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Summary

Due to its long spin coherence and coherent spin-photon interface the nitrogen
vacancy (NV) center in diamond has emerged as a promising platform for quan-
tum science and technology, including quantum networks, quantum computing
and quantum sensing. In recent years larger quantum systems have been demon-
strated by using optical entanglement links between distant NV centers. These
systems were based on high-quality NV centers that exhibit good optical coher-
ence. State-of-the-art experiments with such systems have shown deterministic
delivery of entanglement across a two-node quantum network as well as genuine
multi-partite entanglement across a three-node quantum network. The additional
capability to create larger quantum registers by direct magnetic coupling between
high-quality NV centers and to other nearby defects would provide new opportu-
nities for quantum memories in quantum networks but also for enhanced sensing
protocols and spin chains for quantum computation architectures. In this thesis, we
investigate methods to create larger quantum registers based on magnetic coupling
and develop techniques to address and control individual defects in a system con-
sisting of multiple defects. The results provide new insights for extended quantum
registers based on magnetically coupled defects.

Firstly, we investigate nitrogen implantation, a widely employed strategy to cre-
ate NV centers at precisely controlled positions and also a proven technique to
create magnetically coupled NV centers. We study the optical coherence of im-
planted NV centers created via a procedure of ion implantation followed by high-
temperature annealing. By distinguishing between implanted and naturally occur-
ring NV centers through their isotope, we find that implanted NV centers exhibit
predominantly broadened optical transitions (>1 GHz). Moreover, we find that im-
planted NV centers reveal higher strain than naturally occurring ones, indicating
local lattice damage. Our data also shows that the poor optical coherence is not
due to an intrinsic effect related to the diamond or isotope. These results implicate
that this NV creation technique needs to be re-investigated, addressing local lattice
damage. Additionally other approaches can be further explored, such as employing
2D nitrogen-doped layers combined with vacancy production via laser writing or
electron irradiation.

Secondly, we explore another path towards magnetically coupled defects by
controlling so-called dark spin defects in the environment of a single optically ad-
dressable NV center. These dark spin defects are associated to multiple P1 centers
(substitutional nitrogen), which are part of a spin bath surrounding the NV. For this
system, we demonstrate the heralded initialisation, control and entanglement of
individual P1 centers. We realize projective measurements to prepare the multiple
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viii Summary

degrees of freedom of P1 centers - their Jahn-Teller axis, nuclear spin and charge
state - and exploit these to selectively address multiple P1s in the bath. We develop
control and single-shot readout of the nuclear and electron spin, and use this to
demonstrate an entangled state of two P1 centers. These results demonstrate an
alternative approach to obtain multi-defect quantum registers and provide a proof-
of-principle towards using dark electron-nuclear spin defects as qubits for quantum
sensing, computation and networks.

Lastly, we explore nuclear spins and the *N nuclear spin in particular for their
potential as quantum memories. First, we experimentally investigate the host 14N
spin of a single NV center and observe a coherence time >60 s, the longest reported
for a single solid-state qubit at the time of writing. This demonstrates that such
nuclear spins can be excellent quantum memories. Second, we develop a precision
spectroscopy method to characterize the hyperfine and quadrupole interaction of
a host N and electron spin of the NV. Finally, we theoretically show that in a
system of two NV centers, one of the *N spins can be used as a robust memory
for quantum networks.

Together, the work presented in this thesis advances magnetically coupled de-
fect spins to a promising system for extended quantum registers. The results pro-
vide insight in creation methods, demonstrate control over coupled defect spins
and establish a defect nuclear spin as excellent quantum memory. The developed
techniques provide new possibilities for magnetically coupled defects in quantum
sensing, quantum networks and quantum information processing.



Samenvatting

Door zijn lange spin coherentie tijd en coherente spin-foton koppeling, is het stikstof-
gat defect (nitrogen vacancy, NV) in diamant naar voren gekomen als een veel-
belovend platform voor quantum wetenschap en technologie zoals quantum netwerken,
quantum computers en quantum sensoren. In de afgelopen jaren zijn grotere quan-
tum systemen gedemonstreerd door optisch verstrengelde verbindingen tussen NVs
op afstand te genereren. Deze systemen zijn gebaseerd op hoge kwaliteits NV
centers gekenmerkt door goede optische coherentie. Met de nieuwste technieken
hebben experimenten met zulke systemen het deterministisch leveren van verstren-
geling over een tweepunts netwerk aangetoond en ook verstrengeling over een
driepunts network. Het vermogen om daarnaast ook grotere quantum processors
te creéren via directe magnetische koppeling tussen hoge kwaliteits NV centers
en andere dichtbijzijnde defecten zal nieuwe mogelijkheden bieden voor quantum
geheugens voor quantum netwerken maar ook voor de verbetering van quantum
sensoren en spin schakelingen voor quantum computer architecturen. In dit proef-
schrift onderzoeken we methodes om grotere systemen gebaseerd op magnetis-
che koppeling te creéren en ontwikkelen we technieken om individuele defecten
te adresseren en controleren, binnen een systeem van meerdere defecten. De re-
sultaten verschaffen nieuwe inzichten voor het uitbreiden van quantum processors
gebaseerd op magnetisch gekoppelde defecten.

Eerst onderzoeken we stikstof implantatie, een veelgebruikte strategie om NV
centers te creéren op gecontroleerde posities en een bewezen techniek voor het
creéren van magnetisch gekoppelde defecten. We bestuderen de optische coheren-
tie van geimplanteerde NV centers die geproduceerd zijn door middel van ionenim-
plantatie gevolgd door verwarming tot hoge temperaturen. Door geimplanteerde en
natuurlijk voorkomende NV centers te onderscheiden op basis van isotoop, conclud-
eren we dat geimplanteerde NV centers voornamelijk verbrede optische transities
hebben (>1 GHz). Bovendien observeren we bij geimplanteerde NV centers hogere
vervorming van het kristalrooster, hetgeen duidt op schade aan het lokale kristal-
rooster. Onze data laat ook zien dat de slechte optische coherentie niet veroorzaakt
wordt door een intrinsiek effect gerelateerd aan de diamant of de isotoop. Deze
resultaten impliceren dat deze methode van het creéren van NV centers moet wor-
den heronderzocht, en er gericht moet worden gekeken naar schade aan het lokale
kristalrooster. Daarnaast kunnen andere technieken verder worden verkend, zoals
het gebruik van stikstof gedoteerde 2D lagen in combinatie met het produceren van
gaten in het kristalrooster door middel van laser pulsen of elektron bestraling.

Ten tweede onderzoeken we een ander pad naar magnetisch gekoppelde de-
fecten door het controleren van zogenaamde donkere spin defecten in de omgeving
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X Samenvatting

van een enkel optisch adresseerbaar NV center. Deze donkere spin defecten zijn
meerdere P1 centers (substitutionele stikstof atomen) die onderdeel zijn van een
spin bad omliggend aan het NV. Voor dit systeem demonstreren we initialisatie,
controle en verstrengeling van individuele P1 centers. We realizeren projectieve
metingen om de meerdere vrijheidsgraden van P1 centers te initialiseren - de Jahn-
Teller as, kernspin toestand en lading - en gebruiken deze om verschillende Pls
selectief te adresseren. We ontwikkelen controle en uitleestechnieken van de kern-
en elektronspin, en gebruiken dit om een verstrengelde toestand van twee P1 cen-
ters te demonstreren. Deze resultaten demonstreren een alternatieve manier voor
het verkrijgen van quantum processors bestaande uit meerdere defecten, en to-
nen de principiéle bruikbaarheid aan van donkere elektronspin-kernspin defecten
als qubits voor quantum sensoren, quantum berekeningen en quantum netwerken.

Ten slotte, onderzoeken we kernspins en met name de stikstof kernspin als
potenti€éle quantum geheugens. Eerst doen we experimenteel onderzoek naar de
stikstof kernspin van een enkel NV center en observeren een coherentie tijd >60
s, de langst gerapporteerde voor een enkele qubit in de vaste stof op het moment
van schrijven. Dit demonstreert dat zulke kernspins excellente quantum geheugens
kunnen vormen. Ten tweede ontwikkelen we een precisie spectroscopie methode
om de hyperfijn en quadrupool interactie tussen de eigen stikstof kernspin en de
elektronspin van een NV te karakterizeren. Als laatste, laten we theoretisch zien
dat in een systeem van twee NV centers, een van de stikstof kernspins gebruikt kan
worden as een robuust quantum geheugen.

Tezamen demonstreert het werk in dit proefschrift een vooruitgang van gekop-
pelde defecten naar een beloftevol systeem voor uitgebreidere quantum processors.
De resultaten geven inzicht in productie methodes, laten controle over gekoppelde
spin defecten zien en bevestigen kernspins as uitstekende quantum geheugens. De
ontwikkelde technieken verschaffen nieuwe mogelijkheden voor magnetisch gekop-
pelde defecten in quantum sensoren, quantum netwerken en quantum processors.
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2 1. Introduction

1.1. Quantum science and technology

The theory of quantum mechanics has described and predicted physical phenomena
that have been experimentally verified with great accuracy. Non-classical features
of quantum mechanics, such as quantum superposition, quantum entanglement
and quantum measurement, go strongly against classical intuition and have been
subject of debate since their introduction [1-5]. Still, even with great technological
advancements in preparing and controlling quantum states since the introduction
of quantum mechanics, experimental tests of the theory remain accurate [6-9].

Many scientists and engineers study and realize applications of quantum me-
chanics in the fields of quantum sensing [10], quantum simulation [11], quantum
computing [12] and quantum networks [13]. Current state-of-the-art technologi-
cal abilities, allows them to create quantum technology composed of controllable
and well-isolated quantum systems. In the field of information science, envisioned
quantum technologies promise far-reaching advantages over their classical counter-
parts. For instance, algorithms on a quantum computing machine were proposed
by Peter Shor and others to efficiently solve mathematical problems for which no
efficient algorithm! is known on classical computers [14—16]. The non-classical
features of quantum mechanics in quantum technology, are at the basis of many
quantum advantages. Entanglement, for instance, is at the basis of factorizing
large numbers using Shor’s algorithm on a quantum computer, and also recent ex-
citing work builds on entanglement for their claim of quantum supremacy: the point
where quantum computers can do things that classical computers can’t [17, 18].

The quantum technology needed to exploit quantum advantages, requires a high
level of control over quantum systems. Such quantum technology typically consists
of building blocks called qubits: quantum systems with a binary level structure.
Qubits can be encoded in single photons [19], states of atoms, ions [20] or super-
conducting systems [21, 22] and solid-state spins [23-25], among other platforms.
One of the challenges in quantum information processing is to protect quantum
information against errors. Protecting against such errors is challenging because a
quantum state cannot be copied, has a continuous computational basis but requires
finite precision operations and irreversibly projects upon measurement. Among
other methods, quantum error correcting algorithms were developed to detect and
correct errors and proof-of-concept experiments have been performed on a variety
of quantum information processor systems [21, 22, 24, 26—-28]. The achievements
in improved and larger quantum information processors over the recent years, have
demonstrated steady progress towards quantum advantages using quantum com-
puting.

In analogy with the internet that we now use worldwide, the vision of a quan-
tum network is to connect nodes consisting of qubits or quantum processors over
macroscopic distances using entanglement links. Achieving such a network is a cru-

Lrunning on a polynomial space or in a polynomial time with the problem size



1.2. This thesis: multi-defect quantum registers in diamond 3

cial step for distributed quantum computing, in which remote quantum processors
can communicate and cooperate. Such an architecture also enables the distribu-
tion of many-body quantum states over macroscopic length scales for fundamental
tests of quantum mechanics [29], and can establish certifiable secure quantum
communication channels [13, 30]. Elementary nodes of quantum networks can be
entangled via photonic links. Photons are suitable mediators as they can easily be
transported over large distances and exhibit little decoherence. Quantum networks
have been established with several different quantum systems and entanglement
across three elementary nodes has been demonstrated [31-36].

Quantum systems can also function as precision measurement devices. Such
so-called quantum sensors use the commonly considered weakness of quantum
systems, their strong sensitivity to external disturbances, to their advantage. Some
guantum sensors can combine high sensitivity with very high spatial resolution due
to the typical atomic scale size of the sensors [10, 37, 38].

1.2. This thesis: multi-defect quantum registers

in diamond

Optically active defects in solids provide promising qubits for a variety of quantum
technologies. The NV center in diamond is one of such defects and consists of a
substitutional nitrogen atom with an adjacent vacancy. In recent years, several key
aspects of NV centers have established it as a promising defect for quantum sensing
and quantum information processing. It has long-lived electron spin ground states
with coherence times of over a second [39]. Furthermore, at cryogenic tempera-
tures it has a coherent spin-photon interface [40], that provides optical initialisation
and single-shot readout [41]. Moreover, multiple nuclear spins in the vicinity of
NVs can be sequentially addressed using known techniques for NV-13C two-qubit
gates [42—46]. This has enabled quantum computations, such as quantum error
correction protocols [24, 28], a quantum fourier transform and Grover’s search al-
gorithm [23, 41, 47]. Larger-scale systems can been realized by entangling more
NV centers through long-range entanglement links [9, 36, 48], and through direct
magnetic coupling to other defects. An envisioned quantum network based on spins
in diamond is shown in Fig. 1.1. In recent years, great progress has been made
towards increasing entanglement rates [31, 36, 49, 50], and control of nearby 13C
nuclear spins [23, 46, 47]. However, an open challenge remains to create magneti-
cally coupled defects for quantum network nodes or advanced quantum processors.

Direct magnetic coupling between multiple electron defect spins for extended
quantum registers will provide new opportunities not only for quantum networks
[13, 51-54], but also for enhanced sensing protocols [47, 55, 56] or spin chains
for quantum computation architectures [57-60]. Such magnetically coupled de-
fects are potentially powerful multi-qubit systems consisting of multiple nuclear
and electron spins that can fulfill different roles. For instance, coupling an NV to
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Magnetic
coupling

Link electron

Photonic
Link

Coupling electron

Figure 1.1: A quantum network with spins in diamond. Building networks based on defect centers
is a promising approach towards distributed quantum computing and secure quantum communication.
The envisioned network consists of multi-qubit nodes with NV center electrons as link qubits (purple
spins), other defect electrons spin qubits (blue spins) and data qubits (yellow spins) in the form of
nuclear spins. Link qubits are used to connect different nodes via photons, and data qubits in the nodes
can store and process quantum states. Magnetic coupling (green wiggled lines) between NV centers
or between an NV and other defect electron spins (blue spins) form extended quantum registers that
can allow fast access to isolated nuclear data qubits for robust quantum memories or provide multiple
link qubits within one node. In this thesis we focus on creating magnetically coupled defects within one
node for such extended quantum registers. Fig. adapted from C.E. Bradley.

other defect electron spins can provide access to more distant nuclear spins by us-
ing the coupling between their electron spins as a quantum bus between defects.
As these more distant nuclear spins only interact weakly with the NV, they are po-
tentially well-isolated and robust quantum memories. Also, spectrally distinct and
magnetically coupled NV centers could, in addition to robust nuclear memories,
provide multiplexed control of nuclear spins surrounding the NV centers. To real-
ize selective quantum control, different types of defects, crystal orientations [61],
super-resolution optical focusing [62] or Stark tuning using electric fields [63] can
be exploited for distinguishability. Such magnetically coupled NV-NV or NV-defect
systems are promising quantum network nodes if they can be created with prop-
erties alike naturally occurring NVs in bulk diamond, and are also of interest as
stand-alone systems for quantum information processing.
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In this thesis, we pursue the creation of a system consisting of magnetically
coupled defects that can be employed for novel quantum information processing
tasks. In particular, we focus on coupled NV centers or NV centers in combination
with other defects in diamond. A first approach is ion implantation to create coupled
NV systems with properties that are alike those of naturally occurring NVs in bulk
diamond. Implantation has already shown to enable the creation of closely-spaced
defects that are magnetically coupled [54, 64], and even room-temperature entan-
glement has been demonstrated for a pair of ion-implanted NV centers [61, 65].
Yet, the combination of direct magnetic coupling and maintaining good optical NV
properties like coherent optical transitions remains to be demonstrated. A second
approach towards multi-defect systems using the NV center, is by coupling selec-
tively to individual spins within a surrounding bath of the defects. If the capabilities
are developed to selectively initialize, control and readout electron spins within a
bath of defects, such defects can be harnessed for multi-defect quantum registers.

1.3. Outline of this thesis

In chapter 2 of this thesis we describe the used experimental framework and intro-
duce the properties of NV centers at cryogenic temperatures. Moreover, we provide
an overview of standard control techniques and introduce systems of defects and
nuclei that can form the environment around the NV. In particular, we discuss the
P1 center, a substitutional nitrogen defect that is investigated this thesis.

In Chapter 3, we investigate ion implantation. In order to reliably obtain mag-
netically coupled defects via ion implantation, that also have good optical proper-
ties, the implantation technique must yield narrow-optical-linewidth NV centers with
high yield. In this chapter we correlate the optical linewidth and strain associated
with single NVs, with the origin of the nitrogen atom (native or implanted in the
diamond). We find significantly broadened optical linewidths for implanted NVs in
contrast to narrow optical linewidths for native NV centers. These results show that
improvements in quality of implanted NVs are required to obtain coupled NVs for
quantum networks using ion implantation.

Chapter 4 presents another approach towards multi-defect systems: control
techniques are developed to selectively control P1 center defects which are part
of a spin bath surrounding an NV in diamond. We use projective measurements
to initialize multiple degrees of freedom of P1 centers, and exploit these to selec-
tively access several Pls in the bath. Developed control and single-shot readout
techniques are used to demonstrate an entangled state of two P1 centers. These
results provide a proof-of-principle towards using dark electron-nuclear spin defects
(P1 centers) as qubits for quantum sensing, computation and networks.

Lastly, in chapter 5 we show that the **N nuclear spin is a promising quantum
memory for quantum networks. Firstly we show that the 1*N spin has the longest
reported coherence time for a single solid-state qubit at the time of writing (>60 s).
Secondly, we develop a precision spectroscopy method to characterize the hyperfine
and quadrupole interactions of the 1*N with the electron spin of the NV. Finally, we
theoretically show that in a system of two NV centers, one of the *N spins can be
used as a robust memory for quantum networks.
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Background and methods

This chapter describes the NV center and its environment in diamond. We in-
troduce the ground and excited states of the NV and the transitions between
these states that are used as optical interface. We give an overview of sur-
rounding defects and nuclei, including the substitutional nitrogen atom (P1
center) which is studied and controlled in this thesis. Furthermore, we pro-
vide a description of the experimental setup and methods used throughout
this thesis.

11



12 2. Background and methods

2.1. The NV center in diamond

The nitrogen-vacancy (NV) center is a common lattice defect in diamond. It consists
of a substitutional nitrogen atom (replacing a carbon atom) next to a vacant lattice
site (Fig. 2.1a). This defect can naturally occur in the diamond, or can be grown
in doped é6-layers [1, 2]. Moreover, NV centers can be formed at specific locations
through ion implantation [3-6], whereas electron irradiation [7-9] or direct laser
writing can be used to create additional vacancies to convert N to NV [10-12]. The
NV center mainly exists in one of two charge states: neutrally-charged (NV°) and
negatively-charged (NV~) [13]. In the neutral charge state, there are 5 unbound
electrons from the nearby nuclei (2 from the nitrogen and 3 from the carbons)
[13]. The negatively charged state, NV-, is formed when an additional electron
is captured from a charge trap in the environment [13]. In this thesis we work
almost exclusively with NV~, which we denote as NV hereafter. Particularly in its
negative charge state, the NV is an interesting and versatile platform for quantum
science and technologies [14] with many applications ranging from quantum sens-
ing [15-21] to quantum information processing [22—-25], and quantum networks
and communication [14, 26-30].

T

valence band ‘

O

Figure 2.1: The nitrogen-vacancy (NV) center in diamond. a) The crystal structure of diamond.
The NV center is formed by a substitutional nitrogen atom next to a vacant lattice side. The carbon
atoms in the diamond lattice consist for ~1.1% of 13C isotopes with nuclear spin-1/2 (yellow). b) The
NV molecular orbitals and their occupation in the electronic ground state. Figures adapted from Pfaff
[31], Bernien [32].
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The electronic level structure of the NV center is shown in Fig. 2.1b. The elec-
tronic wave function can be approximated by a linear combination of the available
atomic orbitals from the neighbouring nitrogen and carbon atoms [33-35]. In the
ground state, the six electrons are distributed among molecular orbitals as shown
in Fig. 2.1b. The two lowest-energy orbitals (a; and a,) are doubly occupied, and
the orbitals e, , have one electron each. In the excited state, one electron from
the orbital a, is promoted to one of the e orbitals [33—-35]. Important to note is
that both the ground and first excited state levels have unoccupied orbital levels
only inside the diamond band gap. Figure 2.2 shows the energy level diagram of
the ground and excited states. The available molecular orbitals and six electrons
provide a good approximation of the electronic level structure: the orbital ground
state is a spin-triplet that couples optically to the first excited orbital doublet, spin-
triplet states [33, 36].

Excitation of the NV from the spin-triplet ground state to one of the six ex-
cited states can occur by resonant optical excitations, or off-resonantly via the
phonon-sideband. The relaxation can occur in a similar manner by emitting photons
resonantly through the zero phonon line (ZPL), or off-resonantly via the phonon-
sideband or singlet states (Fig. 2.2). Because both the ground and the excited
states have all unoccupied orbital levels within the band gap, the optical transitions
are accessible albeit the NV is embedded in a diamond solid-state environment.
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Figure 2.2: Energy level diagram of the negatively charged NV center (ground and excited states).
Bottom center: The NV ground state is a spin triplet (S = 1). The zero field splitting (A ~ 27
2.88 GHz) separates the my; = 0 state and the two degenerate states my = +1. Bottom right: An
external magnetic field along the NV axis can lift this degeneracy by Zeeman splitting. Top center:
The fine structure of the excited states. Spin-spin and spin-orbit interactions split the excited state into
four levels. Two of these levels, E,, and E ,, are doubly degenerate and correspond to mg = 0 and
ms = +1 respectively. Levels A, , correspond to m; = +1. Top right: First order effect of lateral
strain (or equivalently of lateral electric field) on the excited state levels. The lateral strain has no effect
on the ground state levels to first order. Longitudinal strain (or electric field) only changes the splitting
between ground and excited states and thus offsets the whole spectrum. Left: Excitation of the NV
from the ground state to one of the six excited states can occur by optical excitations resonantly (light
red line), or off-resonantly via the phonon-sideband (green lines). The relaxation can also occur in a
similar manner by emitting photons resonantly through the zero-phonon line (ZPL), or off-resonantly via
the phonon-sideband (dark red line) or the singlet states. Figure adapted from Hensen [36].
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2.2. The NV and surrounding defects and nuclei

In its ground orbital state, the NV electron spin and its host **N nuclear spin form the
basis electron-nuclear spin system that is used throughout this thesis. Additionally
the NV can couple to surrounding 3C nuclear spins, and electron spins of defects
such as P1 centers (nitrogen impurities) as shown in Fig. 2.3. The concentration
of surrounding P1 centers and nuclei depends on the diamond growth conditions.
It has been shown that, to some extend, the concentration of 3C spins can be
controlled via isotope engineering [38, 39]. P1 centers have been introduced in
diamond via doping or occur naturally during diamond growth [1, 2]. In this thesis
we have studied the NV surrounded by two type of systems: 1) P1 centers (~75
ppb) within isotopically purified diamond (~0.01% *3C), and 2) 3C spins with a
natural abundance (~1.1%). In this section, we first discuss the ground state spin
structure of the NV, followed by these two type of systems and their interaction
with the NV.

y
o~
NV center photon 1
. P1center
_{
electron electron
S=1 S=1/2
14N
N
'
-
«—> ~30nm

Figure 2.3: NV center and surrounding spins. The optically active NV center (left) and additional
spins such as *3C nuclear spins (yellow) or electrons spins of P1 center defects (right). The length scales
illustrate an order ~kHz coupling between electron-nuclear and electron-electron spins.

2.2.1. Ground-state spin structure of the NV center
The NV electron spin ground state is a spin triplet (S = 1) and its Hamiltonian,
neglecting second order spin-orbit interactions, is given by [36, 40]:

He=AJ2+v.B -], 2.1)

where A ~ 2m- 2.88 GHz is the zero field splitting, y, = 2r- 2.802 MHz/G the electron
gyromagnetic ratio, B = (B, B,, B,) the magnetic field vector and J = (J,.,/,,J,) the
electron spin-1 operator vector. The m, = +1 levels are split from m, = 0 by A
at zero magnetic field due to spin-spin interactions. Applying a magnetic field lifts
the degeneracy of the m; = +1 levels due to the Zeeman effect. This allows the
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definition of a qubit within two of the three spin levels, for instance one can assign
mg =0 (=10)) and m, = -1 (= |-1)).
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Figure 2.4: NV ground state spin structure. a) In a magnetic field, the ms = +1 levels are separated
due to the Zeeman effect. b) Hyperfine coupling to the **N nuclear spin 1 causes an additional splitting.
Double sided grey arrows show three hyperfine-splitted electron-spin transitions. The splitting between
these transitions is parametrized by the hyperfine parameter (4, 14n). €) In contrast to (b), for the *>N
nuclear spin 1/2 there is a splitting into two levels due to the hyperfine coupling. The two hyperfine-
splitted transitions are shown by double sided orange arrows. The splitting is parametrized by A 15y.
d,e) ODMR measurement showing the transitions between mg = 0 and the my = +1 levels separated
in an applied external magnetic field (d), and (e) the hyperfine splitting due to the nitrogen atom (here
a three-fold splitting due the **N spin). Figure adapted from Van Dam [41].

All NV centers have a host nuclear spin associated with the nitrogen atom of the
defect. Hyperfine coupling to the nitrogen nucleus gives rise to an additional level
splitting. This level splitting is dependent on the nitrogen isotope. The *N isotope
has a 99.6% natural abundance and is most common in naturally occurring NV
centers. Both >N (0.4% natural abundance) and 4N isotopes can be implanted in
diamond to form NVs. Often the >N isotope is used for implantation to distinguish
an implanted atom from naturally occurring atoms that have a high abundance of
14N isotopes. The Hamiltonian of the 1*N nuclear spin and its hyperfine interaction
with the NV electron is given as [13, 42]:
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Hian = QIZ +¥nB - T — AypanJ o1, — ApianUslx + 1515, (2.2)

where (I,,1,,1,) are the nuclear spin 1 operators, Q ~ —2n- 4.95 MHz is the
quadrupole splitting, y,, ® —2n- 0.3077 kHz/G the gyromagnetic ratio of the ni-
trogen spin and A4y parametrizes the hyperfine coupling, which is separated in a
perpendicular and parallel component. In the secular approximation, the hyper-
fine interaction can be approximated to A, 14y /I, as the off-diagonal terms are
neglected. This is often a valid approximation at magnetic fields (B,) chosen such
that the S, term is dominant due to the large value of A + y.B,. Moreover, for low
magnetic field (B, ~10 G), nuclear Zeeman terms are small compared to quadrupole
and hyperfine interactions.

The Hamiltonian for the *>N nuclear spin and its hyperfine interaction with the
NV is given as [13, 43]:

Hisy = Vné ' I_)+ AII,15N Izl + AJ.,lSN(]xIx +]y1y)- (2.3)

The N nitrogen atom has spin 1/2 and thus here (I,,1,,1,) are the nuclear spin-
1/2 operators. Moreover, the spin-1/2 >N does not have a quadrupole splitting.
The hyperfine level structure of the *N and SN are shown in Fig. 2.4. Under
the secular approximation, the hyperfine splitting for the two nitrogen isotopes
are parameterized by A4y ~ 2.2 MHz and 4,15y = 3.1 MHz. The difference
in hyperfine parameters and the characteristic triplet (**N) and doublet splitting
(*>N) allows to distinguish both isotopes in optically detected magnetic resonance
measurements (ODMR).

2.2.2. P1 centers

A P1 center is a defect that consists of a nitrogen atom that substitutes a carbon
atom in the diamond lattice (Fig. 2.5). P1 centers are one of the most common de-
fects in natural type Ib and certain CVD grown diamonds [44—46]. There are three
known charge states of P1 centers: neutral, negative and positive [47—49]. Here
we will discuss P1 centers in the neutral charge state (referred to as P1 centers un-
less otherwise stated), which were first detected in 1959 in electron paramagnetic
resonance (EPR) [44, 50] and were also indirectly measured in ODMR experiments
using NV centers [51-53]. Early electrical resistance measurements of nitrogen
rich (~200 ppm) type Ib diamonds as a function of temperature indicate a thermal
ionization energy of 1.7 eV [54]. This suggests a donor level of ~1.7 eV below the
conduction band for P1 centers, in close agreement with several density-functional
theory calculations (DFT) [55-57]. Photoconductivity experiments indicate an op-
tical ionization energy within 1.9-2.2 eV [54, 58-60]. Furthermore, in absorption
spectroscopy experiments a sharp feature at 4.059 eV (305 nm) and a broader fea-
ture at 4.6 eV (270 nm) have been associated with P1 centers [59, 61, 62]. The
feature at 4.6 eV has also been correlated with the spin-calibrated intensity of the
EPR spectrum or infrared (IR) absorption at 1344 cm™!, that is associated with P1
centers [49, 63, 64]. Although the origin of the 4.6 eV absorption peak is still under




18 2. Background and methods

debate, it has been proposed that this feature is associated with the excitation from
the valence band maximum to create a negatively charged P1 center and a valence
band hole [47]. For a review on the work of the defect its level structure in the
diamond band gap, we refer to Ashfold et al. [65].

P1 center Jahn-Teller states

JT,
electron
S=1/2
14N | i

Figure 2.5: P1 center in diamond. Left: the P1 center surrounded by four carbon atoms in the
diamond lattice. Right: the P1 center exhibits a Jahn-Teller distortion along one of the four 4N - C
bonds (labelled as {4, B, C, D}) that can vary over time.

Electron spin resonance studies have revealed a spin level structure of P1 centers
that is now well studied and understood [44, 50-53]. The nitrogen atom of the P1
center has a nuclear spin I = 1 (**N, 99.6% natural abundance) and an unpaired
electron with spin S = 1/2. The unpaired electron likely resides in an antibonding
orbital of s and p character [57, 66]. Moreover, the P1 center exhibits a Jahn-
Teller distortion along one of its four **N-C bonds [67, 68]. This *N-C axis (JT
axis) has a bond length that has been calculated to be between 5-36% elongated
when comparing to the regular C-C bond length in diamond [67]. The energy
barrier for reorientation of the P1 center’s JT axis has been experimentally obtained
and calculated to be =0.7 eV [67, 69, 70]. The reorientation rate at cryogenic
temperatures (3.3 K) is below ~25 mHz and its dependence on temperature has
been studied by several groups [45, 69, 71]. The spin Hamiltonian that describes
the unpaired electron spin and the 1N spin is given as:

Hi,Pl=ye§'§+yn§'i+i'Pi'i+§'Ai'f' (24)

where the subscript i € {4, B, C,D} denotes different JT axes, S = (S, Sy,S,) the
electron spin-1/2 operator vector, I = (I,, 1,,1,) the nuclear spin-1 operator vector,

P; the quadrupole tensor and B the applied magnetic field. The tensor A; describes
the hyperfine interaction between electron spin and nitrogen spin, and includes both
the isotropic Fermi contact term as well as the anisotropic dipole-dipole interaction
associated with the s and p character of the orbital wave function respectively. Note
that for different JT axes given by subscript i, only the quadrupole and hyperfine
tensors differ given the same reference frame. Figure 2.6 schematically shows the
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energy level structure of a P1 center for all four JT axes and a magnetic field aligned
along the 2 axis. The direction of the Jahn-Teller distortion is along Z for JT axis D.
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Figure 2.6: P1 center spin levels. a) Schematic of the ground state spin energy levels for all four JT
axes (i € {4, B, C,D}). The eigenenergies are labelled by their electron spin state 1/{, 1*N spin state m;
= {+1,0,—1} and JT axis i € {4, B, C, D}. For convenience, we use the spin eigenstates as labels, while
the actual eigenstates are, to some extent, mixtures of the spin eigenstates. Black levels (left) show JT
axis D, whereas the blue levels (right) correspond to JT axis A,B and C which are degenerate in energy.
b) Energy levels for the P1 center in JT axis D as a function of the magnetic field along 2. At magnetic
field values where the hyperfine components A, ~ 2m-114 MHz, A, ~ 2m-81 MHz and magnetic field
component y, B, are of comparable strength (at B,< 100 G), the eigenstates become, to a great extent,
mixtures of spin eigenstates. At larger magnetic fields (B,> 100 G) this effect is diminished and the
eigenstates become, to a great extent, the spin eigenstates.

Due to the large difference in electron and nitrogen gyromagnetic ratio, the
electron-electron dipolar coupling between the NV and a P1 is roughly ~9000 times
stronger than their electron-nuclear dipolar coupling. For the work in this thesis,
the electron-nuclear coupling between the two defects can be neglected and we
describe their interaction as electron-electron dipolar only. This interaction between
the NV and the P1, separated by a vector # is given as:

-

Hyy—p1 = Vaip - U -P(ES - H) =T+ 5), (2.5)

where vg;,, = Z&elekel - = |7 and 7 = 7/r.

2.2.3. °C spins
Interestingly, *3C spins surrounding the NV have been considered an inconvenience
that inhibit the coherence time of NV centers. However, techniques have been de-

veloped to characterize and control these nuclear spins [72-74]. This has been
further developed such that tailored dynamical decoupling protocols allow for uni-
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versal control [75]. In current state-of-the-art experiments, 13C spins have been
used for multi-qubit quantum registers, enhanced sensing schemes, entanglement
distillation and quantum error correction [25, 76—80]. Moreover, knowledge on the
microscopic surrounding of the NV center in combination with tailored decoupling
has shown coherence times of over a second for the electron spin of the NV [81],
and recently we have demonstrated tens of seconds long quantum memory and
atomic scale imaging using 3C spins [82, 83]. The spin Hamiltonian and hyperfine
interaction with the electron spin for multiple *3C spins can be written as:

n
He=) (- Ci-Ti+yB 1, (2.6)
i=1

where [} is the nuclear spin 1/2 operator vector, C; the hyperfine interaction tensor
between NV electron spin and *3C spin with index i and y, the 13C gyromagnetic
ratio. In addition to their interactions with the NV electron spin, the nuclear spins
in the environment interact with each other via a dipolar coupling. For some of the
work in this thesis these interactions can be neglected.

2.3. Experimental setup

All the experimental work presented in this thesis is performed on setups with
closed cycle cryostats operating at cryogenic temperatures (~3.5 K), necessary for
resonant optical excitation of the NV [84]. The framework used for experimental
control and readout of electron and nuclear spins consists of four main parts. 1) The
control electronics are used to run the control cycle and to communicate between
different components of the setup. 2) We use optical addressing for initialization
and readout of the NV electron spin. 3) Microwave (MW) and radio-frequency (RF)
signals are used for spin manipulation of nuclear and electron spins. 4) An external
magnetic field is applied using permanent magnets to create Zeeman splittings. In
Fig. 2.7, a more detailed schematic is shown of the experimental framework.
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Figure 2.7: Schematic of one of the experimental setups used in this thesis. Control electronics: A
PC programs the control cycle onto a micro-controller (ADwin) and the pulse sequence with nanosecond
resolution onto an arbitrary waveform generator (AWG; Tektronix AWG 5014). The communication
between the different components of the setup is mainly done by the ADwin, including triggering the
AWG to start the pulse sequence. Optics: We use a green laser (515 nm or 532 nm) for charge state
control and two resonant lasers (Toptica DL Pro and New Focus Velocity) for initialization and readout.
The New Focus Velocity laser is also used as a tunable laser for photoluminescence excitation spectra
(as performed in chapter 3). To generate optical pulses we use Acousto-optic modulators (AOM) for
the resonant (637 nm) lasers and either an AOM (for 532 nm, not shown) or direct modulation (515
nm) for the green laser. The frequencies of the two resonant lasers are measured using a wavemeter
(HF-ANGSTROM WS/U-10U) and stabilized using a PC-controlled feedback loop (PID loop). We use
a home-built confocal microscope to focus light onto the sample and to collect the phonon sideband
emission of the NV. The microscope objective is mounted on three piezo scanners (PI) that can be
used to make 3-dimensional scans and align the NV center to the optical path. Microwave and RF:
Microwave pulses are generated using a vector source. Via IQ- and pulse-modulation using the AWG,
we control the frequencies, timings, shapes and phases of these pulses. The signal is amplified by a
microwave amplifier (AR 2551G6). A fast microwave switch (TriQuint TGS2355-SM, suppression ratio of
40 dB, controlled by the AWG) is used to protect the NV from the amplifier noise while idling. Video
leakage noise generated by the switch is filtered with a high pass filter (HPF). RF signals to address P1
centers and nuclear spins are generated directly by an AWG (Tektronix 5014, 4.5V pk-pk). The MW and
RF signals are combined using a diplexer and the output is then fed through the HPF to the diamond
sample. External magnetic field: For the experiments described in chapters 3 and 5, we apply
a static magnetic field using a single permanent room-temperature neodymium magnet (one out of
the three shown). While in chapter 4 we use three permanent room-temperature neodymium magnets
placed along three approximately orthogonal directions, to generate an arbitrary magnetic field direction.
Cryogenics: The sample is held in a closed cycle cryostat (Montana Cryostation) at a temperature of
~3.5 K. Figure adapted from Pfaff [31].
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2.4. Diamond devices

In the experimental work in this thesis we report on 174 NV centers. For 172 of
these NV centers, we have used diamond samples that are described in chapter 3.
The remaining NV centers were measured in two separate diamond devices that
we will describe here.

The first diamond is used for the experimental work described in chapter 4.
This is a chemical-vapor-depositioned (CVD) homoepitaxially grown diamond, that
is isotopically purified with an estimated 0.01% *3C abundance and a nitrogen con-
centration of ~75 ppb. The diamond is grown along the (100) crystal direction and
has not been cut or polished post growth (sample is obtained from Element Six).
In this diamond we have used a naturally occurring NV center. Due to the (100)
growth direction, the symmetry axis of the NV does not lie perpendicular to the di-
amond surface. Therefore three permanent magnets are used to allow an arbitrary
magnetic field direction for alignment with respect to the NV axis.

The second diamond is used for the experimental work that is described in
chapter 5. This is a CVD homoepitaxially grown diamond with a natural abundance
of 13C atoms (1.1%) and an estimated nitrogen concentration of <5 ppb (sample
is obtained from Element Six). It has been grown along the (100) direction and
post-growth cut perpendicular to the (111) crystal direction. In this diamond we
have used a naturally occuring NV center that has starred in numerous experiments
[25, 81-83, 85]. Due to the (111) crystal direction, a single permanent magnet on
xyz steppers has been used for alignment of the magnetic field.

PU0235/519Y

Figure 2.8: a) Scanning electron microscope image of a fabricated device around an NV center. The
dome shaped feature in diamond (grey) is a solid immersion lens, that has been fabricated around the
NV center. The stripline is fabricated close to the SIL to apply MW and RF pulses for electron and nuclear
spin control. The gate electrodes can be used for applying static electric fields. b) Confocal scan over
the area of the SIL. The circular shaped feature corresponds to the edges of the SIL and the bright spot
near its center is fluorescence from a single NV center. Figure adapted from Bernien [32].

For both diamonds, a solid immersion lens (SIL) is fabricated around the NV
center using focused ion beam milling to enhance photon collection efficiency [84,
86]. An example of such a typical diamond device is shown in Fig. 2.8. Using
standard lithography techniques, on-chip gold striplines are fabricated next to the
SIL to apply MW and RF pulses for fast electron and nuclear spin control (peak rabi
frequency ~26 MHz for the electron spin). In the same lithography step, golden
gate electrodes are deposited to apply static electric fields. These electrodes can



2.5. Optical transitions and single-shot readout 23

be used for DC stark tuning of optical transitions of NV centers [36], however, they
have not been used for the work in this thesis. Furthermore, an Al,0; anti-reflection
coating is deposited on the diamond to further improve photon collection efficiency
by reducing internal reflections.

2.5. Optical transitions and single-shot readout

The excited state structure of the NV consists of six levels. As described in section
2.1, in case of no strain (or electric fields) the excited states of the NV center are
degenerate for the states E,/E, and E,/E,. Up to first order, lateral strain (¢,)
splits these transitions, while longitudinal strain (¢;) shifts all excited states levels
either up or down in energy.

The optical transitions between ground and excited states above cryogenic tem-
perature (>10 K) are subject to phonon-induced mixing, which leads to averaging
of the excited states and strong broadening of the ZPL linewidth [87]. At cryogenic
temperatures (~3.5 K), this effect is suppressed and in a high purity IIa diamond,
low in nitrogen defects (<5 ppb), the optical transitions are discernible, coherent
and their linewidths approach the lifetime-limited value of 13 MHz [88].

Although linewidths of ~140 MHz have been reported for nitrogen rich (~200
ppm, type Ib) nanodiamonds, their linewidth under alternating <532 nm laser and
red laser pulses has been observed to broaden to ~30 GHz [88, 89]. This effect
has been associated with photoexcitation of P1 centers, which changes the local
charge distribution around the NV center [88, 89]. Here we report on the linewidths
of an NV in diamond with ~75 ppb nitrogen concentration, used for the experimen-
tal work in chapter 4, and find that its optical transitions can be discernible (Fig.
2.9a). Due to the overlap of the E, and A, transitions in our strain regime, we use
the E; , transitions and E,, transition for initialization and single-shot readout of the
spin state of the NV respectively. We find a linewidth of 354(8) MHz for E,, (Fig.
2.9b). On the side of the prominent peaks of the E,, and E, , transitions (Fig. 2.9b,
bottom), we observe two lower intensity satellite peaks that are likely caused by
an electric field due to a charge reconfiguration in the nearby environment of the NV.

We typically initialize the NV electron spin in the m, = 0 state through a spin
pumping process. By using a resonant laser we excite the ground states m; = +1
into the optically excited states E, ,, where spin flips occur so that the spin gets
prepared in mg = 0. The electron spin state of this NV is read out in a single shot by
using a laser in resonance with the E,, transition. Ideally, this leads to one or more
photons if the electron spin is in the mg; = 0 or no photons if the state is m; = +1.
The average readout fidelity that we obtain is ~85%, which is lower than earlier
reported values of ~93% or higher [84]. Likely causes for this lower fidelity are
diminished photon collection counts due to an off-centered position of this NV in
its SIL, broader linewidth or a worsened cyclicity of the E,, transition compared to
the E, transition due larger spin-mixing of the E,, excited state for our strain values
[90]. Further optimization by including DC stark tuning could provide an accessible
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Figure 2.9: Photoluminescence excitation spectra. a) Photoluminescence excitation spectrum with
alternating green (515 nm) and red laser pulses while sweeping the frequency of the latter. Longitudinal
(&) and lateral (¢, ) strain components are obtained from a fit of the excited state NV Hamiltonian. b)
Top: 60 individual scans around the frequency range of the E,, and E , transitions. Individual scans use
asingle green (515 nm) laser pulses at the start of each trace followed by a frequency sweep of red laser
pulses. Continuous MW driving on the spin resonances was used to prevent optical pumping into a dark
spin state during each frequency sweep. Bottom: integration of all 60 individual scans. A linewidth of
354(8) MHz is found for the E,, transition. Besides the prominent transitions of E, , and E,, at ~52 GHz
and ~56 GHz, satellite peaks are observed at ~54 GHz and ~59 GHz. During individual scans (top) the
appearance of these satellite peaks are correlated with the disappearance of the prominent transitions,
which indicates that these are not different transitions but a discrete shift of the same transitions.

E, transition and potentially a higher single-shot readout fidelity (this has not been
explored in this thesis).

The NV center that is used for the work in chapter 5 of this thesis, has an
accessible E, transition that we use for spin readout of the m; = 0 state. Also
here we use the E, , transitions for NV electron spin initialisation in mg = 0 via spin
pumping on these transitions. For this NV, we obtain an average readout fidelity of
~94.5%, similar to reported values on comparable NV centers [84].

2.6. Double electron-electron resonance

To sense electron spins surrounding a central spin such as the NV center, a com-
monly used technique is double electron-electron resonance spectroscopy [91].
This technique is illustrated in Fig. 2.10a and consists of a Hahn echo on the NV
center, plus a simultaneous 7 pulse that selectively recouples electron spins. Due
to the Hahn echo on the NV, its coherence is extended while remaining sensitive
to resonant electron spins. Repetitive application of this sequence can improve the
signal-to-noise ratio but is a trade-off with the disturbance of the measured state
due to a combination of natural relaxation, effects of the MW pulse sequence and
effects of laser-based NV readout. The double electron-electron resonance tech-
nique is used extensively in chapter 4 of this thesis.
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Figure 2.10: Double electron-electron resonance. a) The sequence starts with initialising the NV
in mg = 0 via spin-pumping (1). Next, a Hahn echo sequence is performed on the NV center. Simulta-
neously with the m pulse on the NV, a & pulse is applied on surrounding spins at frequency f. Finally
the m; = 0 spin state of the NV is read out (2). b) Schematic illustration of spin trajectories of the NV
on the Bloch sphere during the sequence in (a). Figure adapted from Van der Sar [92].
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Optical coherence of
diamond nitrogen-vacancy
centers formed by ion
implantation and annealing

S. B. van Dam*, M. Walsh*, M. J. Degen, E. Bersin, S. L. Mouradian, A. Galiullin, M.
Ruf, M. IJspeert, T. H. Taminiau, R. Hanson, and D. R. Englund

The advancement of quantum optical science and technology with solid-state
emitters such as nitrogen-vacancy (NV) centers in diamond critically relies on
the coherence of the emitters’ optical transitions. A widely employed strat-
egy to create NV centers at precisely controlled locations is nitrogen ion im-
plantation followed by a high-temperature annealing process. We report on
experimental data directly correlating the NV center optical coherence to the
origin of the nitrogen atom. These studies reveal low-strain, narrow-optical-
linewidth (< 500 MHz) NV centers formed from naturally-occurring ** N atoms.
In contrast, NV centers formed from implanted *> N atoms exhibit significantly
broadened optical transitions (> 1 GHz) and higher strain. The data show
that the poor optical coherence of the NV centers formed from implanted nitro-
gen is not due to an intrinsic effect related to the diamond or isotope. These
results have immediate implications for the positioning accuracy of current
NV center creation protocols and point to the need to further investigate the
influence of lattice damage on the coherence of NV centers from implanted
ions.

The results in this chapter have been published in Phys. Rev. B, 99, 161203 (2019).
*Equally contributing authors.
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3.1. Introduction

Coherent optical control over solid-state quantum emitters has enabled new ad-
vances in quantum science [1-3] and may lead to technologies such as quantum
networks [4]. A quantum network crucially relies on entanglement connections that
can be established through a coherent spin-photon interface. The nitrogen-vacancy
(NV) defect center in diamond is a well-suited candidate owing to a spin ground
state with a long coherence time [5, 6], nearby nuclear spins for quantum memories
[7] or algorithms [8—10], and spin-selective optical transitions allowing for efficient
optical spin initialization and readout [11]. Moreover, at low strain and low temper-
ature (< 10 K), effects from phonon mixing in the excited state are small [12, 13],
and the optical transition can be coherent. Indeed, narrow-linewidth, coherent
optical transitions [14-16] have been used for the generation of indistinguishable
photons suited for two photon quantum interference [17, 18] and entanglement
generation between remote NV centers [19].

To date, all experiments employing coherent photons from NV centers have been
performed with NV centers that were formed during diamond growth. Key to their
optical coherence is that these NV centers experience an environment with few
defects, since the stability of optical transitions (as with many solid-state systems)
suffers from unwanted interactions with nearby bulk and surface defects leading
to changes in the strain and electric field environment [20-24]. For NV centers
with a broadened linewidth below ~ 200 MHz dominated by slow spectral diffu-
sion, protocols using resonant charge repumping [25] and real-time monitoring of
the transition frequency [26] have been used to reduce the broadened linewidth to
an effective linewidth of below 50 MHz, suitable for quantum optical experiments.
However, such protocols are challenging for NV centers with greater spectral diffu-
sion.

3.2. Nitrogen ion implantation

Instead of being limited to NV centers formed during diamond growth, they can be
created, for example by nitrogen ion implantation [27]. Nitrogen ion implantation
provides an NV positioning accuracy that enables integration with on-chip photon-
ics [28, 29] and coupling between nearby NV centers [30-32]. Precise positioning
of NV centers or accurately registering their location is also a prerequisite for op-
timal overlap of the dipole with the electric field mode of diamond optical cavities,
for engineering and enhancing light-matter interaction [24, 33—-38]. Moreover, ion
implantation allows for the creation of single NV centers in high purity diamond,
providing a potentially low-defect environment [22].

However, the bombardment of the diamond with nitrogen ions creates crystal
damage that can deteriorate spin and optical coherence properties of NV centers
[21, 22]. High-temperature annealing can mitigate some of these issues by repair-
ing the diamond lattice [39-42]. A procedure including a low implantation dose,
careful cleaning, and high-temperature annealing was reported by Chu et al. [43],
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Figure 3.1: NV creation via nitrogen-ion implantation. a, Schematic showing implanted *>N* ions
(orange) leaving a trail of vacancies (purple) until settling into a final position. Naturally abundant *#N
ions (green) are shown randomly distributed throughout the diamond lattice. Vacancies (implantation-
induced or native) mobilized by annealing can bind to a nitrogen atom (implanted or native). b, A SRIM
simulation using the parameters in sample A show the distribution of implanted nitrogen (orange) and
created vacancies (purple). The shaded green area indicates the range of the estimated natural 4N
concentration reported by Element Six.

leading to the creation of narrow-linewidth NV centers. These narrow-linewidth NV
centers can result from implanted nitrogen atoms, or from native nitrogen atoms,
combined with for example implantation-induced vacancies (Figure 3.1a). In prin-
ciple, the source of nitrogen can be verified by implanting >N isotopes (natural
abundance 0.37%) and resolving the hyperfine structure of the NV magnetic spec-
trum [44], as done in studies of the spin coherence [41, 45] and creation efficiency
[30, 46—49] of NVs formed from implanted nitrogen. However, in Chu et al. [43]
the isotope of the narrow-linewidth NV centers was not investigated [50]. In a later
study with similar results [38], **N isotopes were implanted, so that the origin of
the NV center’s nitrogen atom could not be determined. Here we report on a study
that enables us to directly correlate the optical linewidth of NV transitions to the NV
formation mechanism.

To distinguish NVs formed by implanted nitrogen atoms from those formed by
native nitrogen atoms, we implanted °N isotopes [44]. We then experimentally
correlated the optical linewidth to the nitrogen isotope. The study was carried out
on two separate samples (see sec. 3.7). Sample A (processed at MIT) is a bulk
(100) CVD grown diamond (Element Six), prepared with the same implantation and
annealing procedure as presented in Chu et al. [43]: it was implanted with 1>N*
at 85 keV with a fluence of 10° N/cm? and subsequently annealed at a maximum
temperature of 1200 °C. Sample B (Delft) is a membrane (thickness ~ 14 ym) ob-
tained from a bulk (100) CVD grown diamond (Element Six), implanted with 1SN+
at 400 keV (fluence 108 N/cm?), and subsequently annealed at a maximum tem-
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perature of 1100 °C.

During implantation, nitrogen ions penetrate the diamond to a depth deter-
mined by the implantation energy (Figure 3.1). As implanted nitrogen atoms track
through the crystal, they displace carbon atoms from their lattice sites creating va-
cancies. The nitrogen atoms create damage along the entire trajectory, but the
damage is greatest near the stopping point [51]. We performed SRIM [52] sim-
ulations to predict the stopping point of implanted >N atoms, in addition to the
locations of vacancies created along the trajectory (Figure 3.1b). At temperatures
> 600 °C, vacancies become mobile [53]. These vacancies can form an NV center,
recombining with the implanted '°N that created the damage or with a native *N
in the lattice. The resulting >NV and *NV formation yields can vary significantly
[30, 45-48] depending on several factors, including the initial nitrogen concentra-
tion, the implantation fluence and energy, the number of vacancies created during
the implantation process, and the duration and temperature of annealing.

3.3. NV densities and host isotopes

A representative confocal fluorescence map at the implantation depth in sample A is
shown in Figure 3.2a. Confocal fluorescence scans at foci deeper into the diamond
show a significantly lower density of fluorescent spots (Figure 3.2a, inset), indicating
that the emitters near the surface were predominantly created by the implantation
and annealing process (see sec. 3.7.4). We identified emitters using different pro-
tocols in the two samples. In sample A, automated spot-recognition was performed
on a fluorescence scan. For each detected spot we identified an NV center based
on its characteristic zero-phonon line (ZPL) emission around 637 nm using a spec-
trograph from a photoluminescence measurement at 4 K under 532 nm excitation.
This protocol identified 120 fluorescent spots as NV centers in a ~ 400 um? area.
In sample B, spots in a fluorescence scan were detected visually, after which an
automated protocol identified NV centers based on the presence of a resonance in
an optically detected magnetic resonance (ODMR) spectrum around the character-
istic NV center zero-field splitting of 2.88 GHz. In this way, 52 out of a total 57
inspected spots in a = 75 um? area in the implantation layer were identified as NV
centers.

We next determined the nitrogen isotope of each NV center by observing the
hyperfine structure of the ODMR spectra. A weak external magnetic field (B, =
5-10 G) was applied to separate the m; = —1 and m, = +1 electron spin transi-
tions. We found NV centers with the characteristic triplet splitting of the 14NV (with
hyperfine splitting, A = 2.2 MHz) as well as with the °NV doublet (4 = 3.1 MHz)
[54], as indicated in Figure 3.2b. Of the 120 NVs identified on sample A, an ODMR
signal was detected in 50, out of which 18 were >NV, 18 *NV, and there were
14 in which the isotope could not be reliably determined from the ODMR spectra.
Similarly, of the 52 NVs identified on sample B, 34 were >NV, 3 were *NV, and
the isotope could not be determined in 15 NVs. We attribute the different isotope
occurrence ratios in sample A and B to different native *N content and different
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Figure 3.2: Isotope characterization and optical measurements of NV centers from *N and
15N. a, A fluorescent confocal scan of sample A taken at 4 K, with labels indicating NV centers charac-
terized as 1*NV, 15NV, and a set with unresolvable hyperfine lines, labeled as ’NV. A scan a few microns
below the implanted layer (inset) shows a lower NV density. b-d, Pulse sequences (top row) used for
isotope characterisation and optical measurements, and representative measurement results for each
isotope (green, middle row: **NV; orange, bottom row: *>NV). b, Continuous wave (CW) ODMR mea-
surements reveal the NV isotope. The 1*NV is characterized by S = 1 hyperfine transitions; the 1SNV
by § = 1/2 hyperfine transitions. c, Interleaved red and green excitation probe the combined effect
of short-timescale fluctuations and laser-induced spectral diffusion. The E, and E,, ZPL transitions are
visible for both isotopes; the NV linewidths are narrower and show a smaller strain splitting than the
15NV. d, Individual line scans of the ZPL in sample B reveal the linewidth free from laser-induced spec-
tral diffusion. The summation of many repeated scans is broadened as a result of repump-laser-induced
spectral diffusion.

implantation fluence.

3.4. Linewidth of optical transitions

Subsequently, we measured the linewidth of optical transitions of identified NV
centers, recording photoluminescence excitation (PLE) spectra at low temperature
(= 4 K). A tunable laser with a wavelength near 637 hm was scanned over the
optical transition while detecting emitted photons in the phonon-sideband. We per-
formed two types of measurements. First, a scan was made in which resonant
excitation (637 nm) and green illumination (532 nm) were rapidly interleaved at
each data point. The red excitation causes rapid optical spin pumping and ioniza-
tion of the NV center. The green excitation provides repumping into the negative
charge state and the mg = 0 spin state. This measurement reveals the combined
effect of short-time scale fluctuations and repump-laser-induced spectral diffusion
in broadening the transition linewidth. Examples of the resulting traces are seen in
Figure 3.2c.

Second, in sample B, an additional scan was performed to isolate the effect
of short timescale fluctuations from repump-laser-induced diffusion. A single off-
resonant repump was applied before sweeping the resonant laser at low power,
as seen in Figure 3.2d. We applied microwaves on the spin resonances to prevent
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Figure 3.3: Optical linewidths per isotope. a-b, A summary of the optical linewidths identified in
sample A (a) and sample B (b) from scans at the implantation depth. For sample B, that has com-
paratively few NV centers at the implantation depth, we included three *NV centers found deeper
in the diamond to enable a comparison between NVs formed from implanted versus native nitrogen.
The distribution is represented as a cumulative distribution function (CDF, top), with the corresponding
histogram shown below. The shaded region in the CDF indicates a 95% confidence interval calculated
using Greenwood’s formula. These data show that both diamonds supported narrow-linewidth NV cen-
ters, the majority of which originated from **NVs. While >NV do exhibit narrow lines, their median
linewidth (M) is higher than for the **NV centers in both samples. We evaluate the probability to obtain
the observed linewidths for *NV centers and SNV centers if the samples are drawn from the same
distribution with a Wilcoxon Rank Sum test, finding a p-value of 2.5 x 10~ in sample A and 1.7 x 10™3
in sample B. c-d, A magnification of the histograms shown in a and b.

optical pumping into a dark spin state during the sweeps [55]. Remaining traces
in which the NV center ionized were excluded by applying a second scan over the
resonance to check the charge state. If no resonance was observed, the preceding
trace was disregarded. This scanning protocol was repeated many times to probe
spectral diffusion through the resulting spread of the observed lines [12]. To ex-
tract the linewidth free from repump-laser-induced spectral diffusion, we performed
a weighted average of linewidth values found from Lorentzian fits to each individual
scan.

Figures 3.2c and d display representative resonant optical scans for the 1*NV
and >NV centers, each showing two resonances corresponding to the two m; = 0
orbital transitions E, and E,. Notably, while the *NV center (green, top row)
exhibits a narrow optical linewidth with a full-width-at-half-maximum (FWHM) of
64 + 4 MHz, the >NV linewidth (orange, bottom row) is broad, with a FWHM of
860 + 236 MHz. The dynamics in the second scan type (Figure 3.2d) indicate that
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both repump-induced fluctuations and a short-timescale mechanism broaden the
15NV linewidth, but that repump-induced fluctuations are dominant in broadening
beyond 200 MHz (see sec. 3.7.3).

To correlate the occurrence of narrow optical linewidths with the N isotope of
the NV centers, we acquired an extensive data set using the data accumulation
procedures described above. The resulting distributions of optical linewidths for
both N isotopes are shown in Figure 3.3. Narrow optical linewidths in both samples
can be attributed almost exclusively to NVs with a native *N host. In contrast,
1SNV centers exhibiting narrow optical linewidths are extremely rare, with a median
linewidth for >NV centers of 3.1 GHz in sample A and 4.1 GHz in sample B.

Notably, in both datasets one NV center with a >N host was found that showed
narrow optical linewidths (< 100 MHz). Given their low occurrence and the non-zero
natural abundance of °N, the creation mechanism of these narrow-linewidth *5NVs
cannot be conclusively determined. Nevertheless, their presence demonstrates that
1SNV centers can exhibit coherent optical transitions. Therefore, we conclude that
the difference in distribution of optical linewidths between **NVs and °NVs is not
due to an intrinsic effect related to the isotope itself, but due to differences in the
local environment resulting from the implantation process.

3.5. Local strain fields

Damage due to implantation may cause local strain fields. Axial strain results in an
overall shift of the optical transition, while transverse strain will split the £, and E,,
transitions [54]. The distributions characterizing the strain for both NV isotopes are
shown in Figure 3.4. The spread of the distribution in ZPL detuning representing
axial strain for *>NVs (44 GHz for sample A, 60 GHz for sample B) is wider than for
14NVs (13 GHz for sample A, 5.6 GHz for sample B). Further, we found that *NVs
exhibit higher transverse strain, manifested by greater splitting with a median of
5.4 GHz (10 GHz) compared to 1.7 GHz (4.3 GHz) for *NVs in sample A (B). As-
suming a similar strain susceptibility for both isotopes, these results indicate that
local damage around the implanted '>NVs creates a more strained environment,
providing further evidence that implantation-induced local damage is responsible
for the broadened SNV linewidth. In addition, in both samples we observed a shift
of the average ZPL frequency for >NV compared to 1NV ZPLs, possibly due to an
intrinsic dependency of the energy levels on the isotope as observed in other color
centers [56, 57].

The data show indications of an increase in *NV density in the implantation
layer in both samples (see sec. 3.7.4). We hypothesize that these *NV centers
can be formed from naturally occurring nitrogen combining with vacancies created
during implantation. Since they can be at greater distance from the main damage
center near the stopping point of the nitrogen, these NV centers may be coherent
and usable for quantum information purposes; more work is needed for a statis-
tically significant correlation. However, these NVs would have worse positioning
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Figure 3.4: Strain analysis. a-b, The distribution of axial strain (measured by absolute average ZPL
frequency) in NVs acquired from analysis of sample A (@) and sample B (b). The 15NV ZPLs exhibit
a larger spread in axial strain (standard deviation, o) than the 4NV ZPLs. c-d, The distribution of
transverse strain (measured by half the splitting between E, and E, frequencies) in NV centers of
sample A (c) and sample B (d). The >NV ZPLs show a greater median splitting (M) in both samples.

accuracy as their spatial distribution is set by arbitrarily positioned naturally occur-
ring nitrogen in combination with the diffusion length of the vacancies generated
during implantation.

3.6. Conclusions

In summary, the implanted nitrogen atoms in our study yield NV centers with pre-
dominantly broad optical lines (> 1 GHz) and substantially higher strain than NV
centers formed from native nitrogen. These results indicate that implanted ni-
trogen atoms combined with an annealing process at high temperatures do not
routinely produce NV centers with narrow optical linewidths. Vacancies produced
in the implantation process may combine with existing nitrogen atoms to produce
narrow NVs, but more work is needed for a statistically significant correlation. It is
clear from this work that recipes for generating implanted NV centers should be re-
investigated, addressing local lattice damage associated with implanted nitrogen.
In addition, other approaches for precisely controlling the NV centers’ positions
while causing minimal local damage can be further explored, such as employing
2D nitrogen-doped diamond layers combined with electron irradiation or ion im-
plantation for vacancy production [58, 59] or laser writing strategies for creating
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vacancies with 3D accuracy [60, 61].

3.7. Supplementary information and Methods

3.7.1. Samples and processing

Sample A

Sample A and the data-set for sample A were acquired and prepared at MIT. We
used a type Ila chemical-vapour-deposition (CVD) grown diamond (Element Six),
with a (100) crystal orientation. The nitrogen content is specified to be less than
5 ppb and is typically less than 1 ppb. The diamond contains a natural abundance
of carbon isotopes. This sample was implanted with >N+ (minimum purity 98%)
at 85 keV (fluence of 10° N/cm?) by Innovion Corporation. After implantation, the
diamond underwent cleaning involving a tri-acid clean (boiling sulfuric, nitric and
perchloric acids [1:1:1] for one hour) followed by a Piranha clean (sulfuric acid and
hydrogen peroxide in a ratio of [3:1]). The sample was subsequently annealed
at high temperatures [43]. During the annealing process the temperature was
increased at a rate of 1 °C/min and held constant for 2 hours when temperatures
reached 400 °C, 800 °C and 1200 °C respectively. The sample underwent the same
acid treatment sequence following the annealing process.

Sample B

Sample B was prepared at Delft, with exception of an annealing procedure speci-
fied below. The data-set for sample B was acquired at Delft. As with sample A, we
used a type IIa CVD grown diamond (Element Six), with a (100) crystal orientation.
The diamond was cut, thinned and polished by Delaware Diamond Knives (DDK)
into thin (~14 um) membranes, one of which is sample B. The membrane was im-
planted with 15N* at 400 keV (fluence of 108 N/cm?) by Innovion Corporation. For
these ions, the stopping range is approximately 400 nm, as simulated using SRIM
[52]. Subsequently, the sample underwent an acid clean in boiling sulfuric, nitric
and perchloric acids [1:1:1] for one hour, and 15 minutes in a Piranha solution.
Following cleaning, the sample was annealed at high temperatures [43] at Har-
vard University. During the annealing process the temperature was increased from
room temperature to 400 °C over a 4 hours period, and then the temperature was
held constant for 8 hours. Subsequently, the temperature was further increased to
800 °C over a 12 hours period, and held constant for 8 hrs. Finally, the temperature
was further increased to 1100 °C and held constant for 2 hours. After annealing,
the sample underwent the same acid treatments as before annealing. The sample
was bonded to a fused silica substrate via Van der Waals forces [62]. The fused
silica substrate contains integrated gold MW striplines for spin control as detailed
in Ref. [62].

3.7.2. Methods

Sample A
Experiments were performed using a home-built scanning confocal microscope. The
samples were cooled to 4 K using a closed-cycle helium cryostat (Montana Instru-
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Figure 3.5: Measurement sequence for sample A. (@) The three parts of the experimental sequence:
NV identification, optical characterization and isotope recognition are executed by an automated proto-
col. (b) Fluorescent peaks are identified after processing the image with a spatial band-pass filter and
taking peaks above a certain threshold (more detail in the text). This yields many NV candidates that
are tested for the presence of PL between 636-639 nm using a spectrometer to confirm the peak is from
an NV. (c) Using the wavelength of the peak identified in (b), we coarsely tune the resonant laser to
the emitter and scan over the entire range allowed by the cavity (82 GHz) with high power to assure we
do not miss the transition peak. Once found, we repeat the measurement with higher resolution and
low enough power to avoid power-broadening. (d) For each NV center a low-power continuous wave
(CW) ODMR spectrum is taken, to find the N isotope.

ments) and were imaged through a 0.9 NA vacuum objective. A Coherent Verdi
G5 laser was used to generate 532 nm light and resonant red light tunable around
637 nm was generated by a New Focus Velocity tunable diode laser. Microwave
(MW) signals were generated by a Rohde & Schwarz SMIQO6B signal generator
and sent through a high-power amplifier (Mini-Circuits ZHL-16W-43+) before de-
livery to the sample via a wire soldered (15 um diameter) across the surface. An
Excelitas avalanche photodiode (APD) served as our single photon detector. Wave-
length/frequency measurements were made with a Princeton Instruments Isoplane
SCT 320 spectrometer and/or a WS7 HighFinesse wavelength meter (these two de-
vices were calibrated relative to each other by scanning the Velocity laser through
the wavelengths of interest). All digital signals used to produce pulse sequences
were generated on a PulseBlaster ESR-Pro from SpinCore; additional analog control
and photon counting were performed on a USB NI6343 from National Instruments.
The automated measurement sequence for sample A is shown in Figure 3.5 in detail.

1. NV identification
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no ODMR | no resolvable | hyperfine failed
contrast hyperfine resolved :

PLE

signal 59 14 36 1 110

no PLE

signal 5 2 0 3 10
64 16 36 4 120

Table 3.1: Table summarizing all data for sample A. This table has the numeric breakdown of all
NVs reported. The bold numbers indicate a particular column or row summation. NVs that resulted in an
error were either due to a hardware failure during the automated protocol or a peak that was detected
in one scan but could not be found again (likely due to a false-positive originally).

Fluorescent spots were identified using a peak-detection algorithm on a confocal
scan. The image was first filtered using a spatial band-pass filter (constructed with
a “low-pass” Gaussian kernel with a full-width at half-maximum (FWHM) of 235 nm
and a “high-pass” Gaussian kernel with a spatial FWHM of 700 nm). A peak is de-
fined as a pixel that is greater than or equal to its 4 nearest neighbors and greater
than the 4 second nearest neighbors. A threshold was calculated to be 1-2 stan-
dard deviations above the median pixel value. Only peaks that carried an intensity
value above the calculated threshold were used in the experiment. Each image was
inspected, and the threshold fine-tuned before continuing the experiment to ensure
that every visible peak was located.

The fluorescent spots were validated by examining a PL spectrum under 532 nm
excitation for a peak between 636 nm and 639 nm (the range in which we can tune
our resonant laser). No peaks were found out of this range. We illuminated the
sample with 300 pW of power while the spectrometer acquired a measurement
with an exposure of 10 seconds (a relatively short amount of time compared to the
optical characterization). Peaks were detected after noise removal using a similar
technique as described above for the fluorescent spot detection.

2. Optical characterization

All photoluminescence excitation (PLE) measurements in this section will refer to a
pulse sequence described in Figure 3.2c of the main text. The duration of the green
repump was 2 ps with a power of about 300 pW. The collection bin was 10 ps with
3 UW of resonant illumination power that could be attenuated with optical-density
(OD) filters. The frequency of the excitation was monitored continuously using the
wavelength meter.

The first step in optical characterization was a PLE scan at high power (no at-
tenuation with OD filters). For each ZPL peak identified, the laser was coarsely
tuned to the ZPL frequency, then tuned across the full range of the Velocity laser’s
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Figure 3.6: Summary of all data for sample A. (a) A CDF representing the distributions of unknown
isotope to known isotope ZPL linewidths. A similar shape indicates that both sample sets are drawn
from the same distribution indicating there is no inherent bias towards sampling **NV or *>NV. The
probability to obtain these results if the samples are drawn from the same distribution (p) is evaluated
by a Wilcoxon rank-sum test. (b) A stacked histogram showing all the 1NV and 5NV ZPL linewidths.
The median linewidth (M) is indicated. (c) A histogram showing the linewidths for the set of ZPLs with
an unknown host isotope.

external cavity range (82 GHz) with a resolution of 275 MHz. This sequence was
averaged 10* times at each frequency to ensure that the SNR is large enough to find
an NV signal (Table 3.1 shows the statistics corresponding to optical and isotope
recognition of our NV set). The automated protocol roughly identified statistically
relevant peaks (nearly all locations that were NVs revealed two such peaks; one for
E, and E,). A sum of Gaussian lineshapes were fit to the data-set based on the
number of peaks detected. The location and width of the peak were all recorded
for use in the high-resolution scans.

Next, the high-resolution scans were performed using a low power red excita-
tion (300 nW, obtained with an OD filter) to avoid power-broadening. To account
for the lower excitation power, we performed 10° averages. The scan range and
resolution were determined by the location and width of the previous high-power
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scan. Gaussian lineshapes were fit to the final low-power, high-resolution scans in
the same manner as for the high-power scans. The center ZPL position is midway
between the E, and E,, transitions, and the splitting is half the distance between
them.

3. Isotope recognition

The final step in the measurement protocol is to measure a continuous-wave (CW)
optically-detected magnetic resonance (ODMR) that probes the NV fine structure.
We determined the emitter’s orientation by sweeping a strong MW field over each
of the 4 possible orientations (pre-characterized prior to each run). Once deter-
mined, we iteratively lowered the MW power until the ODMR signal had resolvable
hyperfine transitions (up to 10 dB lower than the power used to determine the ori-
entation). The NV isotope was determined by inspection of the multiplicity of the
number of dips in the ODMR spectrum. Almost half of the NVs identified (showing
both PLE and ODMR signals) had unidentifiable ODMR spectra. Figure 3.6 shows
a summary of all identified emitters. It is important to note that the distribution
of both categorized (**NV and ®NV) and un-categorized NVs follow the same dis-
tribution (as seen by the overlapping CDF in Figure 3.6a and the same shape of
histograms in Figure 3.6b-c).

Sample B

Sample B is maintained at a temperature of 4 K in a closed-cycle cryostation (Mon-
tana Instruments). The optical and electronic elements of the experimental setup
are as previously described in Ref. [63]. We describe the measurement sequence
for sample B, schematically presented in Figure 3.7, in detail.

1. NV identification

Fluorescent spots were identified by inspection of a confocal scan. On these spots
a spatial optimization in three dimensions was performed. The automated protocol
proceeded if the spot could be fit with a Gaussian shape. Next, a CW ODMR mea-
surement was performed at high microwave power. The high power was used to
maximize the visibility of an ODMR dip. The dip was fit with a Gaussian curve to
find the resonance frequency that was used in the remainder of the protocol for mi-
crowave driving. If spatial optimization was successful and an ODMR dip observed,
a spot was marked as an NV center. Out of 52 spots identified as an NV center
following this protocol, five contained two NV centers. Because a unique link be-
tween ODMR for isotope-recognition and the optical linewidth was not made, these
NVs were left out of the final analysis. NVs with both narrow and broad optical
linewidths were identified in these five spots, as well as at least one *NV.
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Figure 3.7: Measurement sequence for sample B. (@) The three parts of the experimental sequence:
NV identification, optical characterization and isotope recognition are executed by an automated proto-
col. (b) Out of a total of 64 fluorescent spots at the implantation depth and deeper in the sample, 57
were identified as NV centers, based on a Gaussian spatial profile and the presence of an ODMR dip. 52
of these spots contained single NV centers (c) After a broad range scan to determine the position of the
optical resonances, separate sequences are performed for very broad linewidths (> 10 GHz) and the
other linewidths, to restrict measurement time. Measurements probing the linewidth free from spectral
diffusion (refered to as low-power red excitation only) are performed only if the linewidth was not very
broad. (d) For each NV center a low-power CW ODMR spectrum is taken, to find the N isotope.

2. Optical characterization

In this section we detail the optical characterization for sample B as described in
Figure 3.2c-d of the main text. The first step in optical characterization was a PLE
scan at high power, with red and green excitation interleaved for each step. We
applied 100 nW of red power (measured before the objective) for 100 ps, followed
by 100 pW green power for 10 ps and a 10 ps wait time. This sequence was re-
peated for a total integration time of 10 ms for each data point. The scan was
carried out over a range of 500 GHz, with a resolution of approximately 10 MHz.
The laser wavelength was monitored after each laser frequency step using a wave-
length meter. During all optical scans microwave driving was applied to observe
optical lines for all spin projections in the red-green interleaved scan, and to pre-
vent optical pumping in the scans probing short-timescale dynamics. Automated
protocols were used to fit a Gaussian lineshape to the peaks, determining the lo-
cation of the two highest peaks. The center ZPL position is midway between the
highest peaks, and the strain splitting is the half distance. For four NVs no optical
resonances were found in the 500 GHz range scanned in the automated protocol
(between 470.3 THz and 470.8 THz). For three of these, optical resonances were
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PLE no PLE
signal | signal
ODMR
isotope 35 0 35
resolvable
ODMR
isotope 16 1 17
unresolvable
no ODMR
contrast 1 4 5
51 5 57

Table 3.2: Table summarizing all data for sample B. This table has the numeric breakdown of all
fluorescent spots reported, at the implantation depth (52 spots) and deeper in the diamond (5 NVs).
Not included are two data-points for which spatial optimization was not successful, and 5 spots that
contained more than one NV. The bold numbers indicate a particular column or row summation.

found manually outside this range (around 469.7 THz, 470.2 THz, and 471.1 THz).
For one NV no optical lines were found in a range from 469.4 THz to 471.4 THz.

We continued with scans around the resonances, using a low power red exci-
tation (12 nW) to avoid any power-broadening. To restrict measurement time, the
performed measurements depend on the fitted linewidth in the large-range scan as
follows. If the fitted linewidth in the broad-range scan was very broad (> 10 GHz), a
PLE scan with interleaved red and green was subsequently carried out over a range
of approximately 30 GHz. The resolution of this scan was 30 MHz. The timing of
the sequence is as described for the broad-range scan. If the fitted linewidth was
< 10 GHz, we performed a single PLE scan interleaving red and green excitation
for each data point over a range of 8 GHz (resolution 4 MHz, same timings as the
broad-range scan). Next, we proceeded with 30 scans with red excitation, with
repumping only in between each scan. The range of these scans was 4 GHz, with a
resolution of approximately 4 MHz. The integration time for each pixel was 20 ms,
and the total scan time over the full 4 GHz range was approximately 40 seconds.
After each scan we performed a second scan over the resonance to determine if the
NV ionized during the original scan. We fit a Lorentzian to the non-ionized traces,
and extract the FWHM, y, from their weighted average:

Ziyiai_z
o’

where y; are the fitted FWHM of the individual traces, and o; the corresponding
standard error of the fit parameter.

V= (3.1
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Figure 3.8: Summary of all data for sample B. (a) A CDF representing the distributions of unknown
isotope to known isotope ZPL linewidths. A similar shape indicates that both sample sets are drawn
from the same distribution indicating there is no inherent bias towards sampling **NV or *>NV. The
probability to obtain these results if the samples are drawn from the same distribution (p) is evaluated
by a Wilcoxon rank-sum test. (b) A stacked histogram showing the all 1NV and 5NV ZPL linewidths.
The median linewidth (M) is indicated. (c) A histogram showing the linewidths for the set of ZPLs with
an unknown host isotope. The histograms in (c) and (d) do not show data for 7 15NV and 4 NVs with
unknown isotope as they are out of the range (> 15 GHz).

3. Isotope recognition

The final step in the measurement protocol was an ODMR measurement probing
the NV fine structure, scanning around the resonance detected during the NV iden-
tification (step 1). This ODMR measurement was performed at 7 dB attenuation
relative to the ODMR measurement during NV characterization, to avoid power-
broadening. The NV isotope was determined by inspection of the multiplicity of the
number of dips in the ODMR spectrum, and confirmed by the best goodness of fit
out of fits with Gaussian dips with hyperfine splittings fixed to the NV or >NV
values. The isotope could not be reliably identified by inspection in 15 NV centers
located at the implantation depth. We note that these contained both NV centers
with broad (> 500 MHz, 13 NVs) and narrow (< 500 MHz, 2 NVs) linewidths. Table
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3.2 shows a summary of the PLE and ODMR contrast for spots at the implantation
depth and deeper in the diamond. In Fig. 3.8 a summary of the optical linewidths
is shown, including the NVs with unknown isotopes. Similar to the observations for
sample A, we find that the cumulative density function for the unknown isotopes
and the combined *NV and >NV data overlap.

3.7.3. Characterization of repump laser-induced spectral
diffusion

On sample B we performed scans to isolate short timescale fluctuations from re-
pump laser-induced spectral diffusion (Figure 3.2(d) of the main text). For each
NV center we performed 30 consecutive scans, with a green repump laser pulse
applied only in between the scans. The scans in which the NV center did not ionize
are selected. We fit a Lorentzian curve to the resonance in each scan and calculate
the weighted average for each NV center (see Eq. 3.1). We also fit the sum of the
scans with a Gaussian curve, extracting the FWHM including repump laser-induced
spectral diffusion. When correlating the two analyses, as shown in Figure 3.9, we
find that the Lorentzian linewidths are mostly less than 200 MHz, while further
broadening in the linewidth can be attributed to laser-induced spectral diffusion.

0.6
4 unknown
No5 N15
C) 4 N4
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©
(9]
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o
£
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Figure 3.9: Optical linewidths from scans with red excitation only. Consecutive scans over a
single resonance are performed as described in the text. The FWHM of the optical linewidth in individual
scans (y-axis) is correlated to the FWHM of the summed scans including repump laser-induced spectral
diffusion (x-axis). We conclude that the Lorentzian linewidths are mostly less than 200 MHz, while
further broadening in the linewidth can be attributed to laser-induced spectral diffusion. This figure
contains data for NV centers at the implantation depth with linewidths < 10 GHz (Figure 3.7).

Protocols using resonant charge repumping [25] and real-time monitoring of
the transition frequency [26] have been used to reduce linewidths broadened to
<200 MHz by slow spectral diffusion. However, for larger broadening, and espe-
cially for the very broad (>1 GHz) linewidths for >NVs, such a repump scheme
is challenging as after each remaining frequency jump the resonances shift sig-
nificantly, complicating the locating of the new resonances within an acceptable
time.
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3.7.4. NV densities

In sample A (see confocal scans in Figure 3.2a of the main text), the NV areal den-
sities estimated from the verified isotopes at the implantation depth are at least
3.9x 1072 ™NVs/um? and 3.5 x 1072 >NVs/um?. When assuming that the isotope
distribution over the NVs with unknown isotope follows the same distribution as for
the known NVs (this assumption is supported by the overlapping linewidth distri-
butions in Figure 3.6), the areal density estimates are 5.1 x 10~2 *NVs/um? and
4.7 x 1072 >NVs/um?. This corresponds to a conversion efficiency of implanted
15N to NV of approximately 3.5%-4.7%. At a scan deeper in the sample over the
same area (Figure 2a, inset) we found 3 NVs, that we assume to be NV given
their location in the diamond well below the implantation depth. The native areal
density of 1*NVs that we estimate from this is 3 x 1072 *NVs/um?.

Figure 3.10: Confocal scans of sample B (a) at the implantation depth and (b) at =5 pm under the
diamond surface. The orange box indicates the approximate region at the implantation depth in which
fluorescent spots were characterized.

Confocal scans of sample B are shown in Figure 3.10, at the implantation depth
and deeper into the sample to illustrate the change in NV density due to implanta-
tion. The confocal scan at the implantation depth (~ 400 nm, Figure 3.10a) displays
around ~ 180 fluorescent spots. We characterized 59 of these spots from the high-
lighted region in Figure 3.10a, identifying 57 NV centers (47 single NVs in a confocal
spot and 5 spots with two NVs). We are able to determine the isotope for 37 NVs,
3 out of which are *NVs, and 34 are '>NVs. From this, a lower-bound estimate of
the 1*NV areal density after implantation is 4 x 1072 *NVs/um?. We estimate the
15NV areal density to be at least 5 x 10~! >NVs/um?2. When assuming that the
unknown isotopes follow the distribution of isotopes for the known isotopes (as for
sample A, this is supported by the overlapping linewidth distributions in Figure 3.8),
the areal density estimates are 6 x 102 *NVs/um? and 7 x 10~ 15NVs/um?. This
corresponds to an estimated conversion efficiency of implanted >N to NV of ap-
proximately 50%-70%. We attribute differences in conversion efficiencies between
sample A and sample B to the difference in implantation parameters [64].

We characterized 5 out of 6 bright fluorescent spots in the deep scan (= 5 um
depth (Figure 3.10b). All 5 spots were identified as NVs, and all displayed narrow
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linewidths in the red-green interleaved scan. The isotope were found to be **N for 3
out of 5 NVs, whereas the isotope could not be reliably determined from the ODMR
measurement for 2 NVs (this is a comparable ratio of known versus undetermined
isotopes as at the implantation depth). Because their location in the diamond was
well below the implantation depth, these findings strongly suggest that these fluo-
rescent spots are naturally occurring 1*NV. A best estimate of the 1*NV areal density
before implantation is therefore 3 x 1072 *NVs/um?. Although the sample sizes
are small, comparing the estimated *NV densities at the implantation depth and
deeper in the diamond we find indications that *NVs at the implantation depth are
created during implantation in both sample A and B.
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Entanglement of dark
electron-nuclear spin
defects in diamond.

M. J. Degen*, S. J. H. Loenen*, H. P. Bartling, C. E. Bradley, A. L. Meinsma, M.
Markham, D. J. Twitchen, T. H. Taminiau

A promising approach for multi-qubit quantum registers is to use optically ad-
dressable spins to control multiple dark electron-spin defects in the environ-
ment. While recent experiments have observed signatures of coherent inter-
actions with such dark spins, it is an open challenge to realize the individual
control required for quantum information processing. Here we demonstrate
the heralded initialisation, control and entanglement of individual dark spins
associated to multiple P1 centers, which are part of a spin bath surrounding
a nitrogen-vacancy center in diamond. We realize projective measurements
to prepare the multiple degrees of freedom of P1 centers - their Jahn-Teller
axis, nuclear spin and charge state - and exploit these to selectively access
multiple P1s in the bath. We develop control and single-shot readout of the
nuclear and electron spin, and use this to demonstrate an entangled state
of two P1 centers. These results provide a proof-of-principle towards using
dark electron-nuclear spin defects as qubits for quantum sensing, computa-
tion and networks.

The results in this chapter have been submitted for publication; arXiv:2011.09874.
*Equally contributing authors.
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4.1. Introduction

Optically active defects in solids provide promising qubits for quantum sensing [1],
quantum-information processing [2—4], quantum simulations [5, 6] and quantum
networks [7-9]. These defects, including the nitrogen-vacancy (NV) and silicon-
vacancy (SiV) centers in diamond and various defects in silicon-carbide [10-12],
combine long spin coherence times [4, 13—-18], high-quality control and readout
[24, 14, 19-21], and a coherent optical interface [7-9, 15, 19, 22].

Larger-scale systems can be realized by entangling multiple defects together
through long-range optical network links [7-9] and through direct magnetic cou-
pling, as demonstrated for a pair of ion-implanted NV centers [23, 24]. The number
of available spins can be further extended by controlling nuclear spins in the vicin-
ity. Multi-qubit quantum registers [4, 24-27], quantum error correction [2, 3],
enhanced sensing schemes [28], and entanglement distillation [29] have been re-
alized using nuclear spins.

The ability to additionally control dark electron-spin defects that cannot be di-
rectly detected optically would open new opportunities. Examples are studying
single defect dynamics [30], extended quantum registers, enhanced sensing proto-
cols [28, 31, 32] and spin chains for quantum computation architectures [33-36].
Two pioneering experiments reported signals consistent with an NV center cou-
pled to a single P1 center (a dark substitutional nitrogen defect) [37, 38], but the
absence of the expected P1 electron-spin resonance signal [39] and later results
revealing identical signals due to NV-13C couplings in combination with an excited
state anti-crossing [40], make these assignments inconclusive. Recent experiments
have revealed signatures of coherent interactions between NV centers and individ-
ual dark electron-spin defects, including P1 centers [41—43], N2 centers [44] and
not-yet-assigned defects [31, 45—49]. Those results have revealed the prospect
of using dark spin defects as qubits. However, high-quality initialisation, measure-
ment and control of multi-qubit quantum states is required to exploit such spins as
a quantum resource.

Here we demonstrate the control and entanglement of individual P1 centers
that are part of a bath surrounding an NV center in diamond (Fig. 4.1a). A key
property of the P1 center is that, in addition to its electron spin, it exhibits three
extra degrees of freedom: the Jahn-Teller axis, a nuclear spin, and the charge
state [50-52]. Underlying our selective control of individual centers is the heralded
preparation of specific configurations of these additional degrees of freedom for
multiple P1 centers through projective measurements. In contrast, all previous ex-
periments averaged over these additional degrees of freedom [41, 42, 53]. We use
this capability to develop initialisation, single-shot readout and control of the elec-
tron and nuclear spin states of multiple P1s, and investigate their spin relaxation
and coherence times. Finally, we demonstrate the potential of these dark spins
as a qubit platform by realizing an entangled state between two P1 electron spins
through their direct magnetic-dipole coupling.
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4.2. A spin bath with multiple degrees of free-

dom.

We consider a bath of P1 centers surrounding a single NV center at 3.3 K (Fig. 4.1a).
The diamond is isotopically purified with an estimated *3C concentration of 0.01%.
The P1 concentration is estimated to be ~ 75 ppb (see section 4.9.4). Three P1
charge states are known [51, 52]. The experiments in this work detect the neutral
charge state and do not generate signal for the positive and negative charge states.
In addition to an electron spin (S = 1/2), the P1 center exhibits a 1*N nuclear spin
(I =1, 99.6% natural abundance) and a Jahn-Teller (JT) distortion, which results
in four possible symmetry axes due to the elongation of one of the four N-C bonds
[54]. Both the *N state and the JT axis generally fluctuate over time [55-57]. The
Hamiltonian for a single neutrally-charged P1 defect in one of the four JT axis i €
{A,B,C,D} is [50]:

Hipt =VeB-S+y,B-T+1-P;-T+5-A;-1, (4.1)

where y, (v ) is the electron (1N) gyromagnetic ratio, B the external magnetic field
vector S and I are the electron spin-1/2 and nuclear spin-1 operator vectors, and

A; (P;) the hyperfine (quadrupole) tensor. We label the **N (m; € —1,0,+1) and
JT states as |m,, i), and the electron spin states as |1) and [l). For convenience, we
use the spin eigenstates as labels, while the actual eigenstates are, to some extent,
mixtures of the *N and electron spin states.

We probe the bath surrounding the NV by double electron-electron resonance
(DEER) spectroscopy [41, 42, 45, 47, 53]. The DEER sequence consists of a spin
echo on the NV electron spin, which decouples it from the environment, plus a
simultaneous m-pulse that selectively recouples resonant P1 centers. Figure 4.1b
reveals a complex spectrum. The degeneracy of three of the JT axes is lifted by
a purposely slightly tilted magnetic field with respect to the NV axis (6 ~ 4°). In
combination with the long P1 dephasing time (T; ~ 50 ps, see Fig 4.6d) this en-
ables us to resolve all 12 main P1 electron-spin transitions — for four JT axes and
three 1*N states — and selectively address at least one transition for each JT axis.

Several additional transitions are visible due to mixing of the electron and nu-
clear spin in the used magnetic field regime (y,|B| ~ Ay,AL). We select 11 well-
isolated transitions to fit the P1 Hamiltonian parameters and obtain {A;, A;, P;} =
{114.0264(9), 81.312(1), -3.9770(9)} MHz and B = {2.437(2), 1.703(1), 45.5553(5)}
G (see section 4.9.3), closely matching ensemble ESR measurements [58]. The ex-
perimental spectrum is well described by the 60 P1 transitions for these parameters.
No signal is observed at the bare electron Larmor frequency (= 128 MHz), confirm-
ing that the P1 centers form the dominant electron spin bath.
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Figure 4.1: DEER spectroscopy of a P1 spin bath. a) We study a bath of P1 centers surrounding a
single NV center. The state of each P1 center is defined by an electron spin (blue), a **N nuclear spin
(green), and one of four JT axis, which can vary over time (see inset). b) DEER spectrum obtained by
varying the frequency f (see inset). The NV is initialized in ms; = 0 via optical spin-pumping (i) and
optically read out (r) at the end of the sequence (Methods). F,, o) is the fidelity of the final NV state
with mg = 0. The 12 main P1 electron-spin transitions are labelled by their nitrogen nuclear spin state
and JT axis (colored lines). 11 isolated transitions (dashed lines) are used to fit the P1 Hamiltonian and
all predicted transition frequencies are indicated (solid lines). In this work, we mainly use the circled
transitions corresponding to |+1,D) and |+1, A). €) We apply a calibrated 7 pulse (Rabi frequency Q =
250 kHz) at a fixed frequency f, to selectively couple to P1 centers in the |+1, i) state (i € {A,B,C,D})
and vary the interaction time 27 (see inset in b). From the fits we obtain a dephasing time T, pggr of
0.767(6), 0.756(7), 0.802(6) and 0.803(5) ms for the |+1, i) state with i corresponding to A,B,C and D
respectively. A spin-echo (no pulse on P1 centers) is added for reference from which we obtain T, yy =

0.992(4) ms. Error bars are one standard deviation (Methods), with a typical value 4 x 1073, which is
smaller than the data points. See Methods for the fit functions.
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To probe the coupling strength of the P1 bath to the NV, we sweep the interaction
time in the DEER sequences (Fig. 4.1c). The curves for the different |+1, i) states
show oscillatory features, providing a first indication of an underlying microscopic
structure of the P1 bath. However, like all previous experiments [41, 42, 53], these
measurements are a complex averaging over **N, JT and charge states for all the P1
centers, which obscures the underlying structure and hinders control over individual
spins.

4.3. Detecting and preparing single P1 centers.

To investigate the microscopic structure of the bath we repeatedly apply the DEER
sequence and analyze the correlations in the measurement outcomes [30]. Figure
4.2a shows a typical time trace for continuous measurement, in which groups of
K=820 measurements are binned together (see Fig. 4.2b for the sequence). We
observe discrete jumps in the signal that indicate individual P1 centers jumping in
and out of the |+1, D) state. The resulting histogram (Fig. 4.2a) reveals multiple
discrete peaks that indicate several P1 centers with different coupling strengths to
the NV center, as schematically illustrated in Fig. 4.2c. We tentatively assign four
P1 centers S1, S2, S3 and S4 to these peaks.

We verify whether these peaks originate from single P1 centers by performing
cross-correlation measurements. We first apply a DEER measurement on |+1, D)
followed by a measurement on |+1,A) (Fig. 4.2d). For a single P1, observing it
in |+1,D) would make it unlikely to subsequently also find it in state |[+1,A). We
observe three regions of such anti-correlation (red rectangles in Fig. 4.2d). We
define the correlation:

o PINT < N|yy o) < NPWINE < N), ) < NBO) (42)
B P(NJ'™ < N|,, ) < NJ*9%) '

where NJMn, Nmax  Nmin gnd N* define the region, and where P(X) is the
probability that X is satisfied. Assuming that the states of different P1 centers are
uncorrelated, a value ¢ < 0.5 indicates that the signal observed in both the DEER
sequences on |[+1,A) and |+1, D) is associated to a single P1 center, while ¢ < 2/3
indicates 1 or 2 centers (see section 4.9.7).

For the three areas we find ¢ = 0.40(5), 0.22(4) and 0.47(5) for S1, S2 and
S3/S4 respectively. These correlations corroborate the assignments of a single P1
to both S1 and S2 and one or two P1s for S3/S4 (the result is within one standard
deviation from 0.5). Additionally, these results reveal which signals for different
|+1,i) states belong to which P1 centers. This is non-trivial because the NV-P1
dipolar coupling varies with the JT axis, as exemplified in Fig. 4.2d (see section
4.9.2 for a theoretical treatment).
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Figure 4.2: Detection and preparation of single P1 centers. a) Typical time trace for the DEER
signal for [+1,D). N is the total number of m; = 0 NV readout outcomes in K = 820 repetitions of
the sequence (see (b)). The discrete jumps and corresponding peaks in the histogram of the full time
trace (~ 6 h, right) indicate that several individual P1s are observed (S1, S2 and S3/S4). b) Sequence
for K repeated DEER measurements. Note that the phase of the final /2 pulse is along -x and thus
the signal is inverted as compared to Fig. 4.1b. Optical initialisation (i) and readout (r) of the NV
electron are indicated with red pulses. c) XY-plane of the NV-spin Bloch sphere before the second
m/2 pulse of a DEER measurement, with the NV initialised along +z at the start. The NV spin picks
up phase depending on which nearby P1 centers are in the targeted |+1,D) state. Because the NV
spin is effectively measured along the y-axis, this sequence is insensitive to the P1 electron spin state.
We discuss the case of two P1 centers simultaneously in the same state, which happens with a small
probability and yields a distinct signal, in section 4.9.1. d) Cross-correlation of two consecutive DEER
measurements for |+1,D) (K=820) and |+1,A) (K=820). Three areas (red boxes, section 4.9.7) show
an anti-correlation associated to S1, S2, and S3/S4, in agreement with the assignment of discrete P1
centers. Left: sequence for the two consecutive DEER measurements (green blocks). Double lined
arrows indicate measurement outcomes.
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Next, we develop single-shot readout and heralded initialisation of the **N and
JT state of individual P1 centers. For this, we represent the time trace data (Fig.
4.2a) as a correlation plot between subsequent measurements k and k + 1 (Fig.
4.3a) [59-61]. We bin the outcomes using K=820 repetitions, where K is chosen
as a trade-off between the ability to distinguish S1 from S2 and the disturbance of
the state due to the repeated measurements (1/e value of ~1.5 x 10* repetitions,
see section 4.9.5). Separated regions are observed for the different P1 centers.
Therefore, by setting threshold conditions, one can use the DEER measurement as
a projective measurement to initialize or readout the |m,;,i) state of selected P1
centers, which we illustrate for S1.

First, we set an initialisation condition N(k) > Ng,; (blue dashed line) to herald
that S1 is initialized in the |+1, D) state and that S2, S3/S4 are not in that state. We
use N (k) < N,,:s1 to prepare a mixture of all other other possibilities. The resulting
conditional probability distributions of N(k + 1) are shown in Fig. 4.3b. Second,
we set a threshold for state readout Ny, to distinguish between the two cases. We
then optimize Ny, for the trade-off between the success rate and signal contrast,
and find a combined initialisation and readout fidelity F = 0.96(1) (see Methods).
Other states can be prepared and read out by setting different conditions (section
4.9.7).
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Figure 4.3: Single-shot readout and initialisation of the 1*N and JT state. a) Correlation plot
for consecutive measurement outcomes N (k) and N(k + 1), both for |+1,D). Dashed lines are the
thresholds used to prepare (vertical) and read out (horizontal) the JT and **N state in panel b. We
use Ng; > 522 to prepare S1 in [+1,D), and S2 and S3/S4 in any other state. The condition N,,,r51 <
477 prepares a mixture of all other possibilities. A threshold Npo = 477 distinguishes between those
two cases in readout. b) Conditional probability distributions for both preparations, demonstrating
initialisation and single-shot readout of the **N and JT state of S1. Inset: experimental sequence.
Labelled horizontal arrows indicate conditions for passing the initialisation measurement (init).
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4.4. Control of the electron and nuclear spin.

To control the electron spin of individual P1 centers, we first determine the effective
dipolar NV-P1 coupling. We prepare, for instance, S1 in |+1, D) and perform a DEER
measurement in which we sweep the interaction time (Fig. 4.4a). By doing so, we
selectively couple the NV to S1, while decoupling it from S2 and S3/S4, as well as
from all bath spins that are not in |+1, D). By applying this method we find effective
dipolar coupling constants v of 27-1.910(5), 27-1.563(6) and 2m-1.012(8) kHz for
S1, S2 and S3/S4 respectively. Note that, if the signal for S3/54 originates from two
P1 centers, the initialisation sequence prepares either S3 or S4 in each repetition
of the experiment.
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Figure 4.4: Electron spin initialisation and readout. a) Measuring the NV-P1 coupling strength.
We initialize S1, S2, or S3/S4 in |+1, D) and vary the interaction time 2t of a DEER sequence. (N) is the
mean of the number of NV m, = 0 outcomes for K=200 repetitions. To improve the signal, the results
are post-selected on again obtaining |+1, D). Error bars are one standard deviation (Methods), with a
typical value 1, which is smaller than the data points. Grey: without P1 initialisation (data from Fig.
4.1c). b) DEER(y) sequence with the readout basis rotated by /2 compared to the DEER sequence
and T = r/2v. An additional 7 pulse is added to revert the P1 electron spin. Optical initialisation (i) and
readout (r) of the NV electron are indicated with red pulses. c) XY-plane of the NV Bloch sphere before
the second /2 pulse, illustrating that the DEER(y) sequence measures the P1 electron spin state (shown
for positive NV-P1 coupling). d) Single-shot readout of the S1 electron spin. After preparation in |+1, D),
the electron spin is initialized through a DEER(y) measurement (L=8) with thresholds M3y (> 6) and
M),y (=1). Shown are the conditional probability distributions for a subsequent DEER(y) measurement
with L=11 and the readout threshold My, .

We initialize and measure the electron spin state of the P1 centers through a
sequence with a modified readout axis that we label DEER(y) (Fig. 4.4b). Un-
like the DEER sequence, this sequence is sensitive to the P1 electron spin state.
After initializing the charge, nuclear spin and JT axis, and setting the interaction
time T = /(2 - v), the DEER(y) sequence projectively measures the spin state of
a selected P1 center (Fig. 4.4c). We first characterize the P1 electron spin relax-
ation under repeated application of the measurement and find a 1/e value of ~250
repetitions (section 4.9.5). We then optimize the number of repetitions and the ini-
tialisation and readout thresholds to obtain a combined initialisation and single-shot
readout fidelity for the S1 electron spin of Ky, = 0.95(1) (Fig. 4.4d).
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We now show that we can coherently control the P1 nitrogen nuclear spin (Fig.
4.5a). To speed up the experiment, we choose a shorter initialisation sequence that
prepares either S1 or S2 in the |+1, D) state (K=420, Methods). We then apply
a radio-frequency (RF) pulse that is resonant with the m; = +1 < 0 transition if
the electron spin is in the |T) state. Varying the RF pulse length reveals a coherent
Rabi oscillation. Because the P1 electron spin is not polarized, the RF pulse is on
resonance 50% of the time and the amplitude of the Rabi oscillation is half its
maximum.
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Figure 4.5: Nitrogen nuclear spin control and NV-P1 coupling sign. a) *N Rabi oscillation. Top:
energy levels of the P1 electron spin in the {0D, +1D} subspace. Bottom: either S1 or S2 is prepared in
|+1, D) and the length t of a pulse at frequency RF = RF,y = 36.8 MHz is varied. The nitrogen nuclear
spin is driven conditionally on the electron spin state. Inset: NMR spectrum obtained by varying the
frequency RF for a fixed pulse duration t. b) We use the *N spin to determine the sign of the NV-P1
coupling. First, we prepare a selected P1 center (K=820) and initialise its electron spin (L=2). Second,
we apply a m pulse at RF,4y, Which implements an electron controlled CNOT, y (see level structure in
(a)). The coupling sign to the NV determines the P1 electron-spin state, and, in turn, the final 14N state.
Finally, we measure the fidelity with the **N |+1) state for two opposite electron spin initialisations (+y
and -y final 7/2 pulse of DEER(y)). The normalized difference R of these measurements reveals the
sign of the coupling (see Methods). All error bars indicate one statistical standard deviation.

We use the combined control over the electron and nuclear spin to determine
the sign of the NV-P1 couplings (Fig. 4.5b). First, we initialize the 1N, JT axis and
electron spin state of a P1 center. Because the DEER(y) sequence is sensitive to
the sign of the coupling (Fig. 4.4c), the sign affects whether the P1 electron spin
is prepared in |T) or |l). Second, we measure the P1 electron spin through the *N
nuclear spin. We apply an RF pulse, which implements an electron-controlled CNOT
gate on the nuclear spin (see Fig. 4.5a). Subsequently reading out the *N spin
reveals the electron spin state and therefore the sign of the NV-P1 coupling. We plot
the normalized difference R (Methods) for two different initialisation sequences that
prepare the electron spin in opposite states. The results show that NV-P1 coupling
is positive for the cases of S1 and S3/S4, but negative for S2 (Fig. 4.5b). If S3/54
consists of two P1 centers, then they have the same coupling sign to the NV.
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4.5. Spin coherence and relaxation.

To assess the potential of P1 centers as qubits, we measure their coherence times.
First, we investigate the relaxation times. We prepare either S1 or S2 in |+1,D),
the NV electron spin in m; = 0, and vary the waiting time t before reading out the
same state (Fig. 4.6a). This sequence measures the relaxation of a combination
of the nitrogen nuclear spin state, JT axis and charge state, averaged over S1 and
S2. An exponential fit gives a relaxation time of Tiy1p) = 40(4) s (Fig. 4.6b, green).

We measure the longitudinal relaxation of the electron spin by preparing either
[T) (S1) or 1) (S2) (Fig. 4.6a). We post-select on the |+1,D) state at the end
of the sequence to exclude effects due to relaxation from |+1,D), and find T}, =
21(7) s. The observed electron spin relaxation time is longer than expected from
the typical P1-P1 couplings in the bath (order of 1 kHz). A potential explanation is
that flip-flops are suppressed due to couplings to neighbouring P1 centers, which
our heralding protocol preferentially prepares in other |m,, i) states. Below, we will
show that S1 and S2 have a strong mutual coupling, which could shift them off
resonance from the rest of the bath.

Second, we investigate the electron and nitrogen nuclear spin coherence via
Ramsey and spin-echo experiments (Figs. 4.6¢c and d). We find T;, = 50(3) us and
T,. = 1.00(4) ms for the electron spin, and T;y = 0.201(9) ms and T,y = 4.2(2)
ms for the nitrogen nuclear spin. The ratio of dephasing times for the electron and
nitrogen nuclear spins is ~4, while the difference in bare gyromagnetic ratios is a
factor ~9000. The difference is partially explained by electron-nuclear spin mixing
due to the large value of 4, , which changes the effective gyromagnetic ratios of the
nitrogen nuclear spin and electron spin. Based on this, a ratio of dephasing times
of 12.6 is expected (see section 4.9.8). The remaining additional decoherence of
the nitrogen nuclear spin is currently not understood.

The electron Ramsey experiment shows a beating frequency of 21.5(1) kHz (Fig.
4.6d). As the data is an average over S1 and S2, this suggests an interaction be-
tween these two P1 centers. Note that, whilst the signal is expected to contain 11
frequencies due to the different Jahn-Teller and nitrogen nuclear spin state combi-
nations, the observation of a single beating frequency indicates that these are not
resolved. Next, we will confirm this hypothesis and use the coupling between S1
and S2 to demonstrate an entangled state of two P1 centers.
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Figure 4.6: Coherence and timescales. a) Sequence for initialisation of either S1 or S2 in |+1,D)
(top). Sequence for initializing all degrees of freedom of either S1 or S2, including the electron spin state
(bottom). These sequences are used in b, c and d. b) Relaxation of a combination of: the nitrogen
nuclear spin state, JT axis and charge state (green), and only the electron spin state (blue). We fit
(solid lines) both curves to o + Age~t/T, where o is fixed to the uninitialized mean value (dashed line)
and obtain T=T|+1'D) = 40(4) s and T=T, = 21(7) s. €) Ramsey experiment on the nitrogen nuclear
spin. We fit the data (solid line) and obtain T3, = 0.201(9) ms. (inset) Nitrogen nuclear spin-echo
experiment. From the fit we obtain T,y = 4.2(2) ms. d) Ramsey experiment on the electron spin.
A Gaussian decay (T3, = 50(3) pus) with a single beating is observed, suggesting a dipolar coupling
between S1 and S2. (inset) Electron spin-echo experiment. From the fit we obtain T,, = 1.00(4) ms.
See Methods for complete fit functions and obtained parameters. All error bars indicate one statistical
standard deviation.



68 4. Entanglement of dark electron-nuclear spin defects in diamond.

4.6. Entanglement of two dark electron spins

Thus far we have shown selective initialisation, control and single-shot readout of
individual P1 centers within the bath. We now combine all these results to realize
coherent interactions and entanglement between the electron spins of two P1 cen-
ters.

We first sequentially initialize both P1 centers (Fig. 4.7a). We prepare S1 in
the |[+1,D) state and S2 in the |+1,A) state. To overcome the small probability
for both P1 centers to be in the desired state, we use fast logic to identify failed
attempts in real-time and actively reset the states (Methods). By initializing the two
P1 centers in these different states, we ensure that the spin transitions are strongly
detuned, so that mutual flip-flops are suppressed and the interaction is effectively
of the form §,S,. We then sequentially initialize both electron spins to obtain the
initial state |T), [l)g,. As consecutive measurements can disturb the previously
prepared degrees of freedom, the number of repetitions in each step is optimized
for high total initialisation fidelity and success rate (section 4.9.11).

Next, we characterize the dipolar coupling J between S1 and S2 (Fig. 4.7b).
We apply two 7/2 pulses to prepare both spins in a superposition. We then apply
simultaneous echo pulses on each spin. This double echo sequence decouples the
spins from all P1s that are not in |+1,D) or |+1, A), as well as from the *3C nuclear
spin bath and other noise sources. This way, the coherence of both spins is ex-
tended from T; to T,, while their mutual interaction is maintained. We determine
the coupling J by letting the spins evolve and measuring (XZ) as a function of the
interaction time 2t through a consecutive measurement of both electron spins (Fig.
4.7b). From this curve we extract a dipolar coupling J = -2r - 17.8(5) kHz between
S1in|+1,D) and S2 in |+1, A).

Finally, we create an entangled state of S1 and S2 using the sequence in Fig.
4.7a. We set the interaction time 2t = n/|J| so that a 2-qubit CPHASE gate is
performed. The final state is (see section 4.9.10):

|T)s1 |_)sz + |l)s1 |+>52
72 )

with |+) = % We then perform full 2-qubit state tomography and reconstruct

the density matrix as shown in Fig. 4.7c. The resulting state fidelity with the
ideal state is F = (1 + (XZ) - (ZX) - (YY))/4 = 0.81(4). The fact that F > 0.5 is
a witness for two-qubit entanglement [62]. The coherence time during the echo
sequence (~ 700 us, see Methods) is long compared to 7/|J| (~ 28 us), and thus
the dephasing during the 2-qubit gate is estimated to be at most 2%. Therefore we
expect the main sources of infidelity to be the final sequential single-shot readout
of the two electron spin states — no readout correction is made — and the sequential
initialisation of the two electron spins (section 4.9.11).

|¥) =

(4.3)
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Figure 4.7: Entanglement between two P1s. a) Experimental sequence to measure coupling and
generate entanglement between S1 and S2. DEER measurements initialize the JT axis and nitrogen
state of S1 and S2 (kK=820, 50 and f = f,1p, f+1a), followed by DEER(y) measurements to initialize
their electron spin states (L=6, 3). Two /2 pulses and an evolution for time 2t under a double echo
implements the S,S, interaction with both spins in the equatorial plane of the Bloch sphere. This is
followed by single qubit gates (dashed boxes) for full 2-qubit state tomography and two final DEER(y)
measurements for electron spin readout. We apply an additional initial sequence (K =5, f 1) to speed
up the experiment (not shown in sequence, see section 4.9.11). b) The coherent oscillation of the (X Z)
as a function of interaction time 2t demonstrates a dipolar coupling j = -2m-17.8(5) kHz between S1
and S2. c) Density matrix of the S1 and S2 electron spins after applying the sequence as shown in (a)
for 2t = m/J. The fidelity with the target state is F = 0.81(5). Transparent bars indicate the density
matrix for the target state |¥). All error bars indicate one statistical standard deviation.

4.7. Conclusions

In conclusion, we have developed initialisation, control, single-shot readout, and
entanglement of multiple individual P1 centers that are part of a bath surrounding
an NV center. These results establish the P1 center as a promising qubit platform.
Our methods to control individual dark spins can enable enhanced sensing schemes
based on entanglement [28, 31, 32], as well as electron spin chains for quantum
computation architectures [33-36]. Larger quantum registers might be formed
by using P1 centers to control nearby 3C nuclear spins with recently developed
quantum gates [4]. Such nuclear spin qubits are connected to the optically active
defect only indirectly through the P1 electron spin, and could provide isolated robust
quantum memories for quantum networks [63]. Finally, these results create new
opportunities to investigate the physics of decoherence, spin diffusion and Jahn-
Teller dynamics [30] in complex spin baths with control over the microscopic single-
spin dynamics.



70 4. Entanglement of dark electron-nuclear spin defects in diamond.

4.8. Methods

Sample.

We use a single nitrogen vacancy (NV) center in a homoepitaxially chemical-vapor-
deposition (CVD) grown diamond with a (100) crystal orientation (Element Six). The
diamond is isotopically purified to an approximate 0.01% abundance of 13C. The
nitrogen concentration is ~75 parts per billion, see section 4.9.4. To enhance the
collection efficiency a solid-immersion lens was fabricated on top of the NV center
[64, 65] and a single-layer aluminum-oxide anti-reflection coating was deposited
[66, 671].

Setup.

The experiments are performed at 3.3 Kelvin (Montana Cryostation) with the mag-
netic field B applied using three permanent magnets on motorized linear translation
stages (UTS100PP) outside of the cryostat housing. We realize a long relaxation
time for the NV electron spin (T; > 30 s) in combination with fast NV spin opera-
tions (peak Rabi frequency ~ 26 MHz) and readout/initialisation (~ 40 us/100 ps),
by minimizing noise and background from the microwave and optical controls [13].
Amplifier (AR 2051G4) noise is suppressed by a fast microwave switch (TriQuint
TGS2355-SM). Video leakage noise generated by the switch is filtered with a high
pass filter.

Error analysis.

The data presented in this work is either a probability derived from the mea-
surements, the mean of a distribution, or a quantity derived from those. For
probabilities, a binomial error analysis is used, where p is the probability and
o=4p-(1-p)/Q, Q being the number of measured binary values. For the mean

u of a distribution, o, is calculated as 0/\/5, where ¢ is the square root average
of the squared deviations from the mean and @ is the number of measurements.
Uncertainties on all quantities derived from a probability or a mean are calculated
using error propagation.

NV spin control and readout.

We use Hermite pulse envelopes [68, 69] to obtain effective microwave pulses
without initialisation of the intrinsic *N nuclear spin of the NV. We initialize and read
out the NV electron spin through spin selective resonant excitation (F = 0.850(5))
[64]. Laser pulses are generated by acoustic optical modulators (637 hm Toptica DL
Pro, for spin pumping and New Focus TLB-6704-P for single-shot spin readout) or
by direct current modulation (515 nm laser, Cobolt MLD - for charge state control,
and scrambling the P1 center state, see section 4.9.6). We place two modulators
in series (Gooch and Housego Fibre Q) for an improved on/off ratio for the 637 nm
lasers.

Magnetic field stabilization.
During several of the experiments we actively stabilize the magnetic field via a
feedback loop to one of the translation stages. The feedback signal is obtained
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from interleaved measurements of the NV |0) « |—1) transition frequency. We use
the P1 bath as a three-axis magnetometer to verify the stability of the magnetic
field during this protocol (see Appendix A.5), and find a magnetic field that is stable
to <3 mG along z and <20 mG along the %, § directions.

Heralded initialization protocols

Initialisation of the P1 **N spin, JT axis, charge and electron spin states is achieved
by heralded preparation. Before starting an experimental sequence, we perform a
set of measurements that, given certain outcomes, signals that the system is in the
desired state.

A challenge is that the probability for the system to be in a given desired state is
low, especially in experiments with multiple P1 centers (e.g. Fig. 4.7). We realize
fast initialization by combining the heralded preparation with fast logic (ADwin-Pro
II) to identify unsuccessful attempts in real time and then actively “reset” the sys-
tem to a random state. This way each step is performed only if all previous steps
were successful, and one avoids being trapped in an undesired state.

To reset the P1 centers to a random state, we use photoexcitation [70] of the
P1s. We apply a ~5 ps 515 nm laser pulse to scramble the *N, JT and charge
states of P1 centers. See section 4.9.6 for details and the optimization procedure.

The most time-consuming step is the selective initialization of the Jahn-Teller
and N spin states, as K = 820 repetitions are required to distinguish the signals
from the P1 centers (S1, S2 and S3/S4). However, cases for which none of these
P1 centers are in the desired state can be identified already after a few repetitions
(section 4.9.6). So after K = 5 repetitions we infer the likelihood for the desired
configuration and use fast logic to determine whether to apply a new optical reset
pulse or continue with the full sequence (K = 820). This procedure significantly
speeds up the experiments (section 4.9.6). For creating the entangled state (Fig.
4.7) we use a more extensive procedure, which is detailed in section 4.9.11.

In the experiments in Figs. 4.5a and 4.6, we take an alternative approach to
speed up the experiments by using a shorter initialisation sequence (K = 420) that
does not distinguish between S1 and S2. Such a sequence prepares either S1 or
S2, and the resulting data is an average over the two cases. Note that this method
cannot be used in experiments where a selective initialization is required (e.g. Fig
4.4, Fig 4.5b, Fig. 4.7).

The optimization of the heralded initialization fidelities are discussed in section
4.9.11.

Initialisation and single-shot readout fidelity.
We define the combined initialisation and readout fidelity for S1 in |+1, D) and S2,
S3/54 not in that state as
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FSl = P(N(k + 1) > NROlN(k) > NSl)’ (4.4)

whereas for a mixture of all other possibilities we define

Fuots1 = PIN(k + 1) < Ngo N (k) < Nyorst)- (4.5)

In both cases P(X|Y) is the probability to obtain X given Y. We then take the average
fidelity of these two cases:

P Fsq +2Fnot51. (4.6)

We initialize and measure the electron spin state of P1 centers through a DEER(y)
sequence following initialisation of the |+1, D) state. Similarly, we use the correla-
tion of consecutive measurements M (k) and M(k + 1) to determine the combined
initialisation and readout fidelity 1. First, we define the fidelity for |T) as

Fity = P(M(k + 1) > Mpo|M(k) > Mpy), (4.7)

and the fidelity for |1) as

oy = P(M(k +1) < Myo|[M(K) < Myy). (4.8)
Finally, the average combined initialisation and readout fidelity is given as

Finy + Ay
Fypy = ——— (4.9)

For a description of the optimization of the single-shot readout fidelities, we refer
to section 4.9.11.

Data analysis.
The DEER measurements in Fig. 4.1c are fitted to:

ao + AO . Exp[_(ZT/TZ,DEER)Z] . (1 + BO COS((U . T)) (4.10)

from which we find T, pggr of 0.767(6), 0.756(7), 0.802(6) and 0.803(5) ms for
|+1,A), |[+1,B), |+1,C) and |+1, D), respectively. The obtained values for w are
2m-2.12(5), 2m-2.14(3) and 27-2.78(6) kHz with corresponding amplitudes B, of
0.105(5), 0.218(7), and 0.073(4) for |+1,A), |+1,B) and |+1, C), respectively. For
|+1, D) we fix By = 0.

The DEER measurements with P1 initialisation (Fig. 4.4a) and the P1 nitrogen
nuclear spin Ramsey (Fig. 4.6c) are fitted to:

Ay - e CD?(cos(v - t/2)) + a;. (4.11)
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For the dephasing time during the DEER sequence (here t = 27) we find T =
0.893(5), 0.763(8) and 0.790(8) ms for S1, S2 and S3/S4 respectively. The ob-
tained respective dipolar coupling constants v are 2m-1.894(3), 2rn-1.572(6) and
2m-1.001(6) kHz. For the P1 nitrogen nuclear spin Ramsey we find a dephasing
time of T = T; = 0.201(9) ms.

Spin-echo experiments (Fig. 4.1c and Fig. 4.6) are fitted to

Ay e~ WD g, (4.12)

For the NV spin-echo (Fig. 4.1c), T = T, = 0.992(4) ms with n = 3.91(7). For the
P1 nitrogen nuclear spin and electron (insets of Figure 4.6¢,d) T is T,y = 4.2(2) ms
or T,, = 1.00(4) ms with the exponents n = 3.9(8) and n = 3.1(5), respectively.

The Ramsey signal for the P1 electron spin in Fig. 4.6d is fitted to a sum of two
frequencies with a Gaussian decay according to:

2
as + e UM’ N (A cos((fuee + (1 o/ D)+ $/2, (4.13)
j=1

which gives a beating frequency f;, = 27-21.5(5) kHz.
The value R (Fig. 4.5b) is defined as

Py — P
R = (+y) ( J’)’ (414)
Payy + By

where P, (P,,) is the probability to read out the **N spin in the m; = +1 state
when using a +y (-y) readout basis in the DEER(y) sequence used to initialize the
electron spin (Fig. 4.5b and see Appendix A.3).

Two-qubit gate fidelity.

We estimate the dephasing during the two-qubit CPHASE gate in Fig. 4.7 by ex-
trapolation of the measured P1 electron T,, = 1.00(4) ms for a single spin-echo
pulse (decoupled from all spins except those in |+1,D)). We use the scaling
Ty & 1//(ngpins) With (ng,ins) the average number of spins coupled to during the
measurement [53]. The two-qubit gate is implemented by a double echo and the
two P1s are thus not decoupled from spins in |+1,D) and |+1, A), resulting in T, ~
T,./v2 =~ 700 ps. Assuming the same decay curve as for T,, (n = 3.1) this implies
a loss of fidelity due to dephasing of ~0.4%. For a Gaussian decay (n = 2) the
infidelity would be ~2%.
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4.9. Supplementary information

4.9.1. Multiple P1 centers

In this section we discuss multiple coupled P1 centers that simultaneously occupy
the same nitrogen nuclear spin- and JT-state. For simplicity we discuss the case of
two P1 centers - S1 and S2 - with significant couplings to the NV center, but this
can be extended to more P1 centers. Given the measured coupling strengths in
|+1, D) and the chosen interaction time 2t as shown in Fig. 4.2c of the main text,
the NV acquires a phase of approximately +m (+4n/5) due to S1 (52) individually.
For the case that both spins occupy the same |m,, i) state, summation of coupling
strengths and the number of repetitive measurements play a role for the observed
effective phase. If both spins are in |+1, D), the total phase is given by the sum or
difference of the individual phase contributions and depends on the parity of their
electron spins. This results in phases of +17/5 or +97/5. However, because the
P1 electron spin states relax rapidly under repeated measurement (see Fig. 4.13b),
for K = 820 the measured result is an average of the results generated by the
phases of each possible two-spin state. In this case, this gives an effective phase
of 1m/5. The resulting signal is well separated from the cases of just S1 or S2, so
that cases in which both P1s occupy the same state are removed by the initialization
procedures used. Note also that the probability that two of the P1s (S1-54) are in
the same state simultaneously is small.

4.9.2. JT dependent coupling

Mainly due to the anisotropic hyperfine interaction of the P1 center, the effective
NV-P1 dipolar coupling v, which is the interaction observed in a DEER experiment
(see Appendix A.2 for detailed description), varies depending on the JT axis. We
numerically calculate v as a function of spherical angles 6 and ¢ of the vector #
between an NV and a P1 using an exemplary case. Figure 4.8a, shows the cal-
culated v/2r for different states |m;,i) as a function of angle ¢ (here 6 = 45°).
This figure demonstrates that the JT state can affect the effective dipolar coupling
strength v. For a P1 center in the states |+1,A),|+1,B) and |+1, C) the principal
axis of the hyperfine tensor is rotated 109.5° w.r.t. the 2 axis (NV axis) and thus
varying ¢ has a substantial effect on v. For a P1 center in [+1, D) the hyperfine
tensor’s principal axis is along z and therefore the dependence on ¢ is small. The
observed dependence in the simulation for [+1, D) is explained by the purposely
slightly tilted magnetic field. The tilted magnetic field also explains the differences
in maximal and minimal values of v for the states |+1,A),|+1,B) and |+1, C). The
¢ angles at which v is at a maximum for these three states are shifted by A¢ =~
120° w.r.t. each other as is expected from the three-fold rotational symmetry.

Figure 4.8b illustrates that the relative differences of v for different states are
largest near the magic angles 8 = +54.7°. Note that information about the P1
positions can be obtained by combining the knowledge of which signal belongs to
which P1 center for several |m,, i) states (Fig. 4.2d main text) and measuring the
NV-P1 dipolar coupling. This provides a future opportunity to determine the position



4.9. Supplementary information 75

a) b)

1200

+1A i 2000 F 3
+1B
900 - — +1C -

+1D 1000 [ +1A .
+1B
600 X . N\ — +c

0f +1D

300 [ ] \/
—~1000 .

0 90 180 270 360 0 90 180
() o(°)

v /21t (Hz)
v/2m (Hz)

Figure 4.8: Example showing JT dependent effective dipolar coupling v. a) Numerical simu-
lation of v/2m as a function of angle ¢ of the vector # between the NV and a P1. As an example we
set # = 45° and |#| = 35 nm. The magnetic field B and hyperfine/quadrupole parameters as obtained
from the fitted DEER spectrum (main text Fig. 4.1b) are used. Colored curves indicate the P1 center in
different states |+1, i). The dashed grey line indicates the value of the prefactor of the dipolar coupling
term vg;,/2m (as in eq. A.8 of Appendix A). b) Similar to (a) but now as a function of 6 (¢ = 90°).

of P1 centers (up to inversion symmetry) w.r.t. the NV.

4.9.3. Fitting the Hamiltonian parameters

This section describes the fitting procedure used to obtain the Hamiltonian param-
eters A, A,, B, By, B, and B, from the DEER spectroscopy (see Fig. 4.1b and
Fig. 4.9). We use parabolic fits of the measured dips to determine their center fre-
quencies, and subsequently use a least squares method to minimize the difference
between the measured frequencies and the frequencies resulting from diagonaliza-
tion of the Hamiltonian (eq. (4.1)) for all 4 JT axes (see Fig. 4.9b). This method
requires that we can assign which measured frequency (dips in Fig. 4.9a) belongs
to which transition. We use a two step process. First, we take the four highest-
energy transitions, which are well separated from any other transition, and use
initial values for 4;, 4,, B [41] to obtain an estimate of the magnetic field vector.
Second, we select 11 well-isolated transitions and corresponding experimental dips
to fit 4;, A,, B and the magnetic field vector.

To obtain an initial estimate of B,, B, and B,, we first perform a brute force
optimization. We sweep B, and B, between +4 G and B, between 45 and 46
G in discrete steps and diagonalize the Hamiltonian (eq. (4.1)), where we use
Y. = 2m- 2.802495 MHz/G and y,, = - 2mn- 0.3078 kHz/G. For every combina-
tion we sort the four highest frequencies (corresponding to |+1,i)) and calculate
A= Z?:]_(fi,exp — fitheo)?, Where f; 4., is the transition frequency obtained by di-
agonalization and f; .x,, is the measured frequency. We find a minimum in A for

B = (2.53,1.39,45.37)7 G.

We then use 11 dips that we can unambiguously assign to a well-isolated transi-
tion and measure these dips with high accuracy, see Fig. 4.9b. We use this data to
extract 4y, A,, B and the magnetic field vector using a least squares fit. The fit ob-
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tains {A;, AL, P} = {114.0264(9), 81.312(1), -3.9770(9)} MHz and B = {2.437(2),
1.703(1), 45.5553(5)} G. The vertical lines in Fig. 4.9b are the 11 transition fre-
quencies calculated with these values. In order to provide a more quantitative
comparison we provide the experimentally measured frequencies of the 11 dips in
Table 4.1 alongside with their values calculated from equation (4.1). Furthermore,
by inspection, we identify 9 other dips in Fig. 4.9a. We determine their center fre-
quency and compare them to their closest transition frequency resulting from the
fitted parameters, see Table 4.1.
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Figure 4.9: Fitting the P1 Hamiltonian parameters. a) Complete dataset corresponding to Fig.
4.1b (main text). b) Measurement of 11 dips that are assigned to a well isolated transition (blue lines).
Side lobes are due to Rabi oscillations. We fit a parabola (red) and extract the center frequency. Using a
least squares fit of the center frequencies and the transitions, we extract the values of {A;, A., P;} and
B. Error bars indicate one statistical standard deviation, with a typical value 2 x 10‘3, which is smaller
than the data points.



4.9. Supplementary information 77

Dip Nr | Experimental value (MHz) | Equation (4.1) (MHz) | |m,,i) state
1 47.183(1) 47.179 |—1,D)
2 86.042(2) 86.040
3 133.227(2) 133.219
4 159.9810(4) 159.980
5 161.367(4) 161.344
6 162.217(3) 162.208
7 221.1641(7) 221.1648
8 238.1027(6) 238.1051 [+1,A)
9 238.954(1) 238.965 [+1,B)
10 240.271(1) 240.266 [+1,C)
11 258.0176(6) 258.018 |[+1,D)
12 79.898(4) 79.961 |—1,C)
13 81.16(2) 81.10 -1, B)
14 82.106(8) 82.119 |—1,A)
15 108.18(2) 108.20
16 177.1167(2) 177.1476 |0, D)
17 188.32(2) 188.32 |0,C)
18 189.15(6) 189.11 |0, B)
19 189.88(5) 189.88 [0,A)
20 217.5783(8) 217.5709

Table 4.1: Comparison of measured P1 transition frequencies (Fig. 4.9b) with closest values from
equation (4.1). We include the 11 frequencies of Fig. 4.9b used in the fitting, as well as 9 other
identified dips in Fig. 4.9a, which is taken at a slightly different magnetic field compared to Fig. 4.9b.

4.9.4. Estimate of P1 concentration

In this section we estimate the P1 concentration surrounding the NV center. We
calculate an expected concentration (C,) based on decoherence of the NV electron
spin. In the secular approximation the dipolar interaction of a number (N,) of P1
centers and the NV is given as:

Ng Ng
Hine =J; ) 21 -ve- (1=3c08(0)) S, = J, ) be-Ssy  (415)
k=1 k=1

where 27 - v, = %ﬁ{eh and 6 the polar angle in spherical coordinates. For a given

concentration of P1 centers C,, we consider a sphere around the NV center of radius
R:

1/3
_ 3 Veot
R—( = > , (4.16)

where V,,; = % with V,,,;; the volume of a diamond crystal unit cell, and
8 denotes the number of atoms within one unit cell. Within such a sphere we
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Figure 4.10: Simulated 1/(T3). Simulation based on m = 10* different defect configurations of Ny =
40 defects. The red vertical lines indicate estimated bounds for 1/(T3).

generate a number of P1 centers (N; = 40) at random positions and calculate T;
due to a Gaussian spin bath [71] as:

Ty = _ vz (4.17)

1 Ng 12
7\/ k=1bk

We repeat this procedure to generate m = 10* different spatial configurations of
P1 centers and calculate the average, (T;).
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Figure 4.11: Simulated distributions of the coupling strengths for the most strongly coupled
P1 spins. a),b),c),d) Distributions of |by|/2m given 4 kHz < 1/T3 < 10 kHz and a concentration €4 =
75 ppb.
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The result of this simulation as a function of P1 concentration €, is shown in
Fig. 4.10. For randomly positioned P1s, 1/(T;) scales linearly with C,. Note the
difference in scaling with the average number of P1 centers coupled to during a
DEER measurement, (ns,ins), which scales as 1/T, pgpr < /(ngpins) due to the
fixed positions of the P1ls [53]. We estimate the NV decoherence time due to
coupling to P1s to be within two values (as indicated by the red vertical lines in
Fig. 4.10). The first value is the measured T; y, = 97(3) ps (1/T; 5y =~ 10 kHz).
Here it is assumed that the P1 centers are the dominant spin bath and the effect
of the 13C bath, and other magnetic field noise sources, on the NV decoherence
is small. The second value is extrapolated from the measured T, pzzr = 0.803(5)
ms for |+1,D) and thus is given by T; ~ T, ppgr/V12 ~ 230 ps (1/T; ~ 4 kHz).
Here we assume approximately equal coupling strength in all 12 |m,, i) states and
an equal probability of occurrence for each state. The concentration is expected to
be within these values and thus we estimate €, ~ 75 ppb.

Figure 4.11 shows the probability density of b, /2w for the first four P1 spins,
given a concentration C; = 75 ppb and the condition 4 kHz < 1/T; < 10 kHz for the
NV spin. These distributions demonstrate the expected values of |b,| to be close
to the measured values as stated in Methods (indicated by the vertical red lines).
The probability densities without a condition on 1/T; are shown in Fig. 4.12. These
plots show that given the concentration C; ~ 75 ppb, a large range of coupling
strengths are possible for the nearest spin (including the measured value |17.8(5)|
kHz as measured between S1 and S2).
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Figure 4.12: Simulated distributions for the 4 most strongly coupled spins. a),b),c),d) Distri-
butions of |by|/2m given a concentration ¢; = 75 ppb.
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4.9.5. Relaxation times of S1 during repetitive DEER mea-

surements

This section characterizes the relaxation of the P1 |+1, D) state (Fig. 4.13a) and the
P1 electron spin in |[+1,D) (Fig. 4.13b) under repeated measurement sequences.
We first prepare spin S1 in |+1, D) using DEER measurements (K=820) and subse-
guently apply 5 sequential sets of DEER measurements with K=820. We plot the
result of each set in Fig. 4.13a. We obtain a 1/e decay of ~19 sets, showing the
|+1, D) state is stable over ~ 1.5 x 10 DEER repetitions (including optical 637 nm
pulses).

To investigate the stability of the P1 electron state under repetitive DEER(y)
measurements, we initialize S1 in |[+1, D) and prepare its electron state in |T) using
L=8 DEER(y) measurements. Subsequently we apply 51 sequential sets of DEER(y)
measurements with L=8 and plot the result of each set in Fig. 4.13b. We extract
a 1/e decay for |T) of ~32 sets, showing a stability over ~250 DEER(y) repetitions.
Comparing this with the 1/e decay of |+1, D) shows that a single sequence is much
more destructive for the P1 electron state than for the combined nitrogen nuclear
spin and JT state. This limits the amount of DEER(y) sequences L that can be used
to initialize the P1 electron spin with high fidelity.

a) b)

200 Init U b
L N 3
100 p==m=q==g==q==g=-p--p-- Comoo
0.0 0.5 1.0 1.5 2.0 2.5

Figure 4.13: Relaxation during repetitive readout. a) Relaxation from the |+1,D) state while
—t/T
continuously performing DEER measurements. We fit (solid line) the curve to o + 4, - e |+1'D)”1’,

where o is fixed to the uninitialized mean value (dashed line) and obtain Ty Direp = 10(4) s. This

timescale corresponds to ~ 19 bins of DEER measurements with k=820 repetitions. b) Relaxation from
the |1) state, we fit (solid line) the curve to o, + 4, - e~/Tivrer, where o, is fixed to the uninitialized
mean value (dashed line) and obtain T}y,., = 103(8) ms. This timescale corresponds to ~ 32 bins of
DEER(y) measurements with L=8 repetitions.

4.9.6. Preparation of P1 bath configurations by active op-
tical reset

Several of the experiments require initialisation of the charge, nitrogen nuclear spin

and JT degrees of freedom for single P1 centers. To be able to distinguish the

signals of the different P1 centers a large amount of measurement repetitions K is

required, which limits the experimental repetition rate. In this section we describe
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how we increase the experimental rate fourfold by dynamically resetting the P1
center states based on outcomes of early measurement repetitions. The key ideas
are: (1) cases for which none of the P1 centers start in the desired state can be
identified already after a few repetitions, so that the sequence can be aborted, and
(2) the state of the P1 centers can be rapidly reset by a laser pulse (515 nm) before
re-attempting the initialization.

Optimization to increase experimental rate

In various experiments, we initialize the nitrogen nuclear spin- and JT-state of se-
lected P1 centers by using the outcome of K = 420 or K = 820 DEER measure-
ments to herald the desired state (Fig. 4.3 of the main text and Fig. 4.16). In Fig.
4.14a, we plot the histogram of ~3 x 10°> DEER measurements in bins of k=420 on
|+1, D). In this dataset we define a successful (unsuccessful) initialisation of either
S1 or S2in |+1, D) if the outcome N of K=420 DEER measurements fulfils N > 180
(N < 180), see the green (red) part of the distribution in Fig. 4.14a. We find ~11%
of the distribution in the green region which indicates the probability to find either
S1 or S2 in |[+1,D). This differs from a probability of ~2-% and suggests that P1
centers occasionally ionize or preferentially occupy specific states. Research on all
12 nitrogen nuclear spin- and JT-states is required to provide more insight on the
occupation of such states and provides a potential direction for future research.
We note that from Supplementary Fig. 4.16 we extract ~11% of S1 or S2 being in
|+1,A). Because of these low probabilities, the success rate of initialising S1 or S2
is limited. In Supplementary Fig. 4.14b, we inspect the measurement outcome N1
of successful (green) and unsuccessful (red) initialisation attempts after the first
K=0 DEER sequences, where in this figure ® = 5. This shows that N1 is low for
many unsuccessful cases (red), indicating that the experiment can be sped up by
aborting the sequence after a few repetitions if N1 is below a threshold.

We implement a Monte Carlo method to determine a good set of parameters to
increase the experimental rate. A schematic of the method is depicted in Fig. 4.14d.
We sample from the dataset in Fig. 4.14a and check after ® DEER measurements
(DEER 1) whether the outcome N1 is below a threshold A. If so, we abort, sample
again from the dataset and inspect DEER 1 again. If N1 > A, we continue until
finishing 420 DEER measurements. If the outcome of the 420 DEER measurements
is above 180, we accept it as a successful initialisation. We continuously sample
from the dataset until we achieve 1000 successful runs (N1 + N2 > 180).

We now sweep 6 and A and calculate the average time (T,,,) required to finish
one of the 1000 runs (see Fig. 4.14d). Here we use that 1 DEER sequence takes
684 ps and we introduce an overhead time of 1 ms for resetting the P1 center
states (experimentally done with a laser pulse, see subsection below). Two critical
parameters that determine (T,,,) are 1) the probability P(N1 > A) to pass the
condition in DEER 1, and 2) the probability P(N1 + N2 > 180|N1 > A) to obtain
N1+N2 > 180 conditioned on passing the condition in DEER 1. These probabilities
can be extracted from Fig. 4.14a and b and are shown in Fig. 4.14c for the example
case of ® = 5. From Fig. 4.14d we extract that ® = 5 and A = 3 are parameters
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where (T,yg) is small and we find an increase in experimental rate by a factor ~
5. This shows that the experiment can be sped up by aborting the sequence after
5 repetitions already if N1 is below 3. Note, however, that this method assumes
perfect randomization of the P1 center states by drawing random samples from the
dataset.
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Figure 4.14: Optimization to increase the experimental rate a) The distribution of outcomes for
K = 420 DEER measurements. We define successful (unsuccessful) initializations as N > 180 (N < 180)
indicated by the green (red). b) Distribution of outcomes after @ DEER measurements, where as an
example we take ® = 5. Green (red) bars correspond to the green (red) datasets in (a). c) The
probability P(N1 = A) to measure an outcome N1 = A after 5 DEER measurements (blue) and the
probability P(N1 + N2 > 180|N1 = A) to obtain N > 180 after 420 DEER measurements, conditioned
on having N1 = A in the first 5 DEER measurements. d) The average time ({T,,s)) to complete one
successful run of the method shown on top. A run is successful if N1 + N2 > 180. We calculate (T,)
as a function of A for different settings of ®. We find a factor 5 increase in experimental rate for @ = 5
and A = 3 compared to no thresholding (A = 0).

Active optical reset

In this section we implement the method devised above to increase the experimen-
tal rate. We use photoexcitation [70] to efficiently randomize/reset the P1 center
states after failed initialisation attempts. This method results in a fourfold increase
of experimental rate. We observe a trade-off for the laser power, with higher laser
power decreasing the rate due to spectral diffusion and ionization of the NV [72]
and increasing the rate due to resetting the nitrogen nuclear spin and JT configu-
ration of the P1 bath, and find an optimal working point.
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Figure 4.15: Active optical reset of P1 bath. a) Illustration of the green (515 nm) optical reset
pulse (left). Logical sequence showing the charge and resonance verification (CR) for the NV center
(right). We count the number of photons (cnts) while resonantly exciting the NV center simultaneously
at its readout (RO) and spin-pump (SP) transitions. If cnts < thrl, the charge state is optically reset
(repump, 30 uW). The experimental sequence is continued if cnts = thr2 (thr2 > thrl). If thrl < cnts <
thr2, a new verification step is entered. b) Schematic of the experimental sequence. An initial optical
reset is performed (green, 5 us) to excite the P1 bath [70]. Thereafter, the CR scheme (blue, see
(a)) is implemented until the experimental sequence is continued. This scheme is followed by a DEER
sequence (K =5, see main text). Based on the outcome of DEER 1 we either continue to DEER 2 (K=415)
or go back to the start of the experimental sequence to apply an optical reset pulse. c),d) Plots of the
probabilities to pass the desired threshold after DEER 1 and DEER 2, as a function of the optical reset
pulse power. e) Average duration of the CR scheme (T.g) as a function of optical reset pulse power. f)
Experimental rate given the desired threshold (N1 + N2) = 180. The dashed horizontal line marks the
rate without optical reset pulse and without feedback based on the outcome N1. Vertical red lines in
c),d),e),f) mark the reset power for maximal experimental rate.

Our experiments require that the NV centre is in the correct negative charge
state and that its readout and spin-pump transitions are on resonance with the two
637 nm lasers. This is established by implementing a charge and resonance verifi-
cation scheme (CR) [64]. Additional to this scheme, we use an optical pulse to reset
the P1 center states. Figs. 4.15a and b show the experimental sequence where the
optical reset pulse is applied at the beginning. The CR scheme is thereafter imple-
mented, followed by a short DEER sequence (DEER 1). At this point, feedback is
implemented as the DEER 1 sequence provides information about the configuration
of the P1 bath (see Fig. 4.14b). Based on the method above, we apply an optical
reset pulse if N1 < 3. In Figs. 4.15¢,d), an increase of the probability of passing
the desired thresholds for both DEER 1 and DEER 2 as a function of reset pulse
power is shown. This demonstrates the reset pulse to be fully effective at a power
of ~10 pW.
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We observe an increase of the duration of the CR scheme as a function of reset
power (Fig. 4.15e), likely due to spectral diffusion caused by photoexcitation of the
P1 bath. The trade-off between optical reset and increased CR scheme duration
becomes apparent in Fig. 4.15f, where the experimental rate is plotted as a function
of optical reset power. The rate initially increases, followed by a decrease as the
time required for CR verification becomes dominant. We find over a 4-fold increase
of experimental rate at the optimal optical reset power of 0.9 uW. The observed
increase in experimental rate here is close to theoretically predicted in the section
above.

4.9.7. Correlation measurements for different JT axes

In this section we provide the background for the correlation measurement on dif-
ferent JT axes (Fig. 4.2d, main text), and include an analysis of the complete
dataset (additional to the selected data in the main text). We derive the expected
correlation value C for a signal originating from a number n of P1 centers in such
correlation measurements.
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Figure 4.16: Distributions of total occurrences. a) All data from the measurement of Fig. 4.2d
in the main text. The histogram shows the total occurrences plotted as a function of outcome N| +1A)

(irrespective of the outcome N| 1 >) The black solid line corresponds to the fit. Numbers corresponding

to an index, indicate the center of each fitted Gaussian. Inset: enlarged view of the same histogram
indicating S2, S1 and S3/S4. b) Similar to (a), but for measurements on |+1, D). The data in (b) is taken
with an increased rate using the active optical reset method described in section 4.9.6, explaining why
no peak at low counts is observed.

First, we define the regions of interest for the measurement outcomes in both
JT axes (N| +1A) and N|;1p) See Fig. 4.16). We fit the peaks in both distributions
to Gaussian functions of the form f = 0 + 37t 4, - e™™~ Nqo)*/2:%40  where N cor-
responds to either Ni14) OF Njyip) and gy is elther 1 or 3. From these fits (black

lines, Fig. 4.16), we obtain the FWHM of each Gaussian, and use these to define
the areas of interest as shown in Fig. 4.17. Note that these ranges for N|,, )
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(N|+1_A)) are also used in experiments described in the main text and supplemen-

tary information for initialisation of S1, S2 and S3/S4 in |+1,D) (]+1,A)), unless
mentioned otherwise.
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Figure 4.17: Complete dataset corresponding to the measurement in Fig. 4.2d (main text).
The red rectangular areas illustrate the regions defined by the FWHM as obtained from the fitted curves
in Fig. 4.16. We denote each area by indices (i,j). The correlation values C corresponding to these
areas are shown in Table 4.2.

Second, we define the required probability functions. For outcome N l+1,0)7 the
probabilities for obtaining NJ¥" < Njiip) < NT'* irrespective of N\, ) are given
by:

Nmax
max D

P(NF™ < Njpy ) SNF™) =hp| = f _ pdfp - dNj,, ) (4.18)
NTDnln

and, for outcome NJ'" < Nijya) < Ni*** irrespective of outcome N|,, ), this is

given as:

. N

P(NFU™ < Njyyp) S NP = B[ = J  pdfy - dN|, 1 a)- (4.19)
Nzun

pdf, and pdf, are probability density functions. We additionally define a conditional

probability




86 4. Entanglement of dark electron-nuclear spin defects in diamond.

Nzw.x
i i —|max
P((NF'™ < Ny p) S NEONFT SNy SNBD =Ry = f  pdfydN| )
len

min
L (4.20)
with pdf, the probability density function for outcomes Nit1a) given NJ"" < Niiip) S
Nmax.

? Finally, we derive a bound for the correlation function €. Consider n P1 cen-
ters, each of which generates signal within N < Niiyp) < Np* or within
NQ*™ < Ny, ) < N if they are in the corresponding state. The correlation
C for consecutive measurements then satisfies:

—|max

A| ; n—1
> : (4.21)

n

C =

A|min

The inequality in equation 4.21 is derived as follows. We consider k P1 cen-

ters, each with an identical probability p to be in any of the states [m,, i) (here p is
approximately 1/12). We consider two signal regions NJ#" < Niip) S NT'%* and
N < Nij14) < Nj*%, and assume that there are n (n < k) P1 centers with a
coupling that results in a signal in those regions. Note that no signal is generated
in the respective region if more than one P1 center is simultaneously in the state
|[+1,D) or |+1,A), as the NV then accumulates a different phase *.

From the above, it follows that:

max max

olon = Pl =np-(A=p)F L. (4.22)

The observation of a signal in the region NJ'" < N|,,p) < Np'®* means that one

of the n spins is in state [+1,D) and thus conditional probability for the second
measurement becomes:

— max _ n—1 1 max n—1 max
ilpin = =D p-A=p) P = —— By > B[, (4.23)
p
which vyields equation 4.21. In a similar way it follows that E'ZZ: > PA|Z?:: >
nLp |7, if the signal NJY™ < N, ) < NJ¥ is generated by m spins that are

not necessarily the same as the n spins that generate signal NJ#" < Ni,yp) S NG

The values of C obtained for all areas as indicated in Fig. 4.17 (red rectangles)
are shown in Table 4.2. For the areas (i,j) = (1,3) and (2,4) (as in Fig. 4.2d in the

1For two P1 centers (out of S1-S4) that simultaneously occupy the same state, summation of coupling
strengths and electron spin relaxation play a role for the acquired phase and are discussed in section
4.9.1. Note also that the probability that two or more of the P1s considered here are in the same state
simultaneously is small.
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main text) we obtain ¢ = 0.22(4) and 0.40(5) respectively, which indicates a single
spin. For (i,j) = (3,4) (as in Fig. 4.2d main text), € = 0.47(4) indicating 1 or 2 spins.
For areas such as (i,j) = (5,1), (5,2), (5,3) and (5,4) we find C = 1 indicating a large
number of spins n. For these areas one would indeed expect a larger number of
spins because they correspond to weaker dipolar coupling to the NV. Interestingly,
some areas have a C value that is significantly above unity such as (1,4), (2,1) and
(2,2). For the area (1,4) the highest value is observed (¢ = 2.2(2)), this suggests
that there might be preferred combinations of |m;, i) states for S1 and S2.

i\j 1 2 3 4

1 [ 1.0Q2) | 1.0Q0) | 0.22(3) | 2.202)
2 | 1.6(2) | 1.5(1) | 1.20(8) | 0.40(5)
3 [ 1.4(1) | 0.47(4) | 1.14(6) | 1.15(6)
4 10.74(7) | 1.17(5) | 1.0(1) | 0.94(%)
5 | 0.99(4) | 0.94(2) | 1.00(2) | 0.97(2)

Table 4.2: ( values for areas as shown in Fig. 4.17
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Figure 4.18: Energy levels for a single P1 center in JT axis D. Simulation of the six energy levels
which are labelled according to their P1 electron and nitrogen nuclear spin state. The black dashed line
denotes the experimental magnetic field value. The green (blue) double headed arrow indicates the
transition used in the nitrogen (electron) coherence experiments (Fig. 4.6c,d)

4.9.8. Effective gyromagnetic ratio and spin coherence

Here we consider the effect of the electron-nuclear spin mixing due to a relatively
large perpendicular hyperfine component (y,|B| ~ A, ) on the expected coherence
times. First we calculate the effective gyromagnetic ratios (labelled y,,_; and ve_)
of the two transitions used in the experiments of Fig. 4.6c, d (main text). We
consider the six energy levels of a single P1 center distorted along the JT axis
D at the experimental magnetic field, see dashed line Fig. 4.18. Subsequently,
we investigate the susceptibility of the energy levels to each component (B;) of
the magnetic field vector (B). We then determine the tangent of both energy levels
connected to the green (blue) double headed arrows at the experimental value of B;
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(see Fig. 4.18) and calculate y,_.; (ve, i) as the difference between two tangents.
The green (blue) arrow indicates the transition used in Fig. 4.6¢, d) in the main
text. We find vy, ; ; (Ve,;,2) IS more than 10 times larger than y,, ../ (Ve gx/y), @nd
therefore we will only consider y,, ., and v, .-

With the approach above, we obtain y,_., = 27+ 0.206 MHz/G (~700y,) and
Yeurz = 21 2.60 MHz/G (~0.93y,). Defining T' = v, . ,/Vn 42 We find T = 12.6.
Thus, based on the spin mixing, we would expect the nitrogen nuclear spin coher-
ence to be a factor 12.6 larger than the electron spin coherence. For S3/54, we find
a ratio T3 /T, ~ 12 between the nitrogen nuclear spin and electron spin coherence
(see Table 4.3), which agrees well. However, for spin S1 and S2 we find T;y/T5, ~
4. The remaining discrepancy by a factor 3 is not yet understood.

4.9.9. Coherence times of S3/S4 in |+1,D)

We use the same experimental sequence as in Fig. 4.6 to measure the T, T, and T,
of the electron and nitrogen nuclear spin of S3/54 (see Fig. 4.19a). The observed
coherence times are presented in Table 4.3, where also the coherence times of
S1/S2 are shown for completeness.
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Figure 4.19: Timescales S3/S4. (a) Sequence for initialisation of S3/S4 in |+1, D) (top) and sequence
for initialisation of all degrees of freedom of S3/S4 (bottom). These sequences are used in b,c and d. b)
Relaxation of a combination of: the nitrogen nuclear spin state, JT axis and charge state (green), and
only the electron spin state (blue). We fit (solid lines) both curves to o + 4,e~t/T. c) Ramsey and spin
echo (inset) experiments on the nitrogen nuclear spin. d) Ramsey and spin echo (inset) experiments on
the electron spin. The obtained coherence times are shown in Table 4.3. See Data analysis (Methods) for
the complete fit functions of the Ramsey (equation (4.11)) and spin echo (equation (4.12)) experiments
presented in this figure.
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y [ S354 | Sis2 |
Tip) | 104(38) s 40(4) s
Ty, 26(20) s 21(7) s

T;, 82(10) ps 50(3) us
Tyn 1.06(9) ms | 0.201(9) ms
Toe 1.5(1.2) ms | 1.00(4) ms
Ton 4.5(4) ms 4.2(2) ms

Table 4.3: Measured coherence and relaxation times of S3/S4 and S1/S2. For experimental data, see
Fig. 4.19 and Fig. 4.6 respectively.

4.9.10. Entanglement sequence

In this section the entanglement generation sequence for S1 and S2 is explained
in detail. We begin by initializing S1 and S2 in [¥),.,, = [T, +1,D)s; L, +1,A),, =
ITL). Next we apply Uy = Ry (/2)s1R,(1/2)s,, coOnsisting of two 7 pulses along x
to obtain the state:

1
Us (99 = 5 (= £ + 110 = 1D = 1 1L1)) (4.24)

This state evolves for time ¢t and accumulates phase due to dipolar coupling J, as
Uya(t) = 701553t

1 . . )
UsaUs [y = €74 = 0 792 1) 4 1) = 1) — i €742 |1) ) (4.25)

Thereafter, we apply U, = R, (m)s1R,()s,, consisting of two m pulses along X,
followed by another free evolution time ¢:

1 . . ,
%) finar = UzzUaUz, Uy |W) = Ee"/"f/z(i ceTHIEITY 4 Ny — U + i e P EUL))
(4.26)
Rewriting |S2) in the X basis, where |+) = % and |-) = '”\/‘E“), results in:

19 finat = 7€ [(—/51> T+ + <—}21> T+

jrei)t_ —jemit
(Tl> L +) + (Tl> 1L —)] (4.27)

Note that at time 2t = %, and a negative coupling J, this yields to the entangled
state:

—in [T )+ L +)

|Lp)final =-e¢ V2 (4.28)
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4.9.11. Optimization of initialisation/readout

N and JT state

Here we explain the optimization of single-shot readout and initialisation of the **N
and JT state of individual P1 centers. We define the fidelity of initialisation of S1 in
|[+1,D) and S2, S3/S4 not in that state as

whereas for a mixture of all other possibilities we define

Fots1 = PIN(k + 1) < Ngo|N(k) < Nyoesr)- (4.30)

In both cases P(X|Y) is the probability to obtain X given Y. We define the combined
initialisation and readout fidelity of these two cases as:

Fs1 + Fots1

F =22  nobl (4.31)
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Figure 4.20: Optimization of combined initialisation and readout of S1 in |+1,D). a) Full
correlation plot for consecutive measurement outcomes N (k) and N(k + 1), both for |+1,D) (same
dataset as Fig. 4.3a in the main text). We set the thresholds Ng; = Npors1 = Ngo all equal to Ngyeep
(see main text Fig. 4.3a). Using these thresholds we calculate F as in eq. 4.31 for different values of
Ngyweep- D) Fidelity F as a function of Nge.p,. The red dashed line indicates a local maximum of F
(here Ngyeep = Nop: = 477) that optimally separates between S1 and S2 under the given constraints
(Ns1 = Nnots1 = Nro = Ngweep)- The same value (Ngyeep = Nop¢) is Shown by the red dashed lines in
(a). c) Further improvement of F at the cost of experimental rate is achieved by a stricter initialisation
threshold N, . First we set Npors1 = Nro = Nope and vary Ng;. The fidelity F is plotted as function of
N, (black). The success probability of initialisation of S1 in |+1, D) as compared to when Ng; = 477 is
plotted in green as a function of Ng;.
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The correlation plot between two subsequent measurements of K = 820 binned
DEER sequences is shown in Fig. 4.20a. First, we find a threshold that separates
S1 from other P1 centers by setting Ng; = Npor51 = Ngo all equal to Ny, and
calculate the combined initialisation and readout fidelity F while we sweep this
parameter. A local maximum N,,,. = 477 is found separating spins S1 and S2 as
shown in Fig. 4.20b (red dashed line). Second, we set Nzp = Npors1 = Nope tO
distinguish between S1 and not S1 and vary Ng; as shown in Fig. 4.20c. As a
trade-off between the success rate and fidelity F we choose Ng; = 522 to maintain
a success probability > 0.2. For Fig. 4.3b in the main text we have thus used N,,,;51
= Ngo = 477 and Ng; = 522.

Electron spin initialisation and readout

We initialize and measure the electron spin state of P1 centers through a DEER(y)
sequence following initialisation of the |+1,D) or |+1,A) state. Again, we use
the correlation of consecutive measurements M (k) and M (k + 1) to determine the
combined initialisation and readout fidelity. First, we define the fidelity of preparing
[TY as

Fpy = P(M(k + 1) > Mgo|M(k) > Mypy), (4.32)
and the fidelity of preparing |{) as

Pil) =P(M(k+1) SMRolM(k) SMN)). (433)
Again, the combined initialisation and readout fidelity is given as

En + Ky
Fh)/”) = % (434)

We calculate Fyy,),y for a large range of initialisation and readout bin sizes (L) and
thresholds (M), M1y and Mo ). In Fig. 4.21b maximum values of F ;) are shown
as a function of success probability. We trade-off Fjy,;, against success probability
to obtain a combined initialisation and readout fidelity of Ky ;) = 0.95(1) while
maintaining a success probability above 0.1.

Optimization of sequential initialisation in |+1,D) and |+1,A)

For entanglement generations of S1 and S2 we optimize for high total initialisation
and readout fidelity while maintaining a fast experimental rate. To initialize the
P1 centers in the desired |m,,i) state, we use 4 sequential steps with real time
logic. Firstly we use K = 5 DEER measurements on |+1,A) to quickly assess the
likelihood of S2 in this state. If the outcome is below a threshold (N|+1’A> =3),

we apply fast logic: we abort the sequence, apply an optical reset (section 4.9.6)
and start again. If the threshold is passed, we continue. Secondly we repeat this
on |+1,D) to assess the likelihood of S1 in this state. If successful, we continue
with DEER repetitions on |+1,D) and perform a third step after K = 22 to distin-
guish S1 from S3/S4. To finish the initialization of S1, we continue to K = 820,
required to distinguish S1 from S2. Fourthly, we apply DEER sequences on |+1, A)
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Figure 4.21: Optimization of combined electron initialisation and readout fidelity. We trade off
fidelity and experimental success rate by setting the thresholds and bin sizes of the DEER(y) sequences
used. For optimization, a large range of thresholds and bin sizes are explored. a) An exemplary case
of probability distributions after initialisation. Here, after preparation of S1 in [+1, D), the electron spin
is initialized through a DEER(y) (L = 14) with thresholds M;, (> 1) and M|,y (<1) before reading out
(L = 12). The parameters in this exemplary case ensure a larger success probability (= 0.55) but lower
Finyy = 0.90(1) as compared to those in Fig. 4.4d of the main text. b) The fidelity Fy,1) against the
success probability of initialisation in |T). We calculate F,yy 5y for a range of initialisation and readout bin
sizes (L) and thresholds M,;,, My and Mgg. Only the maximum fidelities are shown, grouped over 10
intervals between 0.1 and 0.6 success probability. To ensure enough statistics, we only include intervals
above 0.1 success probability. Numbered arrows indicate example cases: (1) parameters and probability
histogram as shown in Fig. 4.4d in the main text; (2) L = 14 for initialisation, L = 8 for readout, My,
(>8), My, (1) and Mgq (= 2); (3) corresponds to panel (a).

and hereafter implement fast logic. With S1 initialized in |+1, D), S2 is more easily
distinguished from S3/S4. Therefore we perform the logic after K = 50 DEER se-
quences. Because consecutive measurements can disturb earlier prepared states,
the small number of repetitions for the initialisation of S2 is beneficial for the overall
fidelity. The probability to have both P1 centers in the desired state is small, and
this limits the experimental rate. By heralding and the use of subsequent fast logic,
we significantly speed up because the initialization of S2 is not attempted if the
initialization of S1 fails.

After initialisation of the JT and nitrogen state, we perform electron spin initial-
isation. For electron spin initialisation and readout we optimize in a similar way as
described above. However, we now introduce additional measurements in order
to take disturbance due to sequential measurements into account and find a best
combined initialisation and readout fidelity for both spins. Finally, we optimize the
sequential initialisation (S1 in |T) then S2 in |l)) for a high rate and fidelity but
minimal disturbance of the initialized state of the other P1 center.

4.9.12. NV fluorescence rate reference

In this section, we verify that the discrete jumps in the DEER time traces (Fig. 4.2a
of the main text) are not due to the changes in the detected fluorescence rate of the
NV itself (e.g. due to ionization, spatial or spectral drifts). As shown in Fig. 4.22, we
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Figure 4.22: Continuous DEER signal with reference signal. Top: Experiment in which we alter-
nate between a single DEER sequence (K=1, f,ip as in main text Fig. 4.2b) with phase +x and one
with —x for the final z/2 pulse. The outcomes N; and N, are summed in a bin size of 420 to obtain
Npiny and Npinp. The reference signal for the NV fluorescence detection rate is defined as Nyf =
(Npin1+Npin2)/2. The measurement signal is given as (2(Ny¢f) - Npin1 + Npin2)/2, here (Ny.5) is the
mean over the full dataset. Bottom: the measurement signal shows similar discrete jumps as in Fig.
4.2a of the main text, while the reference measurement remains approximately constant over time.

repeatedly apply the DEER sequence while alternating between opposite readout
bases. We combine these measurements to obtain a continuous DEER signal and
a reference of the detected NV fluorescence rate. The DEER signal shows discrete
jumps. These jumps are not observed in the reference signal, thus excluding that
they are caused by changes in the detected NV fluorescence rate.
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Nuclear spin coherence

Electron and nuclear spins provide promising qubits for quantum-information
processing and quantum networks. Due to their smaller gyromagnetic ratio,
nuclear spins provide excellent quantum memories. Here, we first experi-
mentally investigate the host *N spin of a single NV center and observe a
coherence time >60 s, the longest reported for a single solid-state qubit at the
time of writing. Secondly, we develop a method of precision spectroscopy to
characterize the transverse hyperfine interaction between the *N spin and
the electronic spin of the NV. We show that the same method provides a use-
ful tool for magnetometry of magnetic fields perpendicular to the symmetry
axis of the NV, while remaining insensitive to parallel fields. Finally, we pro-
vide an outlook on a quantum memory for optical quantum networks that
consists of a nuclear spin which is part of a system of coupled defects.

Parts of this chapter have been published in Abobeih et al., Nature 576, 411 (2019) [1] and Bradley et
al., Phys. Rev. X9, 031045 (2019) [2]
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100 5. Nuclear spin coherence

5.1. Long-lived nuclear quantum memory

Electron and nuclear spins associated with single defects in solids provide promising
qubits for quantum-information processing and quantum networks [3, 4]. In these
hybrid registers, different types of spins fulfill different roles. Electron spins offer
fast control [5—15] and high-fidelity readout [9, 16, 17] and can be used to connect
and control nuclear spins [16, 18-23]. Furthermore, electron-electron coupling en-
ables on-chip connectivity between defects [21, 24-27], while coupling to photons
[14, 28-32] allows for the realization of long-range entanglement [33-35]. Nuclear
spins provide additional qubits with long coherence times that can be used to store
and process quantum states [18, 19, 23, 28, 36].

Here we investigate the coherence properties of the host nuclear spin of a single
NV center in a diamond containing a natural abundance of *3C spins (1.1%) at
cryogenic temperatures (3.7 K). We prepare the 14N spin state using a measurement
based initialization technique [17]. Next, we rotate the **N spin to one of its six
cardinal states and initialize the NV electron spin in [my = —1). The magnetic field
gradient imposed by the electron-nuclear hyperfine interaction induces a frozen
core, which suppresses flip-flop interactions between 13C spins and thereby reduces
the noise the **N spin is exposed to. The coherence is investigated under dynamical
decoupling.
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Figure 5.1: Dynamical decoupling of the “N spin. a) For a = 256 pulses, the average state fidelity
at 75.3 s is 0.73(3), which is above the bound for a classical memory [37]. b) Dynamical decoupling
sequence used in (a). To mitigate pulse errors we alternate the phases of the pulses following the XY8
scheme [38]. c) Scaling of the coherence time as a function of the number of pulses a. The solid line
is a fit to the power function f(n) = T$=1 - a™, where T$=1 is the coherence time for a single pulse. We
find n = 0.585(1).

An overview of observed coherence times is shown in table 5.1, with a the
number of radio-frequency (rf) pulses. This demonstrates an extension of over
three orders of magnitude from the Ramsey decay T,°*=° = 23.2(7) ms to T#=256
= 63(2) s for 256 pulses. This is the longest reported for a single solid-state spin
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qubit at the time of writing. The small gyromagnetic ratio of the *N spin and
central position in the frozen core allow for long coherence times. We confirm that
arbitrary quantum states can be protected by preparing in the six cardinal states and
measuring the average state fidelity under dynamical decoupling. The measured
decay curve is shown in Fig. 5.1a. With 256 pulses we measure an average state
fidelity exceeding the classical memory bound of § [37], at a time of 75.3 s for the
14N spin.

‘ Tz*,a=0 (ms =-1) ‘ Tz*,a=0 (ms = 0) ‘ Tzazl (ms =-1) ‘ TZO(=256 (ms =-1)
BN 232(7)ms | 251(7)ms | 2.3(2) s \ 63(2) s

Table 5.1: Coherence times for the 1*N nuclear spin. T; is obtained from a least-squares fit of Ramsey
signals, with evolution for the mg = -1 and m; = 0 electron spin projections.

For an increasing number of pulses a, we observe a scaling Ty «< a™ with n =
0.585(1) (Fig. 5.1c). For the NV electron in a bath of slowly fluctuating electron
spins (T; « ., with 7, the bath correlation time), a scaling of n = 2/3 with
the number of dynamical decoupling pulses has been theoretically imposed and
experimentally observed by, for example, de Lange et al. [5]. A similar scaling
could be expected for a nuclear spin in a nuclear spin bath. However from the
central position of the *N nuclear spin in the frozen core, it is expected that the
fluctuating spins it dominantly couples to are at the edge of the core [39]. The
coupling strengths to these spins is possibly comparable to the inverse of their
correlation time, which could result in a different dephasing mechanism with a
scaling that deviates from n = 2/3.

5.2. Thermal echo and its applications

In this section, we investigate applications of an echo sequence that uses the full
three level spin-1 manifold of the NV electron and has previously been used in flu-
orescence thermometry [40]. We will refer to this sequence as the thermal echo.
We show that applications beyond thermometry are measurements of non-secular
hyperfine terms due to interactions with nuclear spins, and magnetometry of fields
perpendicular to the NV symmetry axis. A key property of this sequence is that it
extends the NV coherence from T, to T, , while remaining susceptible to specific
interactions that are usually decoupled from in a Hahn echo using two spin levels.
Therefore, information about Hamiltonian terms that describe these interactions
can be probed more accurately.

The Hamiltonian of the NV electron is given by [41]:

He=(A+ Hz)]g +Ye§ 'j+ Hx(lgzz _]ch) + Hy(]x]y _]y]x)- (5.1)

Here, 2 is the symmetry axis of the NV, J,, /,,, J, are the electronic spin-1 operators,

B the static magnetic field, y, the electron gyromagnetic ratio and A the zero-field
splitting. The terms 11, = d;(E,+6,) and I, = d, (E,, +,,) denote the coupling
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of the NV to electric fields £ and crystal strain &, with susceptibilities d, and d;.
Note that crystal strain here has been expressed as an effective electric field [41].
Additionally, the NV center couples to its host *N spin and surrounding *3C spins
via the hyperfine interaction, thus we describe the total system as:

n

H = Ho+ v T4 QIE+ Ayl + A, Ul +1y1y) + ) 0o T+ vascB T (5.2)

i=1

Here T and [; are the nuclear spin-1 and spin—% operator vectors, y,, (y13¢) is the
N (13C) gyromagnetic ratio, Q the *N quadrupole splitting, A, (A, ) the parallel
(perpendicular) component of the hyperfine interaction with the host **N spin and
C; the hyperfine interaction tensor of the NV electron spin with 3C carbon spin
with index i.

The thermal echo sequence starts by initializing the host *N state, then the
NV spin is initialized in a superposition (Fig. 5.2). This is followed by two free
evolution periods for time 7 in between which the superposition state is flipped
from (10} + |—1) )/v2 to (10} + |+1) )/v2 by three consecutive pulses m,,_;7,;.
At the end of the sequence this phase is converted to population of |0), which
is measured. The phase that is accumulated in the laboratory frame during this
sequence is given as e~2'@ where w = (w_ + w,)/2. Here w, are the transitions
between energy levels 1, < A, , labelled according to the NV spin states m; =
{0, £1}.

nitrogen ! thermal echo | readout
initialisation 1
9 ]

laser 637nm —. l L . .—
: u n,
i 2 s o2
selective 1t I I I_I I 1
MW — - J
m, =0, -1 1 noTm i 1
ny : Il |
m, =0, +1 : < > < > 1
< = > = >

Figure 5.2: Thermal echo sequence. Pulse sequence for the thermal echo measurement [40]. The
NV center its **N spin is initialised at the start of the sequence [17]. Thereafter, the electron spin is
prepared in a superposition of the states my; = 0 and my = —1 in the first half of the sequence, and
then swapped to a superposition of mg = 0 and mg = +1 for the second half, using a sequence of three
closely spaced 7 pulses. During the evolution time 2z, phase is accumulated in both the m; = {0, -1}
as well as in the m; = {0, +1 } subspace.

Due to the large zero-field splitting (A ~ 2.88 GHz) and externally applied mag-
netic field (~403 G) that is aligned along Z, we consider the unperturbed part of the
Hamiltonian in eq. 5.2 to be all terms that are solely along 2 and refer to it as H,.
All off-diagonal terms are small and non-commuting with H, and thus non-secular
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terms which we refer to as the perturbation Hamiltonian [42]. In the following, for
the purpose of simplicity, we consider eqg. 5.2 for a single *C spin (n = 1). This
can be generalized to include more spins. From the eigenvalues of H,, we obtain
w and find:

w=A+Tl, (5.3)

indicating linear susceptibility to variations of the zero-field splitting or electric fields
along the NV axis. We use perturbation theory to calculate further frequency shifts,
Aw, of w due to the perturbation Hamiltonian. We will consider changes in fre-
quency up till second order, and will describe the effect of individual terms of the
perturbation Hamiltonian.

First, we consider transverse magnetic and electric fields that directly affect the
NV electron spin. We calculate second-order corrections to the eigenvalues of H
that emerge from the perturbation Hamiltonian, and use these to obtain Aw, which
captures the approximated susceptibility to perpendicular magnetic fields B,, B, :

2
Aw(m;,me) = 2 z re s + By)
PRIy L A+ (=DF - [mg - Cpp + mydy + ¥eB,]

(5.4)

where m;, m. are the spin projections of the host *N spin and the considered 3C
spin respectively. Looking at eq. 5.4 reveals that for our magnetic field regime
and the small hyperfine terms (typically C,, ~10 kHz, 4, ~2.16 MHz) differences
between nuclear spin projections are negligible. On the other hand, perpendicular
fields with magnitudes of ~1 G result in ~1 kHz frequency shifts that can readily be
detected. This susceptibility to transverse magnetic fields is useful for directional
magnetometry and has been used in our work to accurately align the magnetic field
for an atomic-scale imaging method [1]. For transverse electric fields associated
with I1,, or II, terms we obtain no effect (Aw = 0), these terms are cancelled by
the thermal echo.

Second, we consider hyperfine interactions with a nearby 3C spin. From all
terms that constitute the hyperfine interaction tensor with the 13C spin, we find a
relatively large susceptibility to the C,, term:

]/1ch2ch
4-(C%, - ]/1236322)
This effect is conceptually illustrated in Fig. 5.3. In the large magnetic field regime
(y13cB; >> C,y, C,5), the J, 1, dipolar interaction has little effect on the quantization
axis of 13C spins. However, in a moderate magnetic field and given the condition
y13cB, > C,, (asin Fig. 5.3), the quantization axis of 3C spins with spin projection
m¢ = 1/2, will become more aligned (misaligned for m, = -1/2) with the NV dipolar
field direction. This causes a change in energy of the NV that depends on the 13C
state.

(5.5)

Aw(m;,m¢) = mg -
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Figure 5.3: 13C spin in a dipole field. Exemplary case in which the J,I, interaction causes its
quantization axis to become more aligned with the dipole field direction due to the the NV (mg = -1)
given the condition C,, < y,3¢B,. The same holds for the NV in my; = +1, in this case the direction of
the dipole field and thus C,, and C,, change to their direct opposite.

The C,, interaction with the 13C spin causes a much smaller frequency shift given
by:

2
Aw _ 1 Cox +
W) =g 2 A Ime YiscB, + (CDF (e Cor — iy — VoBi]

2
1 CZ,

16 44 A+ 2me - yizcB, + (=1D)F - [mc - Coz + myAy + Ve B,
(5.6)
Due to our magnetic field regime and the typically small C,, terms of 3C spins
(~10 kHz), this results in frequency shifts, Aw, of ~mHz which are negligible. The
same holds for all other terms of the hyperfine interaction tensor with *3C spins,
with the exception of C,, (equation 5.5).

Finally, we consider the host *N nuclear spin of the NV. Due to its position
directly above or below the NV electron spin, the hyperfine interaction does not
include J,I,. but only /. I, and J, I, nonsecular terms. For this A, interaction, we
find:
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_ a2
Aw(m; = +1,m,) = +
( ! C) A_Q_mI'VnBz+mC'sz+yeBz
1 Ai (5.7)
2A+Q+m1'ynBz_mC'sz_mIAll_VeBz’ .
form; =+1 and,
2 Ai
Aw(m; =0,m¢) = z +
I ‘ k=1 A+Q -4+ (_1)k[ynBZ —m¢ - Cyy — VeB,]
2
1 z A% (5.8)
2 =1 A-— Q + (_l)k[ynBZ —Mmc - sz - VeBz] '

for m; = 0. Because of its proximity to the NV electron, the nonsecular terms are
relatively large (4, ~2.6 MHz). In contrast to *3C spins where these terms are
negligible, for the 14N spin this interaction results in frequency shifts, Aw, of ~kHz.
Moreover, we obtain that for m; = 0 (eq. 5.8) this effect is approximately twice as
large as for m; = +1 (eq. 5.7). Therefore, up to second order, we expect a ~kHz
frequency shift for these different 1*N spin states.

5.2.1. Measurement of transverse *N hyperfine interaction
To probe these frequency shifts we measure w using the thermal echo sequence,
for different 1*N states (Fig. 5.4a). Other than a central frequency that shifts for
different 14N states, the data shows four equally separated frequencies for each
1N state. Also, the average dephasing time for all *N states, (T, ;) = 0.27(1)
ms, is lower than the measured Hahn echo T, = 1.182(5) ms, indicating an addi-
tional dephasing mechanism in the thermal echo. We use the knowledge of the
previously determined coupling of 27 identified nuclear spins surrounding this NV
[1], to find that coupling to surrounding *3C spins with non-negligible C,, hyperfine
interaction terms explains the shorter dephasing time. This indicates that other
effects such as electric fields, strain or fluctuations of the zero-field splitting A due
to temperature are not dominant factors for the dephasing. Moreover, from two
spins that exhibit strong C,,. interactions of 27-59.21(3) and 27-41.51(3) kHz [1],
we expect four distinct frequencies corresponding to their four two-spin states. For
each *N state the signal fits well to the sum of four frequencies and agrees well
with simulated frequency splittings due to these two *3C spins (Fig. 5.4b).

From the average of the four frequencies (Fig. 5.4b, red arrows), we obtain @
which demonstrates a shift for different 1#N states due to the 4, hyperfine inter-
action term. For all the other nonsecular terms that we have considered, shifts of
w due to different 1*N spin states are negligible. From egs. 5.7 and 5.8, we only
expect the average frequency of the m; = +1 states to be shifted with respect to
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m; = 0. However, we note that the m; = +1 states are also shifted relative to each
other with approximately ~1 kHz. This effect is not captured by egs. 5.7 and 5.8,
and is likely included in higher order perturbation terms. Therefore, to obtain 4,
we use a least squares fit of the Hamiltonian as given in eq. 5.2 (see sec. 5.5.1).
From the fit we obtain A, =-2.652(8) MHz, which is in agreement with Yavkin et al.,
Chen et al. and Felton et al. [43—46] and provides better precision than previously
measured values (see Tab. 5.2).
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Figure 5.4: NV electron thermal echo. a) Thermal echo measurement for different initialized 1*N

spin states (m;). The data is fitted to a — £ e~@%/Tare)" Zj:‘; 1 cos(w; - 27). The average of the four

fitted frequencies wj is defined as w. = w - 27+ 2.877658 GHz. We find T, 75 = 0.26(1), 0.27(1) and
0.29(1) ms for m; = 0,-1 and +1 respectively, all shorter than T, = 1.182(5) ms due to coupling to
13C spins. b) Fourier transform of (a) with vertical green lines indicating fitted frequencies w;. The red
arrow demonstrates the average of the four fitted frequencies w.. Black arrows demonstrate simulated
shifts centered around w, due to two 3C spins with a strong J,1, interaction.

Ref | A, (MHz) | Temp. |
Our measurement -2.652(8) 3.7K
2016 Yavkin et al.[43] -2.7(1) RT
2015 Chen et al. [44] | -2.62(5) RT
2009 Felton et al. [45] | -2.70(7) | 10-300 K

Table 5.2: Overview of experimentally determined transverse hyperfine parameter.
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Figure 5.5: Aligning the magnetic field using a thermal echo sequence. a) Measurement of the
first 100 ps of the thermal echo signal. The signal is fitted to a-3e~G%/™" cos(w, - 27) to obtain a
central frequency w,, which is minimised when B, = 0 (see sec. 5.5.2). The NV *N spin is initialised in
m; = 0[17]. b,c) Magnetic field alignment by scanning the magnet position in two orthogonal directions.
The obtained thermal echo frequencies are fitted to a parabolic function to find the optimum position (i.e.
minimal w.). The plots show the frequency difference w./27 —2.877652 GHz. d) Placing the magnet at
the optimum position and repeating the measurement 200 times (over a 10-hour period). The obtained
average frequency difference is 0.13 kHz, with a standard deviation of 0.27 kHz. Therefore, the total
uncertainty for the magnet alignment is estimated to be smaller than ~ 0.4 kHz which corresponds to a
perpendicular field of 0.5 Gauss or a misalignment angle of 0.07 degrees.

5.2.2. Directional magnetometry

As described by eq. 5.4, thermal echo measurements are sensitive to transverse
magnetic fields. Here we demonstrate directional magnetometry by exploiting this
sensitivity to 2,9 components of the magnetic field. This allows for precise align-
ment of the external magnetic field which is often desirable for various applications
of the NV center. We use a permanent magnet on an XYZ translation stage to
control the strength and the direction of a magnetic field of ~403 G. By sweep-
ing the magnet position while implementing the thermal echo sequence we find a

minimum of its average frequency at which B, = /B,% + By = 0 (see Supplemen-
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tary information sec. 5.5.2 and eq. 5.4). The method is implemented to align
the magnetic field via an automatic re-calibration procedure which realizes a mis-
alignment angle <0.07° (Fig. 5.5). We have used this method to help enable the
measurement of isolated individual nuclear-nuclear spin interactions to image 27
surrounding nuclear spins with sub-angstrom resolution [1].

5.2.3. *N thermal echo

Similar as for the NV electron spin, a thermal echo sequence can be applied on the
14N spin-1. We use projective readout of the electronic spin in combination with
quantum gate operations (selective m pulses) for initialization and readout of the m;
= 0 nuclear spin state [17]. In between initialization and readout, we implement
a thermal echo sequence using rf pulses on the *N nuclear spin-1 manifold while
the NV electron spin is in mg = -1 (Fig. 5.6).

nitrogen nitrogen
initialisation readout

laser 637 nm j . .

selective 1t

selective 1t

S

M
m,

IIE

0,-1

s s

m =0,-1

; I ¢ b1
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Figure 5.6: Nitrogen thermal echo sequence. Pulse sequence for nitrogen thermal echo measure-
ment. The NV 1#N spin is initialised and read out via a combination of projective readout of the electronic
spin and selective m pulses [17]. After initialisation of the **N spin, a r pulse rotates the NV electron
spin to m; = -1. The thermal echo prepares a superposition of the states m; = 0 and m; = —1 in the
first half of the sequence, and then swaps the state to a superposition of m; = 0 and m; = +1 for the
second half, using a sequence of three closely spaced 7 RF pulses. During the evolution time 27, phase
is accumulated in both the m; = {0, -1 } as well as in the m; = {0, +1 } subspace.

The phase that is accumulated during this sequence is given as e~2Y where v =
(v— +v,)/2. Here v, are the transition frequencies between energy levels of the m;
=0 and m; = +1 N spin states. From the unperturbed part of the Hamiltonian,
H,, we find for these transitions that:

V = Q’ (5'9)
which indicates linear susceptibility to the quadrupole splitting. Furthermore, similar
as for the electron thermal echo, this measurement is susceptible to perpendicular
magnetic fields. This susceptibility is magnified due to an enhanced gyromagnetic

ratio of the 1*N spin because of electron-nuclear spin mixing with the NV electron
[44].
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Figure 5.7: Nitrogen thermal echo. Nitrogen thermal echo sequence fitted to a + 4 -
e~ @T/T21e)" cos(f4 - 27). From the fit we obtain T,7z = 1.15(2) s, n = 2.1(1) and from the fitted
frequency (f4) and detuning that was set we obtain |v| = 4951065.683(4) Hz. Using |v| we obtain
the quadrupole splitting Q. The uncertainty in B, during the measurement limits the uncertainty in the
obtained @, and we find Q = -4.95107(1) MHz.

To obtain an accurate measurement of the quadrupole splitting Q, we implement
the N thermal echo (Fig. 5.7). From the obtained frequency and by taking into
account a conservative uncertainty in transverse magnetic field (~1 G), we obtain an
estimate of the quadrupole splitting of Q = -4.95107(1) MHz. This closely matches
earlier work [45, 46] and provides better precision. Furthermore, we observe a
Gaussian dephasing envelope with T,z = 1.15(2) s which is shorter than T, =
2.3(2) s. The shorter T, vz with a Gaussian envelope is currently not understood.
In contrast to a Gaussian shape, transverse magnetic field noise would result in a
nonexponential slow dephasing envelope (see Supplementary Information section
5.5.3). The observed Gaussian shape is likely caused by a linear dependence of
frequency v on the dominant dephasing channel. A possible explanation is direct
shifts of the quadrupole splitting Q, due to changes of the electron wave function
of the NV under the influence of electric field noise.

5.3. Quantum memories in coupled defects

In this section, we will discuss quantum memories in quantum networks and quan-
tum registers. Elementary nodes of quantum networks contain qubits that are
commonly divided in two types: communicators and memories. Communicators
are optically active and form elementary links between remote nodes, and can al-
low readout of quantum states of memory qubits. Memories provide long storage
of arbitrary quantum states, and intra-node connectivity with communicator qubits.
The NV is naturally surrounded with memory qubits in the form of 13C spins, and its
electron spin can selectively address these spins by using two-qubit gates [2, 47].
The NV and surrounding nuclear spins therefore form a versatile multi-qubit node for
networks, and state-of-the-art experiments have used 3C spins for entanglement
distillation, quantum error correction and three-node entanglement [18, 19, 48, 49].
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Figure 5.8: Quantum memories. a) '3C spin (memory) coupled to an NV center that is used as
an optical link (communicator). b) System of coupled NV centers. At ~30 nm, the 4N nuclear spin
(memory) is accessible indirectly via a relatively strong (~kHz) electron-electron coupling between NV
electrons. The *N spin is also robust against undesirable changes of the electron state of the optical
link NV center (communicator), as the electron-nuclear coupling is much weaker (sub-Hz).

The NV center and surrounding '3C nuclear spins interact via the always-on
magnetic hyperfine interaction (Fig. 5.8a). This interaction makes the precession
frequency of the 13C memory dependent on the electron spin state of the NV. During
remote-entanglement attempts or NV-13C two-qubit gates, multiple electron spin
operations are performed. Some imperfections in these operations result in unde-
sirable changes of the NV spin state, which leads to dephasing of 13C spins. Such
imperfections include the stochastic nature of the NV electron initialization through
spin pumping, initialization infidelity, MW pulse errors and spin flipping due to opti-
cal  pulses [50, 51]. Ultimately experiments, such as entanglement distillation and
qguantum error correction with a single NV and surrounding 3C spins [18, 19, 48],
involve an intrinsic trade-off: reducing the hyperfine coupling to the NV center im-
proves the robustness of 13C memories, but reduces gate speeds.

Electron-nuclear defects that are magnetically coupled to an NV provide new
opportunities for quantum memories. Figure 5.8b illustrates such a system, which
in this case consists of two NV centers that have a separation of ~30 nm. One of the
NV centers is a communicator qubit (optical link), whereas the other is dedicated
to function as a memory. Because of a difference in gyromagnetic ratio of a factor
~9000 (y./y,) between the electron and nitrogen spin, the electron-electron dipolar
coupling is nearly four orders of magnitude larger than the electron-nuclear dipolar
coupling. At their separation of ~30 nm, the two NVs are magnetically coupled by
a relatively strong (~kHz) electron-electron dipolar interaction, while the electron-
nuclear interaction is weak. Nevertheless the nitrogen spin on the memory NV is
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indirectly accessible for the communicator NV, via the electron spin of the memory
NV.

6R (Hz)

10! 2x 10! 6 x 10t 102
r (nm)

Figure 5.9: Qubit precession frequency dependence. Simulated difference of precession frequency
(8R) of a 1*N spin qubit in the subspace m; = {0,+1} (green), and the electron spin qubit in the subspace
mg = {0,-1} (purple) of the memory NV upon changing electron state of the optical link NV. R is plotted
as a function of separation distance r between the two NV centers. The black double sided arrow shows
nearly four orders of magnitude difference.

Moreover, the weaker electron-nuclear dipolar interaction (sub-Hz) ensures that
the nuclear memory is well-isolated and robust against undesirable changes of the
electron state of the communicator NV. In Fig. 5.9 we simulate the difference in
precession frequency, §R, of the *N nuclear spin qubit and electron spin qubit
of the memory NV, upon changing the electron state of the optical link NV. This
simulation is performed for two NV centers with different diamond crystal orienta-
tions and at low magnetic field (B, = 40 G along the communicator NV axis), such
that the quantization axes are only slightly tilted from the direction of the zero field
splitting A and the spin transitions are detuned to suppress mutual spin flip-flops.
For separation distances of 20-60 nm, 6R is on the order ~kHz for the electron
spin, whereas below ~Hz for the nitrogen spin on the memory NV. This indicates
an accessible and yet robust nuclear quantum memory in a system of coupled NV
centers.

5.4. Conclusions

In conclusion, we have shown a coherence time >60 s for the host *N spin of
a single NV center, which demonstrates it to be an excellent quantum memory.
Moreover, we have developed a method for precision spectroscopy of the transverse
hyperfine interaction between the host *N and electron spin of the NV, as well as
the quadrupole splitting of the *N spin. Also, we demonstrate the thermal echo
sequence to be a useful tool for magnetometry of perpendicular magnetic fields.
Finally, we have provided an outlook for a 1*N nuclear quantum memory in a system
of coupled NVs. The simulated qubit precession frequency dependence of a *N spin
memory suggests it to be a robust memory in quantum network nodes consisting
of magnetically coupled NVs.
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5.5. Supplementary information

5.5.1. Obtained frequencies and used parameters

In this section we provide an overview of the used Hamiltonian parameters for the
least squares fit of A4, , as well as the difference frequencies of the electron thermal
echo measurements.

Parameter | Estimated value | Ref.

Q -4.945 MHz | [46]
A 2.162 MHz | [46]
Yo 2.8031 MHz/G | [45]
Y -0.3077 kHz/G | [52]
A 2.877652 GHz | -
B, 403.553 G -
By, B, 0G -

Table 5.3: Overview of parameters used for least squares fit of A, as explained in section 5.2.1.

Difference of w
for 14N states: | Measured (kHz) | Theory (kHz)
Mg — My=_q 3.75(5) 3.779
m1=0 - m1=+1 492(5) 4903

Table 5.4: Overview of differences between the measured frequencies w for the **N states, as shown
in Fig. 5.4.

As the method of obtaining 4, (sec. 5.2.1) relies on the difference of w between
different 1#N spin states, it does not strongly depend on the parameters given in
table 5.3. Up till second order, this is apparent from the calculated shifts of w (eq.
(5.7), (5.8)). Also in the least squares fit, the obtained value and uncertainty for
A, =-2.652(8) MHz allow for an uncertainty of individual parameters of 1 G for B,,
By, By, or a 100 kHz uncertainty of A, Q or 4.

5.5.2. Derivation of minimum perpendicular magnetic field
Here we include a derivation following ref. [53], which analytically shows that B,
= 0 if the average, w, of the transitions between the ground state energy level 1,
and A_,,4,, is minimized. We consider the Hamiltonian of the NV electron spin as
in eq. 5.1 but omit electric field dependence and, without loss of generality, have
set the perpendicular magnetic field along 2:

H, = A]; + VeBzJz + VeB - (510)

We consider the regime where 0 < y,B, < A, and diagonalize the Hamiltonian to
find the analytical form:
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2
— 223G + H?
6 =25 — (5.11)
where we have defined the functions F, G and H as:

F(B,, B,) = A(3%y2(B? — 2B?) + 2A?%) (5.12)
G(B,;,B)) = 3yez (Bf + BZZ) + A2 (5.13)

1

3
H(F,G) = (F +F3 - 4GZ> . (5.14)

We take the partial derivative of w with respect to B, which results in:
2
Sw 23( 2(168G G S6H SH
E—T@(ﬁm‘ﬁﬁ)*s—m) (5.15)
We find the partial derivatives are given by:

6G

— 2
3B, 6YB, (5.16)
OF
_ 2
55 = 188728, (5.17)
1
60H 1) 3
2T _ 2 3 _ 402 )
5B, =~ 3B, (F +VF3—4G ) (5.18)

1 oF 1 6F 6G
= —(— + ——(3F?— - 86— | .
3H?\ 6B, F3 —4G2 6B, 6B,

In the considered regime 0 < y,B, < A we find for B, = 0 that H = 0 and
VF3 —4G%2 # 0. Thus we find the partial derivatives in egs. 5.16,5.17,5.18 to
be 0 for B, = 0. Therefore the derivative of w with respect to B, is 0

Sw
and for this regime w(B, = 0) is at @ minimum. As shown in ref. [53], for more
elaborate models of the system such as including the host **N or strain terms, eq.
5.19 holds when using second-order perturbation theory.
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5.5.3. Effect of magnetic field noise on '*N thermal echo

In this section, we numerically simulate the thermal echo sequence on the 4N
spin-1 under Gaussian distributed quasi-static perpendicular magnetic field noise.
This simulation is shown in Fig. 5.10 for (B,) = 0, and a conservative estimate of 1
G for the standard deviation, o, of the perpendicular magnetic field. The simulated
dephasing envelope resembles a nonexponential slow decay, which is similar as
analytically derived for the decay of Rabi oscillations under quasi-static magnetic
field noise by Dobrovitski et al. [54]. The simulated envelope shape is in contrast
with the measured dephasing envelope which resembles a Gaussian decay (Fig.
5.7). This suggests that quasi-static perpendicular magnetic field noise is not the
dominant dephasing mechanism of the *N thermal echo measurement in Fig. 5.7.
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Figure 5.10: Simulation of the nitrogen thermal echo. The simulated fidelity of the NV electron
spin after a nitrogen thermal echo sequence (see Fig. 5.6), under Gaussian distributed perpendicular
magnetic field noise, (B, ) = 0, with standard deviation o = 1 G. Numerical simulations of 103 sampled
B, values from this distribution are performed and averaged to emulate quasi-static Gaussian distributed
noise.
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Conclusion and outlook

In this chapter, we will summarize the results of this thesis. Thereafter, we
will give an overview of near-term research and devices that can be explored

next. Finally, we will discuss how to move forward towards building larger
quantum networks.
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6.1. Summary
The work in this thesis is summarized as follows:

¢ We investigate ion implantation and find that nitrogen implantation and subse-
quent annealing yields implanted NV centers with predominantly broad optical
transitions (>1 GHz) and substantially higher strain than NV centers formed
from native nitrogen impurities. This indicates that methods for creating im-
planted NV centers should be re-investigated, addressing local lattice damage
associated with implanted nitrogen. These results thus show that improve-
ments are required to create coupled defects for quantum networks by im-
plantation.

e We demonstrate that single P1 centers can be controlled for multi-defect
quantum registers. By using projective measurements we exploit the mul-
tiple degrees of freedom of these defects and develop selective control of
individual P1 centers that are part of a spin bath surrounding an NV. The de-
veloped initialisation, control and single-shot readout techniques are used to
demonstrate entanglement between two P1 centers. These results demon-
strate an alternative approach to obtain multi-defect quantum registers and
provide a proof-of-principle towards using dark electron-nuclear spin defects
as qubits for quantum sensing, computation and networks.

 For the host *N spin of a single NV center we show a coherence time >60 s,
which demonstrates it to be an excellent quantum memory. Also, our simu-
lations show that the *N spin can be used as a robust quantum memory in
a system of coupled NVs.

¢ We demonstrate a precision spectroscopy method to measure specific inter-
actions of the NV such as the transverse hyperfine interaction, quadrupole
interaction or its interaction with transverse magnetic fields, while extending
coherence from T; to T,. This method could improve the understanding of
the NV center, and its Hamiltonian parameters. Additionally, it provides a
technique for magnetic field alignment.

6.2. Future research and quantum devices in di-

amond

Here we will discuss the implications of our research and other progress for the
future of quantum devices in diamond. Among others, we will address the creation
of and near-term future directions for devices that consist of multiple coupled NVs
or an NV coupled to P1 centers for quantum processors and quantum networks.

The development of multi-defect devices that contain NV centers still face chal-
lenges towards unlocking their full potential as quantum processors and quantum
network nodes. In particular, the need for high fabrication yield of devices with
coherent optical transitions, further improvements of control techniques and the
demonstration of robustness against optical excitation.
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6.2.1. NV center creation

A key challenge for nanoscale diamond devices with embedded NV centers is to
reliably obtain spectral stability and long spin coherence times. NV centers in such
devices are mainly affected by fabrication procedures [1, 2], surface effects [3-5]
and implantation damage [6].

Ion implantation

In this thesis we studied the NV creation method as proposed by Chu et al. [7]
that employs implantation followed by high-temperature annealing. We conclude
that this method does not routinely produce narrow-optical-linewidth (<500 MHz)
NV centers. This conclusion is in line with later work by Kasperczyk et al. [1]
and provides the insight that in order to routinely produce narrow-optical-linewidth
implanted NV centers, NV engineering procedures should be re-investigated. For
example by investigating shallow implantation energies (<12 keV) in combination
with diamond overgrowth techniques [8]. With a lower implantation energy there
is likely less lattice damage near the stopping point of the nitrogen atom, and over-
growth can be used to increase the distance to surface charges and surface spins
that are known to decrease coherence [3-5] and fluorescence contrast [9]. Despite
these findings, the work in chapter 3 suggests that narrow-optical-linewidth NV cen-
ters may be formed from native nitrogen in diamond after implantation. In other
work the mechanism of vacancy creation by electron irradiation followed by recom-
bination with native nitrogen has produced optically coherent NV centers [10], and
the same mechanism could be responsible for the generation of NV centers when
implanting nitrogen or 2C atoms. Such a mechanism cannot be used to create
NVs with high lateral positional accuracy (<50 nm). However, in combination with
2D nitrogen-doped layers, it can provide the capability to embed coherent NVs in
well-defined device layers. This is a useful tool that can find several applications,
for example for the creation of high-quality NV centers near diamond surfaces for
sensing of single molecules or proteins [11, 12].

Laser writing and nitrogen doping

Apart from implantation techniques, in recent years exciting progress has been
made in alternative techniques to create NV centers. For example, using diamond
growth for doping of defects within 1-2 nm thick layers [13—15], and another the
creation of vacancies locally [15—18]. Particularly promising are recently developed
laser writing techniques, in which laser pulses are used to create and diffuse va-
cancies in the diamond lattice to recombine with native nitrogen atoms. Due to
the nonlinear interaction of the laser pulse with the diamond lattice, a factor 4.5
higher than the diffraction-limited spatial resolution has been achieved, resulting
in an accuracy in the lateral direction of ~40 nm [17]. Furthermore, a yield of
~50% was achieved for narrow-optical-linewidths (<500 MHz) NV centers (from a
sample size of 50) [16]. Although more statistics will give better insights in the
yield of narrow-optical-linewidth NV centers and reproducibility of this method, this
progress highlights a promising path towards controlled engineering of NV centers.
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The demonstrated spatial accuracy of this method - if combined with depth position-
ing using delta doping of nitrogen impurities - suffices for accurate 3D positioning,
which could achieve multi-defect devices of several magnetically coupled NV cen-
ters or precise placement within photonic cavities. Yet the employability of such
devices will depend on the engineering of precisely nitrogen-doped diamond sam-
ples, such that the nitrogen concentration is at an appropriate level for conversion
to NV centers without the unconverted nitrogen (P1 centers) drastically inhibiting
coherence times. In short, it is likely that this path will result in novel devices in
the near future with a range of applications in quantum information processing or
sensing, yet at the current stage there are still open questions to be answered.

6.2.2. Multi-defect devices with P1 centers

The ability to control dark electron-spin defects that cannot be optically detected but
which surround a single optically active defect has gained interest, as harnessing
such defects would open new opportunities in quantum information processing and
quantum sensing. High-quality initialisation, measurement and control of multi-
qubit quantum states are tools which are required to exploit such spins as a resource
in multi-defect systems. In chapter 4 of this thesis, we have demonstrated progress
towards such tools on dark defects (P1 centers) surrounding an NV. Here we will
address challenges and open research questions concerning this system. Some of
such are: improvements of initialisation, measurement and control techniques, the
robustness of P1 centers under optical excitation, further control techniques for
nuclear spins associated with P1s, and understanding of its energy level structure
within the diamond band gap. There are several paths that can be explored to
address these points, which we will describe below.

Initialisation, readout and control

A straightforward improvement in the initialisation rate and fidelity of single P1
centers can be achieved simply by improving the single-shot NV readout fidelity.
Different strain regimes can reduce the excited state spin-mixing and thus improve
the cyclicity of the E,, optical transition [19]. This will also grant access to the E,
transition that typically demonstrates better cyclicity than the E,, transition. Such
strain regimes can be accessed using DC stark tuning and will likely improve the NV
readout fidelity. Moreover, the employed initialisation methods in chapter 4 rely on
heralded state preparation. That is, before running each experiment, we perform
an initialisation measurement, that given a probabilistic outcome, signals that the
system is in a certain state and ready to be used. If techniques for P1 nuclear or
electron spin polarization can be developed, the initialisation rates and fidelities of
individual P1 centers are likely to improve. Optical polarization via an excited state
avoided crossing, or Hartmann-Hahn double resonance polarization techniques are
promising approaches to improve the P1 initialisation rates [20]. It is currently
not known how JT states can be prepared in a fast and deterministic manner.
Further theoretical studies on deterministic initialisation techniques could provide
useful tools in this direction. Reducing overhead time needed for initialisation of
P1 centers can enable enhanced sensing schemes based on entanglement, via an
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increased number of sensing spins and entangled states between them [21, 22].
Moreover, the developed control over spins in the environment potentially allows
for the distribution of sensing tasks [23].

Robustness of P1 centers under optical excitation

For applicability of P1 centers in NV based quantum networks or processors, its
quantum states are ideally stable against externally applied control fields such as
for instance optical excitation laser pulses intended for the NV. In chapter 4 of this
thesis, the robustness of quantum states of the P1 center is investigated, yet not
exhaustively. By applying repetitive DEER sequences (Fig. 4.13) we find a faster
than natural relaxation (Fig. 4.6b), indicating a disturbance due to the sequence.
Additionally we find that a single sequence is much more destructive for the P1
electron state than for the combined nitrogen and JT state, however the underlying
mechanisms have not yet been thoroughly investigated. The disturbance of the
measured states can occur due to a combination of natural relaxation, effects of
the MW pulse sequence and laser based NV readout during DEER. As a follow-up,
it is interesting to isolate the different effects and gain further insights in the dom-
inant causes of disturbance. Such effects could potentially be mitigated, thereby
improving stability of quantum states of P1 centers.

of
» RF

electron electron

S=1 S=1/2 %
~30 nm

N MW
14N
NV center P1 center

Figure 6.1: Extending the quantum register. Schematic of an NV center strongly coupled to a P1
center via the electron-electron coupling. The P1 also couples strongly to a nearby *3C spin that has a
negligible coupling to the NV. Control over such a system is envisioned by using a recently developed
electron-nuclear two-qubit gate [24], based on phase-controlled selective driving of the 13C spin via RF
pulses which are interleaved with dynamical decoupling sequences on the P1 electron spin using MW
pulses.

Nuclear spins associated with P1 centers

Nuclear spins associated with the P1 center could provide promising quantum mem-
ories that exhibit long coherence and are robust against optical excitation. In chap-
ter 4 we demonstrate that the ratio of dephasing times for the electron (75, = 50(3)
us) and nitrogen (T3,, = 201(9) us) spins is ~4, and lower than expected based on
the difference in gyromagnetic ratio of these spins. This effect is mainly attributed
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to electron-nuclear spin mixing due to the large perpendicular component of the
hyperfine interaction. Spin mixing can be greatly reduced by increasing the magni-
tude of the external magnetic field along the NV axis, which would increase nuclear
spin coherence. Extending the coherence and further exploring the nitrogen spin
for use as a qubit is an interesting direction for future research. Besides the host
nitrogen spin, 13C spins nearby the P1 center might provide additional useful qubits
for larger quantum registers (Fig. 6.1). Control over nearby 13C spins is envisioned
by using recently developed electron-nuclear two-qubit gates [24]. The 3C spins
are connected to the optically active NV only indirectly through the P1 electron spin,
and could provide isolated robust quantum memories for quantum networks (sec.
5.3).

Energy level structure of P1 centers

Although photoconductivity experiments indicate an optical ionization energy of P1
centers within 1.9-2.2 eV [25-28], a more precise measurement of optical ionization
energy is preferred in order to design optimal control sequences. The developed
control techniques in chapter 4 can be exploited for further study of the energy
level structure. Single P1 centers can be prepared in a known nitrogen and Jahn-
Teller state while subsequently applying optical laser excitation pulses at varying
wavelengths (and/or power). The correlation of excitation wavelength and readout
signal of the P1 could provide a more detailed picture of the energy level structure
of P1 centers. Additionally, the excited state levels of the NV, and potentially the
ground state levels [29], can be used as charge sensors, and in combination with
the developed control of single P1 centers, could provide insights in the charge
dynamics between NV and P1s.

Also, the electric field susceptibility of the energy levels of P1 centers can be
investigated. Due to the four different JT distortions of the P1, the ground-state
energy landscape of its electron wave function can be imagined to consist of four
potential wells. In the absence of an external magnetic field, four degenerate
states exist for different JT distortions with an estimated energy barrier of ~0.7
eV between them [30-32]. In a study by Ammerlaan et al. [33], uniaxial stress
was applied to type Ib diamond to lift the fourfold degeneracy of P1 centers, and
thereby induce a preferential alignment along the lower-energy distortions. Similar
effects can possibly be achieved by applying strong electric fields, which could result
in further control over JT states and potentially longer lifetimes of such states.
The developed JT initialisation and readout techniques could aid in understanding
electric field responses on the single defect level.

Finally, the ability to selectively address transitions that correspond to differ-
ent nitrogen and JT states provides an interesting avenue for future research on
charge-, JT- and nitrogen state occupation and the dynamics of P1 centers. Fur-
thermore, the developed control techniques over P1 centers within the spin bath
creates new opportunities to explore the physics of decoherence, spin diffusion,
and Jahn-Teller dynamics in complex spin baths with control over the microscopic
single spin dynamics [34, 35].
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6.3. Future quantum information protocols

A large-scale quantum computer that has far-reaching advantages over their clas-
sical counterparts and can efficiently perform quantum algorithms such as Shor’s
or Grover’s algorithm will require millions of qubits which can be interconnected
[36]. Although noisy intermediate-scale quantum computers consisting of 50-100
qubits have already demonstrated exciting computational tasks [37, 38], scaling up
towards millions of qubits is challenging. A modular approach in which nodes con-
sisting of a smaller number of qubits that are interconnected in a quantum network
is a promising way to build larger systems that allow for distributed quantum com-
putation and quantum communication [39-42]. Earlier theoretical work proposes
a modular approach, in which each node contains multiple qubits, and stabilizer
measurements are repetitively performed on entangled states shared between sev-
eral nodes to allow for fault-tolerant quantum computations [43, 44]. This modular
approach avoids the complexity of a large-scale monolithic architecture by focus-
ing on many identical nodes, in which operations are above error thresholds, and
thereby provides a way towards larger structures.

Essential requirements for building large-scale quantum networks are: nodes
of quantum registers consisting of multiple qubits that can be controlled with high
fidelity, flying qubits that provide an efficient interface for high rate entanglement
generation over a network, and robust quantum memories for storing quantum
states while remote entanglement is being generated. Several of these require-
ments have been demonstrated on various platforms ranging from superconducting
qubits [45—47], trapped ions and atoms [48, 49], spin qubits in silicon [50, 51] and
optically active spin defects in solid state [52-54].

The NV center in diamond is one of the most promising platforms to build such
networks. Its coherent spin-photon interface allows for remote entanglement via
photonic links [55, 56], and nearby 13C spins can be controlled as quantum mem-
ories [24, 57-60]. This has led to the demonstration of entanglement distillation
[61], deterministic delivery of remote entanglement [62] and genuine multi-partite
entanglement across a three-node network [63]. Despite this remarkable progress
there remain several open challenges concerning this platform. One of these is
improving the remote entanglement rates, which are low due to poor collection
efficiency and because only ~3% of the emitted NV photons are zero-phonon-line
(ZPL) photons - the coherent photons needed for remote entanglement. Moreover,
optical fibres are lossy at the optical wavelength of NV centers (~8 dB/km attenu-
ation at 637 nm) which make it difficult to extend the network to larger distances.
Promising solutions are 1) frequency conversion towards the telecom band where
optical fibre attenuation is only ~0.2 dB/km [64], and 2) optical cavities to realize
an efficient optical interface. A second challenge is to store and preserve quantum
states in memories while generating entanglement. The entanglement genera-
tion process is probabilistic (heralded) which means that multiple entanglement
attempts have to be made until one is successful. Due to the always-on hyperfine
interaction between the NV electron spin and nuclear spin memories, entangle-
ment attempts cause decoherence of current 3C memories. These memories have
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shown great progress in robustness over the last years, but still dephase before a
new entangled state is generated. In the future it is desirable to protect quantum
states stored in memories far beyond the time a new entangled state is generated,
such that multiple entangled states can be generated and stored reliably.

6.3.1. Robust quantum memories

An important open challenge is to reliably store quantum states in quantum memo-
ries while entanglement links between distant network nodes are generated. Since
the first use of 3C memory assisted network protocols [61], progress has been
made on the number of entanglement attempts that can be performed before de-
phasing the memory qubit [65]. Recently a high magnetic field (>0.1 T) has been
used to reduce dephasing from coupling to the NV electron spin under network
activity, thereby increasing memory robustness [63, 66]. Futher improvements in
robustness can be achieved by using diamond with a lower abundance of 13C atoms,
thereby reducing the coupling to *3C memories.

A different approach is to use decoherence-protected subspaces of pairs of 13C
spins or other spins. Such pairs naturally occur in the diamond lattice and within the
decoherence-protected subspace the effective coupling to the NV center is reduced
[67]. Moreover, 13C spin pairs can be addressed using dynamical decoupling tech-
niques [68]. Strongly coupled pairs are a good candidate for quantum memories
as their precession frequency only weakly depends on the NV electron spin state
(~Hz).

Creating a system of coupled NVs or an NV coupled with another electron-
nuclear defect to achieve robust quantum memories has been pursued in this the-
sis. In such a system, an NV center is used as an optical link, whereas the other
defect is dedicated to function as a memory. Because of a large difference in gyro-
magnetic ratio (factor ~9000) between the electron and nitrogen nuclear spin, the
electron-electron dipolar coupling is nearly four orders of magnitude larger than the
electron-nuclear dipolar coupling. At a separation of ~30 nm, the two defects are
magnetically coupled by a relatively strong (~kHz) electron-electron dipolar inter-
action, while the interaction between optical link electron and memory nuclear spin
is weak. Nevertheless, the nuclear spin on the memory defect is indirectly accessi-
ble for the optical link NV, via the electron spin of the memory defect. Moreover,
the weaker electron-nuclear dipolar interaction (sub-Hz) ensures that the nuclear
memory is well-isolated and robust against undesirable changes of the electron
state of the communicator NV. The aforementioned and studied system of an NV
and surrounding P1 centers is potentially a promising system for accessing nuclear
spins that are well isolated from the optical link NV. However, the challenges con-
cerning this system (as described in sec. 6.2.2) need to be addressed to achieve
useful quantum nodes with robust and easily accessible quantum memories. Other
promising techniques to obtain a system of coupled defects are using delta-doping
in combination with laser writing of NV centers (see section 6.2.1) [13, 14, 16, 17].
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6.3.2. Optical cavities and novel defects

As current entanglement rates between remote nodes using NVs are ~40 Hz [62],
an increase in such rates is desirable to achieve large-scale quantum networks.
Optical cavities are a promising tool to realize an efficient spin-photon interface,
and are an elegant solution as they address both the emission- and collection effi-
ciency simultaneously. Through Purcell enhancement an increase in emission can
be achieved [69, 70]. Since the cavity provides preferential emission in a well de-
fined spatial mode, the collection efficiency is also enhanced. Embedding NV cen-
ters in optical cavities thus holds great promise for enhancing entanglement rates,
however it has been difficult to obtain NV centers with coherent optical transi-
tions in nanostructure devices such as photonic crystal cavities [71]. By embedding
NV centers in Fabry Pérot cavities that consist of um-thick diamond membranes,
nanostructure devices can be avoided and promising progress has been made in
this direction [72, 73]. Reducing technical limitations in such systems such as length
fluctuations of the Fabry Pérot cavity will further increase the emission of ZPL pho-
tons.

Alternatively, one could investigate other defects that have more favourable in-
trinsic emission properties. Recent research on group-IV color centers have shown
promising results. Several of these defects have been investigated, each with its
own strong points and drawbacks. The SiV~ center, for instance, emits around
80% of its photons into the ZPL [74]. Moreover, due to its inversion symmetry
this defect is insensitive to electric field fluctuations up to first order and therefore
spectrally stable, even when implanted in nanostructured devices. This provides an
opportunity for enhancing photon emission and collection via nano-scale photonic
crystal cavities [75]. On the other hand, millikelvin temperatures are required to
suppress acoustic-phonon-induced orbital relaxation that leads to dephasing of the
electron spin [76]. Also, the SiV~ has a relatively low intrinsic radiative quantum
yield (~0.05) [77]. Recently the observation of the neutrally charged SiV° center
was reported [78]. In the neutral charge state the defect maintains several of the
advantageous properties of the SiV~ center, such as emitting a high percentage in
the ZPL and spectral stability even if implanted. Additionally, the relaxation mech-
anism of the SiV°® spin-1 system has been reported not to be limited by a single
phonon relaxation process, and a T, of ~1 ms has been demonstrated at cryogenic
temperatures (~4 K), thereby combining many favourable properties [78]. The
drawback of this defect is that advanced device engineering is needed to obtain
charge stable SiV°; boron doping is necessary to achieve the right Fermi level for a
stable charge state, and it has thus far been difficult to engineer this defect.

Other group-1V defects such as GeV~, PbV~ and SnV~ could be even more
promising as they are envisioned to have a larger splitting of the two orbital branches
of the ground state than SiV~, thus enabling higher operation temperatures [77].
These defects are expected to exhibit similar desirable optical properties as the SivV-
defect or even better, for SnV~ for example the quantum efficiency is estimated to
be ~0.8 [52, 79-83]. Although much progress has been made on optical control of
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group-IV defects, control of the spin states via applied microwave driving is chal-
lenging because in the case of no external strain the two spin (S = 1/2) projections
have orthogonal orbital states. Thereby making it difficult to drive the transition
between the spin states as both a spin and an orbital state needs to be flipped.
This can be mitigated by applying external strain or obtaining strained samples
such that the orbital basis mixes, which makes microwave driving of the spin more
allowed. However, applying strain could deteriorate the inversion symmetry of the
defect and thus its desirable optical properties. A proper balance needs to be found
between obtaining the right amount of strain in order to apply MWs without heating
effects while maintaining desirable inversion symmetry properties. If good optical
and spin control can be combined using group-1V defects, they have great potential
to drastically advance the field of quantum networks.

Besides diamond, other wide band gap materials such as for instance silicon
carbide (SiC) are suitable for hosting defect emitters. SiC has the advantage of
being a wide band gap material with established industrial production methods and
controlled doping [84]. In particular VSi~ in SiC shows initial promising properties
such as spectral stability, T, time of ~ms at cryogenic temperatures (~4 K) and
near telecom band emission frequency (861 nm) [85]. Challenges concerning this
defect are to enhance photon collection and emission, establish single-shot readout
of the spin states and develop nuclear-spin control.
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Appendix Chapter 4

This appendix complements the results reported in chapter 4, which presents
entanglement of dark electron-nuclear spin defects in diamond.
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A.1. System Hamiltonian

In this section we describe the Hamiltonian of a system consisting of a P1 center
and an NV center in diamond.

P1 center
The Hamiltonian of the P1 center is given by [1]:

Hipt=VveB-S+S Ay T+y,B-T+1-P;-1, (A1)

where y, (= 2m-2.802 MHz/G) and y,, (~ —2m - 0.3078 kHz/G) are the electron and
14N gyromagnetic ratio respectively. B is the external magnetic field vector and §
and I are the electron spin-1/2 and nuclear spin-1 operator vectors. The P1 center
exhibits a JT distortion along the axis of one of the four carbon-nitrogen bonds
(denoted by i € {A,B,C,D}). This JT axis defines the principal axis of the hyperfine
interaction and the quadrupole interaction.

The hyperfine tensor (A;) and quadrupole tensor (P;) can be obtained in any
coordinate frame via a transformation of the diagonal hyperfine tensor, Agiag =
diag[A,., A,,,A,,] and diagonal quadrupole tensor, Pgjag = diag[Pyy, Py, P;,]:

Ai = RT 'Adiag ‘R (AZ)

and
Pi = RT . Pdiag - R. (A3)

Here R is the rotation matrix from the principal axis of the P1 center to any other
coordinate frame defined by Euler angles {«, 8,v}:

R(a,B,y) =

—sin (y) cos (B) cos (a) — cos (y) sin (a) —sin(y)cos (B)sin(a) + cos(y)cos(a) sin(y)sin(B)

cos (y) cos (B) cos (a) — sin (y) sin (a) cos (y) cos (B) sin (@) + sin(y) cos (@) —cos (y) sin (B) )
( sin (B) cos (a) sin (f) sin (a) cos (B)

Due to the axial symmetry of the P1 center in its principal axis coordinate frame
(A, = Ay = A,y and P, = P, = P,,), this can be reduced to:

cos(f)cos(a) cos(f)sin(a) —sin(f)
R(B,a) = —sin (a) cos (a) 0 : (A.4)
sin(B)cos (@) sin(B)sin(a) cos(B)

For any of the four JT axes, the hyperfine (quadrupole) tensor A; (P;) in the coordi-
nate frame of the symmetry axis of the NV center is obtained via a transformation
with angles (B, a); € {(109.5°,240°),, (109.5°,120°)g, (109.5°,0°)¢, (0°,0°)p}.
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NV-P1 system

The Hamiltonian of a coupled NV-P1 system (in the frame of the symmetry axis of
the NV center) is given by the terms corresponding to the NV, the P1 and the terms
describing their dipolar coupling:

Hyot = Hny + Hpy + Haipole- (A.5)
For the NV we only consider the electron spin of the NV center:

Hw =02 +7.B]. (A.6)

where A = 2 i - 2.877 GHz is the zero-field splitting and [ is the electron spin 1
vector.

If we consider a point dipole coupling between the NV and the electron spin of the
P1 center, separated by a vector #, the dipole term can be written as:

Hdipole = Vaip - 37 - H)(S - #) =] - 5), (A7)

where vy, = %jg’eh, r = || and # = 7/r. Transforming to spherical coordinates
using the definitions r, = r sin(8) cos(¢), r, = r sin(#) sin(e) and r, = r cos(6),

gives

Hgipole = Vaip - |JxSx (3 sin?(6) cos?(¢) — 1) +7,Sy (3 sin?(0) sin® (@) — 1)

+],S; (3cos?(0) — 1) + (J,Sx +JxSy)3 sin?(6) cos(¢) sin(g)

+ (J,Sy +],S;)3 cos(8) sin(0) cos(¢)

+(U .Sy +7,5,)3 cos(8) sin(8) sin(¢) |.
(A.8)

Due to the large difference between electron and *N gyromagnetic ratio (y./y, ~
9000) we expect the electron-nuclear NV-P1 dipolar coupling to be negligible and
omit this term in the Hamiltonian.

Orientation in the crystal lattice

In the diamond lattice, the P1 defect is located in a tetrahedral geometry with four
surrounding carbon atoms. A single carbon atom can be positioned either directly
above (orientation 1) or below (orientation 2) the P1 center’s nitrogen atom, and
the other three carbon atoms at 109.5° bond angles below or above respectively.

If we consider the JT distortions along the z axis (JT axis D) for these two
orientations, the nitrogen atom either distorts in the -z direction or the +2 direction.
Therefore, these two orientations correspond to two spin Hamiltonians as in eq.
A.5: Hioeq With Ap = Agiag and Hyop, With Ap = R(180°,0°)7- Agiag -R(180°,0°)
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(similar for Pp). From eq. A.4 it is evident that R(180°,0°)" Agiag -R(180°,0%)
= Agiag, and thus Hy, 1 = Heop2- Therefore, in the experiments performed in this
work, we cannot distinguish between these two different orientations of P1 centers.

A.2. DEER and DEER(y) sequence

Here a more detailed description is given for the experimental sequences shown in
Figs. 4.2b and 4.4b of chapter 4. We consider an idealized case of a single NV, a
single P1 center and their magnetic dipolar coupling. In a diagonalized frame, the
energy eigenstates and eigenvalues of the system are labelled as |mg, m; /U m;) and
Angmymy respectively. The eigenstates form a 12-dimensional Hilbert space (the
subspace m = {0,-1} of the NV, the electron spin 1/2 of the P1 center and its *N
spin 1).

DEER

We consider the sequence of unitary operations as applied during a DEER sequence
with a single repetition K=1 (see Fig. 4.2b in chapter 4). First we apply Uyy; =
R, (m/2)yy & 1p,, @ m/2 rotation on the NV with phase x, followed by an evolution
time U,,,(z), which is given by diag[e-#ot+17, e=idono, ... ¢ AmemiumT
,e”#-11-17] This is followed by a m pulse on the NV; Uyy, = Ry(m)yy® 1py.
Simultaneously, we apply a m pulse on the P1 electron spin conditional on its 14N
state |m;) = [+1). This operation is described by Up; =1 yy @ Ry (7)p1 e ®[+1) {(+1|
+ Iyy @ 1pge ® [0) (0] + Lyy @ 1p; . ® [—1)(—1]. Then there is another evolution
time U,,, (7) and finally a /2 pulse Uyy 3 = R_,(7/2)yy @ 1p, With phase —x. We
assume perfect = and n/2 pulses between energy eigenstates. For an initial state
p1, we obtain a final state given by:

Pf,1(T) = UNV,3Uev0(T)UP1UNV,2Uevo(T)UNV,lplul-l\-lV,ervo(T)TUI-I\-IV,Z U;Eer,,o (T)(TUIIS/,?,

A.9
For the NV initialized in |0) but mixed P1 electron and #N spin states, the initial
density matrix is given as:

1
L= [0} (0] ® 1pq (A.10)

The reduced density matrix of the NV as a function of interaction time is given by:

1
pav(T) = Z (myy,my| ppa (@) Moy, my) = Z cos(v - D[ |-1)(—1| — [0)(0] ]

mpmy
+210)40] + 2 1) (1]
6 6 '
(A.11)
Here the effective NV-P1 dipolar coupling (v) is given as
V=2A_1141 = Aor+1 — (Aoine1 — Aop+1)- (A.12)
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Note that at = = m/|v| we obtain the highest probability of measuring [0),,,. Upon
measurement of |0),,, we obtain the state:

_ 1001 pra (@10} 0] _ 1
Pms=0 = 0 Olpra(o) 2 (U@L ® D (1L (AL3)

and thus initialize the 4N state of the P1 center in |+1).

DEER(y)

Now we consider DEER(y) (see chapter 4, Fig. 4.4b), which is sensitive to the P1
electron spin state. This sequence is the DEER sequence with the phase of the final
m/2 pulse changed from —x —» —y, or —x — +y. For an initial state p, and the
phase of the final /2 pulse as —y, we obtain the final state p,, by:

Pr2(t) = UnyaUero (D) Up1Uny 2Uepo (T)UNV,LDZUIJ(IV,lUevo(T)TUj\-IV,ZUItluevo ('?TUIJ(IB/A'

A.14
Note that the final operator has been changed to Uyy s = R_,,(1/2)yy ® 1p; With
phase —y. If we consider the NV initialized in |0) and the *N state of the P1 in
|+1), the initial density matrix is given as:

1
p2 = 5 10)(01 ® Ipyo ® [+1) (+1]. (A.15)

The reduced density matrix of the NV as a function of interaction time is now given
by:

1
pav@ = ) (muumy| ppo(@) fmasmy) = 5 cos(v - O[10) (=11 + =1) (01

mp,my

1 1
+210)(01 + 5 1=1) (=1
(A.16)

Upon measurement of |0),,, we obtain the state:

Pmomo = 10)01 P72 (@) 102401 %(1 +sin( - 1) 0,1, +1) (0,1, +1]

Tr(10) (0l pr2(e)) (A17)
+%(1 —sin(v-1))|0,1,+1)(0,!,+1].

Note that at interaction time t = =/(2|v|), the initialized state is either |0, !, +1) or
|0, T, +1) depending on the sign of v. Applying a phase +y instead of —y in the final
/2 pulse effectively changes the signs in front of the sin(v - 7) terms in equation
(A.17), which is used in Fig. 4.5b.
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A.3. NV-P1 dipolar coupling sign in |+1,A)

This section demonstrates coherent control of the **N spin and extracts the sign of
the NV-P1 dipolar coupling for the electron spin of S1, S2 and S3/S4 in the |+1, A)
state (similar as in Fig. 4.5b of chapter 4 for |+1,D)). First, we choose an initial-
isation sequence with a low K (K=6), which with high probability prepares either
S1, S2 or S3/S4 in |[+1,A). Then we calibrate a 7 pulse that implements a CNOT
between the electron (control) and nitrogen nuclear spin (target) for a P1 in the
|+1,A) state, see Fig. A.la. This pulse is only resonant with the m; = +1 & 0
transition, if the P1 electron spin is in the |T) state.

We use the same experimental procedure as in chapter 4 for |+1, D), to deter-
mine the NV-P1 coupling signs (Fig. A.1b). The value R is defined as:

— P(+QV) — P(_.'V) (A 18)
Feyy + Py

with P,y (P-,)) the probability that the outcome of the DEER readout sequence is
within the FWHM range corresponding to S1, S2 or S3/S4 (see section 4.9.7), and
the subscript +y (-y) indicates the readout basis of the DEER(y) sequence used to
initialize the electron spin. The result shows that spin S1 and S3/S4 have a positive
coupling sign, whereas it is negative for S2. Note that S1, S2 and S3/S4 have the
same NV coupling sign in [+1,A) and |+1, D).

a) b)

[1+1A) V.oAy szo >1 szo
RE +1A st +1A
[t 0a) X RE,., O RTTTTTTC :
[+1A) i 1N tnit : T I IE))

..............................

Figure A.1: Coupling sign of NV-P1 dipolar interaction for different P1 centers in the [+1, A)
state. a) Top: energy level structure of the P1 electron spin in the {OA, + 1A} subspace. Bottom: A
short initialisation sequence (K=6) prepares either S1, S2 or S3/S4 in |+1,A) (without knowledge of
which P1 is prepared in which run) and the length ¢ of a pulse at frequency RF = RF,4y = 20.55 MHz
is varied. The nitrogen nuclear spin is driven conditionally on the electron spin state (top). Inset: NMR
spectrum obtained by varying the frequency (RF) for a fixed pulse duration t. b) Value of R (see chapter
4, Methods) measured for the P1s in |+1,A). Positive values correspond to a positive coupling sign.
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A.4. NV-P1 coupling in |+1,A)

In Fig. 4.4a of chapter 4 the effective NV-P1 dipolar coupling (equation (A.12)) for
S1, S2, S3/54 in |[+1, D) is measured. Here, we measure the effective dipolar cou-
pling of these spins in |+1, A), see Fig. A.2. We initialize each P1 center by setting
the requirement that the outcome of the DEER initialisation sequence is within the
range for |[+1, A) (see Fig. 4.16a).

We obtain effective dipolar couplings v of 2 - 1.35(2), 2 - 2.006(9) and 2n
- 1.06(2) kHz for S1, S2 and S3/S4 respectively, using the fit function in eq. 4.11
(see chapter 4, Methods). A comparison with the couplings for |+1,D) (Fig. 4.4a
in chapter 4) shows that the effective NV-P1 dipolar coupling strength differs for
the two JT axes (see chapter 4, section 4.9.2 for the theoretical treatment).

Coupling in [+1,A)

2t (ms)

Figure A.2: Measuring NV-P1 coupling strength in [+1, A). We initialize S1, S2 or S3/S4 in |+1,A)
and vary the interaction time 2t of a DEER sequence (K=200). To improve the signal, the results are
post-selected on again obtaining |+1, A). Inset: experimental sequence. Grey: without P1 initialisation
(data from Fig. 4.1c, chapter 4).

A.5. Magnetic field stability

Here we describe the magnetic field stabilisation used during the Ramsey and en-
tanglement experiments in chapter 4, as well as during the data in Fig. 4.9b. We
use three permanent magnets on motorized linear translation stages to create a
static magnetic field. To compensate for magnetic field fluctuations we repeatedly
measure the NV |0) & |-1) frequency (fyy) and this signal is fed back to one of
the magnet stages until (f; - 1.5 kHz < fy, < f; + 1.5 kHz), with target frequency
f; = 2.749692 GHz. We interleave this protocol (typically every 20 minutes) with
repetitions of an experimental sequence.

Figure A.3a shows the time trace of fy, before and after interleaved exper-
iments. The two red lines indicate f; + 1.5 kHz. The magnetic field can freely
drift during the experimental sequences, but right before starting the next run the
field is stabilized. From the histogram we infer that on average fy fluctuates with




142 References

o = 4.07 kHz around f = 2.749690 GHz during feedback.

To monitor the complete magnetic field vector B = (Bx, By, B;) during experi-
ments with the stabilization protocol interleaved, we measure f,qa, fr1m, f+1c and
fr1p (see chapter 4, Fig. 4.1b). In a similar approach as in section 4.9.3 of chapter
4, we fit a parabola to the four frequencies and use the residuals consisting of the
difference of the four fitted frequencies and the corresponding frequencies obtained
from equation (A.1) to perform a least-squares minimization to find B.

The obtained values for B,, B, and B, are shown in Figs. A.3b,c,d. The standard
deviations of these histogram verify a magnetic field stability during this protocol
with o5 = 20 mG, o, = 16 mG and o5, = 3 mG. Note that the average values of

B from Fig. A.3 show a discrepancy with the values obtained from the fit in chapter
4 and section 4.9.3, indicating that these measurements have been taken under
slightly different conditions.
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Figure A.3: Magnetic field stability. (a) Time trace of all measured NV resonance frequencies before
and after performing repetitions of an experimental sequence. The red lines indicate the region (+ 1.5
kHz) to within which we stabilize before each measurement. (b,c,d) Distribution of measured B,, B,
and B, during 220 hours, while stabilizing fyy .
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