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Electronic and Nanophotonic Integration of a Quantum
Network Node in Diamond

ABSTRACT

Developing technologies for distributing entanglement over long distances, and employing this
technology to create quantum communication networks, has been a standing goal of the quantum
optics community for almost two decades. Such networks could be used for secure communication
enabled by quantum key distribution (QKD), enhancement of quantum sensors, and even the cre-
ation of networked quantum computers. We present a platform, based on the negatively charged
Silicon Vacancy (SiV) in diamond, capable of correcting for the photon loss that currently limits the
size of such networks. Furthermore, we lay the groundwork for its use for scalable implementation
of the full quantum repeater protocol, the missing ingredient for the deployment of large quantum
networks. First, we demonstrate improved diamond nanofabrication techniques that enable the cre-
ation of an integrated, cooperativity 100 spin-photon interface. We further discuss the techniques used
to integrate this platform with microwave coplanar waveguides (CPWs) that enable coherent control
of the SiV spin state. Next, we demonstrate the integration of diamond nanophotonic technology
with nanomechanical strain control, enabling the reduction of variations between, and fluctuations
of, diamond color center optical and spin properties. These techniques are used to enable quantum in-

terference between two initially distinguishable quantum emitters. To further demonstrate the utility
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of this platform, we employ coherent spin control and our platform’s high cooperativity spin-photon
interface to create an integrated quantum network node capable of high fidelity, coherent photon stor-
age and the formation of multiqubit quantum registers. We discuss the engineering and physics prin-
ciples relevant to the implementation of such a system, and provide a framework for future improve-
ments to the underlying technology. Finally, we employ the developed techniques to perform Bell
state measurements between asynchronously arriving photons. By utilizing this technique we demon-
strate enhancement of the quantum communication rate between two parties, thus implementing the
key functionality of a single quantum repeater node. This demonstration, combined with the other
technical advances presented here, positions the diamond photonics-SiV platform as a leading candi-
date for the implementation quantum networking technology and provides a path towards large scale

deployment of such systems.
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Introduction

1.1 QUANTUM NETWORKS

The past decade has seem dramatic growth in the availability and sophistication of quantum infor-
mation processing technology. The emergence of sophisticated techniques for quantum enhanced
sensing” has provided early demonstration of the possibility of using fundamentally quantum phe-

nomenon such as superposition and entanglement for technological purposes. On the other hand,



the utilization of superconducting qubit technologies for early demonstrations of so called "quantum
supremacy” in boson and psuedo random circuit sampling® have shown that, in principle, informa-
tion can be extracted from quantum computations that can not be feasibly obtained using other tech-
niques. Over the next decade, the goal of quantum technologies will be to transition from the regime
of "quantum supremacy” to “quantum advantage”, or in other words progressing from demonstrat-
ing that a singular problem can be solved more efficiently using quantum information processing to
demonstration that a useful problem can be addressed using these techniques.

For quantum sensing a route to quantum advantage may already be on the horizon, as applications
of high sensitivity detectors for strain and magnetic fields can be easily conceived®. Furthermore, im-
plementation of quantum sensing techniques can be accomplished using relatively simple quantum
systems whose properties can be carefully controlled. As a result, short term commercialization of
quantum sensing is already in progress and likely to occur in the coming years. It is in the realm of
quantum computation that the picture becomes more complicated.

Realization of advantage from quantum computation* will require large quantum systems, con-
sisting of hundreds of logical qubits (each likely containing several physical qubits) that can be coupled
to each other using carefully controlled interactions. The commensurate growth of the computational
state-space of this system, combined with unavoidable noise and infidelities, will require sophisticated
error correction techniques and place further demands on the hardware used to implement these tech-
nologies. The combination of steady progress in quantum computing technology over the past decade
and the variety of promising proposals for addressing these challenges makes it conceivable that these

challenges will be successfully resolved over the coming years, but the scope of the difficulties should



not be underestimated.

Quantum networking is another quantum technology that lies midway between the relative sim-
plicity of quantum sensing and the sophistication of quantum computation, and shows promise for
enabling quantum advantage in relatively simple systems’. A quantum network consists of a series of
small quantum processors connected to each other via photoniclinks. These links can be used to entan-
gle two chosen processors connected to this network regardless of the distance separating them. This
entanglement can then be used as a resource for secure communication (enabled by so called quantum
key distribution®, or QKD), long distance quantum sensing, or even quantum computation’.

The relative feasibility of quantum networking can be understood in the context of the reduced size
of the individual quantum systems and the relatively small computational state space utilized during
their implementation. Each quantum processor need only consist of a single digit number of qubits
which need only interact with each in carefully proscribed ways. Because these systems themselves are
thus confined to operate in a constrained manner the error correction required to correct for infidelity
can be accomplished using simple techniques. As a result, the overhead for creating such systems can
be dramatically reduced and “advantage” can be more easily realized.

A turther advantage of quantum networking is that the technologies that are required for its im-
plementation will also be useful for future platforms for quantum computation. It has long been
understood that introducing an optical interface to a quantum processor, like the one necessary for
quantum networking, is a straightforward technique for scaling up the size of a quantum computer.
Recent advances in our understanding of all optical or cluster state quantum computing have further

cemented the usefulness of realizing such interfaces®. Furthermore, quantum communication can act



as enabler for secure and rapid upload of quantum information onto a quantum computer. Introduc-
ing new technologies for coupling leading quantum computation platforms to quantum memories
used in quantum networks thus is a promising way to scale up to useful demonstrations of quantum
computational advantage’.

Quantum networking thus represents a waypoint between quantum sensing and quantum com-
puting in terms of technological sophistication and feasibility. By demonstrating the utility of quan-
tum technology and allowing for tests of simple quantum computational algorithms this technology
can lay the groundwork for the creation of large quantum computational systems while providing
economic utility in the short term. This last point may prove critical for securing continued invest-
ment should the current wave of quantum computing technologies fail to reach the required levels of
operation”?.

Over the past two decades, the identification of a platform capable of being used to create large
quantum networks has been a primary goal of the quantum optics community. Target platforms have
included essentially all varieties of known quantum emitters, ranging trapped atoms to quantum dots.

» 10

The key demand placed on these platforms is the ability to act as a "quantum repeater”*® that catches,
stores, and corrects information transferred to the network node by way of information bearing pho-
tons. This quantum repeater functionality is required to correct for photon loss that occurs during
information transmission, which acts as the dominant information loss mechanism during quantum
communication.

One primary challenge has been to ensure that individual quantum memories are able to deter-

ministically interact with individual information carrying photons. To ensure that this occurs, most



quantum memories utilized for quantum networking experiments are placed inside cavities that en-
hance the interactions between photons and embedded quantum emitters, utilizing the well under-
stood physics of cavity quantum electrodynamics, or CQED™. Furthermore, for any viable quantum
repeater candidate a mechanism for controlling the quantum memory in question must be identified,
with common choices including all optical and microwave control. Finally, true quantum repeater
operation requires the ability to deterministically entangle small sets of quantum memories inside in-
dividual quantum network nodes. This requires the identification of a choice of ancillary memory
and gates between the various qubits used .

A quantum networking platform is thus defined by the combination of emitter, photon interaction
enhancement mechanism, quantum memory control technique, and ancillary memories employed to
realize a platform capable of acting as a quantum repeater. The work presented in this thesis will focus
on the dramatic progress demonstrated by the diamond silicon vacancy (SiV) emitter inside diamond
nanophotonic cavities, controlled by microwave delivered via coplanar waveguides, and coupled to
nearby nuclear spins. At time of writing this platform is one of the leading candidates for the creation
of a scalable quantum network due to its desirable optical and spin properties, combined with its
compatibility with nanofabrication techniques. By utilizing these properties it has so far been the only
platform capable of demonstrating memory enhanced communication- a primitive form of quantum
advantage enabled by the platform’s high fidelity and low loss operation.

A non exhaustive list of platforms believed to be promising for application in such networks in-
cludes the nitrogen vacancy center in diamond”®, the various optically active defects studied in sil-

icon carbide and silicon™, rare earth atoms trapped in various host crystals®, self assembled quan-



tum dots”®, optically trapped ions and atoms', and atomic ensembles in fabry perot cavities™. Rapid
progress in the field, however, means that this list will continue to change rapidly over time.

In fact, progress in the field is so rapid that creation of a large scale quantum network by the end of
the decade is a plausible goal for the field. Many of the remaining technological barriers to implemen-
tation of networks could be resolved through funding of improved cryogenic, nanofabrication, and
control technologies. As such, rapid identification and improvement of a promising platform that
can act as a test-bed for the introduction and development of these secondary technologies should be

a primary goal of the field for the coming years.

1.2 OVERVIEW

Chapter 1 of this thesis will begin by introducing diamond as a host material for quantum emitters
and giving an overview of diamond color centers in general, with emphasis on the properties of the
SiV in particular. Next will come an introduction to CQED, as required to understand the properties
of of the §iV photon interface used throughout my PhD. Next will come a section detailing the exten-
sive nanofabrication technique development I engaged in during my PhD, including summaries of
currently unpublished efforts towards the creation of novel mask and etching technologies. Finally, I
will document the work done towards integrating nanomechanical, nonlinear optical, and microwave
control technologies with the diamond nanophotonics platform.

From here on my thesis will follow the standard procedure of documenting some experiments to

which I contributed substantially during my PhD. Please consult the papers which represent the cul-



mination of each of these efforts for more information on the results.

Chapter 2 will document my research on strain control of SiV color centers in nanophotonic devices,
which culminated in the demonstration of quantum interference between strain controlled color cen-
ters inside the same nanophotonic device.

Chapter 3 will contain a description of my work towards the demonstration of an efficient spin-
photon interface formed by the SiV inside a nanophotonic cavity. This same section will contain
information on our early attempts at enabling gates between the SiV and nearby nuclear spins, includ-
ing some unpublished data on interactions between the SiV and the nuclear spin of its constituent
silicon atom.

Chapter 4 presents a deeper analysis of some of the concepts discussed in chapter 3, and offers in-
sights into the utilization of the SiV-cavity-CPW system for quantum networking applications.

Chapter 5 will conclude the thesis by presenting the application of our platform for memory en-
hanced quantum communication.

Appendices will be available to present supporting information for these experiments.



Diamond Nanofabrication for Quantum

Networks

Over the past decade, diamond has emerged as a leading host material for optically active defects,
known as color centers, used in quantum optics experiments. One of these defects is the negatively

charged silicon vacancy, or SiV, which has exceptional optical and spin properties that make it an im-



portant candidate for implementation of quantum networks®”***°. Critical to the utility of this color
center is the ability to pattern diamond using nanofabrication tools to form nanophotonic cavities .
These cavities can be used to enhance the interaction between the SiV and incoming photons and
ensure that information can be transferred between them**. Without these (or similar) cavities, the
probability of these interactions would be too low for meaningful utilization of these color centers
for quantum networking technology. Finally, diamond can also be supplemented with thin metal
films that can act as pathways for control signals spanning from DC to the microwave domain. These
signals can, when properly routed, be used to control the strain and microwave environments of the
color center and thus control its spin and optical properties*>*#.

The primary focus of my PhD has been building a platform capable of integrating these various
functionalities while continually improving the performance of our photonic crystal cavities. This
section of the thesis will serve to document these efforts, with a emphasis not only on the already
successful efforts that have made our current experiments possible, but also on both ongoing and
unsuccessful efforts towards new fabrication techniques that provide useful insight into the challenges

associated with diamond fabrication.

2.1 D1AMOND As A HosT FOR QUANTUM DEFECTS

The study of diamond as a material has gone on for thousands of years, with its name deriving from
aancient Greek word that can be translated as “unbreakable”*. This most famous of diamond prop-

erties, its hardness, is strangely one its few exceptional properties that has no direct relevance to its



usefulness for quantum optics experiments®®. Instead, the most relevant property of diamond as a
host material is its very wide bandgap of 5.477 €V, which makes it possible for a wide variety of optically
active defects to exist within the high symmetry diamond lattice. This wide bandgap is supplemented
by a very high speed of sound (a direct result of its hardness) and (commensurately) its exceptional
thermal conductivity. These properties combine with low conductivity and microwave loss tangent
to make diamond a good host for high power electronics and control signal routing, even at very low
temperatures >,

The primary challenges associated with the utilization of diamond stem from the difficulty of grow-
ing or bonding large, high purity thin films of the material on any other substrate. While great progress
has been made in the utilization of plasma enhanced chemical vapor deposition (PECVD) for the
growth of bulk diamond films from diamond seed crystals*’, these technique can not be adapted to
other substrates without the introduction of lattice matching layer . Contamination from these lay-
ers and the substrate during the PECVD process then results in a density of impurities that makes
the diamonds difficult to use for quantum optics experiments. Improving these processes remains an
active and promising area of research, but this challenge remains one for which no straightforward
solution is yet known.

As a result of this difficulty, techniques for high selectively etching and undercutting diamond are
critical for creation of diamond nanophotonic devices. Here, the hardness and relative chemical in-
ertness of diamond limits the variety of candidate etches that can be reasonably considered. Argon
etches and other processes that rely primarily on physical sputtering are possible, but would require

exceptionally thick masks due to the low sputter yield of diamond. Chemical etches of diamond rely
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primarily on oxygen etching, though steps containing SF6, Cl2, CF4, and Ar are also commonly em-
ployed®. These restrictions place further constraints on the choice of mask. As for undercutting,
two primary techniques relying on angled etching® and crystallographic undercutting? have been
developed, each with its specific advantages and drawbacks. The details of these fabrication related

considerations will be discussed later in this section.

2.1.1 Di1AMOND CoLOR CENTERS

The previous section highlighted how diamond is an exceptional host for quantum defects, a fact that
has made possible the careful study of the zoo of color centers that have been recognized for decades.
These defects form from a combination of impurity atoms and vacancies trapped inside the diamond
lattice, giving rise to their alternate name of ”vacancy complexes”*°. Each color center is defined not
only by the number and nature of the impurities but also their configuration and charge state. The
color center configuration is fixed at room temperature, and can only be changed through high temper-
ature annealing®°, but the charge state can fluctuate as a result of applied electric and optical fields™.
Furthermore, impurity atoms introduced during or after growth can cause varying levels of lattice
damage to the surrounding diamond crystal, resulting in differing numbers of vacancies in the envi-
ronment and differing optical properties among otherwise identical defects**. As a result, isolation
and identification of the properties of a single defect requires carefully controlled experiments, as con-
clusions drawn about a defect in one environment may not hold when even small changes are made
to the system.

It thus serves as a striking coincidence that the most common and easily studied color center in

II



diamond, the negatively charged nitrogen vacancy (NV), has exceptional optical and spin properties
that lead to its continued use to this day**". This color center can be optically addressed and displays
a coherence time of more than a millisecond at room temperature. At cryogenic temperatures the NV
coherence time can extend to well over a second, and coupling between the NV and nearby nuclear
spins can be utilized to store states for over a minute****. These properties, combined with magnetic
and electric field sensitivities, make the NV exceptionally promising for quantum sensing applications
that currently stand on the verge of commercialization.

These same properties also make the NV a promising candidate for quantum networking. In fact,
many of the seminal quantum networking experiments relied on these color centers to demonstrate
loophole free Bell’s inequality tests*, generation of entanglement at rates faster than the decoherence
of the system*®, and implementation of entanglement purification”. Several of these experiment have
yet to replicated on any other system. Despite these impressive demonstrations, large scale implemen-
tation of the NV for quantum sensing applications is held back by the sensitivity of the NV to stray
electric fields- a sensitivity which complicates their implantation and integration into nanofabricated
cavities*". Instead, photons from the NV are primarily collected through surface etched structures,
such as solid immersion lenses (SILS) or through macroscopic cavities comprised of the diamond and
an external reflective object, such as a polished fiber®. These techniques have already demonstrated
impressive utility, and continue to be improved and explored, but have the drawback of preventing
true large scale implementation of nanofabrication techniques that serve as a primary motivation for
the use of solid state qubits (as opposed to trapped atoms). This deficiency spurred the exploration of

alternate color centers in diamond, which led to the emergence of the SiV.

12



At first glance the properties of the SiV provide few reasons to prefer it over the NV. The slight
gains from its longer wavelength are offset by a dramatic reduction in its room temperature coherence
time (falling from millisecond to nanosecond scale) *°. However, early experiments with the SiV noted
its dramatically reduced electric field sensitivity, a property that was determined to arise from its D3d
symmetry group, which includes inversion symmetry?. This inversion symmetry suppresses the static
electric dipole moment of the color center and eliminates its first order sensitivity to slowly varying
electric fields. This property meant that the SiV could be integrated into photonic crystal cavities
fabricated out of bulk diamond to strongly enhance the optical properties of the color center*°. After
it was demonstrated that the SiV coherence time could be dramatically extended by cooling the system
to mK temperatures and that the SiV spin state could be directly controlled using microwaves these
properties combined to enable a wide variety of new quantum networking experiments*'.

Other diamond color centers are also actively being explored, seeking to improve on the SiV co-
herence times, quantum efficiency, and optical transition wavelength. Most prominent of these are
the other group IV color centers, which are believed to share the symmetry properties of the SiV and
should thus display similarly low electric field sensitivities. These color centers have also demonstrated
higher quantum efficiencies and better 2 Kelvin coherence times*>*3. However, experiments involv-
ing the GeV implanted into photonic crystal cavities displayed dramatically increased spectral diffu-
sion, likely as a result of increased damage during implantation. These problems can be partially re-
solved through shallow implantation followed by overgrowth 4, but will continue to act as a limiting
factor in terms of color center selection. Also of particular note is the neutral SiV (SiVo)* which

has been shown to have improved coherence and optical properties when compared to the negatively

13



charged SiV. A technique that enables stabilization of the charge state of the SiVo inside nanopho-
tonic crystal cavities while enabling efficient photon collection would provide a promising platform

from which to explore new domains of quantum optics.

2.2 CavITY QUANTUM ELECTRODYNAMICS WITH THE S1V

The utility of nanophotonic cavities can be best understood in the context of cavity quantum electro-
dynamics, a well developed field that describes the interactions between quantum light fields, emitters,
and cavities*°. The following section will provide a brief overview of the primary results of the field
as they relate to the experiments described in this thesis.

CQED deals with the properties of quantum emitters inside a cavity as they interact with a quan-
tized light field. The important properties of this system can be understood through three parameters
that describe the competing processes for information transfer and loss between the cavity mode, the
emitter, and the environment. The single photon coupling rate, g is the first and most important of
these. This parameter sets the rate at which information is transferred between a photon in the cavity

and a single trapped emitter. This rate can be calculated as

g=E-jih
< w
9= v

Where E is the vector electric field induced by a single photon, /i is the electric transition dipole

moment, and V is the mode volume of the cavity mode. Mode volume is defined as the ratio between
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the integrated intensity of the electric field induced by a single photon, divided by the max amplitude
of the field inside the cavity. In other words, a smaller mode volume indicates tighter confinement of
photons and a larger peak electric field. Note the inequality presented in the second relation, which is
due to the fact that equality between the two terms holds only if the emitter dipole is placed exactly at
the mode maximum and is perfectly aligned with the electric field.

The two other rates relevant for CQED systems are the rates at which information is lost into the
environment via the emitter, -y, and the rate at which information leaks into the environment via the
cavity, K. The term <y is dominated by spontaneous emission of a photon from the emitter, which

occurs at a rate:

3,,2
= W Hiotal
3meghc?

Here ft40tq1 represents the sum of the transition dipole moments out of the optically excited state.
The term & is a combination of two mechanisms by which photons are lost from the cavity. The first
Kscattering (hereafter K 4) represents the rate at which photons scatter out of the cavity into freespace,
thus representing information lost from the system permanently. The second cavity loss term Ky qpeguide
(Or Kyyg) is the loss rate of the system into the waveguide. While this term does represent photons lost
from the cavity, the information leaked into the waveguide is not lost the experiment. As a resul,
while the CQED formalism deals only with the summed rates in the form of x, understanding the
utility of the system requires analyzing these two terms separately.

In CQED formalism the cooperativity C represents the comparison between these three rates in
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the form:

A C > 1 suggests that a photon inside the cavity is more likely than not to interact with the emit-
ter before being lost, and further improvements in cooperativity lead to commensurate increases in
interaction probability. Maximizing this term thus represents a first order goal of practical CQED
systems.

In pursuit of this goal, each of the components of cooperativity need to optimized. In practice, v
is largely set by emitter properties, though some emitters like the NV center in diamond can experi-
ence substantial increases in 7y as a result of increased interaction with the complex solid state environ-
ment inside fabricated cavities. In the case of the SiV, this quantity is around 100 MHz and is largely
insensitive to fabrication induced imperfection. What variation is experienced is attributed to dam-
age incurred during implantation, which can in principle be eliminated through careful implantation,
growth, or annealing techniques. Meanwhile, x and g are largely determined by cavity parameters and
thus sensitive to both the design and fabrication procedures used. Details of the design and fabrication
of our diamond cavities can be found in later sections of the thesis. So far, the benchmark numbers
for both x and g are roughly 10 GHz, thus leading to a best case cavity cooperativity of about 100.

At this cooperativity deterministic interaction between photons and emitters is essentially guaran-
teed, and the question becomes what mechanism should be used to map information between these
two systems. Here CQED formalism provides two mechanisms which can be used to mediate this

exchange: phase and amplitude measurements applied to photons that have interacted with the cav-
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ity emitter system. Each of these gates can be understood by analyzing the equation for the complex

reflection coefficient of a CQED system™:

2k (I(w = fa) +7)

M) = T R T R — )+ )+ P

(2.1)

Where w is the photon frequency, fq is the frequency of the emitter without the cavity, and f.. is
the frequency of the cavity without the emitter. As shown in figure 2.1, two effects can be observed
in this equation. First, as the probe passes over the emitter resonance a sharp change in phase of the
reflected photon occurs. Second, at an energy associated with emitter transition a sharp reflection peak
or dip can be observed. Both of these effects can be used to measure interactions between a photon
and a cavity coupled emitter. In particular, if an optical transition coupled to an emitter is present
inside the cavity at the probe location a sharp variation in the reflection coefficient will result, which
can then be used to determine the presence (or state) of the emitter coupled to cavity by measuring
the appropriate property of the photon.

The choice of which mechanism is used to measure photon-emitter interactions is usually deter-
mined by practical considerations relating to cavity properties. Of particular interest when making
this decision is the relationship between k.4 and k5. In general, the desire to maximize cooperativity
provides incentive to minimize kg, as this is frequently the term in the equation which can most
easily be controlled. However, the variation in the reflection spectra associated with with both the cav-
ity a resonant emitter is maximized when the device is critically coupled, or in other words, when the

two r terms are equal. As a result, operation in the critical coupling regime is usually identified rep-
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Figure 2.1: Simulated reflection properties of photonic crystal device incorporating a quantum emitter. a) Reflection
intensity coefficient of a photonic crystal cavity with a single strongly coupled emitter at different cavity-waveguide
couplings. As the coupling deviates further from critical coupling (where loss into the waveguide is perfectly balanced
with other losses) the size of the reflection dip decreases, compromising readout efficiency despite the increased coop-
erativity. b) Phase picked up by a reflected photon bouncing off an overcoupled version of the cavity-emitter spectrum
shown in panel a. Here the state of the quantum emitter can be read out by measuring the phase change of the reflected
photon, even in this case where the amplitude of the reflection spectra varies very little.

resenting the ideal compromise between maximizing cooperativity and maximizing readout fidelity
when utilizing amplitude based readout. This technique is especially appealing because it requires no
interferometric stabilization of the optical path used in the experiment.

The drawback of utilizing critically coupled cavities for amplitude readout is that it results in half of
the photons that interact with the cavity being lost. In an otherwise well controlled optical setup this
can dominate the total loss of the system, and represent the limiting factor on experimental efficiencies.
As a result there is an incentive to explore the use of overcoupled cavities, where k,; dominates the
system’s photonic loss. In this case the total cooperativity of the system and the amplitude variation
of the reflection spectrum are reduced in exchange for a larger fraction of the photons being collected
into the waveguide mode. However, given sufficiently high cooperativity and the utilization of phase

based readout these problems can be overcome, and high readout can be obtained at the cost of more
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experimental complexity.

It should be noted that the Purcell enhancement of the optical transitions which occurs as a re-
sult of the high cooperativity emitter-photon interface also provides an upper limit on the maximum
effective cooperativity which can be used for high fidelity readout. If the Purcell enhancement is suf-
ficiently large that the optical transitions assigned to the different qubit states begin to cross then the
fidelity of the readout can begin to drop. In practice, the SiV utilizes differential g factors between
the ground and excited optical states of the qubit to differentiate between the two qubit spins states.
This differential g factor is small enough that the maximum realizable seperation between the two
qubict states is of order 2 GHz. As a result, Purcell enhancement of a factor larger than 20 will begin to
cause crossing of the two transitions when the emitter is resonant with the cavity. Thus, cooperativity
above this limit will only benefit the system by enabling larger detunings between the cavity and emit-
ter, but will not increase readout fidelity. In this context, transitioning to overcoupled cavities begins

to represent an advantage as soon as this cooperativity bound is reached.

2.2 PHOTONIC CRYSTAL CAVITIES

1D photonic crystals have been studied for more than 20 years, and as a result the literature covering
the design and utilization of such cavities is very broad #7. Here I presenta summary of the perspectives
I have found useful in my research. This information is not intended to be perceived as completely

novel, but merely as a guide for practical implementation of such cavities.
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2.2.1 PHOTONIC CRYSTAL INTRODUCTION

As discussed in the previous section, cavities can play a key part in enhancing the interactions between
photons and embedded emitters, ensuring that information can be transfered between them with high
probability™. This well understood fact has led to the development of a wide variety of photonic cav-
ity structures, ranging in scale from macroscopic fabry-perot cavities*® to ultra-small mode volume
photonic crystals# for use in CQED experiments. As discussed in the previous section, the relevant
parameters of these cavities are the quality factor (Q) and the mode volume (V). In general, cavities
with smaller mode volume also have smaller quality factors due to a combination of increased overlap
of the optical mode with surfaces and increased lateral confinement increasing the scale of the opti-
cal momentum variation, both of which contribute to increased scattering. However, below certain
bounds the mode volume takes on added importance due to emitter dependent and fabrication de-
pendent effects. For some emitters (such as the NV) close proximity to etched surfaces can degrade
the optical properties of the emitter, placing an effective minimum on the realizable mode volume.
However, even for CQED systems utilizing very stable emitters, mode volume below a certain point
will necessarily cause wide variation in the optical resonances of the cavity modes. This can be under-
stood from first order optical perturbation theory which indicates that the tuning of resonator mode

in response to a perturbative shift in the environment’s dielectric is proportional to:

_ _EfdgT(SE(TNE(T)P
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where €(r) is the local dielectric constant, de(r) is the perturbation to this constant, and E(r)
is the electric field of the unpreturbed mode*’. From this formula it can be easily seen that a small
shift of dielectric constant in a region of very high field intensity will result in a very large shift of
the cavity resonance frequency. Combined with unavoidable fabrication imperfections, especially in
regions with very small features, this places an effective minimum on realizable cavity mode volumes
for a fixed level of fabrication error.

Finding an effective photonic crystal cavity design that maximizes Q, minimizes V, and reduces sus-
ceptibility to fabrication errors requires exploring an exceptionally large parameters space of possible
designs. Fortunately, a number of theoretical perspectives have been developed to guide the search
through this space, such that designs can be meaningfully constrained. In this work, the guiding phi-
losophy behind photonic crystal design was the "psuedopotential” picture, which borrows the lan-
guage of the standard quantum mechanics problem of ”particle in a box” in order to understand the
behavior of a trapped photon inside a photonic crystal cavity*°.

To better explain this picture, a brief introduction to photonic crystal cavities will be provided. Clas-
sically, photonic waveguides can be understood to operate by trapping light inside a piece of dielectric
through total internal reflection. When a ray of light reaches an interface between a high dielectric
constant material and a low index cladding material at a sufficient oblique angle the light is perfectly
reflected and remains trapped inside the high dielectric constant region. This perspective provides a
connection between the momentum” of the light along the direction of the interface and the proba-
bility of its being trapped inside the high dielectric constant material. This connection can be further

understood by analyzing the dispersion properties of light inside the high and low dielectric constant
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regions. Due to the higher dielectric constant, there exists for a fixed energy some combinations of k
vectors (which stands in for the momentum of the light) that can exist inside the high dielectric region
but not in the low dielectric region. This can be understood from the linear dispersion relation of
light in a homogeneous, linear medium which says that

3
c Zi:l kl2

n

w =

Where w is the energy of the light, ¢ the speed of light in a vacuum, n the index of refraction of the ma-
terial, and ¢ the standard set of 3 spatial dimensions. For larger values of the index of refraction, larger
values of the k vector can be assigned without forcing one of the components to become imaginary.
When light with one of these larger k vectors reaches the interface into the lower index region the k
vector will be forced to become imaginary along one of these indices, leading to exponential decay of
the resulting light field. This causes light to be trapped inside the higher dielectric constant region
when it has certain values of momentum.

An interesting phenomenon occurs when this dielectric region is patterned in a periodic manner.
In analogy with the well understood formation of Bloch waves in solid state physics, the light prop-
agating through this periodic medium is forced to adopt the discrete transnational symmetry of the
underlying medium. Of particular interest is what occurs at the edges of the Brillouin zone, where
the k vector assumes its maximal value before folding back onto itself. In this case there are two dis-
crete distributions of light can fulfill both the phase conditions placed on the system by the k vector

and the symmetry conditions set by the medium: light can concentrate in either the low or high di-
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electric regions with wavefunctions that (to first order) differ only by a half lattice constant offset. In
this case the two states will have the same k vector but a different energy, due to the different energy
costs associated with concentration of electric fields in regions of different dielectric constant. This
phenomenon will result in the formation of a ”band gap”, or a region of forbidden energies between
the energies of these two states. Light at this energy incident on the periodic medium will be rejected
through scattering and reflection, creating in effect a highly reflective mirror. It should be noted that
this same phenomenon can be understood through the lens of degenerate perturbation theory, where
two modes of the same k vector, symmetry, and energy form an avoided crossing that results in the

formation of a forbidden energy region.

2.2.2  PHOTONIC CRYSTAL CAVITY DESIGN PRINCIPLES

The formation of this band gap thus provides for a mechanism of creating a controllable, selective
mirror that can be fabricated from nanoscale components. Formation of a cavity from these mirror
segments can be accomplished simply by placing two of these mirrors in close proximity to each other,
resulting in the formation of fabry perot cavity type modes. The behavior of this system can then
be loosely modeled through application of the "particle in a box” style analysis. The depth of the
potential barrier generated by the photonic bandgap is equal to the energy difference between the
energy of the photonic mode in question and the edge of the same symmetry band at the edge of the
band gap. A wider band gap with a further detuned target cavity mode thus will confine a photonic
state more effectively than a small band gap with the photonic mode only slightly detuned’°.

A further wrinkle is introduced in the form of the possibility of scattering into freespace or guided
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modes. Should the photonic mode pick up a sufficiently large momentum kick, either from designed
components of the photonic crystal cavity or defects introduced during fabrication, it is possible to
couple the cavity mode with undesired loss channels. As a result, introduction of smooth potential
gradients which avoid introducing higher order Fourier modes that can cause such scattering is key,
and designing a potential well that is minimally sensitive to scattering caused by fabrication defects is
important to successful fabrication.

Finally, given the importance of coupling between the waveguide and cavity modes, ensuring that
the spatial overlap between the cavity and waveguide modes is maximized is key to effective cavity
performance. This is usually achieved by the introduction of tapers to the end of the photonic crystal
structure, which serve to match both the mode profiles and band structures between the photonic
crystal region and the waveguide.

Given this theoretical guidance, a procedure for straightforward optimization of photonic crystal
cavity modes can be assembled. This technique is by no means the only one in use, as other teams have
assembled techniques for inverse design and other sophisticated optimization techniques. Nonethe-
less, the technique presented here can be straightforwardly used to create a wide variety of designs in
an intuitive manner. The steps in our procedure are as follows:

1) Parameterize your design space such that designs can be readily compared to each other. This en-
tails selection of a generalized unit cell, usually selected to have either ribbed or perforated components
(or sometimes both). Selection of this unit cell is usually set by the desired device application, such
as whether the target for photonic coupling is stored in dielectric or vacuum, and what fabrication

techniques are available. In general perforated cavities can more easily create large band gaps, as the di-
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electric material is removed from the center of the photonic waveguide, thus leading to large dielectric
contrast for smaller amounts of material removed. As a result these cavities are usually the preferred.
Unit cells are usually parameterized by the lattice constant, waveguide geometry parameters, and the
shape and size of the contrast generating deformation of the waveguide structure. There are assigned
numerical values such that designs can easily be compared and reconstructed.

2) Identify what regions of the parameter space can generate large band gap structures. This can be
done rapidly using either frequency domain photonic simulation or the single unit cell-Bloch bound-
ary condition simulations in the time domain. The goal is to identify whether sufficiently large band
gaps can be created subject to the fabrication constraints provided by the techniques and materials
used. In general, good band gaps are identified by a large gap to mid-gap ratio and a substantial de-
tuning from the light cone. These parameters maximize the possibility that a low scattering (and thus
high Q) resonator can be created out of these photonic crystal structures. The goal is not to identify
the "best” structures, but merely to identify regions in parameter space that can be utilized as seeds for
future optimization.

3) Parameterize the defect design utilized to form a cavity mode. Decades of nanophotonic crystal
cavity research has helped identify the fact that smooth variations in photonic crystal parameters in-
side a defect cell can lead to higher quality factors and lower mode volumes. This is because slower
deviations in cavity parameters produces a commensurately slower variation in the psuedopotential
experienced by the trapped photon, which in turn leads to less scattering. As a result, quadratic and
qubic variations in unit cell parameters (producing linear and quadratic variation in psuedopotential

respectively) are commonly used. Cubic defects have the advantage of enabling smooth transitions in
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the derivative of the psuedopotential, which is known to reduce scattering further. Regardless of the
function used, the scaling suggested by the function is applied to unit cells, shrinking or enlarging the
scales of individual elements. The choice of which elements are changed is set by the purpose of the
design and the fabrication technology employed. In the case of the cavities presented in this thesis,
only the lattice constant of the photonic crystal was changed, as it was discovered that using uniform
hole sizes throughout the design increased nanofabrication yield substantially.

4) Using a numerical optimization technique, seeded by band gap structures resulting from step 2,
explore smaller regions of the parameters space to identify the most promising photonic crystal cav-
ity designs. After introducing the extra degree of freedom offered by the depth and nature of the
photonic crystal defect, the scale of the parameter space of possible designs is too large to be explore
manually. Instead, numerical optimization, targeting the largest possible device figure of merit (usu-
ally Q/V, or some variation thereof), can be employed to identify promising candidates with minimal
extra overhead. In our case, a gradient ascent optimization tool, targeting a maximum % was used,
with an artificial cap of 100,000 applied to the quality factor. This cap was set based on known limits
of the nanofabrication procedure used, which introduced geometrical and scattering loss that limit
quality factors. Repeated iteration of the gradient ascent process, seeded with different promising de-
signs identified in step 2 enabled exploration of a large fraction of the parameter space, and generated
a cavity design with quality factor limited by the artificial cap and a mode volume a factor of 6 better
than the one generated using more straightforward techniques.

5) By removing mirror segments from the input arm of the waveguide, reduce the Q4 on the input

arm until it dominates the loss of the combined system. This effect can be evaluated numerically by
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running full cavity simulations with field monitors that select for light emitted through the waveguide
arms. In practice the extent of this waveguide damping will need to be calibrated against the true scat-
tering loss induced by fabrication imperfections, requiring cavities with a number of different mirror
segment numbers to be fabricated.

6) Introduce tapers to the outside of the photonic crystal cavity. These tapers can be designed and
optimized either phenomenologically (by minimizing the excess loss experienced by light reflected
off the cavity) or from first principles (by attempting to modulate the photonic band structure in a
way that bring the band edge of the photonic crystal structure into contact with the target waveguide
mode energy). In either case, the properties of the taper must be parameterized (usually by defining
functions for the slow disappearance of the perturbative elements) and simulated either to investigate
their impact on the photonic bandgap or the reflection properties of the structure.

It should be noted that this technique requires only small modifications to generate entirely difter-
ent structures. For example, our attempts to generate overcoupled cavities required modification only
of the defect function used and the figure of merit. As a result this technique offers a great deal of

utility for generating a wide variety of designs.

2.3 DI1AMOND NANOFABRICATION

Having discussed the techniques for designing nanophotonic crystal cavities in diamond, the next
section will provide an overview of the progress made in fabricating such structures in diamond, and

provide context in the form of description of other techniques developed for extracting photons from
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diamond color centers with high efficiency.

The speed and fidelity of information transfer between different color center memories dramati-
cally depend on the efficiency with which photons can interact with, and be distributed between, the
quantum memories (both on chip and between different chips). This has spurred research activities
aimed at realization of low-loss waveguides and optical resonators in diamond. All of these devices re-
quire optical isolation provided by refractive index contrast from the surrounding bulk material. One
way to achieve this is through free-standing structures that rely on diamond as a device layer and air (or
vacuum) as low index cladding. In traditional nanophotonic material platforms, this is accomplished
through heteroepitaxial growth or bonding of the device layer on top of a sacrificial layer, which is then
etched away to suspend nanophotonic devices®'. However, the lack of techniques for heteroepitaxial
growth of pure diamond thin films on foreign substrates*® meant that nanofabrication techniques
for bulk diamond had to be developed. Focused ion beam milling was initially explored**, but this
approach was limited by device yield and reproducibility. To overcome this, a thin film diamond plat-
form was developed and used in initial diamond quantum photonic experiments®. However, this
approach turned out to be incompatible with the post-fabrication processing (annealing, acid clean-
ing, etc.) needed to recover properties of color centers embedded within, particularly their optical
coherence and stability. As a result, bulk diamond nanostructuring based on crystallographic® or
angled etching has been developed.

The rapid development of fabrication technology for coupling individual diamond color centers to
itinerant photons has allowed the diamond photonics platform to emerge as a leading candidate for the

implementation of quantum networking protocols. Pioneering experiments with the NV center’,
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together with the recent demonstration of memory-enhanced quantum communication based on the
SiV center®°, have laid the groundwork for implementation of the full quantum repeater protocol —
a technology which would make the creation of long-distance quantum networks possible. Here we
trace the development of integrated diamond nanophotonic devices that have enabled the creation of

the spin-photon interfaces that form the backbone of these technologies.

2.3.1  SURFACE ETCHED DEVICES FOR PHOTON EXTRACTION INTO FREE SPACE

The first structures that were developed to overcome total internal reflection at the diamond-air inter-
face, and thus increase the collection efficiency for photons emitted by color centers, were diamond
nanopillars®. In these devices, light from color centers is coupled to the optical mode of a nanopillar,
emitted into free space at the pillar’s facet, and collected by a lens. Nanopillars could be fabricated
on the surface of diamond using reactive ion etching (RIE), implanted with ions and subsequently
annealed to create color centers inside them. Alternatively, they could be fabricated in substrates with
sufficient natural abundance of color centers such that each nanopillar probabilistically contained indi-
vidual emitters. Diamond nanopillars allowed for a ten-fold increase in photon collection efficiency ¥
when compared to bulk diamond and have found many applications in quantum sensing and scan-
ning magnetometry*® in particular. To enhance the light-matter interaction (e.g. via the Purcell effect)
needed for quantum information applications, diamond pillars could be surrounded by metal 7. This,
however, came at the expense of increased optical losses introduced by the metal layer.

These early device experiments uncovered an important shortcoming of NV centers: although they

are stable emitters in bulk diamond, their optical properties degrade substantially when they are close
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to etched diamond surfaces®. To address this problem while still overcoming the total internal re-
flection of emitted photons, solid immersion lenses (SILs) have been fabricated around individually
targeted color centers*®. This could be done either by patterning and then reflowing resist masks prior
to etching, or by using focused ion beam (FIB) milling to pattern desired structures. Importantly, NV
centers in SILs are separated from the etched surfaces by several microns and thus are less susceptible to
fabrication-induced damage. Asa result, SILs preserve the stability of optical transitions of N'Vs while
enabling dramatic improvements in photon extraction efficiency. These structures were workhorses
in many of the seminal NV center quantum optics experiments™¥.

Metasurfaces have also recently emerged °° as a promising platform for achieving high collection effi-
ciency, combining the scalability of the planar nanofabrication technology used for diamond nanopil-
lars with the optical stability characteristic of color centers inside SILs. By carefully tuning the shape
and spacing of structures fabricated with top-down etching technology, the emission of a single color
center buried microns below the surface of the diamond can be efficiently routed into collection op-
tics.

Research on surface-etched diamond nanophotonic structures has allowed the development of a
variety of techniques for collecting light from subsurface emitters without compromising their opti-
cal properties. As a result, these approaches are primarily used in concert with color centers which
are sensitive to electric fields and other forms of etch-induced damage, such as the NV center. How-
ever, these techniques are limited in the overall fraction of emitted photons they can collect by the
unavoidable photon emission into the substrate and thus are not sufficient for the realization of effi-

cient spin-photon interfaces.
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2.3.2 FREESTANDING DIAMOND DEVICES FOR ENHANCED SPIN-PHOTON INTERACTIONS

One established route towards an interface between nanophotonic devices and color centers consists
of a single-mode waveguide implanted with individual color centers. When properly designed, waveg-
uides enhance the photonic density of states near the emission wavelength of color centers. In addition
to diamond nanopillars discussed above, this approach has been pursued in the case of SiV and germa-
nium vacancy (GeV) color centers embedded inside angle-etched diamond waveguides™+*.

In order to extract emitted photons from the waveguide into an optical fiber, an interface between
these two modes must be constructed. This is commonly accomplished through either physical fiber-
to-waveguide contact*° or through vertical couplers'®" designed to efficiently scatter light into a col-
lection objective. Examples of vertical couplers include notches, photonic crystal mirrors, and grating
couplers. While easy to implement, these approaches suffer from low collection efficiencies. However,
recent progress with inverse design techniques suggests that further improvements are possible ®".

Direct fiber collection has so far proved more efficient than vertical coupling, as tapered diamond-
to-fiber interfaces have demonstrated the ability to collect more than 95% of the waveguide-coupled
photons*°. This is achieved by tapering the ends of both the optical fiber and the diamond waveg-
uide, creating an adiabatic effective mode transition from the fiber’s mode into the waveguide’s mode.
However, this technique can currently only be used to couple to individual diamond devices, as it re-
quires the use of bulky nanopositioning stages. Permanent bonding of fiber tips to diamond devices
— fiber pigtailing — would make it possible to address multiple photonic devices simultaneously.

A final technique for extracting photons from diamond waveguides involves using a pick-and-place
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process to couple them to nanophotonic devices patterned in other materials. In this technique, di-
amond nanophotonic devices are patterned in such a way that they can be lifted individually or in
groups as large as 128 devices from the diamond substrate and attached to waveguide devices patterned
in more traditional materials®*. In exchange for added fabrication complexity, this allows for on-chip
integration of diamond color centers with materials with nonlinear optical or piezoelectric proper-
ties. As a result, this technique shows promise for offering new device functionalities, including com-
plex photon routing and multiplexing, while maintaining the efficient photon extraction required for
quantum optics experiments.

Realization of near unity photon collection efficiency as well as high-cooperativity spin-photon
interfaces requires the introduction of resonant optical structures to enhance and direct photon emis-
sion. Although initial demonstrations using ring resonators and whispering gallery mode structures
achieved measurable emitter-cavity coupling®, photonic crystal cavities have emerged as the domi-
nant technology for resonant enhancement due to their high optical quality factors and small mode
volumes. Both one?- and two-dimensional ® photonic crystal cavities have been demonstrated, but
the former has been more extensively implemented.

One-dimensional photonic crystal cavities created using an angled etch approach were used to demon-
strate spin-photon interfaces with cooperativities C > 100*°. For the demonstrated devices, more than
99% of emitted resonant photons are emitted into the cavity. These photons can be efficiently cou-
pled into the waveguide and, using the aforementioned tapered fiber interface, extracted into the fiber.
Microwave coherent control of the color center spin state, another requirement for many quantum

optics experiments, can be achieved with on-chip coplanar microwave waveguides®*.
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Combining these technologies has allowed for the demonstration of high-fidelity interfaces be-
tween photons and long-lived SiV color center spins. These interfaces can be used to entangle photons
and quantum memories with high efficiency—a key step to implementing a wide variety of quantum
information technologies. For example, a recent demonstration of memory-enhanced quantum com-
munication using this SiV-nanophotonic cavity system is a key step towards the implementation of a
tull quantum repeater protocol and the creation of large quantum networks. In addition, this technol-
ogy shows great promise for generating large cluster states with nontrivial entanglement topologies®.
Pioneering work with the nitrogen vacancy center and the recent preliminary efforts with group IV
color centers have demonstrated that diamond color centers can be efficiently linked with nearby nu-
clear spins?*. This result in combination with high fidelity spin-photon interfaces could make it possi-

ble to form cluster states that can be used for quantum computation or long distance communication.

2.4 PracTicAL CONSIDERATIONS FOR DIAMOND FABRICATION

The above section detailed the progress made in diamond fabrication over the past two decades. Here
we provide more details about specific attempts at improving 1D photonic crystal cavities in the Lon-
car and Lukin groups over the past 5 years. These efforts were the combined result of efforts of several
fabbers within these groups. In particular the contributions of Cleaven Chia deserve recognition, as
his attempts at improving telecom wavelength devices paralleled my own work on visible scale devices.
Much of the work presented in this section has not yet and may never be published elsewhere, but has

been essential to building our understanding of the challenges associated with diamond nanofabrica-
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tion.

2.4.1 ANGLED AND CRYSTALLOGRAPHIC UNDERCUTTING

As discussed previously, the lack of techniques for heteroepitaxial diamond growth 28 eads to the ne-
cessity of using different techniques for optically isolating devices from the substrate. The two best
established techniques for diamond are angled and crystallographic undercutting. This section will
describe the strengths and challenges associated with each of these techniques.

Angled etching, as conducted in aion beam etching (IBE) tool %, has the advantage of allowing max-
imally reproducible, smooth etches, without concerns relating to etch loading or local pattern density.
Aslong as two features are separated sufhiciently that there is no shadowing of the ion beam between
adjacent features, there is no cross talk between different elements during the etch. Furthermore, with
sufficiently thick mask, small internal features can be sheltered from the angled etch entirely, allowing
features of vastly different length scales to be patterned.

Unfortunately this technique does have limitations. The same shadowing that enables this tech-
nique to form photonic crystals also limits the variety of different device geometries that can be real-
ized. If two features on the substrate partially protect each other from the etch then the final shape
of the two elements will be dramatically changed in a manner that is difficult to predict. As such,
bringing two waveguides sufficiently close to each other to enable junctions or couplers to be formed
without introducing loss is exceptionally difficult. Furthermore, as discussed later in this thesis, lateral
erosion of the etch mask during the etch is an exceptionally difficult problem to resolve, and leads to

unpredictable variation in photonic crystal properties. This same lateral erosion also limits the width
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of devices that can be practically undercut. As a result, this technique is extremely effective for pat-
terning individual nanobeam photonic crystal devices, but struggles when used to create photonic
circuits.

Crystallographic undercutting®, on the other hand, presents a different set of strengths and limi-
tations. Crystallographic undercutting is capable of generating a much wider variety of structures as
shadowing and lateral erosion are not present in this technique. Furthermore, the crystallographic
etch is in principle capable of generating almost atomically smooth surfaces, potentially making pos-
sible extremely low loss waveguiding. Finally, the ability to execute this technique in a standard RIE
system, as opposed to a specialized IBE tool, means that access to this technique will always be much
wider when compared to angled etching. As a result this technique can be more easily used for generat-
ing large, coupled arrays of photonic devices and for generating high Q, large mode volume structures
such as rings and discs.

However, the limitations imposed by this technique are also substantial. The rate of the crystallo-
graphic etch varies wildly as a function of the transport of oxygen ions to the underside of the diamond
surface. This leads to high sensitivity not only to 10s of micron scale etch loading, but also to shorter
scale variations introduced by variations in the photonic device patterning itself. Holes in a photonic
crystal, for example, can provide extra access for oxygen ions and speed up the etch rate locally, result-
ing in a photonic structure that varies in thickness as a function of distance from the holes. Further-
more, while in principle the surface resulting from this etch is set by the crystallographic properties
of the diamond, near the edges of structures multiple crystal faces are frequently exposed due to etch

loading and local heating, resulting in roughness at corners of suspended devices. Finally, the etch rate
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of the crystallographic etch is extremely slow, with undercuts of large devices taking dozens of hours.
This can limit the throughput of devices in an academic setting and result in slow turnaround of new
devices.

In principle each of the issues with crystallographic etching can be resolved, making likely thatit will
eventually emerge as the dominant technology for photonic device fabrication in diamond. However,
currently the quality of individual devices fabricated using angled etching still leads, indicating that

angled etching will continue to play a part in near term development of diamond technology.

2.4.2 MASKING ANGLED ETCHES

One of the primary challenges associated with angled etching devices in diamond is preventing lat-
eral erosion of the etch mask from unpredictably altering the final device properties. A substantial
fraction of the work documented in this thesis was a result of extensive exploration of novel masking
techniques in attempt to circumvent this problem. While none of these techniques have so far been
able to replace the most established masking techniques, some description of the results and lessons
learned from these explorations will be documented here.

The challenge of lateral erosion is unique to angled etching, as mask erosion in traditional top down
etching results in changes of the mask thickness but not, to first order, the mask shape. As such the
selectivity of the masks used for angled etching must be much higher than those used for top down
etching if the final pattern is going to be reproduced faithfully. This problem is made especially chal-
lenging by the fact that the highly directional oxygen etch required for good angled undercutting is ill

suited for offering high selectivity with most traditional etch masks. For example, the utilization of
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organic polymer resists, by far the most common resists used in nanofabrication can be entirely ruled
out due to their low resistance to oxygen etching. Assuch, only hard metal and dielectric masks can be
considered. Meanwhile the final structures desired from this fabrication process have features on the
10s of nm scale, requiring very high resolution lithography, a restriction which competes directly with
the need for a large mask thickness to protect the insides of the holes during angled etching. Finally,
the resulting structures must be extremely smooth to avoid scattering of photons due to roughness.

Due to these varied and often competing requirements, most of the traditional masking techniques
used in the nanofabrication community are not feasible for application to diamond angled etching.
In fact, the most successful masking technique, utilizing an evaporated titanium underlayer protected
by an hydrogen silsesquioxane (HSQ) resist layer has been utilized with only minor changes since in
the inception of this process. As such, the strengths and weaknesses of this process deserve special
attention.

The Ti-HSQ process, as it is known, is conducted in the following manner. After cleaning, a layer
of titanium between 20 and 40 nm is deposited on the diamond substrate. Immediately afterwards,
a layer of HSQ with thickness approximately equal to the desired device width is spun onto the the
diamond surface. This resist is then patterned using ebeam lithography and developed in TMAH.
Two RIE steps are then done back to back. The first, an Ar-Cl etch is used to etch through the Tilayer.
The second, an Oz etch, is used to etch the diamond. After this, the diamond is transferred to an IBE
tool and angled etched at the desired angle.

This masking technique has proved so enduring primarily because the HSQ top layer and the tita-

nium (Ti) underlayer each act as the dominant etch mask for one of the two diamond etches. The top-
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down RIE process is primarily limited by the HSQ, resulting in sidewalls of the pillars with smooth-
ness set by the HSQ. The titanium then acts as the primary etch mask for the angled etch, utilizing its
much higher selectivity to Oz etching. The HSQ only acts as a shadowmask for the holes during the
angled etch process, playing little part in the formation of the waveguides themselves.

The development of this understanding over the past several years can be traced through several at-
tempts at replacing the Ti-HSQ mask with different masking techniques. In particular, three different
attempts are worth discussing.

The first of these is an attempt to implement a straightforward mask transfer technique, as com-
monly used in other nanofabrication platforms. In a mask transfer process a thick underlayer of mask-
ing material is deposited, which is then covered with a thinner layer of resist. This resist is chosen
such that there exists an etch process which can be used to remove the masking layer with very high
selectivity when compared to the resist. When done correctly, this allows a thin layer of resist to be
transformed into a much thicker masking layer, which can also be chosen to ensure that the substrate
can be etched with very high selectivity when compared to the masking material. This technique can
provide very high resolution etching processes, but is also known to introduce extra roughness as a
result of the two step etching process.

In diamond, identifying the correct combination of resist and mask material poses a challenging
problem. Most dielectric materials, such as SiO2 or SiN, do not offer sufficiently better selectivity to
oxygen etching when compared to HSQ to offset the increased roughness. Instead, metal masks must
be considered, as certain metals such as titanium or niobium (Nb) are known to have extremely high

resistance to oxygen etching.
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For this experiment, mask transfer between PMMA, a standard commercial ebeam resist, and sput-
tered Nb was attempted using an SF6 ICP-RIE plasma. Subsequently the PMMA was removed and
the diamond etching proceeded with the same two Oz etches employed as in the Ti-HSQ process.
Unfortunately, the resulting devices had holes that deviated substantially from the desired elliptical
profiles, instead containing sharp points and facets. The irregularities of the holes of the photonic
crystal are attributed to the exposed grain structure of the Nb which was patterned onto the diamond
during the top down etch. This nanoscale roughness is sufficient to dramatically reduce the quality
factors of the resulting devices. Subsequent efforts to control the grain structure of the Nb through
annealing or variations of the sputtering conditions were pursued without success. These results serve
as evidence of the difficulty of using metal masks for mask transfer procedures, and in general for the
masking of top-down oxygen etches into diamond.

In an attempt to circumvent this problem, we developed a (to our knowledge) novel method of
forming templated masks out of arbitrary masking material. In this technique a pmma or zep mold
is formed using ebeam lithography, and the resulting mold is filled using sputtered material. The par-
tially conformal deposition of masking material onto the resist sidewalls leads to exceptionally smooth
patterning of the material, without evidence of grain boundaries that develop as the material becomes
thicker. Excess material deposited on top of the resist template can then be removed in a planarizing
manner by utilizing an argon IBE process running at a grazing angle. Using this technique the partial
planarization accomplished by the conformal sputtering can be turned into an almost perfectly pla-
narized layer. Subsequently dissolving the resist layer using acetone or Remover PG allows utilization

of this templated metal layer as a etch mask.
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The advantage of this process is that it enables almost any material to be used as a mask- any ma-
terial can be sputtered in a reasonably directional manner can be used to fill up the resist mold and
be subsequently planarized. Because the etch used to remove the excess resist is a physical etch, exces-
sive retch rate dependence on grain structure can be avoided. As a result, the only limitations on the
mask geometry are set by the aspect ratio of the features (as it proves difficult to sputter material down
deep trenches) and the material properties of the mask, which can limit the total thickness of mate-
rial deposited. A final challenge for using this technique is associated with elimination of the resist
byproducts after planarization, which can be difficult due to the high temperatures reached during
the planarizing IBE etch.

Devices patterned using this technique reveal dramatically improved adherence to desired cross
section profile. As such, these devices are expected to produce much higher quality factor devices after
optimization of the process. Development of this procedure is currently ongoing, but represents one
of the most promising strategies for improving angled etched triangular cross section devices.

A final technique for circumventing nonuniformity induced by lateral erosion is using a single layer
mask. For example, utilizing a nm scale layer of alumina to provide the adhesion for the HSQ (instead
of the titanium used previously) makes possible the usage of a mask that acts in a monolithic manner,
as the thin layer of alumina provides essentially no barrier to the angled etch. In this case the lateral
erosion observed is dramatically greater than in the Ti-HSQ case. However, this lateral erosion oper-
ates in a uniform manner that can thus be corrected for by changing the lithographic patterning and
the angle of the IBE. As a result, devices patterned in this manner have higher peak optical quality

factors than those patterned using Ti-HSQ, despite the increased magnitude of the process effects.
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This technique, however, imposes limits on the geometries of the devices that can be patterned, as the
extent of the lateral erosion makes it impossible to form certain patterns. Furthermore, these devices
are less reproducible, as the variations in the resist thickness unavoidable when spinning HSQ on 3 by
3 millimeter are exaggerated when attempting to etch through a large quantity of resist.

From these three processes, a few key lessons can be learned. First, grain boundaries play a key
part in determining the properties of chemically transferred etches. Doing mask transfer into a high
selectivity material by using a chemical etch can result in unacceptably high roughness. Second, metals
patterned using physical techniques- such as argon milling or templating- can act as an optimal, high
selectivity mask that avoids exposing grain boundaries. Third, lateral erosion is not in and of itself the
limiting factor in fabricating diamond photonic crystal by angled etching. The true constraints are
imposed by the irregularities of the HSQ spinning process and the other elements of the fabrication
process. Transitioning to resist with more uniform spinning profiles and larger substrates will help

reduce the impact of these issues.

2.4.3 SIMULATING ANGLED ETCHING

As discussed above, the angled etching process poses many unique fabrication challenges that need to
be resolved before the full potential of the technique can be realized. Towards this end, we developed
a set of simulation tools that could be used to test which aspects of the angled etch were responsible
for producing the unique features which were observed. The goal was to reproduce the SEM shown
in figure 1.3a. Three features of this SEM stand out as deviating from the intuitively expected cross

section. First is the curvature of the device profile observed on the front corners of the cross section.
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Figure 2.2: Photonic device cross sections deviate from desired shape due to lateral erosion and fabrication defects. a)
Scanning electron micrograph (SEM) of cross section of photonic crystal device after angled etching. Device was fabri-
cated using the Ti-HSQ mask and shows several nonideal properties, including rough top edges, rounded corners, and
deformed lower corners. b) Simulations were used to develop understanding of the photonic device cross section non-
idealities. Yellow is HSQ, blue is Ti, Dark green is diamond, light green is redep from the mask. c) Close up of corner of
simulated structure. SEM by Cleaven Chia.

Second is the lip formed underneath the top corners of the triangle, where the surface is noticeable
rougher. Finally, we observe the curvature at the bottom corner of the triangle. Each of these features
stands in contrast to the expected smooth triangular cross section utilized in the photonic simulations,
and thus represents a source of excess loss. It should be noted that these effects are only observed with
multilayer masks- the alumina-HSQ mask described in the previous section did not display any of
these undesired effects.

Simulations were conducted in python using Monte-Carlo techniques. Ions were generated at the
edges of the simulation region with an initial trajectory and position randomly selected from those
which could be produced by an ion beam etcher. These ions were then propagated towards the dia-
mond feature in discrete time steps. When the ion reached the surface of the diamond or the mask
the unit cell where the ion made contact was damaged with inverse proportion to the hardness of the

material. When sufficient damage is accumulated the dielectric atom is “sputtered” loose either specu-
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larly or with a randomly chosen exit angle, depending on the simulation run. These sputtered atoms
are also discretely time stepped through the environment and (when they land on dielectric surface)
are redeposited such that they need to be etched again. The etch rate of materials was also adjusted
based on the incidence angle of the ion, in line with results reported previously ®°. Finally, sticking co-
efficients for various materials can be used to enable specular "bouncing” of ions off the resist surface.
Each of these quantities were calibrated from literature or measured.

The results of the simulations can be seen in figure 1.3b. Simulations shown were run using relative
etch rates extracted from real fabrication runs. The angular distribution of the sputtered atoms is set
to be half random and half specular. The structures resulting from these simulations are in line with
naive expectations- showing a steady formation of a freestanding triangular structure. Unfortunately,
none of the unexpected results observed in the SEMs of the device cross sections are observed in these
simulations. While this to first order represents a failure of the simulation project, it does confirm
that the effects observed are a result of other, less predictable processes. As such, we have developed
a number of hypothesis that could explain the differences between the simulated and the observed
results.

First, it was observed that certain metal masks imparted sufficient stress into the diamond to deform
the suspended nanobeam waveguides. If this deformation occurs as a result of stress released from the
mask then this stress will cause different amounts of deformation as the steady undercutting of the
beam causes different strain patterns to emerge, exposing different regions fo the device to the etch as
it progressed. Predicting this deformation as a function of etch time would be a very difficult challenge.

Second, it is known that sputtering of material onto (and then off of) the grids in double grid IBE
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systems can result in steady redeposition of mask material onto the substrate being etched. This rede-
position is difficult to prevent due to the lack of an established chamber cleaning technique like those
used in traditional RIE systems. IBE grids are usually cleaned manually after dissembling the tool, a
technique that is not feasible for use before every etch. Furthermore, other higher order redeposition
processes from the substrate, the wafer holder, and other regions of the IBE chamber could be con-
tributing to the redeposition as well, making it unclear if a grid cleaning procedure would resolve the
issue.

Finally, we hypothesize that the ArCl etch used to etch through the titanium produces some resid-
ual Ti-Cl byproducts that are not completely removed by the argon component of the etch. The fact
that the Cl etch partially undercuts the HSQ is responsible for the smoothness of the holes after the
top down Oz etch. As a result, it would be unsurprising if this same, difficult to characterize under-
cut produced angled etch behavior that is unpredictable. This last hypothesis would also explain the
difference in etch profiles observed when comparing the Ti-HSQ mask the the alumina-HSQ mask.

While the simulations failed to provide direct insight into the causes of the strange device profiles
observed, they have allowed us to eliminate some potential causes of the device profiles observed. This

has enabled increased focus on the second order causes discussed above.

2.5 NANOPHOTONIC TECHNOLOGY INTEGRATION

In order to act as an effective quantum network node diamond photonic crystals must be functional-

ized by incorporating SiV color centers and external control knobs onto the diamond substate. The
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following section will provide a brief summary of the techniques employed for these purposes.

2.5.1 MICROWAVE, RF, AND STRAIN DELIVERY

Microwave and RF control signals can be used to address the spin states of the electron and nuclear
spins respectively. These signals are most commonly delivered via metallic waveguides coupled to sig-
nal generators and amplifiers, though some experimental platforms utilize microwave horns to direct
their microwave signals towards their qubits without utilizing on chip microwave waveguides.

In our experiment, microwave and RF delivery is accomplished through microwave coplanar waveg-
uides (CPWs) patterned onto the substrate diamond. These CPWs can most easily be patterned through
liftoff, as utilization of etch based patterning requires either exposing the photonic crystals to plasma
(and thus degrading the photonic crystal properties) or else doing a multistep write process to protect
the photonic crystals before patterning the CPW material.

Execution of liftoff onto the diamond substrate is accomplished using the following procedure:
First clean the diamond, starting with an aqua regia clean to remove any indium solder, and follow-
ing up with HF and Piranha cleans before drying out of IPA. Next cover the diamond in s layers of
MMA EL11 (Microchem) using a 45 second spin at 4K RPM, with a 1 minute bake at 180C in between
each of the spins. This should be followed by 2 spins at 3K rpm of PMMA 950C4 (Microchem), each
followed by a 1 minute bake at 180C. It should be noted that this recipe results in a roughly 2 um thick
layer of resist, which is sufficient to protect the photonic crystals under a roughly 8oo nm layer of re-
sist. Reducing the number of EL11 spins should make it possible to pattern slightly higher resolution

features without compromising the protection of the photonic crystals, should this be desired. Nexta
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layer of espacer is spun onto the diamond at 2K rpm for 1 minute, without any spin up step. Without
further baking the diamond, transfer it into the EBL tool as quickly as possible to avoid degradation
of the espacer layer. Utilizing an aligned write, expose the fine alignment markers with the dose ap-
propriate for your accelerating voltage (for 125 keV 1500uC'/cm? is effective). Remove the diamond
from the EBL tool, remove the espacer layer through a 60 second dip in water, then develop the resist
in MIBK:IPA (1:3) for 60 seconds before drying out of IPA. Respin the espacer in the same manner
as before and replace the diamond inside the ebeam tool. Align and expose the final device layer. Re-
move the diamond and develop the resist as before, and place the diamond inside a barrel asher for a
descum. Descum should be run with a pure O2 plasma operating at 100 watts for 6o seconds. Next,
transfer the diamond into an ebeam evaporator tool and deposit 20 nm of Ti and 300 nm of Au, after
allowing the system to pump down to the low 10~ 6 range. Be aware that thicker deposition can cause
the gold to delaminate after repeated thermal cycling of the diamond.

CPW designs are simulated in Sonnet (Sonnet Software, Inc) with the goal of maximizing field
intensity at the SiV location and minimizing undesired reflection and loss. The design is chosen to be
a 50 Ohm line with a short at the end to concentrate the field at this location. The intensity of the field
is further increased by constricting the CPW around the location of the SIV, driving up the current
nearby.

This constriction unfortunately limits the number of SiVs that can be addressed simultaneously, as
the series of constrictions causes the majority of the heating. To bypass this issue work is currently un-
derway to transition to NBI'iN CPW. This requires a multiwrite scheme to first protect the photonic

crystals, then sputter deposit the NbTiN, pattern resist onto the NbIiN, and finally etch through the
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NbTiN layer. Currently the process is limited by difficult to remove resist residue on the surface of the
photonic crystals.

These same techniques can be used to form the electrostatic capacitors used to deflect waveguide
and control the strain environment around the SiV. In this case electrodes are patterned both onto
and below the suspended structures- thus requiring the thicker MMA/PMMA layer described in the
methods. In this case designs should be simulated using COMSOL (COMSOL Group) to ensure
that sufficient strain can be localized around the SiV. Care should also be taken to avoid pull-in of the
capacitors, where strain deflects the capacitor plates sufhiciently to start a runaway process that results
in the two capacitor plates being pulled loose from their housing and into contact with each other.
Furthermore, the Au layer can be replaced by tantalum to minimize the effects of electrically induced

migration should extremely high voltages be required.

2.5.2 MASKED IMPLANTATION

Initial efforts at fabricating photonic crystals incorporating quantum emitters relied on bulk growth
of emitters, identification of the location of promising candidates, and fabricating photonic crystals
around them®. This technique has the dual drawbacks of limiting the number of devices that can
be fabricated at once while requiring two alignment steps (thus reducing the overall accuracy of im-
plantation). In diamond this technique was quickly supplanted by the use of focused ion beam (FIB)
implantation®®, where photonic crystals are fabricated first and implanted using a collimated beam
of the target ionic species. This technique can in principle produce very high accuracy implantation,

as FIB secondary electron imaging can operate at extremely high resolution. Unfortunately the tools
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and sources used for FIB implantation can be unreliable and hard to come by for some implantation
materials, and the throughput of these techniques can be quite slow.

As a result the decision was made to return to the masked implantation techniques more often
used in nanofabrication foundries. In particular, the same scheme for masking liftoft could be used for
masking implantation, as the stopping distance of 100 keV silicon ions in PMMA was deemed to be less
than a ym using SRIM simulation. The primary change to the procedure was thatimplantation spots
were patterned at 30001C /cm? to compensate for reduced proximity effects. The masked diamonds
could then be sent to a commercial foundry (Innovion Inc) where bulk ion implantation could be
used. While masking is still limited by the throughput of the EBL tool, bulk implantation itself is very
reliable and high throughput, as this technique has been optimized for commercial applications.

Using this technique, calibrated through use of SRIM simulations %9 jons can be localized to a
point with accuracy limited by a combination of 3 factors. The first is the size of the implantation
spot that can be realized. This spot size is set by the maximum aspect ratio which can be realized
using the masking resist, which for our experiment is roughly 60 nm. Next is the alignment error
of the EBL, which is limited to roughly 30 nm (best case) for our Elionix Fr2s5 tool. Finally, there is
straggle induced by ions colliding with diamond atoms after implantation. SRIM simulation suggest
that this straggle is roughly +-s0 nm. From these errors an expected uncertainty in alignment of +-
83 nm is expected in the xy plane and +-s0 nm in the Z plane. The addition of further alignment
steps will increase the alignment error by 1/n, where 1 is the number of alignment steps. Improving
this accuracy will be possible by using thinner, higher stopping power resist, improving the alignment

accuracy of the EBL tool, and utilizing shallower implantation followed by overgrowth to reduce each
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of the 3 contributions to error. This is necessary to realize deterministic creation of high cooperativity
cavities as the 80% mode maximum of the photonic crystals is roughly 6o nm across in all directions,
thus leading to reduced cooperativity if the alignment error is larger than this quantity.

In general, diamond overgrowth is a valuable tool which should be explored further as a part of
the diamond nanofabrication toolset. Overgrowth of electronic grade diamond on top of implanted
SiV color centers promises to improve spectral uniformity and spatial clustering of SiV color centers-
allowing new forms of interaction to be engineered between nearby quantum emitters. The same
technique could be used for nanophotonic cavity resonance tuning- potentially increasing the yield of
device fabrication. Finally, diamond overgrowth could allow for new device geometries to be realized
by overgrowing low stress thin films on top of diamond, graphitized through dense ion implantation.

As such this technique should be developed and explored further.
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Quantum Interference of Strain Controlled

SiV Color Centers

One of the primary challenges associated with using solid state quantum memories for quantum tech-
nology purposes is managing undesired interactions between the quantum emitter and the solid state

environment. Where single trapped atoms in vacuum can count on having essentially identical envi-
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ronments as long as experimental conditions are maintained, solid state emitters are surrounded by
solid materials that can not only vary between different emitters in the same material, but can also
change over time. These variations and fluctuations can have a number of detrimental effects on the
properties of the emitters that can often be difficult to suppress. As such, the selection of emitters
with fewer mechanisms for interacting with their environment, such as the SiV, offers an advantage.
However, even relatively insensitive emitters like the SiV still suffer from variations in the environ-
ment due to large strain fields that can develop inside materials damaged during ion implantation or
nanofabrication. The SiV’s response to this unpredictable strain fields means that no two SiV color
centers are exactly alike.

These variations between color centers can take a number of forms depending on the intensity and
orientation of the strain. The most obvious impact of strain variations on the SiV is the existence
of the so-called inhomogenous distribution of spectral lines. This means that different color centers
have different energies associated with their optical transitions- making it difficult for photons emit-
ted by one color center to interact with a different color center. Strain also plays a part in determining
the magnetic field susceptibility of the SiV spin transition, leading to differences in how efficiently
spin conserving readout and spin state control can be performed. As a result, substantial preselec-
tion is required to identify SiV color centers for use in single emitter experiments. This is feasible for
comparatively simple experiments, but in scaling up to larger systems this preselection will eventually
become a limiting factor in the size of the system that can be feasibly realized. As such, introducing a
tuning knob that enables control of the SiV properties would be beneficial.

Unfortunately, the side effect of minimizing the interactions between the emitter chosen and its
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environment is that this also minimizes the number of tools that can be used to control the emitter
properties. As such, the SiV is to first order not sensitive to electric fields, the most common tuning
knob of choice for controlling quantum emitter properties. At the same time, the rapid introduction
of magnetic fields of sufficient intensity to tune SiV properties is a very challenging project. Instead,
strain itself is the best tuning knob to correct these inhomogenieties. In fact, previous experiments uti-
lizing electrostactically bendable cantilevers have shown that strain can be used for these purposes- in
addition to potentially extending the coherence time of SiVs at 4 Kelvin by several orders of magnitude.
The following work represents an attempt to make this technique compatible with both the diamond
photonic devices developed in previous years and the quantum optics experiments that utilize them by
integrating nanomechanical strain control with diamond photonic waveguides. As a proof of concept
for this technique, two strain tuned emitters are tuned into resonance with each other and shown to
produce an optical phenomenon tied to the formation of an entangled state. This demonstration lays
the groundwork for further attempts to integrate strain control and photonics utilizing by photonic

crystal cavities.

3.1 INTRODUCTION

Solid-state emitters with inversion symmetry *® are promising for use in optical quantum networks due
to their ability to be integrated into nanophotonic devices®45%%7°  These emitters have suppressed
static electric dipole moments, decreasing the susceptibility of their optical transition frequencies to

fluctuations of electric fields that occur near device surfaces %, This fundamental property has been
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leveraged most notably with the negatively charged silicon-vacancy center in diamond (SiV) to achieve
emitter-photon interaction with cooperativity greater than 20 in nanophotonic cavities7°. The plat-
form developed around this color center also provides other essential components for quantum net-
working, such as a long-lived quantum memory*' and eflicient photon collection*°.

Nevertheless, in terms of advancing towards multi-qubit networks, even inversion-symmetric and
other electric field insensitive”* emitters present challenges when incorporated into nanophotonic de-
vices. They exhibit a significant inhomogeneous distribution of their optical transition frequencies as

well as residual instability in the form of spectral diffusion 26,68

. Demonstrating full control of their
spectral behavior is necessary to generate mutually indistinguishable photons, the key ingredient for
long distance entanglement”?. Because these emitters cannot be spectrally tuned using electric fields,
the established tuning mechanism for solid-state emitters***, previous experiments involving indistin-
guishable photon generation from such defects have relied on Raman ™73 and magnetic field7° tuning.
However, these techniques constrain either the spin or optical degree of freedom of the color center
and are challenging to implement in the multi-qubit regime.

Inspired by experiments involving semiconductor quantum dots”#7, initial experiments with di-
amond cantilevers have demonstrated the capacity to tune single SiV centers using strain’®*. How-
ever, the suitability of this approach for photon mediated entanglement of multiple emitters remains
an open question. In this work, we show that strain control can be used to manipulate the optical res-
onances of solid-state emitters and generate quantum interference between them. The demonstrated

integration of strain control with nanophotonic devices represents a key step towards the realization

of scalable quantum networks.
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3.2  WAVEGUIDES WITH STRAIN CONTROL

Our devices, presented in Figure 3.1, consist of triangular cross-section waveguides fabricated from
single crystal diamond*>%. Each of these waveguides is connected to a support structure on one end
(Figure 3.1b). The other end is tapered to allow for collection of photons from the waveguide into
an optical fiber with better than 85% efficiency *° (Figure 3.1c). In order to embed SiV centers within
diamond nanophotonic devices, we adapt a masked implantation technique previously used for bulk
substrates””. We implant silicon ions at a density of 2 x 1012 ion.s/cm?, a density similar to that used
for cavity QED experiments’®. After the creation of SiV centers, gold electrodes are patterned onto
the devices such that metallized parts of the waveguide act as one plate of a capacitor, with the other
plate located on the diamond substrate (Figure 3.1b). Applying a voltage difference to these plates
generates a force that deflects a portion of the waveguide, applying electrically controllable strain to
the embedded SiV centers. This strain field perturbs the diamond lattice around the SiV which shifts
the Coulomb energy of the orbitals and tunes the frequency of the optical transitions ™.

We measure the strain response of two SiV centers 30 pm apart within the same diamond device
by resonantly exciting their optical transitions and collecting their phonon sideband emission at 4 K
(Figure 3.2). The difference in the position of SiV centers in the device accounts for the difference
in their response to the applied voltage®, allowing us to overlap their optical transitions (Figure 3.2,
red inset). The waveguide supports (Figure 3.1a, rounded gray region) between the SiV centers act as a
mechanical clamp preventing strain from propagating and impacting spectral behavior of color centers

in the portion of the waveguide beyond the clamp. We observe a tuning range of over 8o GHz (150 pm),
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Figure 3.1: Schematic of diamond nanophotonics device. a) Diamond waveguides (gray) are implanted with color centers
(purple and orange) at desired locations on the device. Electrodes (gold) are used to define a capacitor between plates
located on the device (negative terminal) and below the device (positive terminal). Applying bias voltage between the
plates causes the deflection of the doubly clamped cantilever. This tunes color centers between the plates and the first
clamp (orange spot) without perturbing color centers beyond the clamp (purple spot). b) Scanning electron micrograph
(SEM) of the photonic devices. c) Capacitor plates located on and below the devices. d) Diamond tapers used to extract
photons from waveguides. This enables the extraction efficiency of more than 85% from the diamond waveguide into
the fiber.
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Figure 3.2: Characterization of DC and AC voltage response of the devices. Voltage bias is applied to the capacitor plates,
resulting in strain fields that tune the optical transitions of SiV1 in the deflected portion of the device (orange) compared
to the optical transitions of SiV2 in the stationary regions (purple). The tuning range of the SiV color center greatly ex-
ceeds the inhomogeneous distribution for 50% (75%) of SiV color centers observed in this experiment shown in dark
(light) blue shading. The red inset shows the photoluminescence excitation spectra of two color centers at a voltage near
the overlap. The blue inset shows the AC response of the cantilever system, measured by observing SiV optical transi-
tions while modulating the AC driving frequency. Driving the cantilever resonance with its mechanical mode results in
linewidth broadening of the color center optical transitions.
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a factor of 3 larger than the total inhomogeneous distribution of the SiV optical transitions measured
in these devices (Figure 3.2, blue shaded region). This is sufficient range to completely eliminate the
effects of static strain variations on SiV optical transitions.

To determine the bandwidth of our electromechanical actuation scheme, we investigate an SiV’
color center’s spectral response to AC mechanical driving of the nanophotonic structure (Figure 3.2,
blue inset). We apply a DC bias combined with a variable-frequency RF signal to the gold electrodes
and monitor the SiV optical transition. When the RF drive frequency matches one of the nanobeam’s
mechanical modes, we observe linewidth broadening of the SiV coupled to this mechanical mode due
to the resonant amplification of the driving signal 78, Using this technique, we observe and drive modes
with mechanical frequencies of up to 100 MHz. Optimizing the device design could enable the elec-
tromechanical driving of vibrational modes with GHz frequencies which are resonant with SiV spin

transitions. This could open new possibilities for engineering coherent spin-phonon interactions 76,

3.3 MITIGATION OF SPECTRAL DIFFUSION

The high bandwidth of our electromechanical actuation scheme is sufficient to suppress spectral dif-
fusion exhibited by the SiV center®®. Monitoring an SiV center’s optical transition over the course
of five hours, we observe spectral diffusion that is an order of magnitude larger than its single-scan
linewidth of around 300 MHz (Figure 3.3a). Using a pulsed feedback scheme that applies a voltage
adjustment every 20 seconds we reduce the total summed linewidth by almost an order of magnitude

on a timescale of several hours (Figure 3.3b). The efficacy of this feedback scheme is limited by the
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Figure 3.3: Reduction of spectral diffusion using nanomechanical strain. a) Top: Spectral diffusion of SiV center optical
transition, measured over a 5-hour period. Bottom: Time-averaged spectrum over the same period. b) Top: Measure-
ment of the SiV spectral diffusion with 20 second pulsed feedback over a 5-hour period. Bottom: Time-averaged spectra
over a 5-hour period (blue dots) show the reduction of total linewidth down to 500 MHz. The average of single-scan SiV
linewidths is 350 MHz (green line). c) PSD of measured SiV count fluctuations with (without) feedback is presented by
the green (orange) line, showing reduction of noise by an average of 8 dB. Blue line indicates statistical noise limit set by
finite photon emission and collection rate.
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long duration of the laser scan used to capture the full extent of the spectral diffusion. This results in
imperfect locking of the SiV optical transition to the target frequency. The bandwidth of this spec-
tral stabilization technique is improved by performing a faster s Hz sweep around a narrower region
around the position of the SiV center optical transition. We monitor the noise spectrum of the SiV
center emission with and without a lock-in feedback scheme applied to the device voltage (Figure 3.3¢).
The application of feedback results in an intensity noise reduction by approximately 8 dB, consistent
with the stabilization achieved in Figure 3.3b. We attribute the frequency component dominated by
the 1/f noise to slow strain fluctuations and second order susceptibility to electric field fluctuations in
the SiV environment. Beyond this regime, our feedback scheme is limited by photon shot noise (Fig-
ure 3.3¢). Further improving the SiV count rate through Purcell enhancement using a cavity could
enable higher frequency feedback, as the existing scheme uses only a small share of the available actua-

tion bandwidth.

3.4 OBSERVATION OF QUANTUM INTERFERENCE

With the optical transitions of the SiV centers tuned and stabilized, we proceed to generate proba-
bilistic entanglement between two color centers. We begin by using strain control to set the optical
transition frequencies between the lower branch of the ground state (|c)) and the excited state (|€)) of
two emitters at the target detuning (A) by applying the appropriate voltage (Figure 3.4a). The transi-
tions between the upper branch of the ground state (|u)) and the excited state (|€)) of the two emitters

are then continuously excited using two separate lasers (Figure 3.4a). Finally, the photons emitted into
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Figure 3.4: Observation of the superradiant entangled state using strain control. a) Level structure for two SiV centers.
Strain tuning of one SiV color center changes the detuning (A) between their |€) to |¢) transitions. Separate lasers are
applied to excite the |u> to |e> transition of each emitter. b) A single photon emitted from the two excited emitters with
distinguishable transitions (A # 0) projects the system to a statistical mixture of |ec> and |ce> states (blue decay path).
When the emitters are indistinguishable (A = 0), the emission of one photon projects the system into a superradiant
bright state (purple decay path) that decays at a rate two times faster than that of the statistical mixture. c) The second
order photon correlation function is measured for a single emitter (left panel, gray data points) and for two spectrally
distinguishable emitters (left panel, blue data points). Measured g(2) (0) is 0.13(4) and 0.50(7) for the single emitter
and distinguishable cases, respectively. Exponential curves fit to the data are plotted and mirrored onto the right half of
plot (gray and blue lines). For two emitters tuned into resonance, we observe the generation of a superradiant entangled
state, signified by the peak in the photon correlation (right panel, purple data points). Data is overlaid with a simulated
model with a single fitting parameter. For indistinguishable emitters, we measure g(2) (0) = 0.88(8), limited primarily
by detector jitter.
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the diamond waveguide are collected through a tapered fiber interface and filtered using a high finesse
Fabry-Perot filter in order to separate the desired optical transition from the excitation laser™.

We characterize our setup by measuring the second order correlation function between photons
from a single excited SiV center (Figure 3.4c, left panel). We observe the suppression of photon coin-

(2)

single

cidences with g (0) = 0.13(4), a quantity raised above its ideal value of o by dark counts of the
photon detectors. Next, we simultaneously excite both SiV centers and measure their photon correla-
tion function. When two excited SiV centers are spectrally detuned (A # 0), their emitted photons
are distinguishable and the detection of the first photon projects the system into the statistical mix-
ture of the |ce) and |ec) states (Figure 3.4b, blue path)™. In this case, the zero-time-delay photon
correlation function reaches g((]?g ,(0) = 0.50(7) (Figure 3.4c, left panel).

When the two SiV optical transitions are tuned into resonance (A = 0), detection of the first
emitted photon from a pair of excited SiV color centers projects the system into an entangled, bright
state (Figure 3.4b, red path). This results from the indistinguishability of the emitted photons, which
eliminates the information about which SiV produced the photon. This bright state is identified by
the superradiant emission of a second photon at twice the rate expected compared to the distinguish-
able case™7?. This increased emission rate results in an increased probability of observing photon

coincidences- resulting in the creation of a peak in g (0). We confirm the generation of an entan-

gled state by observing this superradiant peak in the photon correlation function (Figure 3.4c, right

panel) with gz(iZi(O) = 0.88(8). Experimental results are in good agreement with a simulated model
of our system (Figure 3.4c¢, red curve) which uses only a single fitting parameter, the phonon-induced

mixing rate between the |u) and |c) ground states®. Using the height of the superradiant peak and
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the value of the gg% gle> We calculate a lower bound on the conditional bright state fidelity to be 0.8(1),
indicating the observation of an entangled state™.

In particular, the g(?) data presented in the right panel of Figure 3.4 can be understood as consisting
of two parts. First, the “dip” with a decay timescale of about 10 ns occurs because photons collected
in this experiment can only be generated from the |e) state, and the detection of a photon leads to
projection of the system into the |c) state. The timescale of the dip then corresponds to the average
amount of time between the emitter arriving in the |c) state and it being excited to the |e) state. This
timescale is primarily set by the ground state mixing rate between |c) and |u) states in our experiment,
but in cases of low laser driving power can also be broadened by the slow Rabi driving between the
le) and |u) states. The second feature is the superradiant peak. Theoretically, the width of this peak
should be set to roughly 1 ns (half of the excited state lifetime), as superradiant effects should dominate
at this timescale. In reality, both the electronic jitter and the laser power impact the measured width.
The total electronic jitter measured in our detection electronics is 350 ps, a timescale comparable to the
anticipated peak timescale of 1 ns, leading to broadening of the measured feature. Fast laser driving
could also reduce the timescale of the peak by providing another driven decay channel (stimulated
emission) from the bright state. The oscillations in the g for indistinguishable emitters result from
a combination of small mismatch between emitter optical transitions and Rabi driving between the

|u) and |e) states in line with the theory.
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Figure 3.5: Scheme for strain tuning SiV color centers inside photonic crystal cavities. a) Optical (left) and strain (right)
fields inside perforated photonic crystal cavities (inset). Blue line in inset represents cross section shown in electric field
and strain plots. Strain is measured along one of the TE-oriented SiV axis. White contour indicates region with optical
field intensity greater than 70%. Perforated structure requires compromising either optical or strain field intensity at
color center position. b) Optical and strain fields inside ribbed cavity (inset) with simulated quality factor Q > 25,000.
White contour indicates the region with optical field intensity greater than 70%. Red circle indicates potential SiV im-
plantation spot with optimized optical and strain field coupling.

3.5 STRAIN TUNING IN CAVITIES

These observations demonstrate the potential of the developed strain tuning technique to enable op-
tically mediated interactions between spatially separated emitters. A strain-tunable, solid-state emit-
ter strongly coupled to a nanophotonic cavity could represent an important component of a scalable
quantum network. We note that current experiments using diamond photonic crystals rely on a di-
amond waveguide perforated with an array of holes , where the fundamental optical mode has poor
overlap with the strain field induced when the device is deflected (Figure 3.5a). Dramatic improvement
in the overlap between the optical and strain fields could be achieved by transitioning to a “ribbed”
cavity design , where the unit cell is defined by a thin central waveguide structure with external cor-
rugation (Figure 3.5b, inset). A suitable SiV implantation spot (Figure 3.5b, red circle) would allow

for the tuning of implanted SiV centers by an average of more than so GHz. Using finite-difference
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time-domain simulations, we developed an optimized cavity design with simulated Q of greater than
25,000 and mode volume of 1.21 (/n)3. We estimate that a cooperativity C > 6 could be achieved in
such ribbed cavities. Furthermore, by implanting a fraction of the color centers in regions of the cav-
ity with low strain but high optical field intensity, SiV centers coupled to the same cavity could be
tuned relative to each other. This could make it possible to rapidly modulate their cavity-mediated

interactions, a potential basis for designing multiqubit registers in single quantum network nodes.

3.6 DIscussION

We show a scalable approach to generating quantum interference between solid state emitters in nanopho-
tonic devices using strain. Using our electromechanically controlled strain field, we realize a reduction
of spectral diffusion by almost an order of magnitude over a broad bandwidth and achieve a spectral
tuning range exceeding 150 pm (80 GHz), several times greater than the SiV inhomogeneous distribu-
tion inside nanophotonic devices. This approach can be directly adapted to other quantum emitters
such as quantum dots, other inversion-symmetric color centers in diamond with higher quantum efhi-
ciency®, as well as other electric field insensitive emitters”". Furthermore, high frequency strain control
inside a nanophotonic cavity can lead to a photon or phonon mediated gate between quantum mem-

ories 79883

By combining long lived quantum memories with a high cooperativity nanophotonic
interface and a direct mechanism for ensuring optical indistinguishability, the SiV platform fulfills

the requirements for a scalable quantum network node and paves the way for realization of large-scale

quantum networks.
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Figure 3.6: Schematic of nanofabrication process. Diamond waveguides are fabricated using top-down and angled etch-
ing technique into the diamond substrate 24> This was followed by patterning apertures on top of the fabricated
structures through which Si+ ions can reach the diamond substrate at desired locations *’. Finally, we deposit gold elec-
trodes on top of and below the diamond devices ®”*°, which serve to deflect fabricated waveguides when a voltage is
applied between them.

3.7 DEVICE FABRICATION

This section describes the fabrication of the nanophotonic devices presented in Figure 3.1 of the main
text. The device fabrication presented in Figure 3.6 was based on the techniques developed in**#+%.
The fabrication scheme for cantilever deflection was based on®.

Single-crystal diamond substrates were obtained from Element 6 (CVD grown, <5 ppb [N]). The
substrates were mechanically polished, cleaned with a boiling r:1:1 mixture of sulfuric acid, nitric acid,
and perchloric acid (hereafter referred to as a “triacid” clean), and etched using the argon-chlorine etch
(Unaxis Shuttleline ICP-RIE) to ensure maximum substrate smoothness.

We prepared the diamonds for fabrication of the photonic devices using a piranha and hydrofluoric

acid clean. A 1o nm stiction layer of titanium was deposited using electron beam evaporation, followed
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by spin coating with HSQ resist (FOx-16, Dow Corning) diluted in methyl isobutyl ketone (MIBK)
(Figure 3.6, step 1). This resist was then exposed using electron beam lithography and developed in
25% TMAH (Sigma-Aldrich). This was followed by a reactive-ion etch (RIE) using an argon-chlorine
mixture to remove exposed titanium, followed by an oxygen RIE (Unaxis Shuttleline ICP-RIE) which
transfers the mask pattern into diamond (Figure 3.6, step 2). The ridge waveguides are transformed
into freestanding triangular cross section waveguides using an oxygen etch at an angle of 40 degrees
from the normal using an ion beam etcher (Intlvac Nanoquest IT) (Figure 3.6, step 3). The etch mask
was removed with a hydrofluoric acid clean, and the devices were dried in a critical point dryer.

In order to prepare the diamonds for implantation, the devices were again cleaned using piranha
and hydrofluoric acid and then repeatedly spin coated with PMMA C4 (MicroChem) resist and a sin-
gle layer of espacer 300Z (Showa Denko America), which served as a conductive layer. A multistep
electron beam alignment procedure was then used to align to markers etched into the diamond and
expose the desired implantation spots. Devices were rinsed in water and then developed in a mixture
of MIBK and IPA for 6o seconds. The PMMA-coated devices were then sent for implantation with
silicon ions (Innovion) (Figure 3.6, step 4) with the desired dose and implantation energy calculated us-
ing SRIM simulation ®. This method, inspired by previous work in the NV center community?”, can
be executed using standard electron-beam lithography tools, greatly increasing the accessibility of the
SiV platform, which previously required specialized focused ion beam tools for implantation. Addi-
tionally, the same technique can be used to implant a variety of color centers into patterned substrates.
The diamonds were then triacid cleaned, annealed at 1200 C, and triacid cleaned again in order to turn

implanted Si ions into SiV centers while removing damaged diamond from the surface of the devices.
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Creation of implanted SiV color centers was verified with a room temperature confocal microscope.

The final step in device preparation was the patterning of electrodes. The devices were acid cleaned
and coated with layers of MMAEL1 (MicroChem) and PMMA C4 (MicroChem), patterned using
ebeam lithography (Figure 3.6, step 5), and then coated with a 10 nm thin layer of titanium followed
by 100 nm layers of gold using an electron beam evaporator system (Figure 3.6, step 6). Liftoff was
then performed using heated Remover PG (MicroChem) (Figure 3.6, step 7), leaving deposited gold
electrodes on top of and below the fabricated nanostructures. Wire-bonding to the mm-scale bonding
pads provided leads through which voltage could be applied to the capacitor plates.

Fabrication of the tapered fibers followed the procedure documented in*°. Thorlabs S630HP
fibers were stripped of cladding and dipped into piranha using a home-built dip coater. A bath of hy-
drofluoric acid covered in a layer of o-xylene (Sigma-Aldrich) was prepared and the fibers were dipped
into this mixture. By controlling the rate of the fiber extraction from this mixture we were able to con-
trol the angle of the fiber taper which optimizes the efficiency of photon extraction from the diamond
devices. During experiments, the tapered diamond end is brought into contact with a tapered optical
fiber using a nanopositioning stage. Once contacted, we achieve adiabatic transfer of photons from

the diamond waveguide into the optical fiber with efficiency greater than 85%.

3.8 SETUP

The experiment was carried out using a closed-cycle 4K Helium Cryostat (Fusion F2 Montana Instru-

ments). The layout of the setup is shown in Fig. Sa2. The position of the sample and the tapered
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Figure 3.7: Overview of the setup used in this experiment.
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fiber were controlled independently with two stacks of three axis piezo-based nanopositioning stages
(Attocube: 2x ANP Xior and 1x z102 each) controlled with piezo controllers (ANC 300 and ANC
350 respectively). Strain was applied to the sample nanobeams by applying a voltage difference (from
o to 100 volts) between two gold capacitor plates (Keithley Series 22020 voltage source). During ex-
periments the leakage current resulting from 100 V applied bias was observed to be less than so nA,
corresponding to less than 5 #W of heating. Based on COMSOL (COMSOL INC) simulations we
estimate that the electric field at the SiV location is less than 10 V/m. From the SiV transition dipole
moment of 14 Debye® we calculate that this corresponds to a second order Stark shift of roughly 1
MHz.

To allow for the independent excitation of spatially separated SiV' centers, we set the location of
the two independent excitation positions using two scanning mirrors (Newport FSM300 and Mad
City Labs MCLS02813). We periodically pulsed a green laser (Thorlabs LPs20 nm) to repump our SiV
centers into the negative charge state. This laser was run at a power of 10 W on a 10% duty cycle. For
identifying the location of the SiV centers within the diamond waveguide, an off-resonant 700 nm
laser (Thorlabs M700F3) was scanned along the waveguide and the color center’s zero-phonon line
(ZPL) emission was collected via free space using an avalanche photodiode (APD; 4X Perkin Elmer
SPCM-AQRH-14-FC). Resonant excitation of SiV centers was performed using a continuous wave
tunable Ti:Sapphire laser (M-Squared SolsTiS-2000-PSX-XF) and a homebuilt external-cavity diode
laser (Opnext Diode HL7302MG, Littrow configuration) and the longer wavelength SiV phonon-
sideband (PSB) emission was collected using a free-space APD. Fast modulation of the Ti:Sapphire

laser sideband used in the feedback schemes described in Figure 3 was performed by sending the laser
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through an electro-optic modulator (iXBlue photonics NIR MX800) with a microwave frequency
modulation input (HP 83711B, capable of operating up to 20 GHz).

A significant part of the SiV emission coupled to the diamond waveguide mode and was collected
by a tapered optical fiber (collection efficiency of about 85%). This emission was then launched into
free space and sent through a home-made, tunable, high-finesse (500 MHz linewidth, 150 GHz FSR)
Fabry-Perot cavity frequency filter. This filter separated the SiV fluorescence from excitation laser
photons scattered into the waveguide.

In the experiment involving two emitters (Figure 4), this frequency filter was used to guarantee
successful spectral overlap of the two SiV centers’ emission lines. Their emission then passed through
a linear polarizer which erased any polarization mismatch (containing which-path information) be-
tween the two emitters, followed by a Hanbury-Brown Twiss (HBT) interferometer consisting of a
s0:50 beam splitter (fiber coupled) with equal arm lengths and two APDs. A time correlator (Pico-
harp PH300) connected to the two APDs of the HBT interferometer was then used to measure the
second-order photon correlation function.

The photon correlation function of indistinguishable emitters (Figure 4¢, right panel) was obtained
by programming the automatic start of the o.5 second long measurement sequence conditioned on
the APD count rate passing the set threshold value. This threshold value ensured that the photons
emitted from both SiV centers passed through the Fabry-Perot cavity, which signified that their optical
transitions were on resonance and the emitted photons were indistinguishable. In the case of the count
rate dropping below the threshold value, strain would be applied until the count rate through the

cavity filter was again maximized and the experiment would proceed. This mechanism also stopped
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the experiment when mechanical drift of the Fabry-Perot cavity or the optical alignment decreased
the measured count rate. In all we estimate that the total duty cycle of our experiment was 45.3%,
limited primarily by instability of the Fabry-Perot cavity. In the experiment measuring the photon
correlation function of distinguishable emitters (Figure 4c, left panel), this overlap was not ensured

and the polarizer was removed from the beam path, making the emitted photons distinguishable.

3.9 FEEDBACK SCHEME

In order to lock an SiV optical transition to a target wavelength, two different feedback schemes were
used.

In the first scheme, chosen to give visual demonstration of the efficacy of the strain-tuning tech-
nique, we collected SiV phonon sideband emission produced during a 20 second long laser scan to
extract information about the optical transition frequency. The resulting absorption profile was then
fit using a Lorentzian with 3 fitting parameters, accounting for the peak wavelength, amplitude, and
width of the SiV spectral line. A single voltage step was then executed to move the peak wavelength of
the spectral line towards the target value, after which another scan began. This scheme underutilized
the mechanical bandwidth of our actuation scheme and a substantial fraction of the duty cycle was
spent on the slow and wide laser scan.

The second scheme was chosen to maximize bandwidth of the spectral diftusion correction. Instead
of using a direct laser scan, an electro optic modulator (EOM) sideband of the excitation laser was

scanned using a variable frequency RF source. This scan was much faster compared to the laser scan,
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Figure 3.8: Simulated photon correlation function for two emitters on resonance without (a) and with (b) inclusion of
electronic jitter measured in the experiment.

potentially allowing for modulation at up to around 100 Hz, limited by the switching time of the
RF source. By scanning the EOM sideband over the target position of the SiV spectral line, a similar
absorption profile could be generated. By implementing a software lock-in scheme, we were able to
rapidly turn this absorption profile into an error signal which could be used to correct the voltage
applied to the cantilever.

We note that, at high strain and in a magnetic field aligned to the SiV axis, the SiV spin transitions
are to first order insensitive to strain field fluctuations [22]. As a result, high bandwidth stabilization
of SiV optical transitions should minimally impact the electron spin levels of the SiV color center.

Further, strain does not, to first order, break the inversion symmetry of the SiV 26,

3.10 EMITTER MODEL AND SIMULATION

In this section we present a model to describe the generation of an entangled state between two SiV

centers and the results presented in Figure 4. We simulated our system through the Lindblad Master
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Equation formalism using the QuTIP software package®. Each SiV center is governed by a single

emitter Hamiltonian defined by:

H = we|e) (e| + wy |u) (u| + Q2 |e) (u] + Q |u) (e (3.1)

where we is the energy associated with the excited state, w,, is the energy of the upper branch of the
ground state, and €2 corresponds to the driving rate associated with the laser power. In this case the
|e) state is the lower spin-orbit branch of the excited state, while |u) and |¢) represent the upper and
lower branches of the ground state respectively. Because we operated in the weak driving regime and
photons can escape rapidly from our waveguide coupled color centers, we truncated our Hilbert space
to:

lee) , lec) , |ce) , [ec) , feu) , ue) , [uu) , |uc) , eu) (32)

leading to the states with at most two excitations and o photons being included in the simulation.
Each individual emitter was also subjected to a series of collapse operators representing coupling to

the environment and incoherent population transfer between energy levels. These took the form of:

O = arldlel  Co= azlu) (el
Cy = Vs lu) (el Ci=vawile) (u
Cs = /s |e) {e] ()
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which represent, in order, the decay between |e) and |c), the decay between |e) and |u), the ground
state mixing rate (up and down), and the fast spectral diffusion, along with their associated rates. The
ground state mixing is a result of phonon occupation at the so0 GHz energy scale, which occurs at 4K.
Finally, to account for the slow component of the spectral diffusion, the simulation was run repeat-
edly with the positions of two SiV center spectral lines independently and randomly chosen from a
Gaussian distribution. The results of these iterations were then averaged. This enabled us to account
for the dynamic effects on the time scale of a single experimental run (fast diffusion, tens of ns) and
variations over the course of a single data collection period (slow diffusion, minutes) in simulations.
The initial state of the system was defined to be the two-emitter steady state, as calculated from
the Lindblad formalism. Detection of the first photon corresponds to one application of the relevant
collapse operator C1. In order to calculate the two-emitter g(?) the collapse operators were applied to

the system using the definition™:

@) () _ Tr{C]C15(t)}
g (t) TT{CIClp} (3.4)

Term p is the steady-state density matrix of the two emitter system and p(t) represents the density
matrix at time t after application of the collapse operator C', corresponding to the first photon being
detected.

In order to model our experimental system, variables were extracted from our measurements and
from the theoretical properties of the SiV centers. We set the average separation between the spectral

lines of the two emitters to be 250 MHz, which is half of the filter cavity linewidth (a conservative
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estimate), and the driving power of the laser was matched between measured and simulated saturation
curves such that counts were produced at 2/3 of the saturation rate. Only the ground state mixing rate
was fit to the measured ¢(?) dip timescale, visible in red line fit in Figure 4c of the main text. All other
parameters could be extracted directly from optical and electrical measurements in our system.
Simulations using these parameters predicted a @ curve as shown in Figure 3.8. When no model
is used to account for the jitter in detection electronics the peak of the g?(0) goes to 1 (Figure 3.8).
However, in our system thejitter of the detection electronics was measured to be roughly 350 ps, a sub-
stantial fraction of the lifetime of the feature being measured. This jitter was modeled as convolution
of the original g2 signal with a Gaussian of the appropriate width. As a result of this jitter, the peak
height of (@ (0) was reduced to 0.85 (Figure 3.8), in good agreement with measured results. Using
low jitter detectors in our experiment would increase the contrast of the superradiant feature observed

in Figure 4.

3.1 BRIGHT STATE FIDELITY ANALYSIS

A lower bound on the conditional fidelity of the generated bright state can be extracted from the two
photon correlation measurements™. We begin by calculating the impact of the avalanche photodiode
(APD) noise counts on our measurements. In our single emitter photon correlation measurement we
observed a non-zero g? (0) primarily due to dark counts in our detectors. Considering the possibility

that either one or both photons of the coincidence measurement was a noise photon we found that:
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(2)(0) _ Pn1(2+ pni)

(14 pna)? 5s)

(2)

where g, (0) is the zero-time delay two photon correlation measurement for a single emitter and py, 1
is the relative probability that a photon measured when exciting a single emitter is a noise photon. In
our system 952) (0) = 0.13(4), which results in a p, 1 = 0.07(3). Because the dominant source of
noise is the detector dark counts, the noise probability was halved in the experiment with two emitters,
resulting in p, = 0.04(2).

In our experiment involving indistinguishable photons emitted from two SiV centers, both emit-
ters were continuously excited and the excitation power was individually set to balance the measured
counts from each emitter. For notational simplicity, in this analysis it was assumed that the driving
power was weak enough that the admixture of the |u) state into the excited component of the bright

state was negligible. As a result, the conditional density matrix for the system after detection of a single

photon is:

1

O F 1B (B|+ (1 —pOF
1ern(pe |B) (B + (1 — pg ' F)pa) +

p= p (3.6)

1+ pn

0 - L . ~ .
where pg ) represents the probability that an emitter is in the excited state, F represents the fidelity

of the bright state if the two SiVs begin in the excited state, pg is the density matrix representing all
non-radiative states, and p is the steady state density matrix. The first term of this equation represents
the state of the system if the detected photon originated from the excited emitters. The second term

represents the case of the photon originating from the detector noise. This density matrix produces a
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conditional ¢ function of the form:

F +pn(2 +pn)

PO =y

(3.7)

which allows us to extract this conditional fidelity from our photon correlation measurements. In
order to introduce our second postselection step, the probability pS® that the system started in the
doubly excited state given that two photons were detected must be calculated. This can then be used
to convert F into the correct conditional fidelity I through the relation F' = Fpe. The probability
can be obtained using the relative rates of photon production by emitters and dark counts calculated
above:
F

Pl > = (3.8)
¢ F +pn(2 +pn>

From this we can calculate a lower bound on the conditional fidelity of:

o GO+ pa)” = a2+ pa))?

= @@y Y o)

This value is limited by thejitter in our detection electronics, indicating that performing measurements
with lower jitter would result in substantial improvements in the fidelity of this bright state.

The nature of the bright state generated in this experiment is dependent on the excitation power
used. When driven well below saturation, the bright state in this system is defined as | B) = (|ec) +
|ce))/\/2 state. Increasing the driving power of the resonant laser increases the admixture of the |u)

state into the excited component of the bright state. This does not change the fidelity calculations
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used but does result in a different definition of the bright state observed.

The creation of the bright state in this system is not fully heralded by detection of a photon due
to the three-level structure of the emitters used in this experiment. The probability of finding both
emitters simultaneously in the excited state at any given point of time is low: less than 10%, according
to the steady state simulations of the model described above. As a result, detection of the first photon
will produce the bright state only a fraction of the time. Calculation of the concurrence conditional on
photon collection™ yields a negligibly small (roughly o.1 sigma) concurrence for this experiment. This
could be improved by employing a pulsed excitation scheme or using other deterministic schemes for

entanglement generation.

3.2 CONCLUSION AND NEXT STEPS

The results presented here indicate the capability of strain to be used to tune color center optical tran-
sitions into resonance in a manner compatible with quantum optics experiments. This capacity is ex-
ceptionally useful for tuning not only the optical transition frequencies of the color centers, as demon-
strated here, but also for controlling the magnetic field and phonon sensitivities of the SiV spin state.
For example, it has been demonstrated that, when is experiences sufficient strain, the SIV coherence
time can be extended by several orders of magnitude at 4 K. Being able to control these SiV properties
should simplify local entanglement of SiV color centers within a single quantum network node, a key
step in any implementation of quantum repeater protocols. These same techniques will also be appli-

cable to other diamond color centers or even other electric field insensitive solid state emitters in other
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materials. As a result, strain control of color centers represents a prime avenue for further research.

In order to advance this technology further a series of technical hurdles must be overcome. The
most important of these is the transition to ribbed cavities to replace the perforated cavities currently
in use. Designs for these cavities have already been developed in several groups, but implementation
of these designs in diamond is hindered by the availability of appropriate nanofabrication techniques.
The formation of ribbed cavities using angled etch techniques is rendered extremely challenging by the
redeposition of mask material inside the enclosed portions of the ribs. This places a maximum aspect
ratio on the depth of the ribs which is insufficient for the realization of good cavity modes. As a result,
such ribbed cavities can be most easily realized using a crystalographic etch with reduced sensitivity to
device geometry.

This obstacle could also be bypassed by engineering new axis along which strain could be applied.
Sheer strain applied through the doubly clamped cantilever can propagate through perforated cavities
in a manner that is impossible with axial strain. This technique is however, also dependent on the
implementation of crystallographic etches, as realization of photonic elements separated from each
other on the micron scale using the angled etch is extremely challenging due to shadowing of the angled
etch.

Regardless of which technique is employed to combine photonic crystal cavities with strain con-
trol, further efforts will need be deployed to combine the electrodes used for strain control with those
employed for microwave delivery. Single layer fabrication will be insufficient to enable 2 dimensional
routing of both layers of electrodes for multiple devices. As a result, multi-layer fabrication of some

manner will need to be employed, utilizing either airbridges or oxide cladding of underlying metal-
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ized layers. This latter technique is exceptionally difficult to combine with freestanding photonic
devices, suggesting that airbridge patterning represents the more straightforward technique for real-
ization of multilayer systems. Alternately, realization of fiber splicing and flip chip technology will
enable straightforward integration of these multi-layer electrode structures, as the accuracy require-
ments for flip chip alignment can be made to be very loose, on the several um scale.

Finally, the tools developed for strain control of color centers can also be applied for nanomechan-
ical photon routing. By tuning the spatial separation of two waveguides the rate of photon exchange
between them can be controlled, enabling the creation of tunable on chip photon routers.

From this perspective strain tuning of SiV color centers represents a fascinating technical problem
with the potential for a wide variety of applications for quantum technology. The technical barriers
to widescale implementation of this technique are substantial, but resolving them would enable the

diamond platform to transition from an academic scale technology to a truly industrial one.
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Quantum network nodes based on

diamond qubits

Early experiments implementing diamond photonic crystal cavities were able to show Purcell enhance-
ment of SiV photon emission and emitter dependent cavity reflection spectra, indicating that these

cavities were able to enhance interactions between photons and the SiV. Further experiments in bulk
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diamond showed that, at sufficiently low temperatures, implementation of microwave drives could
enable the SiV to extend its coherence time into the millisecond regime. These experiments suggested
that, by integrating these two technologies, the SiV-photonics system could be developed into a func-
tional quantum network node. This would represent an important step towards the creation of along
distance quantum network, and thus realizing the technological benefits that this entails.

In order to be used as a quantum network node the SIV needed to fulfill a long list of require-
ments, the most challenging of which were coherent spin state control inside a photonic crystal cavity,
spin-photon entanglement enabled by the photonic crystal cavity, and a high fidelity interface with
an ancillary quantum memory. This last requirement was necessary to enable purification of optically
mediated entanglement, which requires the ability to store one entangled state while a second one is
created, and is thus dependent on the presence of two coupled quantum memories. Simultaneously
realizing all of the above techniques meant implementing not only diamond photonic crystal tech-
nology, but also integrating it with microwave coplanar waveguides that would provide the control
signal for the SiV spins. Setting aside the nanofabrication challenges that this posed, there were also
open questions regarding system heating, reliability, and fidelity that meant there was substantial un-
certainty regarding the probability of success of this enterprise, despite the promise indicated in earlier
experiments.

The comparatively straightforward success thus represented a substantial step forward for the SiV
platform. The microwave CPWs enabled single qubit gates with roughly 99% fidelity, the cavities
enabled spin state readout without better than 99.9% fidelity, and dynamical decoupling sequences

extending to several mS could be realized without causing thermally induced decoherence. Combining
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these properties enabled high fidelity spin-photon entanglement and (by extension) photon storage.
In this sense, the “single node” quantum network operations were all demonstrated and performed at
high fidelity.

These results also made initial strides in integrating ancillary quantum memories with the SiV in the
form of gates with nearby 13C and 2°.Si atoms. The first are nuclear spins that naturally occur during
diamond growth, as naturally a certain fraction of the carbon atoms integrated during growth will be
of the higher nuclear weight isotope. The latter atoms can be introduced during implantation to act
as the silicon atom that constitutes the defect atom inside the SiV itself. Gates with nearby 13C are
well established in the field of NV sensing, where coupling between the NV electron and the nitrogen
nucleus is also commonly employed. As such, it was expected that extending these techniques to the
SiV would be straightforward.

Unfortunately it emerged that the the SiV; as a spin 1/2 system, struggled to differentiate between
different 13C in the environment in a2 manner that was not observed with the spin 1 NV. As such, the
gates between the SiV and these nuclei required lengthy dynamical decoupling sequences that also de-
graded the fidelity of the interaction. Instead, gates between the SiV and 2?57 were explored further.
Here, the gates between the various nuclear and electron states could be driven directly using RF and
microwave pulses, as stronger interactions between the two spins could realized deterministically. The
results relating to the 29G4 are exceptionally promising, indicating the possibility of fast, high fidelity
gates that can be utilized with essentially any SiV. This would represent the creation of a determinis-
tic, two memory quantum network node that could be utilized for full quantum repeater protocol

implementation. The results relating to the 2?7 are not yet published elsewhere, and require further
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study before final publication.

4.1 INTRODUCTION

The realization of quantum networks is one of the central challenges in quantum science and engi-
neering with potential applications to long-distance communication, non-local sensing and metrol-

ogy, and distributed quantum computing®***”>

88,89 Practical realizations of such networks require
individual nodes with the ability to process and store quantum information in multi-qubit registers
with long coherence times, and to efficiently interface these registers with optical photons. Cavity
quantum electrodynamics (QED) is a promising approach to enhance interactions between atomic
quantum memories and photons?*™*'®7_ Trapped atoms in optical cavities are one of the most de-
veloped cavity QED platforms for quantum processing, and have demonstrated gates between atoms
and photons®' as well as interactions between multiple qubits mediated by the optical cavity >. While
these experiments have demonstrated all of the individual components needed for a quantum net-
work, combining them to realize a full-featured node remains an outstanding challenge.
Nanophotonic cavity QED systems with solid-state emitters are appealing candidates for realiz-
ing quantum nodes as they can be interfaced with on-chip electronic control and photonic routing,
making them suitable for integration into large-scale networks™»?*. Numerous advances towards the
development of such nodes have been made recently. Self-assembled quantum dots in GaAs have

been efficiently interfaced with nanophotonic structures, enabling a fast, on-chip spin-photon inter-

face™?+. Nitrogen-vacancy color centers in diamond (N'Vs) have demonstrated multi-qubit quantum
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Figure 4.1: (a) Schematic of a SiV-nanophotonic quantum register. A diamond nanostructure with embedded SiV centers

and ancillary 13Cnuclei are coupled via a waveguide to a fiber network. Spins are controlled by an on-chip microwave
CPW at0.1K. (b) Scanning electron micrograph of several devices. The gold CPW is designed to localize microwave fields
around the cavity center (green inset).

processors with coherence times approaching one minute*#, and have been used to implement quan-
tum error correction® and teleportation . Despite this rapid progress, functional nodes combining
all the necessary ingredients in a single device have not yet been realized. For example, quantum mem-
ory times in quantum dots are limited to a few us by the dense bath of surrounding nuclear spins?7.
Conversely, an efficient nanophotonic interface to NVs remains elusive, in part due to the degradation
of their optical properties inside nanostructures arising from electrical noise induced by the fabrica-
tion 9599,

In this section, we demonstrate an integrated network node combining all key ingredients required
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for a scalable quantum network. This is achieved by coupling a negatively charged silicon-vacancy
color-center (SiV) to a diamond nanophotonic cavity and a nearby nuclear spin, illustrated schemati-
cally in Figure 4.1(a). The SiV is an optically active point defect in the diamond lattice****°. Its D3,
inversion symmetry results in a vanishing electric dipole moment of the ground and excited states,
rendering optical transitions insensitive to electric field noise typically present in nanofabricated struc-
tures >, We enhance interactions between SiVs and optical photons by incorporating them into
nanocavities, which are critically coupled to on-chip waveguides. Itinerant photons in a fiber network
are adiabatically transferred to this waveguide, allowing for the collection of reflected photons with
efficiencies exceeding 90%#°. After an initial optical characterization of the devices, a shorted, gold
coplanar waveguide (CPW) is deposited in close proximity to a small subset of cavities [Figure 4.1
(b), inset]. This enables coherent microwave manipulation of the SiV ground state spin in a cryo-
genic environment (7" < 0.1 K), where phonon-mediated dephasing and relaxation processes are

mitigated “»*>'%,

4.2 SPIN REaADOUT

In what follows, we characterize these devices in the context of the three key ingredients of a quantum
network node: (i) an efficient spin-photon interface, (ii) a long-lived quantum memory, and (iii) access
to multiple interacting qubits.

The efficient spin-photon interface is enabled by coupling to a diamond nanophotonic cavity. For

critically-coupled cavities, the presence of an SiV modulates the bare nanocavity reflection spectrum
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Figure 4.2: (a) Level structure of SiV spin-cavity system. The SiV optical transition at 737 nm s coupled to the nanocavity
with detuning A. Spin conserving transitions (purple, orange) are split by an external magnetic field (Bext), at an angle «
with respect to the SiV symmetry axis. Photons are only reflected by the cavity when the SiV is in state |T> Microwave
fields at frequency fN coherently drive the qubit states. (b) Spin-dependent reflection spectrum for B, =0.19T, o« =
7/2at A = 0.25k Probing at the point of maximum contrast (fq) results in high-fidelity spin-photon correlations and
single-shot readout (inset, F = 0.92). (c) SiV spin coherence time T2(N = 64) > 1.5 ms with dynamical decoupling. (inset)
Fast microwave Rabi driving of the SiV spin.
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with the strength of this modulation parametrized by the cavity cooperativity C' = 4¢2/ (k) ~
38 (with the single photon Rabi frequency, cavity, and atomic energy decay rate {g, k,v} = 27 X
{5.6,33,0.1} GHz). For C' > 1, we expect high-contrast modulation for a small detuning (A)
between the cavity and the SiV resonance near 737nm. An external field By lifts the degeneracy of
the SiV spin-1 sub-levels, creating spin-dependent reflection: photons at the frequency of maximum
contrast ( fg) are reflected from the cavity only when the SiV is in a specific spin state ([ Figure 4.2(a)],
|1)). In previous works, spin readout of the SiV was performed with By, parallel to the SiV symmetry
axis, where the spin-conserving transitions are highly cycling*'. The high collection efficiency into a
tapered fiber allows for fast single-shot readout of the SiV even in a misaligned field [Figure 4.2(b)],
which is necessary for the nuclear spin control described below. We observe a readout fidelity of F' =

0.92 in 13 us even when only a few (~ 10) photons are scattered.

4.3 Microwave CONTROL

We next demonstrate that the SiV spin in a nanocavity is a suitable quantum memory. Microwave
pulses at f4| = 6.7 GHz coherently manipulate the SiV spin qubit. The resulting Rabi oscillations,
which can be driven in excess of 80 MHz while maintaining acceptable sample temperatures, are shown
in the inset of Figure 4.2(c). These rotations are used to probe the coherence properties of the spin via
dynamical decoupling sequences [Figure 4.2(c)]**+*>. We measure the coherence time of the SiV in-
side the nanocavity to be 75 > 1.5 ms and scale with the number of decoupling pulses as 75 oc N 2/3,

The coherence scaling observed here differs from that observed in bulk diamond*, and is similar
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Figure 4.3: (a) Schematic for heralded photon storage. After photonic qubit is reflected off the cavity, an X measurement
on the photon heralds successful state transfer which is stored for 2T = 20 ps. (b) Spin-photon storage fidelity. The state
|£) = |) £ |1) is mapped onto the SiV, with average fidelity F = 87(6)%.

to N'Vs near surfaces™°. This suggests that SiV memory in nanostructures is limited by an electron
spin bath, for example residing near the surface of the nanostructure or resulting from implantation-

induced damage.
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4.4 SPIN-PHOTON INTERFACE

We now combine the efficient spin-photon interface and control over the SiV spin state to demon-
strate heralded storage of photonic qubit states in the spin-memory, a key feature of a network node +*.
Figure 4.3(a) outlines the experimental scheme, where photonic qubits are prepared using time-bin
encoding and mapped onto the SiV spin. In our experiments, the SiV is first initialized into a super-
position state |—) o |1) + ||) by optical pumping followed by a microwave 7 /2-pulse. A pair of
weak coherent pulses separated by 0¢ = 30 ns at frequency fq are then sent to the cavity. The single
photon sub-space corresponds to an incoming qubit state |¥;) o< B |e) + 5 |1), where |e) (|I)) de-
notes the presence of a photon in the early (late) time-bin. As a photon can only be reflected from the
device if the SiV is in state |1) [Figure 4.3(a)], particular components of the initial product state can be
effectively “carved out”??. We invert the SiV spin with a 7-pulse between the arrival of the two time
bins at the cavity, such that a photon detection event indicates that the final state hasno |e 1) or |1 )
component. This leaves the system in the final spin-photon entangled state | U¢) o B¢ e L)+ 5 |1 1).

The reflected photon enters a time-delay interferometer, where one arm passes through a delay line
of length 6t, allowing the two time-bins to interfere and erase which-time-bin information. As can be

seen by expressing the final state in the corresponding photon basis:

[9)g o< [+) (Be ) + i) + =) (Be [4) = Bi[T), (4.1)

a detection event on either the ‘4 or ‘—" arm of the interferometer represents a measurement in the
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X-basis (|£) o< |e) £ |1)), effectively teleporting the initial photonic state onto the electron (up to
a known local rotation). We experimentally verify generation of the entangled state [¢)) for input
states [1); = |&) by measuring spin-photon correlations, and use it to extract a teleportation fidelity
0f 0.92(6).

After detection of the heralding photon, we store the teleported photonic states (initially prepared
in {|4) or |—)}) in spin memory for 20 us by applying an additional decoupling 7-pulse on the SiV
spin. The overall fidelity of teleportation and storage is F' = 0.87(6) after corrected for readout
errors [Figure 4.3(b)]. The quantum storage time can be extended by additional decoupling sequences

[Figure 4.3(c)], enabling entanglement distribution up to a T5-limited range of 500 km.

4.5 S1V ELECTRON TO NUCLEAR SPIN INTERFACE

In order to extend this range and to enable more generic quantum communication protocols, we next
demonstrate a two-qubit register based on the cavity coupled SiV electronic spin and a nearby 13C nu-
clear memory. The '3C isotope of carbon is a spin-3 nucleus which has ~ 1% natural abundance in
diamond, and isknown to exhibit exceptional coherence times*#. While direct radio-frequency manip-
ulation of nuclear spins is impractical due to heating concerns, control over 3¢ spins can be achieved
by adapting electron mediated techniques developed for Nitrogen vacancy (NV) centers™7>"*%%, The
physical principle of the SiV-13C interaction is depicted in Figure 4.4(a). The SiV generates a spin-

dependent magnetic field Bg;y at the position of the 13, which is located a few lattice sites away.
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Figure 4.4: (a) Schematic of an SiV coupled to nearby 13 cnuclear spins. Orange (purple) vectors are conditional fields
when the SiV is in state | ) (|{)). (b) XY8-2 spin-echo. (Top) envelope for spin-echo shows a T5(N = 16) = 603
us. XY8-2 at early times (Center) exhibits collapses in signal due to interaction with nuclear spins. Single 13¢ cannot
be identified at early times (red inset), but separate from the bath at long times (green inset). (c) Ramsey measurement
on the 13C nuclear spin. The nuclear spin precesses at a different Larmor frequency depending on whether the SiV is
prepared in |T> (orange) or |¢> (purple). Coherent oscillations persist for T;, > 2 ms. (d) Spin echo on 3¢, revealing
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This is described by a hyperfine interaction Hamiltonian:
. I .
Hpr = ﬁA”fE + hA | —=— (4.2)

where S s (f »,z) are the Pauli operators for the electron (nuclear) spin, and A|| | are the coupling
parameters related to the parallel and perpendicular components of Bs;y with respect to the bias
field Bext °*°*. Hyperfine interactions manifest themselves in spin-echo measurements as periodic
resonances™, shown in Fig. 4.4 for an XY8-2 decoupling sequence 7/2 — (1 — 7 — 7)16 — 7/2,
where 7 is the free evolution time. The coherence envelope for this sequenceis To (N = 16) = 603 us
[Figure 4.4(b), upper panel].

For weakly coupled '*C (A} < wj, and A < wj, as used in this letter), the positions of the

N2k+1 1 1 ﬂ ? (4.3)
T o 2\ 20 ) |’ +3

where wj is the larmor frequancy of a bare 13C, are insensitive to specific 1B¢C hyperfine parameters at

resonances '

first order, rendering them indistinguishable at early times (7, << 4 us, [Figure 4.4(b), red inset]). In-
dividual '3C can be isolated at longer times™3, and are used to engineer gates between a single 13Cand
the SiV [Figure 4.4(b), green inset] *. The fundamental two-qubit gate associated with such interac-
/ 2)

tion is a conditional 7 /2 rotation of the 13C—spm around the X axis (R %), which is a maximally

entangling gate. Together with unconditional rotations of the nuclear spin (which are also generated

*This is in contrast with the NV center, which is a spin-1 system and therefore features a linear shift of the
resonances with coupling strength A in the S’ = {0, —1} sub-system.
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via dynamical decoupling sequences), and MW rotations on the SiV, these sequences form a universal
set of gates for the register™®.

We characterize the 13C via Ramsey spectroscopy [Figure 4.4(c)]. The nuclear spin is initialized and
read out via the optically addressable SiV spin by transferring population between the SiV and 3C.
Depending on the SiV state before the Ramsey sequence, we observe oscillations of the nuclear spin
at its eigenfrequencies w% = (wr £ A/ 2)2 + (A /2)?), allowing us to determine the hyperfine
parameters {wy, A, A1 } = 27{2.0,0.70, —0.35}MHz. This coherence persists for T5 > 2ms,

and can be further extended to 75 > 0.2 s by applying a single dynamical decoupling 7-pulse on the

nucleus, demonstrating the exceptional memory of the 13C nuclear spin [Figure 4.4(d)].

4.6 CNOT GATES AND BELL STATE FORMATION

We benchmark the two-qubit register by demonstrating an SiV-controlled X-gate (CNOT) on the
13C-spin by combining a R, 4 /2 with an unconditional nuclear 7 /2 rotation. This gate results in
aspin flip of the 3C only if the SiV spin is in the state ||.) [Figure 4.4(e)]. We use this gate to prepare a
Bell state by initializing the register in |].].), and applying a 7 /2-rotation gate on the SiV spin followed
by a CNOT gate. Correlation measurements yield a concurrence of C = 0.22(9) corresponding to a

Bell state fidelity of F' = 0.59(4) after correcting for readout errors.
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4.7 LIMITATIONS OF THE S1V - 1¥C GATE

Our experiments demonstrate the first prototype of a nanophotonic quantum network node com-
bining all necessary ingredients in a single physical system. We emphasize that both spin-photon and
spin-spin experiments are performed in the same device under identical conditions (cavity detuning
and bias field), thereby providing simultaneous demonstration of all key requirements for a network
node.

The main limitation on the demonstrated fidelities are related to the specific 3Cin the proximity of
the SiV, requiring an unfavorable alignment of the external magnetic field in order to isolate a single
13C. Specifically, the fidelity of two-qubit gates is limited by residual coupling to bath nuclei, SiV
decoherence during the gate operations, and under/over-rotations of the nuclear spin arising from the
granularity of spin-echo sequences. To reduce these errors, fine-tuned adaptive pulse sequences can be
used to enhance sensitivity to specific nearby 13C, and tailor the rotation angle and axis of rotation ">,

Alternatively, replacing gold with superconducting microwave coplanar waveguides will significantly

reduce ohmic heating, and allow direct radio-frequency control of nuclear spins.

4.8 S1V-*Si GATES

Here we present early results from the experimental realization of a deterministic spin register between
asingle SiV color center and its constituent silicon 29 nuclear spin inside a nanophotonic device. This
spin register can be created on demand through selective implantation of silicon 29 during device fab-

rication, and demonstrates high fidelity (greater than 95%) operation at high speeds (swap gate times
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Figure 4.5: Initial results probing the nuclear to electron spin interface for the Siv-2955 system. a) Left: experimental
sequence for probing the electron spin properties. The 2 qubits register is initialized using a swap gate before ODMR is
performed. Right: the the electron spin ODMR after initializing the nucleus in the up(down) state is in orange (purple).
b) Experimental sequence for probing the 2984 spin. After initializing the 2 qubit system the electron is reinitialized in
the up (down) state yielding a nuclar spin transition shown in orange (blue). c) Rabi drive for drive applied to one of the
electron (left) and nuclear (right) transitions, giving pi times of 25 ns and 16 uS respectively.

of 15 u.5).
Under application of an aligned external magnetic field, the ground state properties of the two
qubit register are governed by the interaction Hamiltonian between the 2757 and the SiV electron

spin states:

H:§-A-f+gu3§-§+7n§-f

Where A is the hyperfine structure constant, S is the electon spin vector, and [ is the nuclear spin
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vector. Subject to appropriate strain and magnetic field conditions, each of the transitions described
by this Hamiltonian can be directly driven using microwave or RF tones, allowing for coherent con-
trol of the 2 qubit register. Optical initialization and readout of the SiV electron state is facilitated
through the use of nanophotonic crystal cavities into which individual 2 S7 ions are implanted. We
extract these properties of our two qubit register using the following experimental sequence. First,
the electron spin is prepared in a well defined spin state through optical preselection on the cavity re-
flection spectra. This state is then transferred onto the nuclear spin using a swap gate consisting of
alternating controlled 7 (cpi) pulses on the electron and nuclear spin transitions. Subsequent optical
reinitialization of the electron spin completes the initialization of our two qubit spin register, which
is followed by the desired experimental sequence (Figure 4.5 a and b, left). Nuclear state readout is ac-
complished through application of a cpi pulse to one of the two electron spin states. Using this scheme,
optical detection of magnetic resonances (ODMR) can be used to extract the hyperfine splitting and
linewidths of both the electron (Figure 4.5a, right) and nuclear (Figure 4.5b right) states. Next, we
explore the coherence of readout and control operations on the components of this spin register. We
use the same experimental sequence displayed in figure 4.sa, but now apply Rabi drives to each of the
different spin transitions in turn before reading out the final state of both the electron and the nuclear
states. Using this sequence gate times can be extracted from the Rabi oscillations of each of the qubits,
giving pi times of 15 uS for the nuclear spin (Figure 4.5c, right) and 25 nS for the electron(Figure 4.sc,
left). Experiments establishing the maximum fidelity of these gates are still ongoing, but early results

suggests fidelities of greater than 95% can be realized in a straightforward manner.
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4.9 ConNcLUsioN AND OUTLOOK

In conjunction with recent advances in controlling emitter inhomogeneity via electromechanical tun-
ing"?, these techniques should allow for chip-scale fabrication of quantum network nodes, laying the

1986 architectures. Further development

groundwork for the realization of scalable quantum repeater
of the 22 i nucleus as an ancillary quantum memory for SiV network nodes could further extend
the udility of the SiV-nanophotonics platform to enable full implementation of these protocols, sub-
ject to further study of the coherence properties of entangled states generated using these memories.
The ability to store quantum information in highly coherent 13C nuclei, as well as the opportunity
to extend these results to other group-IV color-centers, may open up the possibility of operating such
nodes at at temperatures > 1 K"+ Finally, the efficient quantum network node demonstrated

in this section could enable generation of multi-dimensional cluster states of many photons, which

could facilitate realization of novel, ultra-fast one-way quantum communication architectures™’.
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An Integrated Nanophotonic Quantum

Register in Diamond

During development of the technology for the SiV quantum network node, anumber of new scientific
observations were made that offered insights into both the specifics of SiV diamond technology and

the general challenges associated with the implementation of quantum networking protocols. This
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Quantum

Network

Figure 5.1: (a) Schematic of a quantum network. Nodes consisting of several qubits are coupled together via an optical in-
terface. (b) A quantum network node based on the SiV. SiV centers and ancilla 13¢Care incorporated into a nanophotonic
device and addressed with a coupled fiber and microwave coplanar waveguide.

section serves to document some of these results. In particular, the details of the SiV strain, microwave,
and magnetic field responses are covered in detail, with special emphasis on how these fields combine to
change the SiV properties. A detailed study of the noise environment effecting SiV is presented, which
in the context of dynamical decoupling sequences leads naturally into a study of the SiV-13Cgates.
Finally, details related to the design and noise properties of the SiV-nanophotonic system and the

resulting decoherence are presented.
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5.1 INTRODUCTION

Quantum networks have the potential to enable a plethora of new technologies including secure com-

86,87,88,89 ' Such networks re-

munication, enhanced metrology, and distributed quantum computing®
quire nodes which perform quantum processing on a small register of interconnected qubits with long
coherence times. Distant nodes are connected by efficiently interfacing qubits with optical photons
that can be coupled into an optical fiber [Fig. 5.1(a)].

The prevailing strategy for engineering an efficient, coherent optical interface is that of cavity quan-
tum electrodynamics (QED), which enhances the interactions between atomic quantum memories

118,11

and photons™®™#*'%'7. Nanophotonic cavity QED systems are particularly appealing, as the tight
confinement of light inside optical nanostructures enables strong, high-bandwidth qubit-photon in-
teractions ">, In practice, nanophotonic devices also have a number of technological advantages
over macroscopic optical cavities, as they can be fabricated en-masse and interfaced with on-chip elec-
tronics and photonics, making them suitable for scaling up to large-scale networks 16,93 While strong
interactions between single qubits and optical photons have been demonstrated in a number of cavity
QED platforms™®94#3959%17 no single realization currently meets all of the requirements of a quan-
tum network node. Simultaneously achieving high-fidelity, coherent control of multiple long-lived
qubits inside of a photonic structure is a major outstanding challenge.

Recent work has established the silicon-vacancy color-center in diamond (SiV) as a promising can-

121,41,122,70

didate for quantum networking applications 77613 The SiV is an optically active point defect

26,100

in the diamond lattice . Its D34 inversion symmetry results in a vanishing permanent electric
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dipole moment of the ground and excited states, rendering the transition insensitive to electric field
noise typically present in nanostructures®. Recent work has independently shown that SiV centers
in nanostructures display strong interactions with single photons’® and that SiV centers at tempera-
tures below 100 mK (achievable in dilution refrigerators) exhibit long coherence times™*#. While
these results indicate the promising potential of the SiV center for future quantum network nodes,
significant technical challenges must be overcome in order to combine these ingredients.

In this paper, we outline the practical considerations and approaches needed to build a quantum
network node with SiV centers in nanophotonic diamond cavities coupled to ancillary nuclear spins
[Fig. s.1(b)] **. Section 5.2 describes recent improvements to the fabrication techniques used to create
and incorporate SiV centers into high-quality factor, critically-coupled nanophotonic cavities with
an efficient fiber-optical interface. Section 5.3 describes the millikelvin experimental apparatus and
several common experimental protocols. Section 5.4 describes the SiV level structure and electronic
transitions, illusutrating the interplay of strain and magnetic field in enabling both coherent control
of-and a photonic interface for— SiV spins. Sections s.s, 5.6 and 5.7 outline experimental implementa-
tions of optical and microwave control of SiV centers, and use this control to create electron-photon
Bell states with high fidelity in section 5.8. Section 5.9 introduces techniques for coupling to addi-
tional qubits consisting of naturally occuring 1BCin diamond. We describe our method for initializing
and reading out these nuclear spins via the SiV, coherent control of 13C with microwave and radio-
frequency driving, probe the coherence of these nuclei, and finally entangle the SiV with a nearby B¢

and demonstrate electron-nuclear Bell states.

102



5-2 NANOPHOTONIC DEVICE FABRICATION

5.2.1 DEVICE DESIGN

The devices used in these experiments integrate nanophotonic cavities, implanted SiV centers, and
microwave coplanar waveguides onto a single diamond chip. Here we present the fabrication process
used to realize such devices.

Typically, high-quality photonic crystal resonators are fabricated from 2-D membranes, which tightly
confine light due to total internal reflection off of material boundaries. Difficulties in growing high-
purity, single-crystal diamond films on non-diamond substrates are one of the key challenges to fabri-
cating such resonators in diamond ™. As a result, nanophotonic diamond structures must be etched
out of bulk diamond, which requires non-traditional etching techniques **. In particular, two meth-
ods have emerged for creating freestanding diamond nanostructures: Isotropic undercutting*>*** and
angled ion-beam etching (IBE) 65, In this work, we use the latter technique, resulting in freestanding,
triangular-cross-section waveguides.

Preliminary design of the nanophotonic structures are described in a later section, and are opti-
mized to maximize atom-photon interaction while maintaining high waveguide coupling. To take
advantage of the scalable nature of nanofabrication, these optimized devices are patterned in sets of
roughly 100 with slightly modified fabrication parameters. The overall scale of all photonic crystal
cavity parameters are varied between different devices on the same diamond chip to compensate for

fabrication errors (which lead to unexpected variations in the resonator frequency and quality-factor).
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Figure 5.2: (a) Schematic of the nanofabricataion process used to produce devices. I: Titanium-HSQ mask is patterned
using EBL. Il: Pattern is transferred onto diamond using top down O RIE. I1I: Angled IBE is used to separate structures
from substrate. IV: Devices are covered in PMMA and implantation aperatures are formed using EBL. Device are then
cleaned, implanted, and annealed. V: PMMA is used in a litoff procedure to pattern gold microwave striplines. VI: Final
devices are cleaned and prepared for experiment. (b) Scanning electron micrographs corresponding to steps II, 11, and
Vlin the fabricaton procedure.
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Due to these errors, roughly one in six cavities are suitable for SiV experiments. Fortunately, hundreds
of devices are made in a single fabrication run, ensuring that every run yields many usable devices.

The diamond waveguide region (as opposed to the photonic crystal cavity region) has two distin-
guishing features. First, thin support structures are placed periodically along the waveguide and are
used to suspend the structures above the substrate. These supports are portions of the waveguide
which are adiabatically tapered to be ~ 30% wider than the rest of the waveguide, and take longer to
etch away during the angled etch process. By terminating the etch after normal waveguide regions are
tully etched through, these wide sections become ~ 10 nm thick supports which tether the waveguide
structures to the substrate while minimizing scattered loss from guided modes. Second, one end of
the waveguide structure is adiabatically tapered into free-space*°. These tapers are formed by a linear
taper of the waveguide down to less than 50 nm wide over a 10 um length. This tapered region can be
coupled to a similarly tapered optical fiber, allowing structures to efficiently interface with a fiber net-
work [Sec. 5.3]. This tapered end of the waveguide is the most fragile portion of the structure, and can
break after repeated fiber coupling attempts. This is often what limits the total measurement lifetime
of a device.

The number of devices (and thus the relative yield of the fabrication process) is limited by the max-
imum packing density on the diamond chip. This is primarily limited by the need to accommodate
10 um wide microwave coplanar waveguides (CPWs) between devices, which are patterned directly
onto the diamond surface to efficiently control SiV spins using microwaves. Simulations (Sonnet Inc)
of prospective design geometries ensure that the CPW is impedance matched with our 50 €2 feed lines,

which minimizes scattered power from the waveguides. Tapers in the CPW near the center of the cav-
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ity regions concentrate current and increase the amplitude of the microwave field near the SiVs, and

CPWs are terminated with a short in order to ensure a magnetic field maximum along the device.

§.2.2 DEVICE FABRICATION

Fabrication of the diamond structures proceeds as described in ref.*° with the notable modification
that the angled etch is conducted not with a Faraday cage loaded inside a reactive ion etching cham-

84,21

ber, but instead with an IBE. The Faraday cage technique offered the benefit of simplicity and
accessibility—requiring only that the reactive ion etching chamber in question was large enough to
accommodate the cage structure—but suffered from large fluctuations in etch rate across the surface
of the sample, as well as between different fabrication runs, due to imperfections in the Faraday cage
mesh. These irregularities could be partially compensated for by repeatedly repositioning and rotating
the cage with respect to sample during the etch, but this process proved to be laborious and imprecise.
Instead, IBE offers collimated beams of ions several cm in diameter, leading to almost uniform etch
rates across the several mm diamond chip. This technique allowed for consistent fabrication of cavities
with @ > 104,V < 0.6[\/(n = 2.4)]3, and resonances within ~ 10 nm of SiV optical frequencies.

Once the diamond cavities are fabricated [Fig. s.2(a I-III)], SiV centers must be incorporated. To
ensure the best possible atom-photon interaction rate [Sec. 5.5], SiVs should be positioned at the cavity
mode maximum. Ideally, this requires implantation accuracy of better than 50 nm in all 3 dimensions
due to the small mode volume (~ 0.5[\/(n = 2.4)]3) of the cavities used. In the past, implantation

of silicon ions (which form SiV centers following a high-temperature anneal) was done using focused

ion-beam implantation, but this technique required specialized tools and lacked the accuracy neces-
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sary for maximally efficient mode coupling™. Instead, we adapt the standard masked implantation
technique and use commercial foundaries for ion implantation.

For theimplantation process, we repeatedly spin and bake MM A EL11and PMMA C4 (Microchem)
to cover the nanophotonic cavities completely with polymer resist. We then spin-coata conductive sur-
face layer of Espacer (Showa Denko). An E-beam lithography (EBL) tool then aligns with large mark-
ers underneath the polymer layer, allowing it to expose an area surrounding smaller, high-resolution
alignment markers on the diamond. The exposed regions are developed in a 1:3 mixture of MIBK:IPA.
Espacer is again spin-coated, and a second EBL write can be done, aligned to the high-resolution mark-
ers. Based on these alignment markers, holes of less than 65 nm diameter (limited by the resolution
of PMMA resist) are patterned onto the center of the photonic crystal cavity which, after subsequent
development, act as narrow apertures to the diamond surface [Fig. 5.2(aIV)]. The rest of the diamond
surface is still covered in sufficiently thick PMMA to prevent ions from reaching masked portions of
the device. Diamonds are then sent to a commercial foundry (Innovion) where they are implanted
with silicon ions at the appropriate energy and dose [Fig. 5.2 (b)]. Annealing in a UHV vacuum fur-
nace (Kurt-Lesker) at ~1400 K converts these implanted ions into SiV centers™°%,

CPWs are fabricated using a liftoft process similar to that used to create masked implantation win-
dows. The most notable difference is an additional oxygen plasma descum after development to re-
move PMMA residue from the surface. Following development, a 10 nm titanium film serves as an
adhesion layer for a 250 nm thick gold CPW [Fig. 5.2 (a V)]. Liftoff is performed in heated Remover

PG (Microchem) [Fig. 5.2 (a VI)]. The metal thicknesses used here are chosen to improve adhesion of

the gold, as well as prevent absorption of cavity photons by the metallic CPW. We observe that the
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cavity quality factor significantly degrades with gold films > 300 nm. Due to ohmic heating, which
can degrade the coherence properties of SiV spins [Sec. 5.6], the length of the CPW is constrained to
address a maximum of roughly 6 devices.

Future improvements in diamond device performance will be predicated on improvements of the
fabrication technology. Device quality factors are currently limited by deviations in device cross sec-
tion caused by imperfect selectivity of the HSQ hard mask to oxygen etching. Replacing this mask
with a sufficiently smooth metal mask could resultin improved etch selectivity and device performance.
Isotropic undercut etching could also lead to improved control over device cross sections and facilitate
more sophisticated device geometries™+" at the cost of reduced control over isotropically etched sur-
face roughness. Various techniques exist for the formation of smaller implantation apertures77*, but
these techniques are difficult to use in conjunction with implantation into completed nanophotonic
devices. Finally, the use of superconducting striplines could reduce heating, which would enable the
CPW to potentially address all devices on the diamond chip and allow for faster driving of SiV spin

and nuclear transitions [Sec. 5.6, 5.9].

5.3 EXPERIMENTAL SETUP

Experiments are performed in ahome-built photonic-probe setup inside of a dilution refrigerator (DR,
BlueFors BF-LD2so) [Fig. 5.3(a)]. The diamond substrate is mounted to a gold-plated copper sample
holder via indium soldering below the mixing chamber in the bore of a (6,1,1) T superconducting vec-

tor magnet (American Magnetics Inc.) anchored to the 4 K stage. A thermal link between the device
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Figure 5.3: (a) Experiment schematic. Devices 1 are mounted in the bore of a SC magnet 2 inside of a dilution refriger-
ator, and imaged with wide-field imaging 3 and piezo steppers 4. Devices are addressed with a tapered optical fiber 5
positioned using a second set of piezo steppers 6. Cavities are tuned using a nitrogen 7 . (b) Fiber network used to probe
devices. Excitation light is monitored 8 and sent to the device. Collected light is monitored 9 and filtered 10 then sent to
one or several SPCMs 11. N.C. indicates no connection.
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and the mixing chamber plate is provided by gold-plated copper bars, as well as oxygen-free copper
braids (Copper Braid Products), ensuring maximal thermal conductivity between the mixing cham-
ber plate and the sample, which reaches a base temperature of roughly 60 mK. We address single
nanophotonic devices via a tapered optical fiber, which can be coupled in-situ with collection efhicien-
cies exceeding 90%+°. The tapered fiber is mounted to a 3-axis piezo stepper (ANPx1o1, ANPzior),
and imaged in free-space by an 8 f wide-field scanning confocal microscope which focuses onto a cryo-
compatible objective (Attocube LT-APO-VISIR). This setup allows for coupling to several cavities
during a single cooldown.

Once coupled, the cavity resonance is red-shifted via nitrogen gas condensation’®. A copper tube is
weakly thermalized with the 4 K plate of the DR and can be heated above 80 K in order to flow N gas
onto the devices. This gas condenses onto the photonic crystal, modifying its refractive index and red-
shifting the cavity resonance. When the copper tube is not heated, it thermalizes to 4 K, reducing the
blackbody load on the sample and preventing undesired gas from leaking into the vacuum chamber.

After red-tuning all devices in this way, each cavity can be individually blue-tuned by illuminating
the device with a ~100 wW broadband laser via the tapered fiber, locally heating the device and evapo-
rating nitrogen. This laser-tuning can be performed very slowly to set the cavity resonance with a few
GHz. The cavity tuning range exceeds 10 nm without significantly degrading the cavity quality factor,
and is remarkably stable inside the DR, with no observable drift over several months of measurements.

In previous work”°, SiVs were probed in transmission via the free-space confocal microscope fo-
cused onto a notch opposing the tapered fiber. Mechanical vibrations arising from the DR pulse tube

(~1um pointing error at the sample position) result in significant fluctuations in power and polar-
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ization of incoupled light. In this work, we demonstrate a fully integrated solution by utilizing the
same tapered fiber to both probe the device and collect reflected photons. This approach stabilizes the
excitation path and improves the efficiency of the atom-photon interface, allowing for deterministic
interactions with single itinerant photons. High-contrast reflection measurements are enabled by the
high-cooperativity, critically-coupled atom-cavity system. Resonant light is sent via the fiber network
[Fig. 5.3(b)] and reflected off of the target device. We pick off a small fraction (~ 10%) of this signal
and use it to monitor the wide-band reflection spectrum on a spectrometer (Horiba iHR-550) as well
as calibrate the coupling efficiency to the nanocavity. The remaining reflection is then routed either
directly to a single-photon counting module (SPCM, Excelitas SPCM-NIR), or into a time-delay in-
terferometer for use in spin-photon experiments [Sec. 5.8]. Due to this high-efficiency fiber-coupled

network, we observe overall collection efficiencies of ~ 40%, limited by the quantum efficiency of

our APDs.

5-4 OPTIMAL STRAIN REGIMES FOR SIV SPIN-PHOTON EXPERIMENTS

Similar to other solid state emitters 27?8

, the SiV is sensitive to local inhomogeneity in the host crystal.
In the case of the SiV, which has D34 symmetry, the dominant perturbation is crystal strain. In this

section, we describe the effects of strain on the SiV spin and optical properties, and how they can

enable efficient microwave and optical control of SiV centers inside nanostructures.
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Figure 5.4: (a) SiV level diagram. Optical transitions f14/, f1j- ~737nm are coupled to a nanophotonic cavity with
mean detuning A. Microwaves at frequency fN drive rotations in the lower branch (LB). (b) Qubit frequency fTi for
differently strained emitters. Modeled splitting for ground state g-factors ggg1 = 1.99, ggso = 1.89, ggs3 = 1.65
(solid lines) based on independent measurements of Ags. (inset) Angle dependence of fN atfixed field By =0.19T.
Solid lines are predictions using the same model parameters. (c) Optical splitting fTT’ - fu/. Fits extract excited state
g-factors ges1 = 1.97, ges2 = 1.83, gos3 = 1.62 (solid lines). (inset) Angle dependence of f11- — f| - at fixed field
Beyxt = 0.1T. (d) Histogram of MW transition frequency for two different emitters. (e) Histogram of Optical transi-
tion frequency for two different emitters. (f) Simultaneous measurement of fN and fTT’ reveals correlations between
optical and microwave spectral diffusion for emitter 2.
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5-4.1 S1V HAMILTONIAN IN THE PRESENCE OF STRAIN AND SPIN-ORBIT COUPLING

The SiV electronic structure is comprised of spin-orbit eigenstates split by spin-orbit interactions. Op-
tical transitions connect the ground state manifold (L B, U B) and excited state manifold (LB’, U B')
[Fig. 5.4(a)]. In a DR, phonon absorption LB — UB (and LB’ — U B’) is supressed, resulting in
thermal polarization into LB.

We consider the ground state SiV Hamiltonian with spin-orbit and strain interactions, in the com-

bined orbital and spin basis {|e, 1), ey, 1), |ez 1), ez 1) }>7°

Hsiv = Hso + Hsrain (5.1)
a— 0 0 =i\ 0
0 a—8 0  ~y+ix

v+ A 0 a+p 0

0 ~y—ix 0 a+p8

where o corresponds to axial strain, 3 and y correspond to transverse strain, and A is the strength of

spin-orbit interaction. Diagonalizing this reveals the orbital character of the lower branch:

’6 > 1+4/14+(v/B8)2+(N/B)? | >
z v/B—i\/B Cy
LB x (5-3)

1—+/14-(v/B)2+(7/B)?
lex 4) = —=75=mm —ley b

We investigate these electronic levels in the context of the SiV as a spin-photon interface.

113



5.4.2 EFFECTS OF STRAIN ON THE SIV QUBIT STATES

In the limit of zero crystal strain, the orbital factors simplify to the canonical form*°

e+ 1)
LB = (5-4)

e~ 1)

In this regime, the spin-qubit has orthogonal electronic orbital and spin components. As result, one
would need to simultaneously drive an orbital and spin flip to manipulate the qubit, which is forbid-
den for direct microwave driving alone. Thus, in the low strain regime, two-photon optical transitions
between the qubit states in a misaligned external field, already demonstrated at millikelvin tempera-

tures in"??, are likely necessary to realize a SiV spin qubit.

In the high strain limit (/3% + 42 > X), these orbitals become

(cos(0/2)]es) —sin(0/2)]ey)) @ | 1)
LB = (s-5)

(cos(6/2)]ex) — sin(0/2)[ey)) @[ 1)

where tan(0) = g In this regime, the ground state orbital components are identical, and the qubit
states can be described by the electronic spin degree of freedom only. As such, the magnetic dipole
transition between the qubit states is now allowed and can be efficiently driven with microwaves.

In addition to determining the efficiency of qubit transitions, the spin-orbit nature of the SiV qubit

states also determines its susceptibility to external fields. In an externally applied magnetic field, LB
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splits due to magnetic moments associated with both spin- and orbital- angular momenta. This
splitting is parameterized by an effective g-tensor which, for a fixed angle between the external field
and the SiV symmetry axis, can be simplified to an effective g-factor: j1 g Bext/h = f1. In the limit
of large strain, the orbital component of the two L B wavefunctions converge, and g trends towards
that of a free electron (g = 2). As a result, the qubit states behave akin to a free-electron in the high
strain regime, and there is no dependence of g on external field angle or small perturbations in crystal
strain.

While it is difficult to probe 3 or  directly, they relate to the energy difference between U B and
LB via Ags =2,/ ﬁgs + 7§s + )\és [Fig. 5.4(a)]. From this, we extract \/m, given the known
value of A\gs =46 GHz**"°>"°. Numerically diagonalizing the SiV Hamiltonian using the extracted
values for 3 and -y closely matches the measured ground state splitting, both as a function of applied

field magnitude and angle [Fig. 5.4(b)].

5-4.3 EFFECTS OF STRAIN ON THE S1V SPIN-PHOTON INTERFACE

Strain also plays a crucial role in determining the optical interface to the SiV spin qubit. The treat-
ment shown above can be repeated for the excited states, with the caveat that the parameters 3, v,
and ) are different in the excited state manifold as compared to the ground state manifold7®. These
differences give rise to a different g-factor in the excited state (ges). If the strain is much larger than
both \gs =46 GHz and \es =255 GHz, then ggs =~ ges =~ 2. In this case, the two spin-cycling
transition frequencies f+1/ and f| | are identical, and the only spin-selective optical transitions are the

dipole-forbidden spin-flipping transitions f1/ and f 4.
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Under more moderate strain, the difference dg = |ges—8gs| splits the degenerate optical transitions
f11 and f|/, making them spin-selective as well. Due to differences in the anisotropic g-tensor in the
ground and excited states, g depends on the orientation of the magnetic field as well, and is minimized
in the case of a (111)-aligned field [Fig s5.4(c), inset]. In such an external field aligned with the SiV
symmetry axis, optical transitions become highly spin-conserving #, allowing many photons to scatter
without altering the SiV spin state. This high cyclicity enables high-fidelity single-shot readout of the
spin state, even without high collection efficiencies#. This makes working with the spin-cycling
transitions highly desirable, at the expense of a reduced ability to resolve spin-selective transitions for
a given field magnitude. The need to resolve individual transitions suggests an optimal strain regime

where |/ B2 + 725 > Ags, where MW driving is efficient, while /2% + 7% < Aes, where one can

independently address f11/ and f |/ [Fig. 5.4(c)].

5.4.4 EFFECTS OF STRAIN ON S1V STABILITY

Despite the SiV’s symmetry-protected optical transitions, spectral diffusion of the SiV has been ob-

served in many experiments"* (

but still much smaller compared to emitters without inversion sym-
metry, for example, nitrogen-vacancy centers®*). While the exact nature of this diffusion has not
been studied in depth, it is often attributed to the second-order Stark effect or strain fluctuations,
both of which affect the energies of SiV orbital wavefunctions. In this paper, we also observe signifi-
cant fluctuations of the spin qubit frequency.

As can be seen in reference’®, for an appropriately low static strain value, fluctuating strain can give

rise to fluctuations in the g-tensor of the ground state, causing spectral diffusion of the qubit frequency
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[+, [Fig. 5.4(d)]. Since ggs asymptotically approaches 2 as the static strain increases’®, the qubit sus-
ceptibility to this fluctuating strain is reduced in the case of highly strained SiV centers, resulting in a
more stable qubit.

While spectral diffusion of the optical transition should not saturate in the same way as diffusion of
the microwave transition, we observe qualitatively different spectral diffusion properties for different
emitters [Fig. 5.4(e) and Fig. s.12]. SiV1(Ags = 500 GHz) displays slow drift of the optical line which
is stable to <100 MHz over many minutes. We do not observe significant fluctuations (> 500 kHz)
of the microwave transition for this SiV. On the other hand, SiV 2 (Ags = 140 GHz) drifts over a
wider range, and also exhibits abrupt jumps between several discrete frequencies.

We simultaneously record the optical transition and qubit frequency for SiV 2 and observe correla-
tions between the two frequencies [Fig. 5.4(f)], indicating that they could arise from the same environ-
mental perturbation. In alater section, we calculate the qubit and optical transition frequencies using
the strain Hamiltonian (eq. 5.2) and find that both correlations and absolute amplitudes of spectral
diffusion can simultaneously be explained by strain fluctuations on the order of 1% (~ 10~7 strain).

In this work we rely on static strain, likely resulting from damage induced by ion implantation and
nanofabrication, and select for spectrally stable SiVs with appropriate strain profiles. This is character-
ized by first measuring A in zero magnetic field at 4 K by exciting the optical transition LB — LB’
and measuring emission from the LB’ — U B on a spectrometer. We use this to screen for SiVs with
Ays >100 GHz to ensure efficient MW driving of the spin qubit. We further apply a static exter-
nal magnetic field and measure spectral stability properties as well as fy/ — f|}/ to guarantee a good

spin-photon interface. We measured ~ 10 candidate emitters, and found 4 which satisfy all of the
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necessary criteria for spin-photon experiments.

5.5 REGIMES OF CAVITY-QED FOR SIV SPIN-PHOTON INTERFACES

Efficient spin-photon interactions are enabled by incorporating SiV centers into nanophotonic cavi-
ties. In this section, we describe SiV-cavity measurements in several regimes of cavity QED, and com-

ment on their viability for spin-photon experiments.

5.5.1 SPECTROSCOPY OF CAVITY-COUPLED SIVS

We measure the spectrum of the atom-cavity system at different atom-cavity detunings in order to
characterize the device and extract key cavity QED parameters [Fig. s.5(a)]. The reflection spectrum
of a two-level system coupled to a cavity is modeled by solving the frequency response of the standard

Jaynes-Cummings Hamiltonian using input-output formalism for a cavity near critical coupling™:

2/@[
i(w —we) + Kot + 92/ (i(w — wa) +7)

R(w) = |1 — ; (5.6)

where £ is the decay rate from the incoupling mirror, Koy is the cavity linewidth, w.(wg ) is the cavity
(atom) resonance frequency, g is the single-photon Rabi frequency, and  is the bare atomic linewidth.
Interactions between the SiV optical transition and the nanophotonic cavity result in two main effects.
First, the SiV center can modulate the reflection spectrum of the bare cavity, as seen in the colored

curves of figure s.5(a). Second, the coupling to the cavity can broaden the linewidth of the SiV based
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Figure 5.5: (a) SiV-cavity reflection spectrum at several detunings. The bare cavity spectrum (black) is modulated by the
presence of the SiV. When the atom cavity detuing is small (Blue, orange), high-contrast, broad features are the result
of Purcell enhanced SiV transitions. Far from the cavity resonance (green), interaction results in narrow SiV-assisted
transmission channels. (b) Spin-dependent reflection for large SiV-cavity detuning A ~ —3k, Beyxt = 0.35T. In this
regime, SiV spin states can be individually addressed. (c) Probing either transmission dip results in high-fidelity single-
shot readout in an aligned field (F' = 0.97, threshold on detecting 13 photons). (d) Spin-dependent reflection near
resonance A = 0.5k, Boyt = 0.19T. Dispersive lineshapes allow for distinguishable reflection spectra from both
SiV spin states. (e) A probe at the frequency of maximum contrast (fQ) can determine the spin state in a single shotin a
misaligned field(F" = 0.92, threshold on detecting > 1 photon).
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on the Purcell effect:

1
14+ 4(we — wq)?/K?

I'~~+4¢°/k

When the cavity is far detuned from the atomic transition |w. — w,| = A > & [Fig. 5.5(a), green],
Purcell enhancement is negligible and the cavity and atomic linewidths x, v = 27 x {33,0.1} GHz
are estimated. When the cavity is on resonance with the atom (A = 0), we fit (5.6) using previously
estimated values of k and 7y to extract g = 27 x 5.6 GHz. Together, these measurements allow us to
determine the atom-cavity cooperativity C' = 492 /Ky = 38. Importantly, interactions between the
SiV and single photons becomes deterministic when C' > 1.

As mentioned in section [Sec. 5.4], we would like to make use of spectrally resolved spin conserv-
ing optical transitions ( f+1/, f| /) to build a spin-photon interface using the SiV. Here, we make this

criteria more explicit: fy4+ and f| | can be resolved when | fy4 — fi1/| 2 T

5.5.2  CaviTY QED IN THE DETUNED REGIME

In the detuned regime (A > k), I' & v, and narrow atom-like transitions are easily resolved under
most magnetic field configurations, including when the field is aligned with the SiV symmetry axis
[Fig. 5.5(b)]. In this case [sec. 5.4]*, optical transitions are highly spin-conserving, and many pho-
tons can be collected allowing for high-fidelity single-shot readout of the SiV spin state (F' = 0.97)
[Fig. 5.5(c)]. Rapid, high-fidelity, non-destructive single-shot readout can enable projective-readout
based initialization: after a single measurement of the SiV spin state, the probability of a measurement-

induced spin flip is low, effectively initializing the spin into a known state.
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While this regime is useful for characterizing the system, the maximum fidelity of spin-photon en-
tanglement based on reflection amplitude is limited. As seen in figure 5.5(b), the contrast in the reflec-
tion signal between an SiV in |1) (orange) vs. |]) (purple) is only ~ 80%, implying that in 20% of
cases, a photon is reflected from the cavity independent of the spin state of the SiV, resulting in errors.
We note that the residual 20% of reflection can be compensated by embedding the cavity inside an

interferometer at the expense of additional technical stabilization challenges, discussed below.

5.5.3 CaviTy QED NEAR RESONANCE

Tuning the cavity onto the atomic resonance (A ~ 0) dramatically improves the reflection contrast
[Fig. s5.5(a) (blue curve)]. Here, we observe nearly full contrast of the reflection spectrum due to
the presence of the SiV. Unfortunately, this is associated with a broadened atomic linewidth (I' =
v(1+ C) ~4 GHz). While it is, in principle, still possible to split the atomic lines by going to higher
magnetic fields, there are several technical considerations which make this impractical. Large magnetic
fields (| Bext| >0.5T) correspond to large qubit frequencies (f4|), which can induce spontaneous
qubit decay due to phonon emission (|1) — |J.)), as well as increased local heating of the device from
microwave dissipation, both of which reduce the SiV spin coherence time rendering it ineffective as a
quantum memory.

At intermediate detunings (0 < A < k), the SiV resonance is located on the cavity slope and
results in high-contrast, spin-dependent Fano lineshapes which exhibit sharp features smaller than
I' [Fig. 5.5(a), orange curve]. By working at an optimal Bey where the peak of one spin transition

is overlapped by the valley of the other, the best features of the resonant and far-detuned regimes are
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recovered [Fig. 5.5(e)]. Probing the system at the point of maximum contrast (fg ~ (| fy — fi1/])/2,
contrast > 90%) enables single-shot readout of the SiV spin state for an arbitrary field orientation,
even when transitions are not cycling [Fig. 5.5(f)].

This demonstrates an optical regime of cavity QED where we simultaneously achieve high-contrast
readout while maintaining spin-dependent transitions. In this regime, we still expect residual reflec-
tions of about 10%, which end up limiting spin-photon entanglement fidelity. This infidelity arises
because the cavity is not perfectly critically coupled (k; # Kot /2), and can in principle be solved by
engineering devices that are more critically coupled. Alternatively, this problem can be addressed for
any cavity by interfering the signal with a coherent reference to cancel unwanted reflections. In this
case, one would have to embed the cavity in one arm of a stabilized interferometer. This is quite chal-
lenging, as it involves stabilizing ~ 10 m long interferometer arms, part of which lie inside the DR
(and experience strong vibrations from the pulse-tube cryocooler).

A fundamental issue with critically coupled cavities is that not all of the incident light is reflected
from the device. If the spin is not initialized in the highly-reflecting state, photons are transmitted
and not recaptured into the fiber network. Switching to overcoupled (single-sided) cavities, where all
photons are reflected with a spin-dependent phase, could improve both the fidelity and efficiency of
spin-photon entanglement. Once again, however, measurement of this phase would require embed-
ding the cavity inside of a stabilized interferometer. As such, the un-compensated reflection amplitude
based scheme employed here is the most technically simple approach to engineering spin-photon in-

teractions.
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5.6 MICROWAVE SPIN CONTROL

While the optical interface described in previous sections enables high-fidelity initialization and read-
out of the SiV spin qubit, direct microwave driving is the most straightforward path towards coher-
ent single-qubit rotations. Typically, microwave manipulation of electron spins requires application
of significant microwave power. This presents a challenge, as SiV spins must be kept at local tem-
peratures below 500 mK in order to avoid heating-related dephasing. In this section, we implement

coherent microwave control of SiV centers inside nanostructures at temperatures below 500 mK.

5.6.1 GENERATING MICROWAVE SINGLE-QUBIT GATES

The SiV spin is coherently controlled using amplitude and phase controlled microwave pulses gen-
erated by a Hittite signal generator (HMC-T2220). A target pulse sequence is loaded onto an ar-
bitrary waveform generator (Tektronix AWG 7122B), which uses a digital channel to control a fast,
high-extinction MW-switch (Custom Microwave Components, CMCS0947A-C2), and the analog
channels adjust the amplitude and phase via an IQ-mixer (Marki, MMIQ-0416LSM). The resulting
pulse train is subsequently amplified (Minicircuits, ZVE-3W-183+) to roughly 3 W of power, and sent
via a coaxial cable into the dilution refrigerator. At each cryogenic flange, a 0 dB attenuator is used to
thermalize the inner and outer conductors of the coaxial line while minimizing microwave dissipation.
The signal is then launched into a coplanar waveguide on a custom-built circuit board (Rogers4003C,
Bay Area Circuits) so it can be wire-bonded directly to the diamond chip [Sec. 5.2, Fig. 5.6(c)]. The

qubit frequency (f|4) is measured by its optically detected magnetic resonance spectrum (ODMR)
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Figure 5.6: (a) Experimental schematic for microwave control. The amplitude and phase of a CW microwave source 1
are modulated via a microwave switch and IQ mixer controlled externally by an AWG 2. A CW radio frequency source
3is controlled using a digital delay generator 4. Both signals are amplified by 30dB amplifiers 5 before entering the DR.
0dB cryo-attenuators 6 thermalize coax cables at each DR stage, ultimately mounted to a PCB 7 on the sample stage and
delivered to the devices. (b) Schematic depicting microwaveinduced heating of devices. (c) Modeled temperature at the
SiV from a dynamical decoupling sequence. At long 7, device cools down between each decoupling pulse, resulting in
low temperatures. At short 7, devices are insufficiently cooled, resulting in a higer max temperature (1}, 4. ). (d) Effects
of microwave heating on SiV coherence time. (Top panel) At high Rabi frequencies, SiV coherence is temporarily reduced
for small 7. (Bottom panel) The local temperature (1},,,2) at the SiV calculated by taking the maximum value of the plots
in figure (c). (€) Hahn-echo for even lower Rabi frequencies, showing coherence times that scale with microwave power
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identically to the method described in*'. We observe ODMR from 2 GHz to 20 GHz (correspond-
ing to fields from 0.1 T to 0.7 T)), implying that microwave control of SiV centers in this configuration
is possible at a wide variety of external field magnitudes. This allows the freedom of tuning the field
to optimize other constraints, such as for resolving spin transitions [Sec. 5.5] and identifying ancillary
nuclear spins [Sec. 5.9].

Once the qubit frequency has been determined for a given field, single-qubit gates are tuned up
by measuring Rabi oscillations. The frequency of these oscillations scales with the applied microwave
power {dp ~ V/P and determines the single-qubit gate times. We can perform 7-pulses (Rg) in
under 12 ns, corresponding to a Rabi frequency exceeding 80 MHz?**. This coherent control is used
to implement pulse-error correcting dynamical decoupling sequences, either CPMG-N sequences of
the form RE/? — (r— Ry — T)N — R = - (V)N — 2 or XY8-N sequences of the form
r— (XYXYYXYX)N — 2%, Sweeping the inter-pulse delay 7 measures the coherence time 7%

of the SiV.

5.6.2, EFFECTS OF MICROWAVE HEATING ON COHERENCE

As mentioned in sections 5.3 and 5.4, thermally induced 77 relaxation can dramatically reduce SiV
coherence times. To explain this phenomenon, we model the nanobeam asa 1.D beam weakly coupled
at two anchor points to a uniform thermal bath [Fig. 5.6(b)]. Initially, the beam is at the steady-state
base temperature of the DR. A MW pulse instantaneously heats the bath, and the beam rethermalizes
on a timescale ¢, set by the thermal conduction of diamond and the beam geometry. Once the pulse

ends, this heat is extracted from the beam on a similar timescale. By solving the time-dependent 1-D
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heat equation, we find that the change in temperature at the SiV caused by a single pulse (starting at
time () scales as Tgjy (e’(t’to)/tth — efg(t*to)/tth). We take the sum over N such pulses to
model the effects of heating from a dynamical-decoupling sequence of size V.

Atearly times (T < 7iy,), the SiV does not see the effects of heating by the MW line, and coherence
is high. Similarly, atlong times (7 >> 7¢1,) a small amount of heat s able to enter the nanostructure and
slightly raise the local temperature, but this heat is dissipated before the next pulse arrives [Fig. 5.6(c),
blue curve]. At intermediate timescales however, a situation can arise where the nanobeam has not
tully dissipated the heat from one MW pulse before the second one arrives [Fig. 5.6(c), orange curve].
We plot the maximum temperature as seen by the SiV as a function of pulse spacing [Fig. 5.6(d), lower
panel], and observe a spike in local temperature for a specific inter-pulse spacing 7, which depends on
Teh. Dynamical-decoupling sequences using high Rabi frequency pulses reveal a collapse in coherence
at a similar time [Fig. 5.6(d), upper panel]. This collapse disappears at lower Rabi frequencies, sug-
gesting that it is associated with heating-related dephasing. We fit this collapse to a model where the
coherence time 75 depends on temperature', and extract the rate of heating 7y, = 70 us.

Typically, faster w-pulses improve measured spin coherence by minimizing finite-pulse effects and
detuning errors. Unfortunately, as seen above, faster pulses require higher MW powers which cause
heating-related decoherence in our system. We measure Hahn-echo at lower MW powers [fig. 5.6(e)],
and find MW heating limits 75 even at 2z ~10 MHz. For applications where long coherence is
important, such as electron-nuclear gates [Sec. 5.9], we operate at an optimal Rabi frequency Qr =
2710 MHz where nuclear gates are as fast as possible while maintaining coherence for the entire

gate duration. For applications such as spin-photon entangling gates where fast gates are necessary
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[Sec. 5.8], we operate at higher Rabi frequencies 2 g = 27 X80 MHz at the cost of reduced coherence
times.

Heating related effects could be mitigated by using superconducting microwave waveguides. This
approach would also enable the fabrication of a single, long superconducting waveguide that could
simultaneously address all devices on a single chip. However, it is still an open question whether or
not superconducting waveguides with appropriate critical temperature, current, and field properties

can be fabricated around diamond nanostructures.

5.7 INVESTIGATING THE NOISE BATH OF SIVS IN NANOSTRUCTURES

At low temperatures, the coherence time of SiV centers drastically depends on the surrounding spin
bath, which can differ from emitter to emitter. As an example, we note that the T5 of two different
SiV centers in different nanostructures scales differently with the number of applied decoupling pulses
[Fig.s.7(a)]. Surprisingly, the coherence time of SiV 2 does not scale with the number of applied pulses,
while the coherence time of SiV 1 does scale as Th(N) o< N2/3, Notably, both scalings are different
as compared to what was previously measured in bulk diamond: 7%(N') o< N1, In this section, we
probe the spin bath of these two SiVs in nanostructures to investigate potential explanations for the

above observations.
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Figure 5.7: (a) T2 scaling for two different SiVs. SiV 2 exhibits no scaling with number of pulses (T5 givo =30 us). (b)
DEER ESR on SiV 2. Vertical red line is the expected frequency of ag = 2 spin based on our ability to determine the
applied external field (Typically to within 10%). (c) DEER Echo on SiV 2. T5, pEer =10us. (d) Dynamical-decoupling
on SiV 1. Data points are T5 measurements used in part (a, blue curve), and solid lines are a noise model consisting of
two Lorentzian noise baths.
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5.7.1 DOUBLE ELECTRON-ELECTRON RESONANCE SPECTROSCOPY OF SIVS IN NANOS-

TRUCTURES

In order to investigate the poor coherence of SiV 2, we perform double electron-electron resonance
(DEER) spectroscopy™* to probe the spin bath surrounding this SiV. We perform a Hahn-echo se-
quence on the SiV, and sweep the frequency of a second microwave pulse (taking the RF path in figure
5.6(a)), contemporaneous with the echoing SiV m-pulse [Fig. 5.7(b), upper panel]. If this second pulse
is resonant with a spin bath coupled to the SiV, the bath can flip simultaneously with the SiV, lead-
ing to increased sensitivity to noise from the bath [Fig. 5.7(b), lower panel]. We observe a significant
reduction of coherence at a frequency consistent with that of a free-electron spin bath (gpath = 2)
(resonance expected at 12(1) GHz).

Next, we repeat a standard Hahn-echo sequence where a 7-pulse resonant with this bath is applied
simultaneously with the SiV echo pulse (DEER echo). The coherence time measured in DEER echo
is significantly shorter than for standard spin-echo, indicating that coupling to this spin bath is a sig-
nificant source of decoherence for this SiV. One possible explanation for the particularly severe bath
surrounding this SiV is a thin layer of alumina (AloO3) deposited via atomic layer deposition on this
device in order to tune cavities closer to the SiV transition frequency. The amorphous oxide layer—or
its interface with the diamond crystal—can be host to a large number of charge traps, all located within
~50nm of this SiV. Unfortunately, we could not measure this device without alumina layer due to
our inability to gas-tune the nanophotonic cavity close enough to the SiV resonance [Sec. 5.3].

These observations are further corroborated by DEER measurements in SiV 1, where the alumina
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layer was not used (only Ny was used to tune this cavity). In this device, we observe longer coher-
ence times which scale To(N) o« N 2/3 as well as no significant signatures from gpatnh = 2 spins
using DEER spectroscopy. We fit this scaling to a model consisting of two weakly-coupled spin baths
[Fig. 5.7(d)], and extract bath parameters by =5kHz, 71 =1us, by =180kHz, 7o =1ms, where
b corresponds to the strength of the noise bath, and 7 corresponds to the correlation time of the
noise?$°°,

While the source of this noise is an area of future study, we find that the by term (likely due to
bulk impurities) is the dominant contribution towards decoherence in the system. Removing this
term from the model results in coherence times up to a factor of 1000 times larger than measured

values. Higher-temperature®® or in sitn*

annealing could potentially mitigate this source of deco-
herence by eliminating paramagnetic defects such as vacancy clusters. Additionally, by accompanying
Si implantation with electron irradiation™”, SiV centers could be created more efficiently, and with

reduced lattice damage. Finally, working with isotopically purified diamond samples with very few

13C, a spin-1/2 isotope of carbon, could also result in a reduced spin bath#'.

5.8 SPIN-PHOTON ENTANGLEMENT

The previous sections characterize the SiV as an efficient spin-photon interface and a quantum mem-
ory with long-lived coherence. Here, we combine these two properties to demonstrate entanglement
between a spin qubit and a photonic qubit. The mechanism for generating entanglement between

photons and the SiV can be seen in figure 5.5(b,d): Depending on the spin state of the SiV, photons
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Figure 5.8: (a) Experimental sequence for generating and verifying spin-photon entanglement. A time-bin encoded qubit
is reflected by the cavity, and both the SiV and the photonic qubits are measured in the Z and X bases. (b) Spin-photon
correlations measured in the Z-Z basis. Light (dark) bars are before (after) correcting for known readout error associated
with single-shot readout of the SiV. (c) Spin-photon correlations measured in the X-X basis. Bell-state preparation fidelity
of F' > 0.89(3) andaconcurrenceC > 0.72(7). (d) Preparation of second spin-photon Bell state. Changing the phase
of the incoming photonic qubit prepares a Bell-state with inverted statistics in the X basis.
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at the probe frequency are either reflected from the cavity and detected, or are transmitted and lost.

5.8.1  GENERATING TIME-BIN QUBITS

We begin by explaining our choice of time-bin encoding for photonic qubits. One straightforward pos-
sibility is to use the Fock state of the photon. However, it is extremely challenging to perform rotations
on a Fock state, and photon loss results in an error in the computational basis. Another, perhaps more
obvious possibility is to use the polarization degree of freedom. While the SiV spin-photon interface
is not polarization selective (both spin states couple to photons of the same polarization), one could
consider polarization based spin-photon entangling schemes already demonstated in nanophotonic
systems™"¥. However, this requires embedding the nanostructure inside of a stabilized interferome-
ter, which has a number of challenges [Sec. 5.5]. In addition, it requires careful fabrication of overcou-
pled, single-sided cavities (unlike the critically coupled diamond nanocavities used here [Sec. 5.2]). As
such, we believe time-bin encoding is a natural choice given the critically-coupled SiV-cavity interface
described here [Sec. 5.5].

These qubits are generated by passing a weak coherent laser though a cascaded AOM, amplitude-
EOM, and phase-EOM. The time-bins are shaped by an AWG-generated pulse on the amplitude-
EOM, and are chosen to be much narrower than the delay 6t between time bins. We can choose to
prepare arbitrary initial photonic states by using the phase-EOM to imprint an optional phase shift to
the second bin of the photonic qubit. Since we use a laser with Poissonian photon number statistics,
we set the average photon number (n,,) = 0.008 < 1 using the AOM to avoid events where two

photons are incident on the cavity.
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Using this encoding, measurements in a rotated basis (X-basis) become straightforward. We send
the time-bin qubit into an actively stabilized, unbalanced, fiber-based, Mach-Zender interferometer,
where one arm passes through a delay line of time d¢. With 25% probability, |e) enters the long
arm of the interferometer and |I) enters the short arm, and the two time bins interfere at the output.
Depending on the relative phase between the two bins, this will be detected on only one of the two

arms of the interferometer output [Fig. 5.3(b)], corresponding to a measurement in the X basis of |£).

5.8.2  SPIN-PHOTON BELL STATES

We prepare and verify the generation of maximally entangled Bell states between the SiV and a pho-
tonic qubit using the experimental sequence depicted in figure 5.8(a). First, the SiV is initialized into
a superposition state |—) = 1/4/2(|1) + ||)). Then photons at frequency f [Sec. 5.5] are sent to
the cavity, corresponding to an incoming photon state |+) = 1/v/2(|e) + |I)), conditioned on the
eventual detection of only one photon during the experiment run. Before any interactions, this state
can be written as an equal superposition: Uo = | =)®|+) = 1/2(le T)+|e L)+l 1)+ |)). The
first time bin is only reflected from the cavity if the the SiV is in state |1), effectively carving out |e |) in
reflection®. A -pulse on the SiV transforms the resulting state to W1 = 1/v/3(le L)+l L)+ |1 1)).
Finally, reflection of the late time-bin off of the cavity carves out the state |/ ), leaving a final entan-
gled state Uy = 1/v/2(|e |) + |1 1)). To characterize the resulting state, we perform tomography on
both qubits in the Z and X bases [Fig. 5.8(a)].

In order to enable high-bandwidth operation and reduce the requirements for laser and interfer-

ometric stabilization in generating and measuring time-bin qubits, it is generally beneficial to set ot
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as small as possible. The minimum 6% is determined by two factors: First, each pulse must be broad
enough in the time-domain (narrow enough in the frequency domain) so that it does not distort upon
reflection off of the device. From figure 5.5(d), the reflection specturm is roughly constant over a ~
100 MHz range, implying that ~ nanosecond pulses are sufficient. The second consideration is that
amicrowave m-pulse must be placed between the two pulses. In this experiment, we drive fast (12 ns)

m-pulses. As such, we set 0t = 30 ns and use 5 ns optical pulses to satisfy these criteria.

5.8.3 SPIN-PHOTON ENTANGLEMENT MEASUREMENTS

For Z-basis measurements, photons reflected from the cavity are sent directly to a SPCM and the time-
of-arrival of the time-bin qubit is recorded. Afterwards, the SiV is read out in the Z-basis [Sec. 5.5].
Single-shot readout is calibrated via a separate measurement where the two spin-states are prepared via
optical pumping and read out, and the fidelity of correctly determining the | 1) (|{)) stateis Fy = 0.85
(F) = 0.84), limited by the large o component of the geometric distribution which governs photon
statistics for spin-flip systems [Sec. 5.5]. In other words, since we work in a misaligned field in this
experiment, the probability of a spin flip is high, making it somewhat likely to measure o photons re-
gardless of initial spin state. Even before accounting for this known error, we observe clear correlations
between the photonic and spin qubits [Fig. 5.8(b), light-shading]. Error bars for these correlation his-
tograms (and the following fidelity calculations) are estimated by statistical bootstrapping, where the
scattered photon histograms (post-selected on the detection of |e) or |I)) are randomly sampled in
many trials, and the variance of that ensemble is extracted.

Measurements in the X-basis are performed similarly. The photon is measured through an interfer-
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ometer as described above, where now the detector path information is recorded for the overlapping
time-bin. After a Ry7/2 pulse on the SiV, the scattered photon histograms again reveal significant
correlations between the ‘+” and -’ detectors and the SiV spin state [fig. 5.8(c)]. By adding a m-phase
between the early and late time bins, we can prepare an orthogonal Bell state. Measured correlations
of this state are flipped in the X-basis [Fig. 5.8(d)].

Measurements of this Bell state in the Z- and X-bases are used to estimate a lower bound on the
fidelity: ' = (0T |p|TT) > 0.70(3) (F > 0.89(3) after correcting for readout errors). The
resulting entangled state is quantified by its concrrence C > 0.42(6) (C > 0.79(7) after correcting for
readout errors). This high-fidelity entangled state between a photonic qubit and a quantum memory
is a fundamental resource for quantum communication®® and quantum computing schemes®, and

can be used, for example, to demonstrate heralded storage of a photonic qubit into memory**.

5.9 CONTROL OF SIV-'*C REGISTER

While demonstrations of a quantum node with a single qubit is useful for some protocol, nodes with
several interacting qubits enable a wider range of applications, including quantum repeaters'. In this

section, we introduce additional qubits based on 3¢ naturally occurring in diamond [sec. 5.7].

5.90 COUPLING BETWEEN THE SIV AND SEVERAL 3C

For all of the emitters investigated in section 5.6, we observe collapses in the echo signal corresponding
to entanglement with nearby nuclear spins [Fig. 5.9(a)]. As the diamond used in this work has 1%

13C [Sec. 5.7], we typically observe several such nuclei, with all of their resonances overlapping due to
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Figure 5.9: (a) XY8-2 spin echo sequence reveals coupling to nuclear spins. (Left panel) Collapses <Sm> = 0 at short
times indicate coupling to many nuclei. (Right panel) Collapses (Sm> 75 0 at long times indicate conditional gates on a
single nuclear spin. (b) Trajectory of 13¢ on the Bloch sphere during a maximally entangling gate. Orange (purple) lines
correspond to the SiV initially prepared in state | 1) (| 1)); transitions from solid to dashed lines represent flips of the
SiV electronic spin during the gate. (c) Maximally entangling gates of the form Rf; i, are used to initialize and readout
the two-qubit register. (d) Tuning up an initialization gate. Inter-pulse spacing 7 for Init and Read gates are swept to
maximize polarization. Solid line is the modeled pulse sequence using the hyperfine parameters extracted from (a). (e)
Nuclear Ramsey measurement. Driving the 3¢ using composite gates on the SiV reveals TQ* =2.2ms. (Inset) Orange
points are coherent oscillations of the Ramsey signal due to hyperfine coupling to the SiV. (f) Electron-nuclear correla-
tions measured in the ZZ-basis. Light (dark) bars are before (after) correcting for known errors associated with reading
out the SiV and 13C. (g) Electron-nuclear correlations measured in the XX-basis. We estimate a Bell state preparation
fidelity of F' > 0.59(4) and a concurrence C > 0.22(9).
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their second-order sensitivity to hyperfine coupling parameters**. Consequently, during a spin echo
sequence the SiV entangles with many nuclei, quickly losing coherence and resulting in a collapse to
(S:) = 0 [Fig. s.9(a), left side]. If single 13C can be addressed however, this entanglement results
in coherent population transfer and echo collapses which can, in some cases, completely flip the SiV
spin state ((S;) = £1). This entanglement forms the basis for quantum gates [Fig. 5.9(a), right side].
These gates can be tuned by changing the alignment of Bey; with respect to the hyperfine coupling
tensor, or by using different timings. Unfortunately, as a result of the complicated nuclear bath for
this device, a majority of field orientations and amplitudes only show collapses to (S,) = 0. The
highest fidelity nuclear gates demonstrated here are based on echo resonances with the largest contrast
which, crucially, were not commensurate with an aligned field. Thus, in this device, single 13C could

only be isolated at the cost of lower SSR fidelity [Sec. 5.5].

5.9.2 INITIALIZING THE NUCLEAR SPIN

Once a single nuclear spin is identified, resonances in spin-echo form the building block for quantum
gates. For example, a complete flip of the SiV is the result of the nuclear spin rotating by 7 condition-
ally around the axes +£X (R;T:z,SinC)’ depending on the state of the SiV. We can vary the rotation
angle of this pulse by choosing different spacings 7 between pulses [Fig. 5.9(a)], or by using different
numbers of 7-pulses. We find a maximally entangling gate (Rgg é,ZSiV—C> by applying N = 8 m-pulses
separated by 27 = 2 X 2.859 ps. This can be visualized on the Bloch sphere in figure 5.9(b), where
the state of the SiV (orange or purple) induces different rotations of the '3C.
®

A similarly constructed entangling gate (R~ ., discussed in a later section is used to coherently
iy
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map population from the SiV onto the nuclear spin or map population from the nuclear spin onto the
SiV [Fig. s.9(c)]. The fidelity of these gates is estimated by polarizing the SiV, mapping the population
onto the '3C, and waiting for T' >> T’ (allowing coherence to decay) before mapping the population
back and reading out [Fig. 5.9(d)]. We find that we can recover 80% of the population in this way,
giving us an estimated initialization and readout fidelity of ' = 0.9.

Based on the contrast of resonances in spin-echo (also 0.9), this is likely limited by entanglement
with other nearby 13C for this emitter, as well as slightly sub-optimal choices for 7 and V. Coupling to
other 13C results in population leaking out of our two-qubit register, and can be improved by increas-
ing sensitivity to single 13C, or by looking for a different emitter with a different '3C distribution.
The misaligned external field further results in slight misalignment of the nuclear rotation axis and
angle of rotation, and can be improved by employing adapted control sequences to correct for these

errors"™,

5.9.3 MICROWAVE CONTROL OF NUCLEAR SPINS

As demonstrated above, control of the 13C via composite pulse sequences on the SiV is also possible.
A maximally entangling gate has already been demonstrated and used to initialize the '3C, so in order
to build a universal set of gates, all we require are unconditional single-qubit rotations. This is done
following reference™®, where unconditional nuclear rotations occur in spin-echo sequences when the
inter-pulse spacing 7 is halfway between two collapses. For the following gates, we use an uncondi-
tional 7 /2-pulse composed of 8 m-pulses separated by 7 = 0.731 ps.

We use this gate to probe the coherence time T% of the 13C. After mapping population onto the nu-
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clear spin, the SiV is re-initialized, and then used to perform unconditional 7 /2-rotations on the 1B¢C
[Fig.s.9(d)]. Oscillations in the signal demonstrate Larmor precession of the nucleus ata frequency de-
termined by a combination of the external field as well as l3C-speciﬁc hyperfine interactions **, which
are seen as the orange data points in figure 5.9(d). The green envelope is calculated by fitting the oscil-
lations and extracting their amplitude. The decay of this envelope Ty =2.2 ms shows that the 13C
has an exceptional quantum memory, even in the absence of any dynamical decoupling.

We characterize the fidelity of our conditional and unconditional nuclear gates by generating and
reading out Bell states between the SiV and 13C. First, we initialize the 2-qubit register into one of
the 4 eigenstates: {| TeTn), | Tedn)s | deTn)s | ded )}, then perform a 7/2-pulse on the electron
to prepare a superposition state. Afterward, a CNOT gate, comprised of an unconditional /2 pulse
followed by a maximally entangling gate, prepares one of the Bell states |V 1), |®+) depending on the
initial state [Fig. 5.9 (e,f)]. We report an error corrected fidelity of F' > 0.59(4) and C > 0.22(9),

primarily limited by our inability to initialize the 13¢c22,

5-9.4 RADIO-FREQLJENCY DRIVING OF NUCLEAR SPINS

The previous section demonstrated a CNOT gate between SiV and 13C using composite MW pulses.
This approach has several drawbacks. First, the gate fidelity is limited by our ability to finely tune
the rotation angle of the maximally entangled gate which can not be done in a continuous fashion
[see Fig.9(a)]. Second, this gate requires a specific number of MW pulses and delays between them,
making the gate duration (~50 us in this work) comparable to the SiV coherence time. Finally, this

scheme relies on a second order splitting of individual 13C resonances to resolve individual ones; resid-
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Figure 5.10: (a) RF Rabi oscillations. Applying an RF tone directly drives nuclear rotations of a coupled 3¢ (b) SiV co-
herence in the presence of an RF drive. As the strength of the RF drive is increased, local heating from the CPW reduces
the Siv T5.

ual coupling to additional *3C limits the fidelity for a pulse sequence of given total length.

Direct RF control™ would be a simple way to make a fast and high-fidelity CNOT gate since it
would require a single RF 7-pulse on a nuclear spin transition*°. Furthermore, since the nuclear spin
transition frequencies depend on the hyperfine coupling to leading order, these pulses could have
higher 3¢ selectivity and potentially shorter gate duration.

We use the RF port inside the DR [Sec. 5.6] to apply RF pulses resonant with nuclear spin transi-
tions. Figure 5.9(a) shows RF Rabi oscillations of the nuclear spin. Since the 13¢C gyromagnetic ratio
is about 3 orders of magnitude smaller compared to the SiV spin, RF driving is much less efficient
than MW one and requires much more power. To investigate local heating of the SiV [Sec. 5.6] we
measured the SiV spin coherence contrast in spin-echo sequence right after applying off-resonant RF
pulse of 100 us at different power (calibrated via RF rabi oscillations) [Figure 5.9(b)]. Unfortunately,
Even modest Rabi frequencies (Qrr ~1kHz) result in 20% loss in SiV coherence. Replacing the

gold CWG used in this work by superconducting ones may solve heating issue and make RF driving
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practically useful.

5. 10 NANOPHOTONIC CAVITY DESIGN

We simulate and optimize our nanophotonic structures to maximize atom-photon interactions while
maintaining high waveguide coupling, which ensures good collection efficiency for the devices. In
particular, this requires optimizing the device quality-factor to mode volume ratio, the relative rates
of scattering into waveguide modes, and the size and shape of the optical mode. Each of these quan-
tities are considered in a three-step simulation process (FDTD, Lumerical). We first perform a coarse
parameter sweep over all possible unit cells which define the photonic crystal gemometry and identify
families of bandgap-generating structures. These structures are the starting point for a gradient ascent
optimization procedure, which results in generating high quality-factor, low mode volume resonators.
Finally, the generated designs are modified to ensure efficient resonator-waveguide coupling.
Optimization begins by exploring the full parameter space of TE-like bandgap generating struc-
tures within our waveguide geometry. For hole-based cavities [Fig. s.11(a)], this sweep covers a s-
dimensional parameter space: The lattice constant of the unit cell (@), the hole size and aspect ratio
(H; and Hy), the device etch angle (#) and the waveguide width (w). Due to the size of this param-
eter space, we start by performing a low-resolution sweep over all parameters, with each potential
design simulated by a single unit cell with the following boundary conditions: 4 perfectly matched
layer (PML) boundary conditions in the transverse directions and 2 Bloch boundary conditions in the

waveguide directions. The band structure of candidate geometries are determined by sweeping the
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Mirror Segment

Figure 5.11: (a) Unit cell of a photonic crystal cavity (bounded by black lines). H, and Hy define the size and aspect
ratio of the hole, @ determines the lattice constant, and w sets the waveguide width. (b) Electric field intensity profile of
the TE mode inside the cavity, indicating strong confinement of the optical mode inside the waveguide. (c) Schematic of
photonic crystal design. Blue shaded region is the bandgap generating structure, red shaded region represents the cavity
structure. (d) Plot of a, H ., and Hy for the cavity shown in (c), showing cubic taper which defines the cavity region. All
sizes are shown in fractions of G, ominal, the unperturbed lattice constant.
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effective k-vector of the Bloch boundary condition and identifying allowed modes. Using this tech-
nique, families of similar structures with large bandgaps near the SiV transition frequency are chosen
for further simulation. Each candidate photonic crystal is also inspected for the position of its optical
mode maximum, ensuring that it has first-order modes concentrated in the center of the diamond,
where SiVs will be incorporated [Fig. s.11(b)].

The second step is to simulate the full photonic crystal cavity design, focused in the regions of
parameter space identified in step one. This is done by selecting a fixed 0, as well as a total number of
unit cells that define the structure, then modifying the bandgap of the photonic crystal with a defect
region to form a cavity mode. We define this defect using a cubic tapering of one (or several) possible
parameters:

A($) =1- drnax‘2x3 - 3x2 + 1‘ (5~7)

where A is the relative scale of the target parameter(s) at a distance x from the cavity center, and dmax
is the defect depth parameter. Photonic Crystal cavities with multi-parameter defects are difficult to
reliably fabricate, therefore, devices used in this work have cavity defect geometries defined only by
variations in the lattice constant. The cavity generated by this defect is scored by simulating the optical

spectrum and mode profile and computing the scoring function F’:

F= min(Q, chtoﬁ)/(@cutoﬂ X Vmode) <5‘8)

Where @ is the cavity quality-factor, Qcutoff = 5 X 109 is an estimated maximum realizable () based
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on fabrication constraints, and Vi,0de is the cavity mode volume. Based on this criteria, we employ a
gradient ascent process over all cavity design parameters (except 6 and the total number of unit cells)
until F'is maximized, or a maximum number of iterations has occurred. Due to the complexity and
size of the parameter space, a single iteration of this gradient ascent is unlikely to find the optimal
structure. Instead, several candidates from each family of designs found in step one are explored, with
the best moving on to the final step of the simulation process. These surviving candidates are again
checked to ensure confinement of the optical mode in the center of the cavity structure and to ensure
that the structures fall within the tolerances of the fabrication process.

The final step in the simulation process is to modify the optimized designs to maximize resonator-
waveguide coupling. This is done by removing unit cells from the input port of the device, which
decreases the overall quality-factor of the devices in exchange for better waveguide damping of the op-
tical field. Devices are once again simulated and analyzed for the fraction of light leaving the resonator
through the waveguide compared to the fraction scattering into free-space. The number of unit cells
on the input port is then optimized for this ratio, with simulations indicating that more than 95% of
light is collected into the waveguide. In practice, fabrication defects increase the free-space scattering
rate, placing resonators close to the critically-coupled regime. Finally, the waveguide coupling fraction
is increased by appending a quadratic taper to both ends of the devices such that the optical mode is
transferred adiabatically from the photonic crystal region into the diamond waveguide. This process

produces the final cavity structure used for fabrication [Fig. s.11(c)].
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S.II STRAIN-INDUCED FREQUENCY FLUCTUATIONS

Here we calculate changes the SiV spin-qubit frequency and optical transition frequency arising from

strain fluctuations. We start with the Hamiltonian for SiV in an external magnetic field B, aligned

along trhe SiV symmetry axis*®7®:

0 0 ¢ O a—0 0 v 0
0 0 0 —i¢ 0 a—p0 0 v
H =\ + +
- 0 0 0 ~y 0 8 0
0 i 0 0 0 v 0 B
spintgrbit st;;in
0 0 ¢ O 1 0 0 O
0 0 0 ¢ 0 -1 0 O
vsB
qvLB: + 2Z , (5.9)

- 0 0 0 0 0 1 0O
0 —¢ 0 0 0 0 0 -1
orbital Zeeman spin Zeeman

where A is a spin-orbit coupling constant, 7y, = p1p and s = 2 p are Landé g-factors of the orbital
and spin degrees of freedom (g the Bohr magneton), ¢ = 0.1 isa Ham reduction factor of the orbital

momentum “4»?°

, and a, 3,y are local strain parameters which can be different for the ground and
excited sates [Sec. 5.4]. As measuring the exact strain parameters is challenging [Sec. 5.4] we assume

only one non-zero component in this tensor (¢.,) in order to simplify our calculations. In this case,
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strain parameters are:

B = fg(e)ezma

a=v5=0,

(s.10)

(s.1)

where fy) = 1.7 % 109 (3.4 x 10%) GHz/strain”® for the ground (excited) state and the GS splitting

is:

Ags =24/ A] + B,

(5.12)

where Ay ~ 25 GHz is the SO-constant for the ground state. Next, we solve this Hamiltonian and

investigate how the qubit frequency changes as a function of relative strain fluctuations (§):

2(fg6zr) Mg B2qL
3/2
( fgezx ‘|‘ >\52])

Afuw = 3

The corresponding change in the optical frequency is:

(fgfzx)2 _ (feeza:)Q
\/(fgez:c)Q + AZ \/(feeza&)2 + )‘Z

Af optical — § ;

where A\, & 125 GHz is the SO-constant for the excited state.

(5-13)

(5-14)

For SiV 2 [Sec. 5.4] we measured Agg = 140 GHz and find €., = 3.8 x 107°. With & = 1%

strain fluctuations (corresponding to ~ 1077 strain), frequencies change by A fyw ~ 4 MHz and

A foptical & —300 MHz. This quantitatively agrees with the data presented in [Fig. 5.4(f)].
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Figure 5.12: (a) Spectral diffusion of SiV 2. We observe slow spectral wandering as well as spectral jumps. (b) Applying
a short green repumping pulse before every measurement significanly speeds up the timescale for spectral diffusion. (c)
Spectral diffusion of SiV 1 in nanostructures. Line is stable to below 100 M Hz over many minutes. Scale bar indicates
normalized SiV reflection signal.

S.I2 MITIGATING SPECTRAL DIFFUSION

In order to couple SiV centers to a quantum network, electronic transitions must be stabilized with
respect to a probe laser. We note that such spectral diffusion is a universal challenge for solid-state
quantum systems®>"#>'43_ In the case of the SiV center, spectral diffusion can be seen explicitly in
figure s.12(a), where the optical transition frequency can either drift slowly (central region), or undergo
large spectral jumps. As this diffusion can be larger than the SiV linewidth, any given instance of an
experiment could have the probe laser completely detuned from the atomic transition, resulting in a
failed experiment.

There are several possible solutions to mitigate this spectral diffusion. First, exploiting a high-
cooperativity interface, one can Purcell-broaden the optical linewidth [sec. 5.5] to exceed the spectral

diffusion™. Second, a high collection efficiency can be used to read out the optical position faster than
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the spectral diffusion. The frequency can then be probabilistically stabilized by applying a short laser
pulse at 520 nm which dramatically speeds up the timescale of spectral diffusion,**7° [Fig. s.12(b)].
Alternatively this signal could be used to actively stabilize the line using strain-tuning*>*>. From the
observations in figure s5.4(f), this technique should mitigate spectral diffusion of both the optical and
spin transitions. Strain tuning also offers the capability to control the DC strain value, which has im-
portant effects on qubit properties as discussed previously, and enables tuning multiple SiV centers
to a common network operation frequency. As such, this tunability will likely be an important part
of future quantum networking technologies based on SiV centers.

The severity of spectral diffusion is different for different emitters however, and this control is not
always necessary, especially for proof-of-principle experiments with a small number of emitters. For
SiV 1, the main SiV used in the following sections, and the SiV used in ref*?, we find almost no spectral
diffusion, with optical transitions stable over many minutes [Fig. s.12(c)]. This is an ideal configura-

tion, as experiments can be performed without any need to verify the optical line position.

5.13 MODEL FOR SIV DECOHERENCE

The scaling of To(N) o< N?/3 is identical to that found for nitrogen-vacancy centers, where it is as-
sumed that 7% is limited by a fluctuating electron spin bath*”°°. Motivated by DEER measurements

with SiV 2, we follow the analysis of ref. 106 t5 estimate the noise bath observed by SiV 1.
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The measured coherence decay is modeled by:

(5 =B (- [awsrnes). (515

where S(w) is the noise power-spectrum of the bath, and Fi (¢, w) = 2 sin(wt/2)(1—sec(wt/2N))? Jw?

06 We fit succes-

is filter function for a dynamical-decoupling sequence with an even number of pulses
sive Ty echo curves to the functional form A+ Be~(t/ 73)P ,with A, B being free parameters associated
with photon count rates, and 8 = 3 providing the best fit to the data. This value of 3 implies a deco-
herence bath with a Lorentzian noise power-spectrum, S(w, b, 7) = b*7 /7 x 1/(1 + w?r?), where
b is a parameter corresponding to the strength of the noise bath, and 7 is a parameter corresponding
to the correlation time of the noise°¢,

Empirically, no one set of noise parameters faithfully reproduces the data for all measured echo
sequences. Adding a second source of dephasing S = S(w, by, 71) + S(w, ba, ), gives reason-
able agreement with the data using parameters by =5kHz, 71 =1us, bp =180kHz, 7o =1ms
[Fig. 5.7(d)]. The two drastically different set of noise parameters for each of the sources can help
illuminate the source of noise in our devices.

As explained in the previous section, one likely candidate for this decoherence is a bath of free
electrons arising from improper surface termination or local damage caused during nanofabrication,
which are known to have correlation times in the ~us range. The SiV studied in this analysis is ap-

proximately equidistant from three surfaces: the two nearest holes which define the nanophotonic

cavity, and the top surface of the nanobeam [sec: 5.2], all of which are approximately 50 nm away. We
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estimate a density of ogurf = 0.067 spins/ nm? using:

2,,2
g uppro 1 [ T
bl = Ssiv <Bsurf> == if 47T2d2 Ao ; (5-16)
i sur

where by is the measured strength of the noise bath, g is the electron gyromagnetic ratio, and d; are the

distances to the nearest surfaces. This observation is consistent with surface spin densities measured
using NVs™°.

The longer correlation time for the second noise term suggests a different bath, possibly arising
from free electron spins inside the bulk diamond. Vacancy clusters, which can persist under annealing
even at 1200 C, are known to posses g = 2 electron spins, and are one possible candidate for this noise
bath*. Integrating over d in eq. 5.16, we estimate the density of spins required to achieve the measured
ba. We estimate pryix ~ 0.53 spins per nm?, which corresponds to a doping of 3ppm. Interestingly,
this is nearly identical to the local concentration of silicon incorporated during implantation (most of
which is not successfully converted into negatively charged SiV), and could imply implantation-related
damage as a possible source of these impurities.

Another possible explanation for this slower bath could be coupling to nuclear spins in the envi-
ronment. The diamond used in this experiment has a natural abundance of 13C, a spin-1/2 isotope, in
concentrations of approximately 1.1%. Replacing tp — g in the term for (B) gives an estimated

nuclear spin density of pux,n = 0.6%), only a factor of two different than the expected nuclear spin

density.



5-14 CONCURRENCE AND FIDELITY CALCULATIONS

5.14.1 SPIN-PHOTON CONCURRENCE AND FIDELITY CALCULATIONS

From correlations in the Z- and X-bases, we estimate a lower bound for the entanglementin our system.

Following reference'**, we note that the density matrix of our system conditioned on the detection of

one photon can be described as:

pzz =1/2

Der

0

0

Pey  Celt O
(5.17)

T
Ceir P 0O

0 0 pu

where p;; are the probabilities of measuring a photon in state ¢, and the spin in state j. ¢} j4 repre-

sents entanglement between pet and p;). We set all other coherence terms to zero, as they represent

negligibly small errors in our system (for example, cet o) > 0 would imply that the SiV was not initial-

ized properly at the start of the measurement). We quantify the degree of entanglement in the system

by its concurrence C, which is O for seperable states, and 1 for a maximally entangled state™*:

N
€ = Max(0, A" = YA, (5.18)
=1

where ); are the eigenvalues of the matrix pz 7 - <0y - pz7 - 0';;) ,and o, is the standard Pauli matrix

acting on each qubit basis separately (0, = oy pn ® 0y ). While this can be solved exactly, the
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resulting equation is complicated. Taking only the first-order terms, this can be simplified to put a

lower bound on the concurrence:

C > 2(|cep ] — /PerPiy) (5-19)

We measure p direcly in the Z basis, and estimate |c, ;1| by performing measurements in the X basis.

A 7 /2-rotation on both the photon and spin qubits rotates:

le) = 1/vV2(le) +11)), 1) = 1/v2(le) — [1)
(9 = V2 D+ 1), 1) = 1/V2(4) (1)

Afer this transformation, the signal contrast directly measures ¢, j4:

2¢e) it = P + P4 —P—s — D1 = C > 0.42(6) (5.20)

Similarly, the fidelity of the entangled state (post-selected on the detection of a photon) can be

computed by the overlap with the target Bell state’*:

F=(U"pzz|0") = (per + piy + 2¢e44)/2 > 0.70(3) (5.21)
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S.14.2 CORRECTING FOR READOUT INFIDELITY

Errors arising from single-shot readout incorrectly assign the spin state, results in lower-contrast his-
tograms for spin-photon correlations. We follow the analysis done in ref.*#, and correct for readout
errors using a transfer matrix formalism. The measured spin-photon correlations p;;; are related to the

‘true’ populations P;; via:

Del Fi 1-— FT 0 0 Pel,
Pet l—-F B 0 0 Py

= (5.22)
Pir 0 0 1-— F¢ FT PZT

with /|,  F} defined above. After this correction, an identical analysis is performed to calculate
the error-corrected histograms [Fig. 5.8(b,c,d) dark-shading]. We find an error-corrected concurrence

C > 0.79(7) and fidelity F' > 0.89(3).

5.14.3 ELECTRON-NUCLEAR CONCURRENCE AND FIDELITY CALCULATIONS

For spin-spin Bell states, in contrast to the spin-photon analysis, we can no longer set any of the off-
diagonal terms of the density matrix [eq. 5.17] to zero due to the limited (~ 90%) nuclear initialization
fidelity. We note that neglecting these oft-diagonal terms can only decrease the estimated entanglement

in the system, thus the concurrence can still be written as:
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C > 2(|epr| — /Prepyy) (523)

where the first subscript is the electron spin state, and the second is the nuclear state. We estimate ¢
again by using the measured populations in an orthogonal basis. In this case, oft-diagonal terms add

a correction:

2cip 201 =Pt P — P — Do (5-24)

In order for the density matrix to be properly normalized, ¢y < | /p1Dyy, giving us the final

concurrence:

CEPec +Pss =Dy — Py — 4\/pTTpu (5.25)

Following this analysis, we report an error-corrected concurrence of C > 0.22(9).

5.14.4 ELECTRON-NUCLEAR CNOT GATE

We further characterize the CNOT gate itself as a universal quantum gate. Due to the relatively poor
readout fidelity (see above), we do not do this by performing quantum state tomography. Instead, we
estimate entries in the CNOT matrix using measurements in only the Z-basis. As a control measure-
ment, we first initialize the two qubits in all possible configurations and read out, averaged over many

trials. Next, we initialize the qubits, perform a CNOT gate, and read out, again averaged over many
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Figure 5.13: (a) Original initialization sequence from 1%, note 'RzzﬂéQ rotation. (b) Simplified initialization sequence used
in this work. (c) Simulated performance of the initialization gate from (b) using 8 m—pulses per each nuclear gate, the
initial stateis |TT> (blue) and |’N> (orange). The resonances are narrow compared to (d) due to applying effectively twice

more T —pulses (d) Simulated performance of Rié siv_c 8ate for 8 m—pulses for siv-13¢ register initialized in |TT>
(blue) and |{1) (orange)

trials, normalized by the control data. Any reduction in contrast after normalization is attributed to
the opposite spin state, establishing a system of equations for determining the CNOT matrix. We
solve this system of equations, marginalizing over free parameters to determine a MLE estimate for

the CNOT transfer matrix, as seen in reference >

S-I§ NUCLEAR INITIALIZATION AND READOUT

Initialization (and readout) of the *C spin can be done by mapping population between the SiV
spin and the B¢, Following reference™?, we note that Z and X gates are possible with dynamical-

decoupling based nuclear gates, thus a natural choice for initialization are gates comprised of both
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/2 /2 . . .
RZI g/c siv_c and Rgléiv_c, as shown in figure 5.13(a) and in reference®. We note here that it should

be possible to combine the effects of R, and R, rotations in a single gate, which has the potential
of shortening and simplifying the total initialzation gate. One proposed sequence uses the following

entangling gate:

(1+4i)/2  i/V2 0 0
i/vV2  (1—4)/V2 0 0
0 0 (1+14)/2 —i/V2

0 0 —i/vV2 (1 —14)/2

Rpi/z }%Pi/2 0
O=m/4 "%
= / / (5.26)
—pi/2  ppi/2
0 R@];TI'/4 Rg

which corresponds to a rotation on the angle ¢ = 27/3 around the axes ny | = {+1/2,0,1}//3.

The matrix of entire initialization gate [Fig. 5.13(b)] built from this gate would then be:

0 0 —(141)/2 —1/v2
i/V2 —(1+1)/2 0 0

Init = (5.27)

0 0 —(1—=4)/2 —i/V2

1/vV2 (1—14)/2 0 0

which results in an initialized '3C spin.

To demonstrate this, we numerically simulate a MW pulse sequence using the exact coupling pa-

156



rameters of our 13C*

and 8 m—pulses for each R% i, gate. Figure 5.13(c) shows that regardless of the
initial state, the 1C always ends up in state ||) (given that the SiV was initialized in |1)). As expected,
the timing of this gate (Tinic = 2.857 us) is noticeably different from the timing of the Rl/ﬁsw_c

gate (T /o = 2.851 us), which occurs at spin-echo resonances [Fig. 5.13(d)].

The rotation matrix for this sequence at 7 = Tipj; (with the SiV initialized in |1)) is:

0.55+0.51¢ 04 0.657
4 -
0.651 0.55 — 0.52¢
corresponding to a rotation angle ¢ = 0.63 around the axis ny = {0.78,0,0.62}, very close to the
theoretical result.

Since the experimental fidelities for both initialization gates [Fig. 5.13 (a,b)] are similar, we use se-

quence (b) to make the gate shorter and avoid unnecessary pulse-errors.

5.6 CONCLUSION

e SiV center in diamond has rapi ecome a leading candidate to serve as the building block of a
The SiV cent d d has rapidly b leading candidate t the building block of

uture quantum network. In this work, we describe the underlying technical procedures and optima
future quant twork. In th k, we describe the underlying technical proced d optimal
parameter regimes necessary for utilizing the SiV-nanocavity system as a quantum network node. In
particular, we discuss the effect of static and dynamic strain on the properties of the SiV spin qubit
and its optical interface, with direct application to quantum networking experiments. We demon-

strate techniques for coherently controlling and interfacing SiV spin qubits inside of nanophotonic
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structures at millikelvin temperatures to optical photons. Finally, we identify and coherently control
auxiliary nuclear spins, forming a nanophotonic two-qubit register.

The work presented here and in the complementary section above illustrates the path towards the
realization of a first-generation quantum repeater based on SiV centers inside diamond nanodevices.
We note that a key ingredient enabling future, large-scale experiments involving several solid-state SiV-

nanocavity nodes will be the incorporation of strain tuning onto each device™

. Precise tuning of both
the static and dynamic strain can overcome the limitations of inhomogeneous broadening and spectral

diffusion, and enable scalable fabrication of quantum repeater nodes [Sec. 5.4].
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Experimental Demonstration of Memory

Enhanced Quantum Communication

The last decade has seen a great deal of progress in the development of quantum networking tech-
nology, including the demonstration of many of the components of the so called quantum repeater

protocol. This protocol is the fundamental component of along distance quantum network, enabling
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the transmission of quantum information over networks that would otherwise be limited by photon
loss. In brief, this protocol consists of mapping information transmitted via photons between network
nodes onto a quantum memory, performing bell state measurements between two photons stored in
this manner to entangle adjacent network nodes, and then repeating the process to purify the fidelity
of the generated entangled state and extend the range of the network. By doing this, high fidelity en-
tangled states can be generated between any two nodes of the quantum network with sub exponential
scaling of the required resources.

Many systems have demonstrated the capacity to implement individual steps of this procedure.
High fidelity spin photon entanglement and photon storage in particular has been realized with a
large variety of systems, and entanglement between quantum memories located inside the same net-
work node has also been repeatedly demonstrated. A smaller number of systems have been used to
demonstrate entanglement purification, but among these some have managed to do so at a rate suffi-
ciently fast to overcome the decoherence of the system. As such, the field of quantum networking no
longer seeks to implement these individual components, but instead seeks combine them into a single
system and, moreover, do so in a manner that is technologically beneficial.

This last element is perhaps the most challenging to realize. While the quantum repeater protocol
in principle provides a route towards enhancement of quantum communication rates over long dis-
tances, doing so in practice is extremely challenging due to losses and infidelities introduced during
experimental implementation of the technology. In other words, while many systems have been able
to demonstrate components of the quantum repeater protocol, few have been able to do so with the

levels of fidelity and efficiency that utilizing the proposed quantum network nodes offers any true
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benefit for communicating parties.

The natural frame of reference for deciding whether or not the network node is beneficial to use is
through comparison to “direct transmission” quantum communication. In this case two communi-
cating parties attempt to communicate via photons sent by one communicating party and measured
by the other. This process has the advantage that it, in principle, has no baseline communication infi-
delity, but is limited by the fact that photons lost from the system can not be recovered. As such, this
method of communication experiences exponential fall of in communication rate as the distance (and
thus loss) between the two parties increases. If a system can demonstrate that two parties would, over
some distance, prefer to communicate by utilizing the quantum network node to attempting direct
transmission then the quantum network node is able to offer useful technological advantage. The
work presented here represents the first known demonstration of a system that offer such advantage
for two theoretical parties communicating over a long distance, representing a key step towards the

creation of a useful quantum network node.

6.1 INTRODUCTION

Efficient, long-lived quantum memory nodes are expected to play an essential role in extending the
range of quantum communication'®, as they enable asynchronous quantum logic operations, such as
Bell-state measurements (BSM), between optical photons. Such an asynchronous BSM is central to
many quantum communication protocols, including the realization of scalable quantum repeaters™

with multiple intermediate nodes. Its elementary operation can be understood by considering a spe-
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cific implementation of quantum cryptography™®™7 illustrated in Fig. 6.1a. Here two remote com-
municating parties, Alice and Bob, try to agree on a key that is secure against potential eavesdroppers.
They each send a randomly chosen photonic qubit {|£x) , |£y) } encoded in one of two conjugate
bases (X or Y) across a lossy channel to an untrusted central node (Charlie), who performs a BSM and
reports the result over an authenticated public channel. After a number of iterations, Alice and Bob
publicly reveal their choice of bases to obtain a correlated bit string (sifted key) from the cases when
they used a compatible basis. A potentially secure key can subsequently be distilled provided the BSM

error rate is low enough.

6.2 FUNDAMENTAL LIMIT OF DIRECT TRANSMISSION

While a photonic BSM can be implemented with linear optics and single photon detectors, in this
“direct-transmission” approach, the BSM is only successful when photons from Alice and Bob arrive
simultaneously. Thus, when Alice and Bob are separated by a lossy fiber with a total transmission
probability pa_,g < 1, Charlie measures photon coincidences with probability also limited by ps s,
leading to a fundamental bound™® on the maximum possible distilled key rate of Rmax = pa—sp/2
bits per channel use for an unbiased basis choice™?. While linear optical techniques to circumvent this

159, they offer only limited improvement and cannot be scaled

bound are now being actively explored
beyond a single intermediate node.

Alternatively, this bound can be surpassed using a quantum memory node at Charlie’s location. In

this approach, illustrated in Fig. 6.1b, the state of Alice’s photon is stored in the heralded memory
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Figure 6.1: Concept of memory-enhanced quantum communication. a, Quantum communication protocol. Alice
and Bob send qubits encoded in photons to a measurement device (Charlie) in between them. Charlie performs a BSM
and announces the result. After verifying which rounds Alice and Bob sent qubits in compatible bases, a sifted key is
generated. b, lllustration of memory-enhanced protocol. Photons arrive at Charlie from A and B at random times over a
lossy channel, and are unlikely to arrive simultaneously (indicated in purple), leading to alow BSM success rate for direct
transmission. Despite overhead time I’ associated with operating a quantum memory (red), a BSM can be performed
between photons that arrive at Charlie within memory coherence time 75, leading to higher success rates (green). BSM
successes and failures are denoted by dark and light shaded windows respectively for both approaches.
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while awaiting receipt of Bob’s photon over the lossy channel. Once the second photon arrives, a
BSM between Alice’s and Bob’s qubits yields a distilled key rate that for an ideal memory scales as™'

Ry o< \/pa—s, potentially leading to substantial improvement over direct transmission.

6.3 EFFICIENT NANOPHOTONIC QUANTUM NODE

In this work we realize and use a quantum node that enables BSM rates exceeding those of an ideal
system based on linear optics. We focus on the demonstration and characterization of the BSM node,
leaving the implementation of source-specific technical components of full-scale QKD systems, such

"2, basis biasing™?, a finite key error analysis"*, and a physical separation of Alice and

as decoy states
Bob for future work. Our realization is based on a single silicon-vacancy (SiV) color-center integrated
inside a diamond nanophotonic cavity7*#*** (Fig. 6.2a). Its key figure-of-merit, the cooperativity” C,
describes the ratio of the interaction rate with individual cavity photons compared to all dissipation
rates. A low mode volume (0.5(\/n)3), high quality factor (2 x 10%), and nanoscale positioning of
SiV centers enable an exceptional C' = 105 £ 11. Cavity photons at 737 nm are critically coupled to
a waveguide and adiabatically transferred into a single-mode optical fiber #° that is routed to supercon-
ducting nanowire single-photon detectors, yielding a full system detection efficiency of about 85%
(Methods). The device is placed inside a dilution refrigerator, resulting in electronic spin quantum
memory** time 75 > 0.2 ms at temperatures below 300 mK.

The operating principle of the SiV-cavity based spin-photon interface is illustrated in Fig. 6.2. Spin

dependent modulation of the cavity reflection at incident probe frequency fy (Fig. 6.2b) results in
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Figure 6.2: Realization of heralded spin-photon gate. a, Schematic of memory-assisted implementation of Charlie’s
measurement device. Weak pulses derived from a single laser simulate incoming photons from Alice and Bob (purple).
Reflected photons (red) are detected in a heralding setup (dashed box). b, Reflection spectrum of memory node, show-
ing spin-dependent device reflectivity. ¢, Histogram of detected photon numbers during a 30 us laser pulse, enabling
single-shot readout based on a threshold of 7 photons. (Inset) Electron spin quantum jumps under weak illumination.
d, Schematic of spin-photon quantum logic operation used to generate and verify spin-photon entangled state. e, Char-
acterization of resulting spin-photon correlations in the ZZ and XX bases. Dashed bars show ideal values. f, Measured
spin-photon entanglement fidelity as a function of <n>m the average incident photon number during each initialization
of the memory. All error bars represent 1 standard deviation.



the direct observation of electron spin quantum jumps (Fig. 6.2, inset), enabling nondestructive
single-shot readout of the spin state (Fig. 6.2¢) in 30 us with fidelity F' = O.9998t8:888§. Coherent
control of the SiV spin qubit (fg =~ 12 GHz) is accomplished using microwave fields delivered via
an on-chip gold coplanar waveguide®*. We utilize both optical readout and microwave control to
perform projective feedback-based initialization of the SiV spin into the ||) state with a fidelity of
F = 0.998+0.001. Spin-dependent cavity reflection also enables quantum logic operations between
an incoming photonic time-bin qubit, defined by a phase-coherent pair of attenuated laser pulses, and

the spin memory**"*

. We characterize this by using the protocol illustrated in Fig. 6.2d to generate the
spin-photon entangled state (|e 1) + |1 |.))/+/2 conditioned on successful reflection of an incoming
single photon with overall heralding efficiency n = 0.423 £ 0.004 (Methods). Here, |e) and |I)
denote the presence of a photon in an early or late time-bin separated by d¢t = 142 ns respectively.
We characterize the entangled state by performing measurements in the joint spin-photon ZZ and XX
bases (Fig. 6.2¢), implementing local operations on the reflected photonic qubit with a time-delay
interferometer (Fig. 6.2a, dashed box). By lowering the average number of photons (n|n),  incident
on the device during the SiV memory time, we reduce the possibility that an additional photon reaches
the cavity without being subsequently detected, enabling high spin-photon gate fidelities for small
(n|n),, (Fig. 6.2f). For (n), = 0.002 we measure a lower bound on the fidelity** of the spin-

photon entangled state of ' > 0.944 =+ 0.008, primarily limited by residual reflections from the ||)

state.
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Figure 6.3: Asynchronous Bell-state measurements using quantum memory. a, Example sequence with N =6
photonic qubits sent in a single memory time. Microwave 7 pulses (green) are interleaved with incoming optical pulses.
Photons have fixed amplitude (red) and qubits are defined by the relative phases between subsequent pulses (blue). b,
Bloch sphere representation of input photonic time-bin qubits used for characterization. c, Characterization of asyn-
chronous BSM. Conditional probabilities for Alice and Bob to have sent input states (i, ]) given a particular parity out-
come for input states in the X (top) and Y (bottom) bases. d, Bell test using the CHSH inequality. Conditioned on the
BSM outcome, the average correlation between input photons is plotted for each pair of bases used (Appendix A). Shaded
backgrounds denote the expected parity. All error bars represent 1 standard deviation.

6.4 ASYNCHRONOUS BELL-STATE MEASUREMENTS

This spin-photon logic gate can be directly used to herald the storage of an incoming photonic qubit by
interferometrically measuring the reflected photon in the X basis**. To implement a memory-assisted
BSM, we extend this protocol to accommodate a total of /N photonic qubit time-bins within a single
initialization of the memory (Fig. 6.3a). Each individual time-bin qubit is encoded in the relative am-
plitudes and phases of a pair of neighboring pulses separated by dt. Detection of a reflected photon

heralds the arrival of the photonic qubit formed by the two interfering pulses without revealing its
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state**. Two such heralding events, combined with subsequent spin-state readout in the X basis, con-
stitute a successful BSM on the incident photons. This can be understood without loss of generality
by restricting input photonic states to be encoded in the relative phase ¢ between neighboring pulses
with equal amplitude: (|e) + €? |1))/+/2 (Fig. 6.3b). Detection of the first reflected photon in the X
basis teleports its quantum state onto the spin, resulting in the state (|1) + m1e™®t []))/v/2, where
m1 = =1 depending on which detector registers the photon®. Detection of a second photon at a
later time within the electron spin T} results in the spin state (|1) + mymae’@1+92) | 1)) /\/2. The
phase of this spin state depends only on the sum of the incoming phases and the product of their de-
tection outcomes, but not the individual phases themselves. As a result, if the photons were sent with
phases that meet the condition ¢ + ¢2 € {0, 7}, a final measurement of the spin in the X basis
(mg = =£1) completes an asynchronous BSM, distinguishing two of the four Bell-states based on the
total parity mymams = £1 (Appendix A).

This approach can be directly applied to generate a correlated bit-string within the protocol illus-
trated in Fig. 6.1a. We analyze the system performance by characterizing the overall quantum-bit error
rate (QBER)"9"4¢ for N = 124 photonic qubits per memory initialization. We use several random
bit strings of incoming photons from {|+x) , |£y) } and observe strong correlations between the re-
sulting BSM outcome and the initial combination of input qubits for both bases (Fig. 6.3c). Using
this method, we estimate the average QBER to be £ = 0.116 4= 0.002 for all combinations of ran-
dom bit strings measured, significantly below the limit of E; = 0.146, which could provide security
against individual attacks™*? (note that the measured error rate is also well below the minimum aver-

age @/ER”G’ of Ej, = 0.125 achievable using a linear optics BSM with weak coherent pulse inputs,
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see Appendix A). In our experiment, the QBER is affected by technical imperfections in the prepara-
tion of random strings of photonic qubits. We find specific periodic patterns of photonic qubits to
be less prone to these effects, resulting in a QBER as low as £ = 0.097 +£ 0.006, which falls within
the threshold corresponding to unconditional security™ of £, = 0.110 with a confidence level of
0.986 (Appendix A). We further verify security by testing the Bell CHSH inequality® using input
states from four different bases, each separated by an angle of 45° (Appendix A). We find that the
correlations between input photons (Fig. 6.3d) violate the Bell- CHSH inequality S+ < 2, observing
St =2.2140.04and S_ = 2.19 & 0.04 for positive and negative BSM parity results respectively.
This result demonstrates that this device can be used for quantum communication that is secured by

Bell’s theorem.

6.5 BENCHMARKING QUANTUM MEMORY ADVANTAGE

In order to benchmark the performance of memory-assisted quantum communication, we model an
effective channel loss by reducing the mean photon number (n|n) p incident on the device per pho-
tonic qubit. Assuming that Alice and Bob emit roughly one photon per qubit, this yields an effective
channel transmission probability po—,p = <n|n>l2), resulting in the maximal distilled key rate Rpmax
per channel use for the direct transmission approach™®, given by the red line in Fig. 6.4. We empha-
size that this is a theoretical upper bound for a linear optics based BSM, assuming ideal single-photon
sources and detectors and balanced basis choices. The measured sifted key rates of the memory-based

device are plotted as open circles in Fig. 6.4. Due to the high overall heralding efficiency and the large
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Figure 6.4: Performance of memory—assisted quantum communication. Log-log plot of key rate in bits per channel
use versus effective channel transmission (py 3 = <n|n>i where <n|n>p is the average number of photons incident
on the measurement device per photonic qubit). Red line: theoretical maximum for loss-equivalent direct transmission
experiment. Green open circles: experimentally measured sifted key rate (green line is the expected rate). To ensure
optimal operation of the memory, (n|n), = <n|n>p N = 0.02 is kept constant (Methods). From left to right, points
correspondto N = {60, 124,248,504 }. Black filled circles: distilled key rates Rs using memory device. Vertical
error bars are given by the 68% confidence interval and horizontal error bars represent the standard deviation of the
systematic power fluctuations.
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number of photonic qubits per memory time (up to N = 504), the memory-assisted sifted key rate
exceeds the capability of a linear-optics based BSM device by a factor of 78.4 4 0.7 at an effective
channel loss of about 88 dB.

In practice, errors introduced by the quantum memory node could leak information to the envi-
ronment, reducing the quality and potential security of the sifted key'®. A shorter secure key can be
recovered from a sifted key with finite QBER using classical error correction and privacy amplifica-
tion techniques. The fraction of distilled bits 75 that can be secure against individual attacks rapidly
diminishes'#? as the QBER approaches E; = 0.147. For each value of the effective channel loss, we
estimate the QBER and use it to compute 7, enabling extraction of distilled key rates Rs, plotted
in black in Fig. 6.4. Even after error-correction, we find that the memory-assisted distilled key rate
outperforms the ideal limit for the corresponding direct-transmission implementation by a factor of
up to Rs/Rmax = 4.1 £ 0.5 (£0.1 systematic uncertainty, for N = 124). We further find that this
rate also exceeds the fundamental bound on repeaterless communication™® Rg < 1.44ps_,p with
a statistical confidence level of 99.2% (i‘gg;‘j systematic uncertainty, see Methods). Despite experi-
mental overhead time associated with operating the device (T in Fig. 6.1b), the performance of the
memory-assisted BSM node (for N = 248) is competitive with an ideal unassisted system running at

a4 MHz average clock rate (Methods).
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6.6 OUTLOOK

These experiments demonstrate a form of quantum advantage allowed by memory-based commu-
nication nodes and represent a crucial step towards realizing functional quantum repeaters. Several
important technical improvements will be necessary to apply this advance for practical long-distance
quantum communication. First, this protocol must be implemented using truly independent, distant
communicating parties. Additionally, frequency conversion from telecommunications wavelengths
to 737 nm, as well aslow-loss optical elements used for routing photons to and from the memory node,
will need to be incorporated. Finally, rapid generation of provably secure keys will require implemen-
tation of decoy-state protocols™?, biased bases™?, and finite-key error analyses**, all compatible with
the present approach. With these improvements, our approach is well-suited for deployment in real-
world settings. It does not require phase stabilization of long-distance links and operates efficiently in
the relevant regime of p4—, p = 70 dB, corresponding to about 350 km of telecommunications fiber.
Additionally, a single device can be used at the center of a star network topology ™, enabling quantum
communication between several parties beyond the metropolitan scale.

Furthermore, the present approach can be extended along several directions. The use of long-lived
13C nuclear spin qubits could eliminate the need to operate at low total (n|n), and would provide
longer storage times, potentially enabling hundred-fold enhancement of BSM success rates*>**. Re-
cently implemented strain-tuning capabilities** should allow for operation of many quantum nodes

150

at a common network frequency. Unlike linear-optics based alternatives*°, the approach presented

here can be extended to implement the full repeater protocol, enabling a polynomial scaling of the com-
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munication rate with distance™. Finally, the demonstrated multi-photon gate operations can also be
adapted to engineer large cluster-states of entangled photons™®, which can be utilized for rapid quan-
tum communication®”. Implementation of these techniques could enable the realization and appli-
cations of scalable quantum networks?’ beyond QKD, ranging from non-local quantum metrology 158

to modular quantum computing architectures 89,
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Conclusion

The previous sections have documented the impressive progress of the SiV-photonics platform over
the last 5 years, culminating in the benchmark demonstration of memory enhanced quantum commu-
nication. This demonstration represents the realization of a decades old goal of the quantum optics
community and establishes the SiV as a leading platform for quantum networking. The obvious ques-

tion is what steps this platform needs to take before it can be commercially deployed. Fortunately our
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work over the last decade has positioned us well to answer this question.

Scientifically, the core remaining requirements for the SiV platform is implementation of the full
quantum repeater protocol. This requires the ability to utilize ancillary quantum memories for en-
tanglement purification, as well as the deployment of a scheme for entangling two spatially separated
SiV centers. Work towards both of these goals is well underway, as unpublished results suggest that
efficient interfaces between the SiV and the 22,57 nucleus can be easily realized and that application of
frequency shifts from an EOM can be used to entangle two SiVs with slightly different optical frequen-
cies. Upon finalization these results will in principle enable the full implementation of the quantum
repeater protocol. Practically, this implementation is facilitated by the construction of a second di-
lution fridge setup in a laboratory neighboring the one utilized for the previous experimental results
and the continued improvement of nanofabrication techniques. As such the implementation of this
protocol should be on the horizon.

From an engineering standpoint the picture is slightly more complicated. Current techniques have
been optimized to enable the use of only a single device inside each dilution fridge. Furthermore, fabri-
cation and signal routing techniques are also optimized for these small systems. While the fabrication
has long ago left the “hero device” regime in which many quantum systems operate, it is also not suf-
ficiently deterministic to enable large scale creation of many nominally identical cavity devices. This
problem is exacerbated by the fact that the fiber coupling technique used to extract photons, as well
as the microwave photon delivery techniques currently in use, can not scale easily to larger systems.
As such permanent optical and electronic packaging techniques will need to be borrowed from the

classical photonics industry, or even developed independently. Finally, demonstrating gain from the
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use of a quantum repeater protocol is dramatically simplified when an efficient, on demand entangled
photon source is available at the appropriate wavelength for the SiV, something which is currently not
commercially produced.

Solutions are already being explored for each of these problems, but will require substantial en-
gineering efforts that are not well suited to academic environments. As such, investment into these
technologies will require not only substantial funding, but also potentially a deviation from the largely
academic priorities that have so far driven the field.

Reducing the costs of deploying this technology represents yet another important area for future
research. Currently, devices are fabricated on large, purified diamond substrates that are difficult and
expensive to produce. Experiments need to be conducted below 300 mK, and thus require the acqui-
sition of dilution fridge units that are currently extremely costly. And, of course, nanofabrication of
the diamond devices relies on the use of electron beam lithography tools with resolutions that can
not be reached using conventional photolithography techniques. Resolving each of these problems
will require a great deal of creativity and a scale of funding that is currently not available to academic
researchers.

From this perspective, the short term introduction of industrial research and development efforts
to the problem of quantum networking would be immensely beneficial for the field as a whole. Many
of the problems discussed in the previous section are not unique to the SiV. As such, resolution of
these problems for any one platform would improve the probability of success for all other quantum

networking platforms.



Supporting Information for Chapter 6

The following section contains supporting information describing the experiments discussed in chap-

ter 5 of the main text, hereafter refereed to as the "main text” for this section of the document.
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A1 CHARACTERIZATION OF THE NANOPHOTONIC QUANTUM MEMORY.

A spectrum of the SiV-cavity system at large detuning (248 GHz) allows us to measure the cavity
linewidth x = 21.6 £ 1.3 GHz, (Fig. A.2a, blue curve) and natural SiV linewidth v = 0.123 &
0.010 GHz (Fig. A.2a, red curve). We find spectral diffusion of the SiV optical frequency to be much
smaller than vy on minute timescales with an excitation photon flux of less than 1 MHz. Next, we es-
timate the single-photon Rabi frequency, g, using the cavity reflection spectrum for zero atom-cavity
detuning, shown in red in Fig. A.2a. For a resonant atom-cavity system probed in reflection from
a single port with cavity-waveguide coupling Ky,4, the cavity reflection coefficient™ as a function of
probe detuning A is given by

2

iAc + lAgﬁ - /{wg + %
_ cT2
r(Ag) = — (A1)
¢l A+ 2

By fitting |r(A.)|? using known values of x and -, we obtain the solid red curve in Fig. A.2a which
corresponds to a single-photon Rabi frequency g = 8.38 £ 0.05 GHz, yielding the estimated coop-

erativity C' = 2 = 105 + 11,

A2 MICROWAVE CONTROL

We use resonant MW pulses delivered via an on-chip coplanar waveguide (CWG) to coherently control
the quantum memory*>?. First, we measure the spectrum of the spin-qubit transition by applying

a weak, 10 us-long microwave pulse of variable frequency, observing the optically-detected magnetic
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Figure A.1: Experimental schematic. a, Control flow of experiment. Opt (MW) AWG is a Tektronix AWG7122B 5 GS /s
(Tektronix AWG70001a 50 GS/S) arbitrary waveform generator used to generate photonic qubits (microwave control
signals). All signals are recorded on a time-tagger (TT, PicoQuant HydraHarp 400). b, Fiber network used to deliver
photons to and collect photons from the memory device, including elements for polarization control and diagnostic mea-
surements of coupling efficiencies. ¢, Preparation of optical fields. The desired phase relation between lock and qubit
paths is ensured by modulating AOMs using phase-locked RF sources with a precise 1.8 M Hz frequency shift between

them.
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Figure A.2: Characterization of device cooperativity. a, Cavity reflection spectrum far-detuned (blue) and on reso-
nance (red) with SiV center. Blue solid line is a fit to a Lorentzian, enabling extraction of linewidth x = 21.8 GHz. Red
solid line is a fit to a model used to determine the single-photon Rabi frequency g = 8.38 &+ 0.05 GHz and shows the
onset of anormal mode splitting. b, Measurement of SiV linewidth far detuned (A . = 248 GHz) from cavity resonance.
Red solid line is a fit to a Lorentzian, enabling extraction of natural linewidth vy = 0.123 GHz.
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Figure A.3: Microwave characterization of spin-coherence properties. a, ODMR spectrum of the qubit transition at
~ 12 GHz split by coupling to a nearby 13¢. b, Rabi oscillations showing 7 time of 30 ns. A 7 time of 32 ns is used for
experiments in the main text. ¢, XY8-1 dynamical decoupling signal (unnormalized) as a function of total time I, showing
coherence lasting on the several hundred us timescale. d, XY8-8 dynamical decoupling signal (normalized) revealing
region of high fidelity at relevant value of 27 = 142 ns. e, Fidelity of spin state after dynamical decoupling sequence
with varying number of 7 pulses (/V;), blue points. Red point (diamond) is under illumination with <n|n>m =0.02.

resonance (ODMR) spectrum presented in Fig. A.3a. We note that the spin-qubit transition is split by
the presence of a nearby 13C. While coherent control techniques can be employed to utilize the 13C as
an additional qubit***, we do not control or initialize it in this experiment. Instead, we drive the elec-
tron spin with strong microwave pulses at a frequency fg such that both '3 C-state-specific transitions
are addressed equally. This also mitigates slow spectral diffusion of the microwave transition of ~
100 kHz.

After fixing the MW frequency at fg we vary the length of this drive pulse (7x in Fig. A.3b) and
observe full-contrast Rabi oscillations. We choose a 7 time of 32 ns in the experiments in the main text,
which is a compromise of two factors: (1) it is sufficiently fast such that we can temporally multiplex
between 2 and 4 time-bin qubits around each microwave 7 pulse and (2) it is sufficiently weak to
minimize heating related effects from high microwave currents in resistive gold CWG.

With known 7 time we measure the coherence time of the SiV spin qubit under an XY8-1 dynam-
ical decoupling sequence to exceed 200 us (Fig. A.3c). In the main experiment we use decoupling

sequences with more 7 pulses. As an example, Fig. A.3d shows the population in the |1) state after
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XY8-8 decoupling sequence (total N = 64 7 pulses) as a function of 7, half of the inter-pulse spac-
ing. For BSM experiments, this inter-pulse spacing, 27, is fixed and is matched to the time-bin interval
0t. While at some times (e.g. 7 = 64.5 ns) there is a loss of coherence due to entanglement with the
nearby 13C, at 27 = 142 ns we are decoupled from this 13C and can maintain a high degree of spin
coherence. Thus we chose the time-bin spacing to be 142ns. The spin coherence at 27 = 142 ns
is plotted as a function Ny in Fig. A.3d, and decreases for large Ny, primarily due to heating related

effects?.

A.3 FIBER NETWORK.

The schematic of the fiber-network used to deliver optical pulses to and collect reflected photons from
the nanophotonic memory device is shown in Fig. A.1b. Photons are routed through the lossy (1%)
port of a 99:1 fiber beamsplitter (FBS) to the nanophotonic device. We note that for practical im-
plementation of memory-assisted quantum communication, an efficient optical switch or circulator
should be used instead. In this experiment, since we focus on benchmarking the performance of the
memory device itself, the loss introduced by this beamsplitter is incorporated into the estimated chan-
nel loss. Reflected photons are collected and routed back through the efficient (99%) port of the FBS
and are sent to the time-delay interferometer (TDI) in the heralding setup. The outputs of the TDI
are sent back into the dilution refrigerator and directly coupled to superconducting nanowire single
photon detectors (SNSPDs, PhotonSpot), which are mounted at the 1K stage and are coated with

dielectrics to optimize detection efficiency exactly at 737 nm.
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The total heralding efficiency 7 of the memory node is an important parameter since it directly
affects the performance of the BSM for quantum communication experiments. One of the contribut-
ing factors is the detection quantum efficiency (QE) of the fiber-coupled SNSPDs. To estimate it we
compare the performance of the SNSPDs to the specifications of calibrated conventional avalanche
photodiodes single-photon counters (Laser Components COUNT-10C-FC). The estimated QEs of
the SNSPDs with this method are as close to unity as we can verify. Additionally, we measure < 1%
reflection from the fiber-SNSPD interface, which typically is the dominant contribution to the re-
duction of QE in these devices. Thus we assume the lower bound of the QE of the SNSPD:s to be
nqQe = 0.99 for the rest of this section. Of course, this estimation is subject to additional systematic
errors. However, the actual QE of these detectors would be a common factor (and thus drop out) in
a comparison between any two physical quantum communication systems.

Here we use 2 different approaches to estimate 1. We first measure the most dominant loss, which
arises from the average reflectivity of the critically coupled nanophotonic cavity (Fig. 2b). While the
1) state is highly reflecting (94.4%), the |{) state reflects only 4.1% of incident photons, leading to
an average device reflectivity of 775, = 0.493.

In method (1), we compare the input power photodiode M1 with that of photodiode MC. This
estimates a lower-bound on the tapered-fiber diamond waveguide coupling efficiency of . = 0.930+
0.017. This error bar arises from uncertainty due to photodiode noise and does not include systematic
photodiode calibration uncertainty. However, we note that if the tapered fiber is replaced by a silver-

cal

coated fiber-based retroreflector, this calibration technique extracts a coupling efficiency of 5% =~

0.98, which is consistent with the expected reflectivity from such a retroreflector. We independently
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Step Process Duration Proceed to

1 Lock time-delay interferometer 200 ms 2

2 Readout SiV 30 ps If status LOW: 4, else: 3
3 Apply microwave 7w pulse 32ns 2

4 Run main experiment script ~ 200 ms 1

Table A.1: High—level experimental sequence. This sequence is programmed into the HSDIO and uses feedback from
the status trigger sent from the FPGA (see Fig. A.1a). Main experimental sequence is described in Data Table A.2. Ex-
ternal software with a response time of 100 ms is also used to monitor the status trigger. If it is Hl for = 2's, the soft-
ware activates an automatic re-lock procedure which compensates for spectral diffusion and ionization of the SiV center
(Methods). Additionally, we keep track of the timing when the TDI piezo voltage rails. This guarantees that the SiV is al-
ways resonant with the photonic qubits and that the TDI performs high-fidelity measurements in X basis.

calibrate the efficiency through the 99:1 fiber beamsplitter and the TDI to be 17y = 0.934. This gives
us our first estimate on the overall heralding efficiency 7 = ngpnen Qe = 0.425 £ 0.008.

In method (2), during the experiment we compare the reflected counts from the highly-reflecting
(/1)) spin-state measured on the SNSPDs with the counts on an avalanche photodiode single photon
counting module (M2 in Fig. A.1b) which has a calibrated efficiency of = 0.7 relative to the SNSPDs.
From this measurement, we estimate an overall efficiency of fiber-diamond coupling, as well as trans-
mission through all relevant splices and beamsplitters of 7.7y = 0.864 & 0.010. This error bar
arises from shot noise on the single photon detectors. Overall, this gives us a consistent estimate of
N = NspNeNynqe = 0.422 £ 0.005. Methods (1) and (2), which each have independent systematic
uncertainties associated with imperfect photodetector calibrations, are consistent to within a small

residual systematic uncertainty, which is noted in the text where appropriate.
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A.4 EXPERIMENTAL DETAILS OF QUANTUM COMMUNICATION EXPERIMENT.

An asynchronous BSM (Fig. 3a) relies on (1) precise timing of the arrival of optical pulses (correspond-
ing to photonic qubits™*"*® from Alice and Bob) with microwave control pulses on the quantum
memory and (2) interferometrically stable rotations on reflected time-bin qubits for successful herald-
ing. In order to accomplish (1), all equipment used for generation of microwave and optical fields
is synchronized by a single device (National Instriuments HSDIO, Fig. A.1a) with programming de-
scribed in Data Table A.1-2.

In order to accomplish (2), we use a single, narrow linewidth (< 50 kHz) Ti:Sapphire laser (M
Squared SolsTiS-2000-PSX-XF, Fig. A.1b) both for generating photonic qubits and locking the TDI
used to herald their arrival. In the experiment, photonic qubits are reflected from the device, sent
into the TDI, and detected on the SNSPDs. All detected photons are processed digitally on a field-
programmable gate array (FPGA, Fig. A.1a), and the arrival times of these heralding signals are recorded
on a time-tagger (T'T, Fig. A.1a), and constitute one bit of information of the BSM (m1 or my). At
the end of the experiment, a 30 us pulse from the readout path is reflected off the device, and photons
are counted in order to determine the spin state (m3) depending on the threshold shown in Fig. 2c.

To minimize thermal drift of the TDI, itis mounted to a thermally weighted aluminum breadboard,
placed in a polyurethane foam-lined and sand filled briefcase, and secured with glue to ensure passive
stability on the minute timescale. We halt the experiment and actively lock the interferometer to the
sensitive Y-quadrature every ~ 200 ms by changing the length of the roughly 28 m long (142 ns) de-

lay line with a cylindrical piezo. In order to use the TDI for X-measurements of the reflected qubits,
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Step Process Duration Proceed to

1 Run sequence in Fig. 3a for a given N | 10 — 20 us 2

2 Readout SiV + report readout to T'T 30 s If status LOW: 1, else: 3
3 Apply microwave 7 pulse 32ns 4

4 Readout SiV 301s If status LOW: 3, else: 1

Table A.2: Main experimental sequence for memory-enhanced quantum communication. This script is followed
until step 1 is run a total of 4000 times, and then terminates and returns to step 1 of Data Table A.1. The longest step is
the readout step, which is limited by the fact that we operate at a photon detection rate of ~ 1 M Hz to avoid saturation
of the SNSPDs.

we apply a frequency shift of 1.8 MHz using the qubit AOM, which is 1/4 of the free-spectral range
of the TDI. Since the nanophotonic cavity, the TDI, and the SNSPDs are all polarization sensitive,
we use various fiber-based polarization controllers (Fig. A.ib). All fibers in the network are covered
with aluminum foil to prevent thermal polarization drifts. This results in an interference visibility of
the TDI of > 99% that is stable for several days without any intervention with lab temperature and
humidity variations of +1° C and 5% respectively. In order to achieve high-fidelity operations we
have to ensure that the laser frequency (which is not locked) is resonant with the SiV frequency fo
(which is subject to the spectral diffusion?). To do that we implement a so-called preselection proce-
dure, described in Data Table A.1-2 and Fig. A.1a. First, the SiV spin state is initialized by performing
a projective measurement and applying microwave feedback. During each projective readout, the re-
flected counts are compared with two thresholds: a “readout” threshold of 7 photons (used only to
record m3), and a “status” threshold of 3 photons. The status trigger is used to prevent the experi-
ment from running in cases when the laser is no longer on resonance with fo, or if the SiV has ionized
to an optically inactive charge state. The duty cycle of the status trigger is externally monitored and

is used to temporarily abort the experiment and run an automated re-lock procedure that locates and
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sets the laser to the new frequency fo, reinitailizing the SiV charge state with a 520 nm laser pulse if
nececssary. This protocol enables fully automated operation at high fidelities (low QBER) for several

days without human intervention.

A.S OPTIMAL PARAMETERS FOR ASYNCHRONOUS BELL STATE MEASUREMENTS.

We minimize the experimentally extracted QBER for the asynchronous BSM to optimize the perfor-
mance of the memory node. The first major factor contributing to QBER is the scattering of a third
photon that is not detected, due to the finite heralding efficiency = 0.423 & 0.04. This is shown
in Fig. 2f, where the fidelity of the spin-photon entangled state diminishes for (n|n),, 2 0.02. At
the same time, we would like to work at the maximum possible (n|n), ., in order to maximize the data
rate to get enough statistics to extract QBER (and in the quantum communication setting, efficiently
generate a key).

To increase the key generation rate per channel use, one can also fit many photonic qubits within
each initialization of the memory. In practice, there are 2 physical constraints: (1) the bandwidth of
the SiV-photon interface and (2) the coherence time of the memory. We find that one can satisfy (1) at
a bandwidth of roughly 50 MHz with no measurable infidelity. For shorter optical pulses (< 10 ns),
the spin-photon gate fidelity is reduced. In principle, the SiV-photon bandwidth can be increased
by reducing the atom-cavity detuning (here ~ 60 GHz) at the expense of having to operate at higher
magnetic fields where microwave qubit manipulation is not as convenient ™.

Even with just an XY8-1 decoupling sequence (number of 7 pulses N = 8), the coherence time
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of the SiV is longer than 200 ps (Fig. A.3c) and can be prolonged to the millisecond range with longer
pulse sequences®. Unfortunately, to satisfy the bandwidth criteria (1) and to drive both hyperfine
transitions (Fig. A.3a), we must use short (32 ns) long 7 pulses, which cause additional decoherence
from ohmic heating® already at N, = 64 (Fig. A.3e). Due to this we limit the pulse sequences to
a maximum N = 128, and only use up to ~ 20 us of the memory time. One solution would be
to switch to superconducting microwave delivery. Alternatively, one can use a larger value of 7 to
allow the device to cool down in between subsequent pulses® at the expense of having to stabilize a
TDI of larger 0t. Working at larger 6t also enables temporal multiplexing by fitting multiple time-bin
qubits per free-precession interval. In fact, with 27 = 142 ns, even given constraint (1) and the finite
7 time, we can already fit up to 4 optical pulses per free-precession window, enabling a total number
of photonic qubits of up to N = 504 for only N = 128.

In benchmarking the asynchronous BSM for quantum communication, we optimize the param-
eters (n|n),, and N to maximize our enhancement over the direct transmission approach, which is
a combination of both increasing IV and reducing the QBER, since a large QBER results in a small
distilled key fraction 7. As described in the main text, the effective loss can be associated with (n2|n) »
which is the average number of photons per photonic qubit arriving at the device, and is given straight-
forwardly by (n|n),, = (n|n},, /N. The most straightforward way to sweep the loss is to keep the
experimental sequence the same (fixed IV) and vary the overall power, which changes (n|n),,. The
results of such a sweep are shown in Fig. A.sa, b. For larger (n|n), (corresponding to lower effective
channel losses), the errors associated with scattering an additional photon reduce the performance of

the memory device.
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Figure A.4: Measurements on a single time-bin qubitin Z and X bases. a, Example of optical pulses sent for example
in the experiment described in Fig. 2d. b, Time trace of detected photons on + detector when pulses shown in (a) are sent
directly into the TDI. The first and last peaks correspond to late and early photons taking the long and short paths of the
TDI, which enable measurementsinthe Z basis {|e) , |1} }. The central bin corresponds to the late and early components
overlapping and interfering constructively to come out of the + port, equivalent to a measurement of the time bin qubit
inthe |+) state. A detection event in this same timing window on the - detector (not shown) would constitute a | —2)
measurement. In this measurement, the TDI was left unlocked, so we observe no interference in the central window.
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Due to these considerations, we work at roughly (n|n),, < 0.02 for experiments in the main text
shown in Fig. 3 and 4, below which the performance does not improve significantly. At this value, we
obtain BSM successes at a rate of roughly 0.1 Hz. By fixing (n|n),, and increasing N, we maintain a
tolerable BSM success rate while increasing the effective channel loss. Eventually, as demonstrated in
Fig. A.sc and in the high-loss data point in Fig. 4, effects associated with microwave heating result in
errors that again diminish the performance of the memory node for large N. As such, we conclude
that the optimal performance of our node occurs for (n|n), . ~ 0.02and N =~ 124, corresponding
to an effective channel loss of 69 dB between Alice and Bob, which is equivalent to roughly 350 km
of telecommunications fiber.

We also find that the QBER and thus the performance of the communication link is limited by
imperfect preparation of photonic qubits. Photonic qubits are defined by sending arbitrary phase
patterns generated by the optical AWG to a phase modulator. For an example of such a pattern, see
the blue curve in Fig. 3a. We use an imperfect pulse amplifier with finite bandwidth (0.025 — 700
MHz), and find that the DC component of these waveforms can result in error in photonic qubit
preparation on the few % level. By using a tailored waveform of phases with smaller (or vanishing)
DC component, we can reduce these errors. We run such an experiment during the test of the Bell-
CHSH inequality. We find that by evaluating BSM correlations from |+a) and |+b) inputs during
this measurement, we estimate a QBER of 0.097 + 0.006.

Finally, we obtain the effective clock-rate of the communication link by measuring the total number
of photonic qubits sent over the course of an entire experiment. In practice, we record the number of

channel uses, determined by the number of sync triggers recorded (see Fig. A.1a) as well as the number
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Figure A.5: Performance of memory-device versus of channel loss. a, Enhancement of memory-based approach
compared to direct transmission approach, keeping N = 124 fixed and varying <n|n>m in order to vary the effective
channel transmission probability p 4, g. At highp 4, g (larger (n|n), ), s approaches 0 due to increased QBER aris-
ing from undetected scattering of a third photon. b, (Left) Plot of QBER for same sweep of <n|n>m shown in a. (Right)
Plot of QBER while sweeping N in order to vary loss. These points correspond to the same data shown in Fig. 4. At
lower p 4, g (larger N), microwave-induced heating-related dephasing leads to increased QBER. Vertical error bars
are given by the 68% confidence interval and horizontal error bars represent the standard deviation of the systematic
power fluctuations.

of qubits per sync trigger (V). We then divide this number by the total experimental time from start to
finish (~ 1-2 days for most experimental runs), including all experimental downtime used to stabilize
the interferometer, readout and initialize the SiV, and compensate for spectral diffusion and ionization.
For N = 248, weextractaclock rate of 1.2 MHz. As the distilled key rate in this configuration exceeds
the conventional limit of p/2 by a factor of 3.8 £ 1.1, it is competitive with a standard linear-optics

based system operating at 4.5715 MHz clock rate.

A.6 PERFORMANCE OF MEMORY-ASSISTED QUANTUM COMMUNICATION.

A single optical link can provide many channels, for example, by making use of different frequency,
polarization, or temporal modes. To account for this, when comparing different systems, data rates

can be defined on a per-channel-use basis. In a quantum communication setting, full usage of the
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communication channel between Alice and Bob means that both links from Alice and Bob to Chatlie
are in use simultaneously. For an asynchronous sequential measurement, typically only half of the
channel is used at a time, for example from Alice to Charlie or Bob to Charlie. The other half can in
principle be used for a different task when not in use. For example, the unused part of the channel
could be routed to a secondary asynchronous BSM device. In our experiment, we can additionally
define as a second normalization the rate per channel “occupancy”, which accounts for the fact that
only half the channel is used at any given time. The rate per channel occupancy is therefore half the
rate per full channel use. For comparison, we typically operate at 1.2% channel use and 2.4% channel
occupancy.

To characterize the optimal performance of the asynchronous Bell state measurement device, we
operate it in the optimal regime determined above (N = 124, (n|n),, < 0.02). We note that the

enhancement in the sifted key rate over direct transmission is given by

=1 - (A2)

and is independent of (n|n),, for a fixed number of microwave pulses N and optical pulses per
microwave pulse Ny and thus fixed N = Ny Ngp. For low (n|n), , three photon events become
negligible and therefore QBER saturates, such that the enhancement in the distilled key rate saturates
as well (Fig. A.sa). We can therefore combine all data sets with fixed N = 124 below (n|n),, < 0.02
to characterize the average QBER of 0.116 4= 0.002 (Fig. 3c). The key rates cited in the main text

relate to a data set in this series ((n|n),, =~ 0.02), with a QBER of 0.110 £ 0.004. A summary of
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Table A.3: Truth table of asynchronous BSM protocol, showing the parity (and BSM outcome) for each set of valid
input states from Alice and Bob. In the case of Y basis inputs, Alice and Bob adjust the sign of their input state depending
on whether it was commensurate with an even or odd numbered free-precession interval, based on timing information
provided by Charlie (Supplementary Information).
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per channel
occupancy

per channel
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per channel
use

per channel
use

X:Y basis bias

50 : 50

99:1

50 : 50

99 :1

Distilled key rate R [10_7}

0.14
1197014

2.3315:28

2.371529

4.667553

R/Rpax(X:Y)

0.25
2.067032

0.25
2.067052

0.50
4131559

0.50
4137574

R/(1.44pa-p)

0.09
0.717 008

0.17
1.4075 17

0.17
1.43%017

0.34
2.8070 53

1—confidence level 11703 x 1072 | 873 x 1073 | 1.3705 x 1077

Table A.4: Ql/antum—memory—based advantage. Distilled key rates with the asynchronous BSM device and compari-
son to ideal direct communication implementations, based on the performance of our network node for N = 124 and
(n|n),, ~ 0.02. Distillable key rates for E' = 0.110 % 0.004 for unbiased and biased basis choice are expressed
in a per-channel-occupancy and per-channel-use normalization (Methods). Enhancement is calculated versus the linear

optics BSM limit (Ryax (50 : 50) = pa_, /2 for unbiased bases, Rax (99 : 1) = 0.98pa_, g with biased bases)

148 (

and versus the fundamental repeaterless channel capacity 1.44p 4 _, B). Confidence levels for surpassing the latter

bound 8 are given in the final row.

key rates calculated on a per-channel use and per-channel occupancy basis, as well as comparisons of
performance to an ideal linear-optics BSM and the repeaterless bound™* are given in Data Table A.4.
Furthermore, we extrapolate the performance of our memory node to include biased input bases from
Alice and Bob. This technique enables a reduction of channel uses where Alice and Bob send photons
in different bases, but is still compatible with secure key distribution*?, allowing for enhanced distilled
key rates by at most a factor of 2. The extrapolated performance of our node for a bias of 99:1 is also
displayed in Data Table A.4, as well as comparisons to the relevant bounds. We note that basis biasing
does not affect the performance when comparing to the equivalent direct-transmission experiment,

which islimited by p 4, p /2 in the unbiased case and p o, g in the biased case. However, using biased
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input bases does make the performance of the memory-assisted approach more competitive with the

148

fixed repeaterless bound™® of 1.44p 4, B.
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