a temperature-stabilized electro-optical amplitude modulator (EOM,

Jenoptik AM635) is deployed additionally. This allows for faster intensity modulation and

the generation of nanosecond-short resonant excitation pulses. The EOM is DC biased

by a programmable bench power supply (Tenma 72-13360) using a bias-tee (Mini-Circuits

ZX85-12G-S+) and a DC block (Mini-Circuits BLK-89-S+) to control a constant transmis-

sion level. In addition, fast electrical pulses are generated with a home-built standalone

pulse generator [58] and applied to the EOM via the RF input of the bias-tee to generate

nanosecond-short excitation pulses (see Appendix 7.8.4 for their characterization). Finally,

both in-fiber paths are combined with a 75:25 fiber beamsplitter (Thorlabs PN635R3A2)

whose 75 % output is connected to a polarization-maintaining fiber (Thorlabs P3-630PM-FC-

2) before free-space launching. The 25 % output is connected to a power meter (Thorlabs

PM100USB with head S130VC) for laser power monitoring. To preserve a high polarization

extinction ratio in both paths, in-line fiber polarizers (Thorlabs ILP630PM-APC) are used.

All 637nm lasers are stabilized on a wave meter (HighFinesse WS-U).

Free-space Cross-polarization Optics
The cavity is interfaced from the sample mirror side with free-space cross-polarization

optics as depicted in Fig. 7.1(b). The collimated beam leaving the cryostat chamber is guided

by broadband dielectric mirrors (Thorlabs BB03-E03) on the optical table and is reflected

off a dichroic mirror (Semrock Di02-R635) before reaching the polarization optics. Next,
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the beam passes through half-wave and quarter-wave plates (Thorlabs WPH05M-633 and

WPQ05M-633), which are mounted in piezo rotation stages (Newport AG-PR100 controlled

by Newport AG-UC8). These wave plates map the excitation and detection polarization of

the polarizing beamsplitter cube (PBS, Thorlabs PBS202) to the cavity polarization modes.

In the excitation path of the PBS the readout laser is launched from the polarization-

maintaining fiber into free-space (Thorlabs KT120 with objective RMS10X) and passes a

Glan-Thompson polarizer (Thorlabs GTH10M-A), followed by a quarter-wave and half-

wave plate, which are mounted in piezo rotation stages as well.

In the detection path of the PBS, the light is filtered by a Glan-Thompson polarizer (Thor-

labs GTH10M-A), an angle-tunable etalon (Light Machinery custom coating, ≈ 100GHz

full width at half maximum (FWHM) at 637nm), and a bandpass filter (Thorlabs FBH640-

10). Finally, the light is coupled (Thorlabs KT120 with objective RMS10X) into a single-

mode fiber (Thorlabs P3-630A-FC-2) and detected by a single-photon detector (Picoquant

Tau-SPAD-20). For the HBT experiment shown in Fig. 7.2(d), a 50:50 fiber beamsplitter

(Thorlabs TW630R5A2) is added, and a second single-photon detector (Laser Components

Count-10C-FC) is used. The detectors are connected to a single-photon counting module

(Picoquant Hydraharp 400) and the counter module of the microcontroller. The gating of

the single-photon detectors is used to protect them against blinding during the application

of the spin initialization laser.

Microcavity Operation
For the resonant cross-polarization excitation and detection scheme used in this work,

it is essential to keep the cavity on resonance with the NV center and to maintain a

high excitation laser suppression during the measurements. To ensure these operational

conditions, we probe the cavity resonance as well as the excitation laser suppression

interleaved with the experimental sequences and stream the data to a computer in real-time

to run an optimization routine next to the measurement. In both cases, the probe laser light

is detected with the ZPL single-photon detector and recorded with the counter module of

the microcontroller. This technique allows for live feedback on the order of Hertz, which

is sufficient to compensate for drifts of the cavity resonance and the cross-polarization

filtering. With the methods outlined in the following, it is possible to run measurements

remotely for days.

To keep the cavity on resonance with the readout transition of the NV center, a side-of-

fringe lock is deployed. For that, the cavity lock laser is frequency-tuned to the fringe of

the cavity mode, and the single-photon detector counts are recorded during interleaved

100μs long probe laser pulses. The recorded counts are streamed to a computer that uses

a proportional control loop programmed in Python to optimize on a specified set value.

The proportional control loop feedbacks on the piezo that is controlling the fiber mirror

position and, by that, locks the cavity on resonance. The cavity lock laser power is adjusted

such that a count rate of about 700kHz is measured when the cavity is on resonance with

the cavity lock laser. For every specified set value, the cavity lock laser frequency can be

slightly adjusted to fine-tune the cavity resonance on the NV center.

For the cross-polarization filtering, interleaved 10nW probe pulses of the cross-polarization

control laser are applied for 400μswhile recording the single-photon detector counts. These

counts represent the current excitation laser suppression and are streamed to a computer
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that runs a hill-climbing type algorithm programmed in Python. The algorithm makes

iterative changes to the four piezo rotation-mounted wave plates as introduced in Fig. 7.1(b)

to minimize the recorded counts. With this polarization suppression control loop, typical

long-term count rates are < 2kHz for 10nW probe pulses, which corresponds to excitation

laser suppression values > 60dB.

7.8.2 Hybrid Cavity Characterization
All measurements presented in the main text are performed at the same cavity length and

lateral cavity position. By measuring the cavity mode dispersion as shown in Fig. 7.5, we

extract an air gap of 6.39μm and a diamond thickness of 6.20μm, which corresponds to

an air-like cavity mode [59] with hybrid cavity mode number 67. Due to a non-uniform

bond, there might be a bond gap between the sample mirror and the diamond membrane.

Further, a cavity mode dispersion slope of 34MHz/pm and an effective cavity length of

13.2μm is estimated [60]. Together with the 21.4μm radius of curvature of the fiber mirror,

a cavity beam waist of 1.46μm and a cavity mode volume of 86 𝜆3 is calculated.

Figure 7.5: Cavity mode dispersion measurement of the hybrid air-diamond cavity. The cavity transmission of a

broadband white light source spanning from 600nm to 700nm is measured on a spectrometer depending on the

air gap. The bright fundamental modes are extracted and fitted by an analytical equation [59] to determine the

air gap and the diamond thickness. In all measurements, the cavity is operated in the air-like mode at 637nm as

indicated by the white arrow.

To determine the FWHM Lorentzian linewidth of the cavity mode, we scan a laser

over the cavity resonance as shown in Fig. 7.6. In this measurement, the linewidth of the

cavity is broadened due to cavity length fluctuations. An independent measurement (as

described in Ref. [41]) yields a vibration level of 22pm root mean square of the cavity

length fluctuations. Modeling these vibrations with a Gaussian distribution results in a
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Gaussian contribution of FWHMG = 22pm×34MHz/pm×2
√
2ln2 next to the Lorentzian

cavity linewidth. By fitting a Voigt function with the determined Gaussian contribution, an

intrinsic cavity linewidth of FWHML = (1.69±0.02)GHz is obtained. This corresponds to

a cavity quality factor of 280×103 and, for our cavity geometry, to a cavity finesse of 2800.

The cavity mirrors are both coated with dielectric Bragg mirrors (Laseroptik), that are

optimized for maximum reflectivity at 637nm. At this wavelength, the fiber mirror (sample

mirror) exhibits a transmission value of 50ppm (875ppm) for air (diamond) termination.

With the determined finesse, total cavity losses of 2260ppm are calculated, which reveal

additional losses of 1260ppm. We attribute these additional losses to residual scattering at

the interface of different refractive indices in the microcavity. Considering these losses, an

outcoupling efficiency through the sample mirror of about 39% is estimated, which reflects

our asymmetric cavity design.

The inset of Fig. 7.6 shows another resonant laser scan, which is used to determine

the frequency splitting between the LF and the HF cavity mode of (9.56±0.02)GHz. For

the used spherical fiber mirror, we do not observe a significant mode splitting on the bare

mirror and hence attribute it mainly to the birefringence of the diamond membrane.

Figure 7.6: Resonant laser frequency scan over the cavity resonance to determine the cavity linewidth. The

polarization of the laser is aligned to the LF cavity mode. The cavity transmission is measured on the ZPL

single-photon detector. A Voigt function with a fixed Gaussian FWHMG contribution, set by the vibration level,

is used to fit the data (see text). The fit yields the cavity linewidth FWHML as the Lorentzian contribution. The

inset shows a laser frequency scan, where a laser polarization is used that illuminates both cavity modes. This

measurement reveals a frequency splitting between the LF and HF cavity mode of (9.56±0.02)GHz.
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7.8.3 NV Center PLE measurements
The power values of the lasers that are deployed via the cavity fiber mirror are stated as

measured in transmission after the cavity (on cavity resonance), whereas the power values

of the lasers deployed via the samplemirror side aremeasured free-space before entering the

cryostat. All PLE measurements of the NV center are performed by repetitively running a

certain PLE sequence for every swept excitation laser frequency. The number of repetitions

and the exact PLE sequences for the different PLE measurements are outlined in the

following subsections. All PLE sequences start with a 515nm repump pulse, that prepares

the NV center with high probability in its negatively charged state and predominantly in

its 𝑚𝑠 = 0 spin ground state. This pulse consists of a 50μs long and 60μW strong 515nm

repump laser pulse followed by a 5μs wait time.

PLE Seqence of the NV Center 𝐸𝑦 Transition
In the PLE measurement of the NV center 𝐸𝑦 transition, shown in Fig. 7.2(a), the following

PLE sequence is applied 200×103 times per excitation laser frequency. The sequence starts

with the above-described repump pulse followed by a 100μs long 0.2nW spin initialization

laser pulse on the 𝐸1 transition to initialize the NV center in the 𝑚𝑠 = 0 spin ground state.

Then a free-space 1nW excitation laser pulse is applied for 200μs, while simultaneously

measuring the ZPL signal of the NV center in the cross-polarized detection. The ZPL

counts are acquired time-resolved, which results in an exponential decaying signal as can

be seen exemplarily in Fig. 7.11(a) after averaging the repetitions for each excitation laser

frequency. For the used excitation laser power of 1nW, the decay is described well by a

monoexponential fit on top of a constant offset level, which is determined by excitation

laser leakage into the cross-polarized detection. Thus, the monoexponential fit amplitudes

resemble a background-corrected measure of the ZPL counts, which are plotted in Fig. 7.2(a).

In this measurement, the NV center is excited via the HF cavity mode, and fluorescence is

detected in the LF cavity mode. In addition, the LF mode is kept on resonance with the

excitation laser frequency by the cavity lock.

PLE Seqence of the NV Center 𝐸1 and 𝐸2 Transition
In the PLE measurement of the NV center 𝐸1 and 𝐸2 transition, shown in Fig. 7.7(a), the

following PLE sequence is applied 100 × 103 times per excitation laser frequency. The

sequence starts with the above-described repump pulse followed by 300 short excitation

pulses on the NV center 𝐸𝑦 transition to prepare the NV center in the 𝑚𝑠 = ±1 spin ground

states (see Fig. 7.12(a)). Then a 0.01nW excitation laser pulse is applied for 100μs via

the cavity fiber, followed by 30 short excitation pulses to read out the NV center 𝑚𝑠 = 0

spin state (as used in the main text). If the excitation laser is resonant with a transition

associated with the 𝑚𝑠 = ±1 spin states, some population is optically pumped back into

the 𝑚𝑠 = 0 spin ground state, and the ZPL signal is detected by the readout as shown in

Fig. 7.7(a). This technique is used since the direct ZPL signal acquisition of the weaker

coupled NV transitions in cross-polarized resonant excitation and detection is inefficient.

In this measurement, the LF cavity mode is used for readout and kept on resonance with

the NV center 𝐸𝑦 transition by the cavity lock.

In the acquired PLE measurement shown in Fig. 7.7(a), two additional peaks with a

splitting of about 200MHz that overlap with the 𝐸1 transition are observed. We attribute

these peaks to the transitions between the Zeeman-split 𝑚𝑠 = ±1 ground states and the
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excited 𝐸𝑦 state. This observation reveals a finite strength of these transitions for the

investigated NV center.

Figure 7.7: Further PLE measurements of the NV center used in the main text. (a) NV center 𝐸1 and 𝐸2 transition.

For the laser frequency of −24.74GHz, we suspect that our spin initialization laser did not switch on, resulting in

ZPL counts on the background level. (b) NV center 𝐸𝑥 transition with a Gaussian fit as a guide for the eye.

PLE Seqence of the NV Center 𝐸𝑥 Transition
In the PLE measurement of the NV center 𝐸𝑥 transition, shown in Fig. 7.7(b), the following

PLE sequence is applied 100×103 times per excitation laser frequency. The sequence starts

with the above-described repump pulse. Then a 200μs long 50nW excitation laser pulse

is applied via the cavity fiber, followed by 30 short excitation pulses to read out the NV

center 𝑚𝑠 = 0 spin state. If the excitation laser is resonant with a transition associated with

the 𝑚𝑠 = 0 spin state, some population is optically pumped into the 𝑚𝑠 = ±1 spin ground

states, and a reduction of ZPL signal is detected by the readout as shown in Fig. 7.7(b). This

technique is used since the direct ZPL acquisition of the weaker coupled NV transitions in

cross-polarized resonant excitation and detection is inefficient. In this measurement, the

LF cavity mode is used for readout and kept on resonance with the NV center 𝐸𝑦 transition

by the cavity lock.

7.8.4 Pulsed Resonant Excitation
Figure 7.8(a) shows the temporal shape of the short excitation pulse used throughout the

study.
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Figure 7.8: (a) Temporal shape of the short excitation pulse used in this study. (b) Short excitation pulse next to a

time-resolved NV center readout signal. For the short excitation pulse measurement, the NV center is ’switched

off’ by not applying the charge repump pulse at the start of the measurement sequence.

A FWHM value of (1.94±0.09)ns is determined by a Gaussian fit. In addition, Fig. 7.8(b)

shows the same short excitation pulse next to a time-resolved pulsed readout measurement

of the NV center 𝐸𝑦 transition. The short excitation pulse is declined before the integration

window, from 3ns to 30nswith respect to the excitation pulse center, starts. The integration

window includes about 75% of the studied Purcell-enhanced NV center emission, assuming

the NV center population inversion is completed 1ns after the excitation pulse center.

7.8.5 NV Center Excited State Lifetime Measurements
The NV center excited state lifetime measurement sequences used in Fig. 7.2(c) start with a

515nm repump pulse, that prepares the NV center with high probability in its negatively

charged state. This pulse consist of a 50μs long and 60μW strong 515nm repump laser

pulse followed by a 5μs wait time. Subsequently, a 0.2nW spin initialization laser pulse

is applied for 100μs (20μs) on the 𝐸1 transition to initialize the NV center in the LF (HF)

cavity mode in its 𝑚𝑠 = 0 spin ground state. Then 100 short excitation pulses are used in

the sequence to excite the NV center, followed by time-resolved detection of the ZPL signal.

To correct for background, we make use of the pumping into the NV center 𝑚𝑠 = ±1 spin
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Figure 7.9: Background correction of the NV center 𝐸𝑦 excited state lifetime measurement. Data in dark (light)

gray shows the ZPL signal of the first (last) 5 short excitation pulses of the in total applied 100 pulses. The small

peak at a detection time of about −5ns is light of the excitation pulse that is backscattered into the free-space

detection before reaching the cryostat. (a) Background correction of the lifetime measurement in the LF mode

with a cavity detuning of −4GHz from the 𝐸𝑦 transition. (b) Background correction of the lifetime measurement

in the HF mode and the cavity on resonance with the 𝐸𝑦 transition. (c) Background correction of the lifetime

measurement in the LF mode and the cavity on resonance with the 𝐸𝑦 transition.

ground states with more applied short excitation pulses (see Fig. 7.12(a)). This allows to

take the high signal-to-noise part of the first 5 short excitation pulses and subtract the

last 5, which corrects for constant background contributions. The data underlying the

background subtraction is shown in Fig. 7.9 and leads to the lifetime measurement data

used in the main text Fig. 7.2(c).

Despite the background subtraction, we see that the data deviates from a monoexpo-

nential behavior with increasing detection time, which is also observed in the extracted

lifetimes for different fit windows shown in Fig. 7.10. This hints towards a time-dependent

background contribution of fluorescence that might stem from other weaker coupled NV
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centers in the diamond membrane or the cavity mirror materials.

Figure 7.10: Extracted excited state lifetime from a monoexponential fit on the lifetime measurement data of

main text Fig. 7.2(c). The fit window start is set to 5ns while the fit window end is varied.

Furthermore, an off resonance lifetime of 𝜏off = (9.5±0.4)ns is measured for the NV

center 𝐸𝑦 excited state in the main text, which deviates from the expected about 12.4ns

lifetime in bulk samples [34]. This reveals a larger excited state decay rate of the studied

NV center, which we attribute to strain-induced mixing in the excited states [46, 47]. In

Fig. 7.11(b), we conduct a continuous wave saturation measurement of the NV center 𝐸𝑦

transition using 32μs long resonant pulses and detect the ZPL signal time-resolved as shown

in Fig. 7.11(a). The ZPL signal fits well to a double exponential fit with a constant offset

accounting for excitation laser leakage into the cross-polarized detection. The summed

amplitudes resemble a measure for the saturating ZPL counts, while the exponential time

constants give insights into the decay dynamics of the studied NV center. We attribute the

fast decay time constant to additional decay from the excited state, next to the decay into

the 𝑚𝑠 = 0 spin ground state. Assuming that saturating the NV center with high excitation

power leads to an average excited state population of 50%, half of the fitted fast decay

time constant 110ns/2 (see Fig. 7.11(b)) determines the additional decay rate. With that

additional decay, the predicted lifetime of the excited state is about 10ns, which matches

with the value of the off resonance lifetime measurement.
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Figure 7.11: (a) Exemplary time-resolved ZPL signal of the NV center 𝐸𝑦 transition saturation measurement. In

this measurement, a resonant laser power of 950nW is used, and the black solid line is a double exponential fit

with offset to the data. The fast decay for short detection times is described with the time constant 𝑇
fast

while the

slow decay is captured by 𝑇
slow

. (b) NV center 𝐸𝑦 transition saturation measurement with extracted fit parameters.

The total fit amplitude 𝐴
fast

+𝐴
slow

resembles the saturating ZPL counts, and 𝑇
fast

is the fast exponential decay

time constant. The total fit amplitudes that depend on the laser power 𝑃 are fitted to a function proportional to

𝑃/(𝑃 +2𝑃sat) as a guide for the eye. The individual measurement shown in (a) is indicated by the diamond-shaped

data point.

7.8.6 NV Center Second-order Correlation Measurement
The second-order correlation measurement of the 𝐸𝑦 transition (readout transition) in

Fig. 7.2(d) is fitted by the following function

𝑔
(2)
(𝑛) = 𝐴

|
|
|
|
1−

|𝑛|

𝑁

|
|
|
|
exp

(
−
|𝑛|

𝐵 )
∀ 0 < |𝑛| < 𝑁 , (7.2)

with the amplitude 𝐴, the spin flipping constant 𝐵 and the number of consecutive short

resonant excitation pulses 𝑁 . In our experiments, the parameter 𝐵 takes the spin flipping

process into the 𝑚𝑠 = ±1 states into account, where 1−exp(−1/𝐵) is the probability per

excitation pulse to spin flip. The consequence of a spin flip is that the NV center stops

emitting photons with excitation pulses addressing the readout transition.

7.8.7 NV Center Spin Initialization and Readout
All measurement sequences used in Fig. 7.3 and Fig. 7.4 start with a 515nm repump pulse,

which prepares the NV center with high probability in its negatively charged state. This

pulse consist of a 50μs long and 60μW strong 515nm repump laser pulse followed by a 5μs
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wait time. Subsequently, and if not stated otherwise, a 100μs long 0.2nW spin initialization

laser pulse on the 𝐸1 transition is applied to initialize the NV center in its𝑚𝑠 = 0 spin ground

state. Then the actual measurement sequence, composed of microwave (and individual

short resonant excitation) pulses, is played, followed by a series of short excitation pulses to

read out the NV center qubit state. If at least one photon is detected during the readout, the

𝑚𝑠 = 0 qubit state is measured; otherwise, the 𝑚𝑠 = −1 qubit state is assigned. Since these

outcomes are subject to measurement errors like photon loss as well as dark or background

photon detection events, a readout correction is used to recover the measurement statistics.

For this purpose, the initialization fidelity in the 𝑚𝑠 = 0, as well as 𝑚𝑠 = ±1 spin state and

their corresponding readout fidelities, are determined, and the correction formalism as

outlined in Ref. [61] is used.

Figure 7.12: (a) Spin initialization measurement in the 𝑚𝑠 = ±1 spin states by optical pumping with short

excitation pulses on the NV center 𝐸𝑦 transition. Before the short excitation pulses are applied, a 0.2nW spin

initialization pulse is applied for 120μs on the 𝐸1 transition. (b) Indirect spin initialization measurement in the

𝑚𝑠 = 0 spin state by optical pumping on the NV center 𝐸1 transition and readout by 5 short excitation pulses. In

this measurement, a spin initialization pulse power of 0.2nW is used, while the spin initialization pulse duration

is varied.

The initialization in the 𝑚𝑠 = ±1 spin states is performed using the short excitation

pulses that are resonant with the NV center readout transition. The detected ZPL counts

in the integration window of 3ns to 30ns after each short excitation pulse are shown in

Fig. 7.12(a). The ZPL counts, depending on the pulse number, follow a double exponential
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behavior similar to the second-order correlation measurement in Fig. 7.2(d). The measure-

ment shows that after about 200 short excitation pulses, a constant ZPL count level is

reached. Comparing the total ZPL count amplitude with the offset determined by fitting

an initialization fidelity of (98.15±0.04)% is determined.

The initialization in the 𝑚𝑠 = 0 spin state is performed by optical pumping on the NV

center 𝐸1 transition. To investigate the spin initialization behavior, the NV center is first

prepared in the 𝑚𝑠 = ±1 spin states by 600 short excitation pulses, and then a 0.2nW spin

initialization laser pulse is applied for different durations, followed by 5 short excitation

pulses for readout. The measured readout ZPL counts depending on the spin initialization

pulse duration are shown in Fig. 7.12(b). For longer spin initialization pulse durations, the

detected ZPL counts increase until they settle exponentially. From a double exponential fit,

a slow decay time constant of (9.1±0.7)μs is determined. This indirect spin initialization

measurement via the NV center readout transition gives insights about the required spin

initialization pulse durations for the used laser power, but does not allow us to determine

an initialization fidelity in the 𝑚𝑠 = 0 spin state.

To estimate the 𝑚𝑠 = 0 initialization fidelity, the NV center 𝑚𝑠 = 0 spin state is first

heralded by measuring a photon after a single short excitation pulse and then read out

with 200 short excitation pulses. This results in the maximal readout probability, since the

𝑚𝑠 = 0 spin state is heralded just before the readout. After this first readout, further short

excitation pulses are used to initialize the NV center in the 𝑚𝑠 = ±1 states followed by a

0.2nW spin initialization laser pulse on the 𝐸1 transition for 100μs and another readout

with 200 short excitation pulses. This results in a second readout probability, which is set

by the optical pumping performance of the initialization laser pulse. Comparing the second

to the first readout yields an initialization fidelity in the 𝑚𝑠 = 0 spin state of (93.5±0.9)%.

To exclude NV center ionization, a third iteration is performed, leading to the same result

as the second readout.

Moreover, this experiment reveals the combined probability that the initial repump and

spin initialization pulse prepares the NV center in its negatively charged and 𝑚𝑠 = 0 state

by comparing the probability of the first readout with and without the described heralding.

From this, a probability of (72.8± 0.6)% is found, which is considered in the readout of

the heralded measurements in Fig. 7.4. Further, we note that an initialization laser pulse

duration of 20μs instead of 100μs is used in the GHZ state measurement of Fig. 7.4(c).

7.8.8 NV Center Ramsey Measurement
The Ramsey fringes measured in Fig. 7.3(c) are determined by the hyperfine coupling of

the nitrogen-14 nuclear spin 𝜔hf, the free-induction decay time 𝑇 ∗2 , and the used artificial

detuning Δ. The artificial detuning is implemented by applying a phase of 𝜏Δ to the second

𝜋/2 pulse in the Ramsey sequence. The data is well fitted by the following function

𝑃𝑚𝑠=0(𝜏) = 𝑐−exp
(
−
(

𝜏

𝑇 ∗2 )

𝑛

)

⋅ ∑

𝑘=−1,0,+1

𝑃𝑘 cos((Δ+𝑘𝜔hf)𝜏 +𝜙) , (7.3)

with the offset 𝑐, the decay exponent 𝑛, the nitrogen nuclear spin amplitudes 𝑃𝑘 and a

common phase 𝜙. The amplitudes 𝑃𝑘 take partial polarization of the nitrogen nuclear spin
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into account, and the common phase 𝜙 accounts for a phase offset between the two applied

𝜋/2 pulses.

7.8.9 Bell State Spin-photon Correlations with Spin Qubit
Readout in X-Basis

Figure 7.13: (a) Pulse sequence to generate a spin-photon Bell state and a spin qubit readout in the X-basis.

In the experiment, a microwave decoupling interpulse delay time of 𝜏/2 = 23568ns is used. (b) Conditional

probabilities of the spin qubit readout in the X-basis after successful heralding an early (|E⟩) or late (|L⟩) photon

of the spin-photon Bell state. The error bars are within the black dot size.

In addition to the Bell state spin-photon correlation measurement of Fig. 7.4(b), where

the spin qubit is read out in its Z-basis, we perform an X-basis spin qubit readout in

Fig. 7.13(b). The used pulse sequence is depicted in Fig. 7.13(a), which exhibits another 𝜋/2

pulse after the Bell state generation to perform the qubit readout in the X-basis. As in the

main text, 200 short excitation pulses are used for readout.

In the X-basis measurement, the spin is measured with equal probability in one of the

qubit states. In total we record 24456 photon heralding events in 5×106 attempts, which

corresponds to a probability of 0.49% per attempt.
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7.8.10 Additional Data of a Second Cavity-coupled NV Center
At a different lateral position on the diamond membrane, a second NV center coupled

to the cavity is investigated. For this cavity position a frequency splitting of the two

polarization cavity modes of about 10.7GHz is observed and a NV center coupled with its

𝐸𝑦 transition at a frequency of about 36.8GHz (with respect to 470.4THz) is found. The

frequency splitting of the polarization cavity modes ∼ 10GHz is observed for all cavity

spots in the investigated range of ∼ 100μm along the gold stripline. The 𝐸𝑥 transition of the

NV center is identified with a frequency of about 48.8GHz, resulting in a lower transverse

strain with 𝐸𝑥 - 𝐸𝑦 excited state splitting of ∼ 12GHz compared to the NV center studied in

the main text. The corresponding PLE measurements are shown in Fig. 7.14. The absolute

transition frequencies as well as the transverse strain level are comparable to NV centers

in solid immersion lens devices, which have also been used to demonstrate high-fidelity

readout [48]. This shows that low-strained NV centers, similar to solid immersion lens

devices, are found in the diamond membrane.

Figure 7.14: PLE measurements of a second cavity-coupled NV center at a different lateral position on the

diamond membrane. (a) NV center 𝐸𝑦 transition. (b) NV center 𝐸𝑥 transition. For both measurements, 200 short

readout pulses are used.

In addition, the spin coherence of this NV center is measured in a Ramsey experiment

as shown in Fig. 7.15(b). Compared to the Ramsey experiment shown in Fig. 7.3(c) of the

main text, only the 𝑚𝐼 = 0 spin resonance of the coupled nitrogen nuclear spin is driven.

This transition is identified beforehand in an electron spin resonance measurement as
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shown in Fig. 7.15(a). The resulting Ramsey fringes are well fitted by the function

𝑃𝑚𝑠=0(𝜏) = 𝑐 −𝐴 exp
(
−
(

𝜏

𝑇 ∗2 )

𝑛

)

⋅ ∑

𝑘=−1,+1

cos((Δ+𝑘𝜔c/2)𝜏 +𝜙) , (7.4)

with the amplitude 𝐴 and the carbon-13 nuclear spin coupling frequency 𝜔c. Fitting the

Ramsey experiment yields a free-induction decay time of 𝑇 ∗2 = (3.7±0.4)μs with a decay

exponent of 𝑛 = 1.1±0.3 and a beating with a frequency of (218±4)kHz, which we attribute

to the coupling of a carbon-13 nuclear spin. To summarize, NV centers with electron spin

coherence times similar to diamond bulk samples can be observed [5].

Figure 7.15: (a) Electron spin resonance measurement. The NV center is initialized in its 𝑚𝑠 = 0 state, then a

microwave pulse of 10μs is applied, and finally the NV center 𝑚𝑠 = 0 state is read out with 50 short excitation

pulses. The microwave frequency is swept over the 𝑚𝑠 = −1 electron spin state, and for each nitrogen nuclear

spin resonance (𝑚𝐼 = −1,0,+1), a decrease in ZPL counts is observed. The fit with three Gaussian dips is a guide

for the eye. (b) Ramsey experiment at the 𝑚𝐼 = 0 nitrogen nuclear spin resonance frequency with an artificial

detuning of 2MHz. In this measurement, a microwave 𝜋/2 pulse duration of 350ns is used.
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7.8.11 Summary of System Parameters
Next to the parameters of the emitter-cavity system, the efficiency of the free-space cross-

polarization setup determines the total efficiency of the short excitation pulse excitation

and detection scheme. The photon collection efficiency into the ZPL single-mode fiber

comprising all the optics after the microcavity amounts to about 39%, and the used single-

photon detectors are specified with 70%. Including the integration time window used

for short excitation pulse readout with a collected fraction of about 75%, the total ZPL

setup efficiency is estimated to be about 20%. Considering the ZPL emission into the LF

mode of about 18% together with the cavity outcoupling efficiency of 39%, a detector click

probability of about 1.4% per pulse is estimated upon NV center excitation as stated in the

main text.

An overview of measured, estimated, and simulated values of this work is summarized

in Table 7.1.

Table 7.1: Overview of system parameters.

Parameter Value

Fiber mirror radius of curvature 21.4μm

Cavity air gap 6.39μm

Diamond thickness 6.20μm

Hybrid cavity mode number 𝑞 67

Effective cavity length 𝐿eff [60] 13.2μm

Estimated cavity beam waist 𝜔0 [60] 1.46μm

Estimated cavity mode volume 𝑉 [60] 86 𝜆3

Cavity Lorentzian linewidth 𝜅/2𝜋 (1.69±0.02)GHz

Root mean square cavity length fluctuations 22pm

Cavity mode dispersion slope 34MHz/pm

Cavity quality factor 𝑄 280×103

Cavity finesse  2800

Cavity outcoupling efficiency 39%

Calculated cavity transmission 8%

Calculated vibration-averaged Purcell factor [45] 12

NV center Debye-Waller factor 𝛽0 0.03 [28]

Measured Purcell factor LF mode 𝐹𝑃,LF 7.3±1.6

Measured Purcell factor HF mode 𝐹𝑃,HF 2.0±1.4

Measured cooperativity LF mode 𝛽0𝐹𝑃,LF 0.22±0.05

Measured cooperativity HF mode 𝛽0𝐹𝑃,HF 0.06±0.04

ZPL emission into LF mode 𝛽LF 18%

Cavity outcoupled ZPL emission LF mode 7%

ZPL detector click probability per pulse LF mode 1.4%

(end-to-end efficiency at saturation)
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8
Conclusion and Outlook

8.1 Summary of Results
This thesis investigates open microcavities as efficient spin-photon interfaces for nitrogen-

vacancy (NV) and tin-vacancy (SnV) centers in diamond and explores their potential as next-

generation quantum network nodes. Therefore, a cryogenic and a room temperature open

microcavity setup as well as a novel patterning method for fabricating diamond membranes

are developed. These developments form the basis for the quantum optics experiments

with NV and SnV centers. The experimental results of this thesis are summarized in the

following.

In Chapter 4, we report on the realization of a cryogenic open microcavity that reproducibly

achieves low passive cavity length fluctuation levels around 25pm over the complete

cryostat cycle. This passive stability level is approximately a sixfold improvement over our

previous implementation and enables advanced quantum optics experiments with diamond

color centers. In this regard, microwave lines are added to the setup and used to drive

the electron spin of a cavity-coupled NV center in optically detected magnetic resonance

measurements.

In Chapter 5, we utilize laser-cutting as a novel patterning method for the fabrication

of micrometer-thin diamond membranes for open microcavity applications. Diamond

microdevices are successfully fabricated and bonded to dielectric mirrors, which are then

mounted in our room temperature open microcavity setup to perform scanning cavity

microscopy measurements. These measurements reveal the finesse and the cavity polar-

ization mode splitting across the full diamond device. Finesse values measured in length

of 9000 in air-like and 2000 in diamond-like modes are reached, which corresponds to

additional scattering losses in diamond-like modes of about 390ppm. With these finesse

values, we predict Purcell factors of 30 for an air-like and 39 for a diamond-like mode.

Finally, optically coherent SnV and NV centers in micrometer-thin diamond membranes

are found with emitter linewidth measurements at cryogenic temperatures.

In Chapter 6, we demonstrate the coherent coupling of a single SnV center to our cryogenic
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openmicrocavity. The SnV center is optically coupled with its C transition to the cavity, and

emitter linewidth measurements with the cavity on and off resonance reveal a vibration-

corrected coherent cooperativity of 0.69±0.07. Accounting for the pure dephasing rate

of the emitter leads to a vibration-corrected cooperativity of 1.7±0.2. Using this quantity

and a careful analysis of the cavity parameters, we can bound the product of the quantum

efficiency and branching ratio to ≥ 0.64±0.06 for the SnV center. In the final experiments,

we study nonlinear quantum effects of the emitter-cavity system in the coherent coupling

regime by probing the cavity transmission with a laser. We observe dips in the cavity

transmission due to coherent interactions with the cavity-coupled SnV center, and changes

in the photon statistics of the transmitted light, showing photon bunching.

In Chapter 7, we use a Purcell-enhanced NV center in our cryogenic open microcavity to

generate spin-photon states and measure heralded correlations between the photonic and

the spin qubit states. Through the Purcell effect and high cavity outcoupling, we achieve

an efficient spin-photon interface, with a coherent photon detection efficiency of 0.5%

per resonant excitation pulse. Despite being limited by available laser power, this already

represents an order of magnitude improvement compared to NV centers in state-of-the-art

solid immersion lens devices. In addition, coherent control of the NV center electron

spin is achieved using microwave pulses, which are used to investigate the spin qubit

coherence in Ramsey and Hahn-Echo experiments. Ultimately, we combine the efficient

optical interface with the coherent qubit control to play sequences for the generation of

spin-photon Bell and Greenberger–Horne–Zeilinger states between the spin qubit and

time-bin encoded photonic qubits. We herald the detection of the photonic qubits and

observe their correlations with the spin qubit in the Z-basis.

8.2 Next Experiments with Nitrogen-Vacancy Cen-
ters

The proposed experiments and suggested improvements in the following subsections build

on the results of Chapter 7.

8.2.1 Spin-Photon Entanglement
The generation of spin-photon entangled states is the basis for remote spin-spin entan-

glement generation. In Chapter 7, we show the efficient generation of spin-photon states

with a microcavity-enhanced NV center and the observation of their correlations in the

Z-basis. The determination of the spin-photon Bell state fidelity requires measuring corre-

lations, which also entail qubit readouts in the X- and Y-basis. These measurements can

be realized with a phase-stabilized imbalanced interferometer for the photonic time-bin

qubits and phase-shifted microwave pulses for the spin qubit [1]. For that, implementing a

charge-resonance (CR) check procedure [2, 3] is an enabling step, as it mitigates spectral

diffusion and prepares the NV center to be on resonance with the readout laser. Both of

which are important to achieve a high interference contrast for the photonic qubit readout.

In addition, a CR check procedure can improve the initialization fidelity of the spin qubit

as optical pumping is ensured. The capability of driving the NV center electron spin qubit

with phase-shifted microwave pulses can be implemented using the hardware of Chapter 7.
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However, fidelity improvements are desired, as they translate into the fidelity of the gener-

ated spin-photon entangled state as well. The application of microwave pulse shaping can

drive the electron spin more uniformly, improving qubit control fidelity [4]. In addition,

the cryostat’s microwave delivery can be upgraded to enable higher Rabi frequencies and

faster qubit control.

These improvements suggest the generation and verification of spin-photon Bell states

with an end-to-end efficiency of up to 1.4%. Furthermore, if additional cavity losses can be

eliminated, an end-to-end efficiency of about 5% can be reached. In addition, careful mode

matching of the detection fiber coupling to the cavity mode, together with highly efficient

superconducting nanowire single-photon detectors, can further improve the efficiency by a

factor of ∼ 3. Moreover, the increased end-to-end efficiency benefits qubit readout fidelity.

8.2.2 Remote Spin-Spin Entanglement
In addition to the improvements outlined in the previous section, a mechanism to tune

multiple NV centers on resonance is desired for remote spin-spin entanglement generation.

This has been realized via the DC Stark shift using gate electrodes [5, 6] and could be

implemented similarly in open microcavity systems. The reachable end-to-end efficiencies

of our system are two orders of magnitude higher than those of NV centers in state-

of-the-art solid immersion lens devices. This improvement factor is proportional to the

achievable remote entanglement generation rate for the single photon protocol [7] and

squared proportional for the two photon protocol [2]. In this regime, the delivery of an

on average entangled state can be deterministic in a quantum network [6] with a realistic

number of 1000 entanglement generation attempts [8] and projected rates of hundreds

of Hz. This would improve the active link efficiency above 1, which is a key enabling

condition for scaling quantum networks [9].

For quantum network applications requiring memory qubits, carbon-13 nuclear spins

in the environment of the NV center can be used. To realize robust memory qubits under

remote entanglement generation attempts high magnetic fields are desired [10], which may

necessitate mounting permanent magnets or coils close to the sample inside the cryostat.

8.3 Future Experiments and Research Directions
8.3.1 Optical Multiplexed Entanglement Generation
In open microcavity systems, multiple color centers can be coupled to the same cavity

and hence addressed via the same optical mode. This enables the use of multiple color

centers with different ZPL emission wavelengths at each quantum network node and

multiplexed entanglement generation protocols [11]. Furthermore, piezoelectric actuators

with demonstrated bandwidths up to 44kHz [12] can be used to rapidly tune the cavity on

resonance with different ZPL emission wavelengths. Moreover, each communication qubit

can exhibit nuclear spins in the environment, which can be used as memory qubits and

may enable further multiplexing.

8.3.2 Diamond-Air Microcavity Designs
Multiple research groups have reported the fabrication of high-quality micrometer-thin

diamond membranes for open microcavities [13–15]. These diamond devices feature
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very low surface roughness, which is characterized by low additional scattering losses in

diamond-like modes. This development paves the way to operate microcavities in diamond-

like modes, where the maximum attainable Purcell factor is about a factor of 5.8 higher

than in air-like modes, considering cavity length fluctuations.

Furthermore, progress has been made on the fabrication of homogeneously flat diamond

membranes with very low surface roughness [16, 17], thereby relaxing the requirement for

open microcavity setups with large spatial tunability. This promises cavity designs with

higher mechanical resonances and higher vibration stability. In addition, the footprint of

microcavities can be as small as the 125μm cavity fiber diameter, and fiber arrays could

be used to scale to multiple microcavities per quantum network node [18]. Moreover, the

direct coupling efficiency of the cavity mode into the cavity fiber can be improved by

integrating mode-matching optics [19].

8.3.3 Heterogeneous Integration
For open microcavity applications, diamond membranes are typically bonded to flat dielec-

tric Bragg mirrors, which are fabricated on top of fused silica substrates. These mirrors

could be equipped with various electrical structures, such as microwave striplines [20], or

potentially photonic structures, such as waveguides. Furthermore, intentional gaps between

the diamond membrane and the mirror can be introduced to isolate these structures, which

might also facilitate the bonding of larger membranes. Small gaps between the diamond

membrane and the mirror of multiple 𝜆0/2𝑛𝑎 leave the achievable Purcell enhancement

almost unchanged. Moreover, buried striplines have recently been demonstrated with

bonded diamond membranes [21].

8.3.4Quantum Networking with Tin-Vacancy Centers
This section focuses on SnV centers in open microcavities and their potential for future

quantum networks. The feature of the SnV center to preserve good optical coherence in very

thin diamond membranes [22] allows to boost the coherent cooperativity in microcavities

by operating at very short cavity lengths and 𝑅𝑂𝐶 of a few μ𝑚 [23, 24]. This can enable

cooperativities for SnV centers in open microcavities above one hundred. In addition, SnV

centers in thin diamond membranes, featuring uniform tensile strain, have been used to

demonstrate coherent microwave qubit control at temperatures of up to 4K [22]. Similar

diamond devices might be compatible with open microcavities and could be used to explore

different entanglement protocols that utilize spin-dependent amplitude [25, 26] or phase

[27] reflection.

Moreover, micro-electro-mechanically mediated strain control has shown to tune the

optical transitions of SnV centers in waveguides [28]. This technique could be adapted to

the microcavity platform by using waveguide-like diamond structures with dimensions

larger than the cavity beam diameter, which are bonded to the mirror surface with an

intentional gap. Figure 8.1 shows a schematic of a cavity sample mirror featuring structures

to apply strain as well as microwave and static electric signals to a microcavity-coupled

diamond color center. This design underlines the potential of heterogeneous integration

and could be realized via transfer printing [29].
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Figure 8.1: Schematic cavity sample mirror featuring strain, electric field, and microwave application. (a) Shows

a cross-section and (b) the top view, next to an exemplary electronic circuit delivering the control voltages. On

top of the sample mirror (light red layers), three electrical lines (yellow) and a spacer (gray) are depicted. The

latter holds the diamond membrane and introduces a gap between the sample mirror surface and the membrane.

On top of the diamond membrane, another electric line is deposited to apply micro-electro-mechanical strain via

capacitive forces to the corresponding electric line on the sample mirror. The two other electrical lines are for the

delivery of microwave signals and the application of static electric fields. The lateral cavity position, close to the

hinge point of the diamond membrane lever, is indicated with a red cone-shaped cavity mode.
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8.4 Epilogue
The bare data acquisition time for the results presented in this thesis amounts to a few days.

It takes measurement phases of several weeks to record these final datasets. And none

of that is possible without building and preparing measurement setups for many months.

Figure 8.2 visualizes this journey with documented timelines of my PhD categorized by

thesis chapters. In addition, the cryostat temperature is monitored to present its operational

status.

Figure 8.2: Timelines of my PhD categorized by thesis chapters. The cryostat temperature is shown in red when

at room temperature, in blue when at base temperature, and in purple when temperature cycled.

There are just a few chapters, but a whole journey to celebrate.
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