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Abstract

Individual nitrogen vacancy (NV) centers in diamond have recently emerged as a
leading candidate for a building block for quantum information processing systems.
Individual NV centers have many properties that are desirable for qubits. For ex-
ample their spin states can be manipulated, initialized and measured even at room
temperature. In order to build a quantum information processing system that consists
of more than a single NV center, these individual NV centers have to be connected
via quantum channels that distribute entanglement and allow quantum state transfer
between NV centers. This thesis explores how the optical properties of the NV center
can be used and manipulated to form these quantum channels. Likewise we show
how the same properties can be used to better control the nuclear spin environment
surrounding the NV center.

We first introduce, review and experimentally study the relevant optical properties
of the NV center. These quantum optical techniques are then used to experimentally
demonstrate spin-photon entanglement between the electronic spin of an individual
NV center and a single photon. We next demonstrate quantum interference of two
photons produced by NV centers in distinct diamond samples separated by two me-

ters. These two demonstrations pave the way for entanglement generation, leading
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to quantum channels, between remote NV centers.

Finally we demonstrate optical cooling, real-time measurement and conditional
preparation of the nuclear spin environment around an NV center using all-optical
manipulation of its electronic spin. This technique can lead to better control of

individual NV centers and thus more robust quantum information processing systems.
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Chapter 1

Introduction

1.1 Background

Techniques for isolation and control of individual quantum systems have recently
received considerable interest. These techniques have useful applications in different
fields such as metrology[l], fundamental tests of quantum mechanics[2] as well as
quantum information[3].

Atomic systems, including individual neutral atoms and individual charged ions,
exhibit exceptional controllability of their internal and external degrees of freedom.
The properties of their internal states, for example hyperfine sub-levels, and how
these internal states interact with the environment are well understood. Moreover
standard techniques, using microwave or optical fields, are available to manipulate
these internal states [4, 5, 6, 7]. These states can also exhibit exceptionally long
coherence times[8] since they can be decoupled from their environment. Numerous

techniques are available to control the motional states of atomic systems, for example
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ideas of laser cooling or trapping have been developed in this context[9, 10, 11].
Using these techniques individual neutral atoms or ions can be isolated and trapped.
Experiments with single neutral atoms or ions have lead to interesting demonstrations
ranging from high sensitivity measurements of forces[12] and frequency shifts due to
relativity[13], to using these individual systems as qubits for quantum information
processing[14, 15].

Interactions between separate, individual atomic systems can be realized by cou-
pling their internal degrees of freedom to common degrees of freedom, such as coupled
motional states of several trapped ions. The use of such interactions have lead to
demonstrations of multi-particle entanglement[16, 17] in trapped ions. Furthermore,
macroscopically separated quantum systems can be entangled using light emitted by
these individual systems. In particular, protocols that rely on the detection of a
probabilistic event that “heralds” the entanglement of the separate matter qubits[18]
have been developed. These protocols have lead to demonstrations of remote quan-
tum entanglement between separate matter qubits[19], bell state violation[2] and
teleportation[20].

Combining the exceptional ability to control individual quantum systems with
the ability to entangle such systems with high fidelity is a prerequisite for achieving
large-scale quantum information processing systems(3, 14, 15]. With the recent set of
proof-of-principle experiments, building a large-scale quantum information processing
system appears to be within reach with atomic systems. However practical challenges
remain in scaling the current proof of principle demonstrations to even larger number

of qubits. One of the major challenges is maintaining the long coherence times and
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high gate fidelities of earlier demonstrations while controlling the motional degrees of
freedom for a larger number of single ions or neutral atoms. For example for scalable
architectures with ion traps using miniaturized electrodes, the uncontrolled electric
noise at the electrodes causes significant heating of the ions[21], this heating signifi-
cantly decreases the achievable gate fidelities. One might imagine that some parts of
the complexity can be circumvented by taking advantage of solid state systems. For
example for defects localized within solid crystals, no additional trapping is necessary
once the host crystal is well localized.

Solid state systems are also attractive since, the interaction between nearby quan-
tum systems can be quite large as the solid state systems can be densely packed.
For practical applications this allows direct coupling of two separate quantum sys-
tems, for example via electric or magnetic dipole-dipole interaction. Unfortunately
a solid-state system also interacts strongly with its complex environment, leading to
decoherence and generally short coherence times. In fact understanding, engineer-
ing, and controlling the interaction of individual solid-state quantum systems with
their environment is a very active research area and the main challenge in utilizing
solid-state systems for large-scale quantum information processing. As an example of
the rapid progress in this area the coherence times of superconducting charge qubits
have improved from ns[22] to ps[23] in the past ten years, and most recently to 10s
of us[24] by careful environment and system engineering.

Another advantage of solid-state systems is that advanced nano-fabrication tech-
niques can be applied to control the local environment around a solid-state quantum

system. These techniques can controllably change the properties of the solid-state
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system. In addition, these techniques, can be used to integrate solid-state quantum
systems with external microfabricated structures, for example high Q microwave or
optical resonators that are strongly coupled to the solid-state system.

There are many different solid-state systems that can be addressed and isolated
individually. These range from the superconducting charge qubits mentioned earlier
to donor bound impurities in semiconductors (e.g. [25]). Of the many solid-state
systems available this thesis will focus on the negatively charged nitrogen vacancy
center in diamond (commonly abbreviated as NV center).

The NV center is an exceptional color center. It has an electronic triplet as a
ground state[26]. Hence, electronic spin sub-levels in the ground state can be used as
long lived internal states, with coherence times as long as milliseconds[27]. What is
exceptional about the NV center is that it has many optical properties that allow for
coupling and manipulation of spin degrees of freedom with light. For example, the
spin-states of the NV center can be polarized even at room temperature by exciting
the NV centers with green light[28]. By working at cryogenic temperatures, individual
optical transitions become accessible, and these transitions are closely linked with spin
degrees of freedom. Thus the NV center combines many of the advantages of a solid-
state system with many similar properties of the atomic systems considered earlier.
For example, the optical pumping of the internal spin sub-levels achievable with
green light is very similar to the optical pumping of hyperfine sub-levels available in
individual ions. It is thus an ideal system for applying some of the concepts developed
in the AMO physics community in the solid state.

This thesis focuses on experimental control and manipulation of NV centers in
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diamond with the goal of using them in potential applications in quantum information
processing. To this end we will take advantage of the optical properties of NV centers
at cryogenic temperatures and some of the concepts traditionally used with atomic

systems.

1.2 Overview

This thesis consists of three experimental projects each presented in its own chap-
ter, these follow an introductory chapter.

Chapter 2 of this thesis introduces and reviews the basic optical properties of the
NV center as well as some basic experimental techniques. Chapter 3 demonstrates
entanglement between individual spin states of an NV center and polarization states
of a single photon. Chapter 4 demonstrates that photons emitted from separate NV
centers can be indistinguishable. Chapter 5 demonstrates how the magnetic nuclear
environment around an NV center can be manipulated, measured in real-time, and

cooled into desired states using all-optical methods.

1.2.1 Basic properties

Chapter 2 serves as an introduction and a review of the optical properties of
the NV center relevant to manipulating and utilizing individual transitions from the
NV center’s ground states to its orbital excited states. In exploring how the NV
center interacts with light fields, the effect of the light field on the environment and
charge state of the NV center must also be considered. Chapter 2 introduces basic

experimental methods as well as a group-theory based theoretical model for the NV
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center’s optical transitions between the ground and excited states. The key prediction
of the model explains the variation of the optical properties for individual transitions
from NV center to NV center, and this is experimentally studied. It is shown that
by using the Stark effect one can alleviate the variation between NV centers. The
sensitivity to electric fields imply that the uncontrolled electric fields from the charge
environment around the NV center also affect the the optical properties, in particular
the linewidth of transitions are broadened. This broadening is found to be affected
by the light fields that are used to excite the NV center. Finally it is found that
the light fields also effect the charge state of the NV center leading to ionization.
The properties and models explored in Chapter 2 form the basis for the remaining

chapters of this thesis.

1.2.2 Spin-Photon entanglement

The optical properties discussed in the previous chapter lead to a natural way in
which single photons can be entangled with long-lived spin states of the NV center.
Quantum entanglement is among the most fascinating aspects of quantum theory|3].
Entangled optical photons are now widely used for fundamental tests of quantum
mechanics[29] and applications such as quantum cryptography[3]. Several recent
experiments demonstrated entanglement of optical photons with trapped ions[30],
atoms|[31, 32|, and atomic ensembles[33, 34, 35|, which are then used to connect re-
mote long-term memory nodes in distributed quantum networks[36, 37, 19]. In Chap-
ter 3, we report on realization of quantum entanglement between the polarization of

a single optical photon and a solid-state qubit associated with the single electronic
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spin of a nitrogen-vacancy center in diamond. Our experimental entanglement verifi-
cation uses the quantum eraser technique[38, 32]. This new entanglement source can
be used in studies of fundamental quantum phenomena and provides a key building

block for the solid-state realization of quantum optical networks[39, 40].

1.2.3 Indistinguishable single photons from separate NV cen-

ters

The key to building larger quantum optical networks using macroscopically sep-
arated NV centers relies on spin-photon entanglement and the ability to obtain in-
distinguishable single photons from separate NV centers. The interference of two
identical photons impinging on a beam splitter leads to perfect photon coalescence
where both photons leave through the same output port. This famous effect, known
as Hong-Ou-Mandel (HOM) interference[41] can be used to characterize the prop-
erties of quantum emitters with high accuracy. This is a particularly useful tool
for quantum emitters embedded in a solid state matrix like the NV center because
their internal properties, unlike those of atoms in free space, differ substantially from
emitter to emitter due to interactions with their environment, particularly the local
strain.

In this chapter we demonstrate HOM interference of photons emitted from two
single NV centers in diamond that are spatially separated by 2 meters. The frequen-
cies of the photons are controlled by tuning individual optical transitions of associated

NV centers via a DC electric field.
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1.2.4 All-optical measurement and cooling of the nuclear spin

environment of an NV center

While the two previous chapters focused on exploring how the light field emitted
by NV centers can be used to build larger scale quantum networks, this chapter
focuses on how we can take advantage of the interaction of the NV center’s spin
degrees of freedom with light fields to better control the NV center and its magnetic
environment. Control over quantum dynamics of open systems is among the central
challenges in quantum science and engineering. Coherent optical techniques, such
as dark resonances associated with Coherent Population Trapping (CPT)[6, 42], are
widely used to control quantum states of isolated atoms and ions. In conjunction with
spontaneous emission, they allow for laser cooling of atomic motion[43], preparation
and manipulation of atomic states[44], and rapid quantum-optical measurements that
are essential for applications in metrology|[45, 46, 47]. In Chapter 5, we demonstrate
that these techniques can be applied to control individual atom-like impurities in solid
state and their local environment[48, 49, 50, 51]. Using all-optical manipulation of
the electronic spin of an individual Nitrogen-Vacancy (NV) color center in diamond,
we demonstrate optical cooling, real-time measurement, and conditional preparation
of its nuclear spin environment. These methods enable potential applications ranging
from all-optical nano-magnetometry to quantum feedback control of solid state qubits,

and may lead to new approaches for quantum information storage and processing.



Chapter 2

Low temperature optical properties

of the NV center in diamond

2.1 Introduction

The NV center is a defect in diamond that plays a central role in this thesis.
NV centers have been proposed as building blocks for room-temperature quantum
computers[52], sensitive magnetic[53, 54, 55| and electric field sensors[56], single
photon-sources[57], in-vivo markers for biological cells[58]. These widely different
goals are achievable with a single system as the NV center exhibits many unique
properties.

In particular, the host material (diamond), that houses the NV center is a wide-
bandgap material that has excellent chemical inertness, high thermal conductivity,
and is one of the hardest materials on earth[59]. These properties imply an optical

transparency over a wide range of wavelengths and an ideal material to base many
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solid-state technologies that will be robust in deployment, whether it is inside a cell or
as a quantum repeater in a telecommunications system. The fact that diamond can
be grown using techniques like CVD with controllable density of nitrogen impurities
and NV centers (see e.g. commercially available diamonds from [60]) also means that
NV center-based technologies can in principle be fabricated in large numbers. These
excellent properties of bulk diamond extends to nano diamonds, where stable emission
from single NV centers have been demonstrated in pieces of nano-diamond small as
4 nm in radius[61].

Of the many color centers in diamond[62] the negatively charged NV center has
many desirable properties for various applications ranging from single photon sources
to biological markers. The NV center’s strong optical transition, and the fact NV
centers can be individually isolated using standard confocal microscopy techniques
make it an ideal single-photon source[57, 63]. Due to the stability of its charge state
and charge environment, under continuous excitation the NV center does not exhibit
long term blinking or bleaching at room temperature[64]. This photo-stability lead
to development of commercial products using NV centers as a single photon sources
(see products under [65]). Motivated by the photo-stability and the potential ability
to functionalize diamond, NV centers embedded in nanodiamonds have been used as
biological markers in live cells[58, 66] and model organisms|67].

The NV center also exhibits phenomenal spin properties even at room tempera-
ture. The ground state of the NV center is a spin triplet which has a 2.87 GHz zero
field splitting[63, 26]. The triplet spin state can be turned into a pseudo-spin 1/2 sys-

tem by application of a small magnetic field. By applying a microwave field resonant
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with the magnetic dipole allowed transitions within the triplet one can coherently ma-
nipulate the single electronic spin associated with the NV center[68], which allows for
studies of its coherence properties. The coherence time is limited by the interactions
with its magnetic environment. In pure samples, where the magnetic environment is
formed by the nuclear spin bath due to 1.1 % '3C concentration, long coherence times
(T > 300 us) have been demonstrated (for a recent systematic study see [69]). By
careful materials engineering, the electronic and nuclear impurities can be decreased.
In isotopically purified low defect concentration CVD diamonds coherence times up
to ~ 2 ms have been demonstrated[27]. Due to the ease of manipulation and long
coherence times, the NV center has been proposed as a qubit candidate.

The magnetic environment can also be used as an advantage. In particular, in
samples where the decoherence is limited by the nuclear spins, the interaction of
the proximal nuclear spins with the electronic spin can be much greater than the
associated decoherence times|[70, 71]. The control over the electronic spin can then
be extended to these few strongly coupled nuclear spins[68, 72, 73, 74, 75]. The
nuclear spins, because of their smaller magnetic dipole moment, interact less with
their magnetic environment and hence have longer coherence times. They make ideal
systems for storage of quantum information.

For practical applications, the close connection between the optical transitions and
the spin states of the NV center is really the key feature that differentiates NV centers
from other defect centers. Even though the NV center has an intricate excited level
structure and particular selection rules for optical transitions allowed between the

ground and excited states, this level structure is inaccessible with optical excitation
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directly at room temperatures[76, 77]. In fact room temperature experiments take
advantage of the strong vibronic side-bands of the NV center|78] to excite NV centers
into their orbital excited states. Even though individual transitions are not accessible
a close connection between the spin structure and optical excitation still exists. In
particular, 532 nm light that excites the NV center unconditional of the ground
state, leads to spin polarization of the defect via decay into the meta-stable singlet
and preferential decay from the singlet to the m, = 0 ground state[79]. The same
mechanism is also responsible for a transient difference in the fluorescence intensity
dependent on the initial spin state. This difference then provides a convenient method
to measure the initial spin state at room temperature.

This close connection between the optical transitions and spin properties of the NV
center improve even further by working with NV centers at cryogenic temperatures.
The effects of the fluctuations of the charge environment and the broadening due
to phonon processes can be suppressed[80] by going to lower temperatures. Thus,
at temperatures below 20 K, coherent driving of specific optical transitions between
the ground state and the optically excited states become possible[81, 82]. These
optical transitions then allow for interfacing between the phenomenal spin properties
of the NV center and optical fields. In doing so techniques established in the AMO
community can be used. Not only does the application of these well established tools
enable experiments previously only possible with atomic systems (Chapters 3 and 4),
but has additional interesting properties due to the solid state environment (Chapter
5).

This chapter provides a review of the basic properties of low temperature optical
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transitions between the ground state triplet and the orbitally excited state triplets as
well as introducing simple experimental methods for verifying and modifying these
properties. First, an experimental apparatus is presented, that will be used to ex-
plore the optical properties of the NV center, and general properties of the emission
and absorption of light from the NV center will be discussed. Then a model is in-
troduced which forms the basis of all of the work in this thesis, and different levels
and transitions are introduced. This is followed by demonstration of simple optical
techniques where the model is verified. Some simple applications, where appropriate,
of the experimental techniques are also provided. A mechanism based on the Stark
effect for controlling the individual properties of the NV center is provided, and a
discussion of the effect of the uncontrolled electrical environment follows. Finally a
short section reviews how the optical excitation changes the charge state of the NV

center that is relevant for low temperature NV center related experiments.

2.2 Basic experimental techniques for isolating sin-

gle NV centers

A home-built confocal microscope with the diamond sample in a cryogenic envi-
ronment forms the basic experimental apparatus for most of the work presented in
this thesis. Details of the confocal microscope, widely used to study single fluorescent
emitters, have been applied to working with NV centers by many groups. Hence a

rough description of the experimental apparatus will be provided for completeness
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Figure 2.1: Confocal microscopy and isolation of single NV centers. a. Simplified
schematic optical setup. The diamond sample housing NV centers is kept at low
temperature ( < 10 K) by an ST-500 (Janis) helium flow cryostat. Microwaves are
brought in close proximity to NV centers using a 15 um copper wire that stretches
across the diamond. A high NA objective, kept in vacuum, is used to individually
address NV centers and optical access is through a window on the vacuum chamber.
The X-Y galvo in the Fourier plane allows for raster scanning of the focus at the image
plane. Different spectral beams are spatially overlapped with dichroic filters, and
additional filters are used to further spectrally isolate each channel. Green excitation
is accomplished using a green laser that is modulated with an AOM. Phonon Side
Band (PSB) channel is either directly connected to an APD via a single mode fiber or
via a single mode fiber-beam splitter to two APDs forming a Hanbury Brown-Twiss
(HBT) setup, which allows us to infer the autocorrelation of the collected light from
an NV center. Zero Phonon Line (ZPL) channel is used either for resonant excitation
or collection in the ZPL (see text for details). b. A typical confocal image of a high
purity synthetic I1a diamond (electronic grade from E6). False color scale ranges from
0 counts per second (black) to 25000 counts per second (white). Each of the localized
bright spots is an NV center. c¢. Measurement of the autocorrelation of light in the
PSB (¢'®(7)) of the NV center in light-blue circle in b. The measured data (blue
dots) show clear anti-bunching behavior at zero time delay. The gray curve is a fit to
a three level model[57].

An NV center can be excited using a wide range of excitation wavelengths[78] due
to a strong vibronic side-band in excitation. In particular, shining a green (532 nm
doubled-YAG) laser leads to excitation of the NV centers from the ground state to

the vibronic states which quickly decay to the orbital excited state. The resulting

'For more details and particular equipment used see Appendix A.
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fluorescence when the orbital excited state decays can be spectrally isolated and
sent to single photon counting avalanche photo diodes (APDs). By using a high
NA microscope objective, the excitation laser can be focused to a spot whose size is
on the order of the wavelength cubed, and emission from the same volume can be
collected. Figure 2.1b shows a typical false-color plot of the collected fluorescence
intensity when the excitation and collection focal spots are raster scanned with a
galvo mirror. Each of the bright spots is an NV center, and the density is typical
for high purity (Electronic Grade) synthetic diamonds commercially available[60]. A
measurement of the inferred autocorrelation of the light emitted from one of the spots

shows the typical anti-bunching expected from single photon emitters (Figure 2.1c).

a b
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Figure 2.2: Optical emission from a single NV center under CW green illumination.
a. Simplified schematic of the relevant transitions. Emission into the ZPL (blue
arrow) and PSB (red arrow) are separated using dichroic and spectral band-pass
filters (see Figure 2.1). Vibronic levels are indicated by gray gradients. b. A typical
emission spectrum from a single NV center measured on a spectrometer. Blue shows
the emission into the ZPL channel and red shows the emission into the PSB channel
measured separately. Region which is affected by the spectral filters (647-653 nm)
has been removed.

The low temperature emission spectrum from one of these NV centers is shown in
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Figure 2.2, and indicates the existence of Zero-Phonon-Line (ZPL) and the wide-band
Phonon-Side-Band (PSB), where 96 % of the emission is to the PSB. The names
are used to indicate that emission of photons in PSB are accompanied by phonon
emission while no phonons are emitted in the ZPL. The wide-band emission from the
PSB has the advantages that it can be easily spectrally isolated from excitation lasers
and it provides a distinct signature of NV center’s emission and its charge state. In
particular, we will take advantage of the PSB and collect fluorescence while exciting
the NV center resonantly on the ZPL. But for most of this work we will be concerned
with the properties of the ZPL. To explore the structure within the ZPL we next

explore a group-theory based model of the orbital excited states.

2.3 A model for the ae triplets (orbital excited

state) of the NV center

Using group theory and the Cj, symmetry of the potential associated with the NV
center powerful predictions about the level structure of an NV center can be made.
For this section we follow the main results presented in a recent publication[83] that
are relevant to the orbital excited states of the NV center. This model forms the

theoretical basis for all of the experimental work that was carried out in this thesis.

2.3.1 Electronic states of the NV center

The negatively-charged NV defect has six electrons, two from the nitrogen, three

from the three carbons surrounding the vacancy, and one from the environment.
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Figure 2.3: Sketch of the relevant levels and transitions for the NV center. a. Optical
transitions linking the ground state (e? triplet) to excited state (ae triplets) are shown
in red (identical to Figure 2.2 blue arrow). Non-radiative transitions to the e? singlets
shown in dashed arrows. b. Schematic diagram of relative energies of the different
orbital levels and their occupancy for one possible configuration of the e? triplet. The
red arrow indicates an optical transition to the ae triplet (analogous to the red arrow

in (a)).

They occupy the orbitals a}, a1, e,, e, whose symmetries are imposed by the nuclear
potential. These orbitals transform as the irreducible representations of the Cjs, group
and have been extensively used by many authors[84, 85, 86, 71]. A cartoon of the
relative ordering of these orbitals are shown in Figure 2.3 b. The a} and a; are lowest
in energy and for the ground state are therefore filled by four of these electrons. The
remaining two electrons occupy the degenerate orbitals e, and e,. The orbitals e, and
e, can be viewed as p-type orbitals and e, = —e, —te,, e_ = e, —ie, are analogous to
p states with definite orbital angular momentum. Lowest occupation energy of these

orbitals give rise to the triplet ground state

+1)
PAs) = 1E) ® 4 o) (2.1)
- 1)

where |£1) , |0) correspond to the m, = %1, 0 states, respectively. |Ep) = |eze, — ey€s),

refers to the orbital state with 0 orbital angular momentum projection along the NV
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axis. Ay denotes the orbital symmetry of the state, which is determined by the sym-
metries of the e, and e, orbitals. Note that this state can be modeled with two holes
in each of the orbital e states, so we will call the ground state triplet the e? triplet.
From now on we will refer to the different spin sub-levels of the €? triplet with their
ms quantum numbers, i.e. |£1) and |0) for mg = 1 and m,; = 0.

The relevant excited state for the optical transitions in the ZPL is another pair of
triplets which arises from the promotion of one of the electrons occupying the orbital
a; to the e, or e, orbitals [85] (illustrated by red arrow in Figure 2.3). In the two
hole picture this state can be modeled by one hole in the orbital e and another hole
in the orbital aq, i.e. a triplet in the ae electronic configuration. A total of six states
can be formed in this configuration and their symmetries are determined by a group

theoretical analysis[83],

A = [E)@+1) = |[Ey) @ [-1)

[A2) = [E) @ +1) +[Ey) @ [-1)

[Ee) = |X)@]0)

Ey) = [Y)@]0) (2:2)
[Er) = [E)@[-1) = |Ey) @ |+1)

[Ey) = |EL)©[-1) +|Ey) ®|+1)

where we have named the first four states as Ay, Ay, E, and E, according to their
symmetries and named the last two states as E; and FE5 since they also trans-

form according to the irreducible representation E. Here, |EL1) = |aeL — era) and

|X(Y)> = ‘aex(y) — ex(y)a>.
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Figure 2.4: Hierarchy of interactions for ae triplets, typical for a low-strain NV center.
Six states (see text) are split under spin-orbit (A, ~ 5.5 GHz), spin-spin (A ~ 31.42

GHz and A" ~ 3.3 GHz) and small non-axial strain () leading to six individual,
separately addressable levels.

As spin-spin and spin-orbit interactions are invariant under any operation of the
(3, group, the states given in equation (2.2) are eigenstates of the full Hamiltonian
including these interactions in the absence of any perturbation such as magnetic field,
crystal strain and/or electric field. Consider the following Hamiltonian for the excited

state manifold:
H = Hss + Hso + Hstrain (23)
where the spin-orbit and spin-spin [86, 87, 83] Hamiltonians are given by
Hy = NS,L,+ M (LS, (2.4)
Hys = A([A) (ALl + [A2)(As| + [EV)(EL] + [E2)(E2|)
=20 (|E)(Ex| + [Ey)(Ey|) + A" (|A2)(A2| = A1){Ai]) + H, (2.5)
where L and S are the orbital angular momentum and spin operators,3A ~ 1.42 GHz
and A’ =~ 1.55 GHz characterize the spin-spin induced zero-field splittings, A, ~ 5.5

GHz is the axial spin-orbit interaction, and A, is the non-axial spin-orbit interaction.

The term H), leads to mixing between the states with E symmetry, since its small
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it will initially be ignored. Initially we will also ignore the Hg.qin term. Figure 2.4
illustrates the typical strengths and effects of the various interactions in H for the
states considered.

In summary in the absence of any external fields (strain, magnetic, electric), the
six levels in the ae triplets can be categorized in two groups. First group consists of
two degenerate states (|E,), |E,)) that have 0 electronic spin projection along the
NV axis. The second group consists of 4 levels that are entangled states of orbital
angular momentum and spin. Two of these states (|E}), |Es)) are degenerate, while
the remaining two (]A3), |A;1)) are at distinct energies that are determined by the

symmetry of the defect (spin-spin and spin-orbit interaction).

2.3.2 Properties of optical transitions

Once the wavefunctions are known, it is possible to calculate the selection rules of
optical transitions between the ae triplets (excited state) and the e* triplet (ground
state). The dipole moment between the ground and excited states is produced by
the hole left in the a orbital under optical excitation. As expected from symmetry
arguments, the expectation values of the matrix elements (a| Z - |e,) and (a|y -7 |e,)
are non-zero, where = and y represent the linear polarization of the involved photon.
We can then calculate the selection rules for transitions between every pair of ground
and excited states, as shown in Table 2.1.

The allowed optical transitions and their polarization properties again indicate two
distinct groups. The states |E,) and |E,) are coupled to the my = 0 ground state with

opposite linearly polarized light fields and have no coupling to the other two ground
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Table 2.1: Selection rules for optical transitions between the triplet excited state (ae)
and the triplet ground state (e?). Linear polarizations are represented by & and ¢,
while circular polarization are represented by 61 = Z £ 4. As an example, a photon
with o, polarization is emitted when the electron decays from state As to state |—1).

Pol ‘Al AQ El EQ Ex Ey
—1) |6, 6. 6. o
10) U
+1) |6 6. 6. 6y

states. In short, transitions associated with these two states are cycling transitions.
While the remaining four states are coupled to both the my = +1 and m, = —1 ground
states with opposite circular polarization. These states form A type transitions. For
the |A;) and |A) states, the A type transition properties are relatively robust against
perturbations, because of the spin-spin and spin-orbit interactions that separate these
states from each other, and other states in energy. The |A;) state is coupled non-
radiatively to a metastable singlet state (shown as ae singlets in Figure 2.3), which
then decays to the ground state |0) and results in leakage out of the ideal A system
consisting of the |A;) state and the |+1) states. Thus, we find that the |As) state
provides a closed A scheme (indicating that the ground state never escapes to the

ms = 0 state) while the |A;) state forms an open A scheme.

2.3.3 The effect of strain

In order to understand possible imperfections caused by deviations from the ideal
case, we now discuss the effect of local strain on the properties of the optical tran-
sitions. This perturbation splits the degeneracy between the orbitals e, and e, and

results in their mixing. We’ve already covered the zero strain limit. In the limit of
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high strain (larger than the spin-orbit splitting), the excited state manifold splits into
two triplets, each with a particular well defined spatial wavefunction. Orbital and
spin degrees of freedom separate in this regime and transitions are excited by linearly
polarized light. From now on we will refer to NV centers that have a strain splitting
smaller or larger than the spin-spin and spin-orbit interactions as NV centers with
small or low strain, or large or high strain respectively.

For a more quantitative description we turn to the Hamiltonian given in Equa-

tion 2.3 and the strain Hamiltonian is given by [87, 83]

Haprain = 01 (lex)(ex] = ey){eyl) + 02 (Jex)(ey| + ley) (el) (2.6)

where 9, and 5 are parameters describing the strength of the crystal strain respec-
tively along and perpendicular to the mirror axis of the defect. Figure 2.5 shows an
example of how §; strain splits and mixes the excited states, and as a result changes
the transition frequencies and polarization properties of the optical transitions.

To see how the A type transitions are affected by strain, consider the |As) state
as an example. The 0; strain mixes it with the |Fy) state. For 6; much smaller than
spin-spin and spin-orbit interactions the effect of the mixing is negligible, and |A,)
state maintains the character for no-strain case. For ; much bigger than spin-spin
and spin-orbit interactions as described earlier, the states |Es) and |Ay) are mixed
such that the spin and orbital wavefunctions are separable. A similar effect occurs
for 0o strain, where |Ay) is mixed with |Ey).

Since the strain Hamiltonian only splits and mixes the otherwise degenerate e,
and e, states, its effect on the cycling transitions is to produce the eigenstates that

are superpositions of the |E,) and |E,) states. The transitions from these eigenstates
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Figure 2.5: Effect of strain on the properties of the NV center. a. Energies of the
excited states as a function of strain, expressed in units of the linear strain induced
splitting between the |E,) and |E,) states. b. Strain induced mixing of the |A,)
and |E) states, showing the fraction of Ay and Fj character of the highest energy
excited state. c. Polarization character of the optical transition between |Ay) state
and the ground state |+1) as a function of strain. As strain increases, the polarization
changes from circularly to linearly polarized. The transition between |As) and |—1)
shows the same behavior, except with o_ and o, switched. Therefore, at high strain,
decay from the |Ay) results in a separable state of the photon polarization and spin
rather than an entangled state.
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to the ground state |0) are linearly polarized along and perpendicular to the strain
direction. The energy splitting between these two orthogonal linearly polarized tran-
sitions gives a measurement of the magnitude of the strain perpendicular to the NV
axis at the location of the NV center.

It is worth mentioning that while the excited state configuration is highly affected
by strain, the ground state configuration is unaffected to first order due to its anti-
symmetric combination of e, and e, orbitals. It is also protected by the large optical
energy gap between the ground and excited state to second order perturbation in

strain.

2.3.4 Spin-spin interaction and effects of magnetic fields

So far the interactions considered for the ae triplets do not mix the m, = 0 spin
levels with my = +1. But a careful analysis of the spin-spin interaction[83] predicts a

term that mixes different states that transform as the irreducible representation Ej:
H, = A"(|Ey) (Ey| + |Ey) (B1| — i |E2) (Ea| + i |Ey) (Ex)

where A” is believed to be small (A” ~ 0.2 GHz) [87]. This interactions mixes differ-
ent spin sub-levels causes, for example, the cycling transitions (|E,) , |E,)) considered
have a finite branching ratio into the |[£1) ground states.

Finally we note that the ae triplets are susceptible to magnetic fields. The g factor
for the excited state is the same as for ground state[76], but for the work presented in
this thesis the applied magnetic fields will be much smaller compared to the strain,
spin-spin and spin-orbit interactions, hence any effect of the magnetic field will be

neglected in the excited state.
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In summary, the model for the ae states predict that the behavior of different
NV centers probed could be vastly different depending on the local strain at the NV
center. Not only could the transition frequencies be different from NV center to NV
center, but the associated selection rules could be different also. This fact generally
complicates the interpretation of ensemble experiments with NV centers as the strain
is generally not homogeneous across the probed volume of a sample. We will next
consider experimental tools applicable to single NV centers that allow us to study the

predictions of the above model.

2.4 Absorption spectroscopy

Once an individual NV center has been isolated with confocal microscopy, the
energy splitting between different levels predicted in the model can be tested experi-
mentally by scanning a resonant laser across the relevant transitions.

The resonant laser coherently drives population from the ground state to the
relevant excited state for an allowed transition and, consequently, NV center decays
from the excited state both via the zero-phonon-line (ZPL) and the the phonon-
side-band (PSB). The excitation laser and the fluorescence from the NV center can
easily be separated using dichroic filters, hence a plot of fluorescence in the PSB as a
function of laser frequency is easy to obtain.

The particular spectral features that are visible in such an absorption spectroscopy
plot depend on both the properties of the NV center being used and the exact condi-
tions under which the experiment is carried out (illustrated in Figure 2.6). Specifically,

the polarization, power, and duration of the resonant laser, and the state that the NV
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center is in before the resonant laser is turned on all play a role. For the experiments
shown below a single linearly polarized laser with 2 uW of peak power is turned on
for 5 pus. The relatively short duration ensure the dynamics associated with finite
branching ratio out of particular states are minimally effecting the spectra measured.
To suppress any optically-induced coherent effects (e.g. coherent population trap-
ping) in the ground state a magnetic field ~ 10 G is applied to split the the |+1)
states. The peak power used and the intrinsic linewidth of the transitions determines
the width of the transitions observed in the absorption spectra..

If the NV center is initialized in a particular state before being probed by the
laser, the absorption spectra will show spectral features associated with transitions
that are allowed from that initial state. In particular for a typical “low-strain” NV
center, if the NV center is prepared in the |0) state, only two transitions (from |0) to
|E,) and |E,)) are visible (illustrated in Figure 2.6b). To observe all spectral lines all
spin ground state spin levels need to be populated. Two methods are illustrated in
Figure 2.6a, one uses microwave and the other uses two lasers to keep some population
in all ground-state spin levels . The resulting spectra shown in Figure 2.6¢-d now show
all associated and expected transitions for the NV center.

The fact that we can selectively observe different spectral lines with the appropri-
ate state preparations allow us to unambiguously assign each spectral feature with a
particular transition. Once spectral lines are identified, the relative energy splitting
in the excited state can be calculated using the known energy splittings of the ground
state (illustrated in Figure 2.6¢). As the frequency difference between the |0) to |E,)

and |E,) transitions gives a direct measurement of the strain splitting we can plot
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Figure 2.6: Probing energy spectrum of an NV center using absorption spectroscopy.
a. Different pulse sequences used to obtain absorption spectra. A 1 us pulse of green
laser is used to initialize the NV center into the |0) state. Next, a red laser of varying
frequency is turned on for 5 us, and the counts accumulated in the PSB during the red
laser pulse are plotted as the frequency of the laser is linearly varied. The sequence
is repeated 200 times at the same laser frequency before moving onto the next point
in the frequency ramp. The plots shown are averages of 40 such linear ramps. For
panel ¢ a microwave resonant to the |0) «» |£1) transition at 2.87 GHz is driven by
a mW of RF power, continuously 1 us before and during the red laser. For panel
d a 1 pW laser resonant to the |0) < |E,) transition is kept on with the scanning
laser. Both of these methods ensure that all possible ground states are occupied.
b. Results of an absorption scan after initializing the NV center into the state |0).
Two transitions are visible (labeled *1 and %2 corresponding to the |0) < |E,) and
|0) < |E,) frequencies respectively). c. Using the microwave to maintain population
in all ground states leads to new spectral features to appear (*3, %4, %5) corresponding
to |£1) to |E12), |A1) and |As) respectively. The transitions Ej 5 are under the same
spectral peak *3. The transition frequency of |[£1) < | A;) is accidentally the same as
that of |0) < |E,), hence both are identified under spectral feature x4 (note though
the change in the lineshape of *4). d. A laser tuned to the |0) < |E,) transition
maintains some population in |£1) in addition to the |0). Transitions that deplete the
population in |0) are then shown as peaks with a negative peak (*6). (*6) corresponds
to transitions from |£1) to |E,). e. Approximate level structure for the NV center
being probed. Transitions from the ground state to the excited state are shown in
solid lines and are labeled by numbers corresponding to the spectral features identified
on other panels.
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the relative energy splitting within the ae triplets for a given strain. Figure 2.7 shows
datapoints obtained for such a measurement and compares it to the predictions of

the model discussed earlier (similar to [88]).

Relative Transition Frequency (GHz)

Perpendicular Strain é1(GHz)

Figure 2.7: A plot of the relative energy levels of the ae triplets vs strain (same as
in Figure 2.5) with data points (solid points) for NV centers measured in a natural
type-Ila diamond using absorption spectroscopy. The spectra was measured using an
identical sequence to those used to obtain Figure 2.6c. For the absorption spectra
measured the E,, F, splitting is used to calibrate the magnitude of the strain per-
pendicular to the NV axis and the relative frequency splittings are inferred from the
known splittings between different energy levels in the ground state (illustrated in
Figure 2.6).

As Figure 2.7 illustrates the predicted behavior of the model fits extremely well
with the measured parameters. We also note that the parameters for the model
were measured with a separate piece of diamond[88], no adjustments of the model
parameter was done for the figure.

Absorption spectroscopy also allows one to extract the polarization properties of

each transition. Characterization of polarization selection rules have been carried out

to identify that the |0) to |E,) and |0) to |E,) transitions are orthogonally linearly
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polarized[89]. In chapter 3 it will be shown that for low-strain NV centers the |As)
to |+1) transitions are circularly polarized.

In summary, the absorption spectroscopy is useful in characterizing the energy
spacing of levels within the ae triplets. This level spacing can be used to predict the
properties of the appropriate transitions using the model introduced earlier.

In principle, by carefully preparing the NV center in a particular state and ob-
serving the changes with power and duration of the laser pulse in the lineshape and
the strength of the spectral features, one can also extract the appropriate branching
ratios for each of the states. These branching ratios are a result of the excited states
being mixed, and are predicted with our theoretical model. As the dynamics associ-
ated with the multiple level system can be quite complex, it is much easier to extract
the branching ratio information by looking at the time-traces of fluorescence while

resonantly exciting a single transition.

2.5 Fluorescence timetraces

If a laser is tuned to a particular transition between the ground state and the
excited states, the long-time ( longer than 1/~ where v is the lifetime of the excited
state) fluorescence from the excited state will be independent of any coherences be-
tween the ground and excited states, and the changes in the fluorescence intensity
will be limited by the dynamics associated with possible decay channels out of the
states being driven. In particular, if a transition is perfectly cycling one can expect to
observe no change in the fluorescence intensity as a function of time after the excited

state lifetime has damped initial coherent oscillations. In the case where there is a
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branching out of the excited state to a state that is “dark” for the excitation, for
instance because the associated transitions out of those states are far detuned, the
fluorescence intensity will decrease over time until all of the population is pumped to
the dark state. The timescale associated with this decay will be given by the rate at
which the optical excitation occurs as well as the branching ratio into the dark state.
This pumping mechanism can be used to prepare the emitter in the dark state which

can, for example, be a well-defined spin sub-level of the ground state.
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Figure 2.8: Decay of fluorescence under resonant excitation. a Model used to simulate
the dynamics of optical transitions leading to fluorescence time traces shown in (b).
R gives the optical pumping rate of the |0) < |E,) transition. From the |E,) state,
Yoo and 7g; are decay rates to the |0) and |£1) states, respectively. 7o, and s are
the non-radiative decay rates into and out of the metastable singlet state |S). b
Histograms showing time traces of fluorescence as recorded in the PSB following spin
initialization to either the |0) (red) or |1) (blue) state. Solid lines show simulated
fluorescence from the NV center using the model shown in (a) and described in the
text. Two other similar data sets at different laser powers were used to determine
the branching ratio of |E,) to |£1) and the spin polarization. Inset shows the pulse
sequence used to obtain the recorded time traces.

For the levels in the ae triplets there are three decay channels that need to be con-
sidered. Figure 2.8a illustrates these decay channels for the E), state. The timescales

associated with these decay channels are generally distinct such that a bi-exponential



Chapter 2: Low temperature optical properties of the NV center in diamond 31

fit can generally model the change in flourescence intensity while driving a particular
transition.

To characterize the branching ratios associated with these decay channels for an
NV center with 3 GHz frequency difference between the |E,) and |E,) states, we
record time traces of the fluorescence during the resonant excitation where the state
is initialized either in |0) or |1) using the pulse sequence shown in Figure 2.8b (inset).
These are then compared to a model of the NV center dynamics similar to the one
discussed in [79] and illustrated in Figure 2.8a. The model involves the |0) and
|£1) ground states, the |E,) state, and a metastable singlet state |S). The branching
ratios from |E,) state to |0), |£1), and |.S) are related to the decay rates y9o = 1/12ns,
o1, and s, respectively. oo is determined by lifetime measurements, and the singlet
decay rate to |0) is set to vs = 700/33, as given in [79]. We then simulate the evolution
of the system under a continuous optical pumping of the |0) — |E,) transition at a
rate R, starting with some initial spin population for the two cases of initialization
in |0) or |1). To estimate the values of o1, 705, R, and the spin polarization, these
parameters are varied to fit the simulation to the data by eye. This was done for
three different laser powers. Using this method, we estimate the branching ratio out
of the system of my = 0 states to be 0.92 £ 0.16% (701 ~ 700/109) and ~os ~ /20,
and the imperfection in spin preparation to be 7.2 4+ 1.8%.

The same method can be applied to measure the branching ratios for other states
in the ae triplets also. For example for an NV center with 3.5 GHz |E,) and |E,)
splitting associated time traces of |A4;), |A2) and |E,) are shown in Figure 2.9. Anal-

ogous to the pulse sequence in Figure 2.8b, we first prepare the NV center in either
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the |£1) or |0) state via optical pumping, and excite the |£1) < |A;5) or |0) < |E,)
transitions individually while collecting fluorescence as a function of time. For A type
transitions, coherent population trapping in the ground state affects the fluorescence
dynamics. For these experiments a magnetic field along the NV axis of about B =~
5 G is applied to split the |£1) states by 6 = 2gupB to ensure coherent effects in the
ground state due to the optical excitation are minimized in the measured data (see
Appendix B for details). Figure 2.9 shows double-exponential fits to data from NV

center for all three transitions.

a Phonon-sideband counts (a.u.) b Phonon-sideband counts (a.w)

Time (ns) Time (ns)

Figure 2.9: Fluorescence decay of (a) |A;) (blue), |A2) (red), and (b) |E,) states
with fits to double exponential decays (black lines).

For the |Ay) state, the short timescale correspond directly to the timescale of
optical pumping to the electronic dark state of the |+1) states, and is governed by
the optical excited state lifetime . Given a finite ¢, this process should lead to a
steady state fluorescence rate. The presence of a second long timescale then indicates
a decay out of the three level system into the singlet and subsequently the mg; = 0
manifold. For the |A;) state, we expect the fast decay into |0) via the metstable

singlet to give rise to a short timescale. Following this fast process, the remaining
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population in the electronic dark states escape due to § and gives rise to another
longer time scale. Therefore, we find the decay rates into the metastable singlet to be
vs1 ~ 1.6v and 74 ~ 1307, for the |A;) and |As) states respectively, where v is the
direct decay rate back into the ground state. For the |E,) state we find yp1 ~ 790/105
similar to the earler NV center.

We note that even though the combination of the rate equations with fluorescence
time traces gives an accurate estimation of the different branching ratio parameters,
in our knowledge, this (or other) techniques have not been applied to a systematic
test of how these branching ratios change with the perpendicular strain. The system-
atic study would be essential to pinning down the exact mechanism of mixing in the
excited, which might also be affecting the polarization selection rules[89]. The branch-
ing ratios extracted here will be used in other chapters where the branching ratios

are needed to characterize the behavior of the NV centers under resonant excitation.

2.5.1 Applications to ground state spin detection

It is possible to use the cycling transition and the fluorescence decay curves ob-
tained so far to accurately measure the population in the |0) spin sub-level in the
ground state. Spin readout is achieved through resonant laser excitation tuned to the
|0) < |E,) transition[88]. As the |0) < |E,) transition is cycling for low strain and is
isolated in frequency from other transitions, the fluorescence collected in the presence
of the resonant laser field should be proportional to the population in the |0) state.

Figure 2.5.1(a) shows microwave Rabi oscillations detected using the resonant

readout scheme. Following a polarization step carried out with a green laser, a mi-
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Figure 2.10: Spin readout via resonant excitation a Microwave Rabi oscillations
(in blue) recorded using the pulse sequence given in (b). Left vertical axis shows the
average number of counts received for a particular length of microwave pulse duration
(7). Right vertical axis shows the normalized population in the |0) state for the same
pulse duration. The red lines are maximum and minimum readout levels obtained
using the technique described in Appendix A. b Pulse sequence used for part (a). In
the unconditioned case, 532 nm light is turned on for 1 us to polarize the electronic
spin to |0) state. After 6 us, a microwave pulse resonant to the |0) «<» |[41) of varying
duration is applied. Finally a 10 ps light pulse resonant to the |0) «» |E,) transition
is turned on 1 s after the microwave pulse and counts in the PSB are recorded in
this interval. The boxed section is described in Appendix A.

crowave pulse of varying length and resonant to the |0) < |1) transition is applied and
the resulting state is read out using the resonant excitation. In an ideal preparation
and readout scenario, the |0) state would be bright while the |£1) states would be
completely dark. The high level of fluorescence achieved for the |0) state is limited
by the branching ratio between the |E,) — |0) and |E,) — |£1) transitions (~99 %
as measured above) and the collection efficiency to about 0.11 counts per shot. Thus
multiple repetitions of the experiment are needed to build up enough statistics for an
accurate estimation of the initial state. When the NV center is nominally prepared
in the |[4+1) state, we observe counts above the background level, which may be due
to imperfect spin polarization or additional fluorescence from the |4+1) state.

The pulse error associated with a square pulse of finite Rabi frequency (around 10
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MHz) is estimated to be about 3 %. The error is mostly due to the presence of the
hyperfine interaction with the nuclear spin of N associated with the NV center[90].
We thus estimate the spin polarization after the green excitation to be 96 £ 1.9%.

Appendix A presents further calibration of these results that will be essential to
results presented in Chapter 3.

In summary, we find that resonant excitation is an exceptionally useful tool for
spin readout of the NV center. Not only can we use it to extract information about
populations in relatively few repetitions, but it allows us to fully characterize vari-
ous procedures related to the spin manipulation of the NV center, for example spin
polarization achieved or pulse errors, with very few assumptions. In an impressive
demonstration, Robledo, et al. [75], have shown that by improving the collection
efficiency by using Solid Immersion Lenses and using NV centers with lower strain
(better “cycling” transitions) it is possible to determine the spin-state of the NV
center in a single shot.

Having used the long time behavior (> 1/v) of florescence under resonant exci-
tation to characterize various predictions of our theoretical model, we next turn to

demonstration of coherent oscillations between the ground and excited states.

2.6 Rabi oscillations between ground and excited

states

Coherences between ground and excited states are essential to rapid (as fast as

a few ns) and state-selective transfer of population from the ground state to the
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excited state. The study of the coherences provide information about the dynamics
of environment around the NV center that affect the optical transition and lead to
decoherence. Motivated by potential applications of the study of coherences between
the ground and optically excited states here we demonstrate coherent Rabi oscillations
similar to demonstrations carried out with NV centers in [91, 92].

After a 1 us green laser pulse initializes the NV center in the |0) state a strong (40
1W) resonant excitation tuned to the |0) < |E,) transition is turned on. A waveguide
based EO modulator (Guided Color Technologies) with a 1 ns rise-time allows the
creation of short pulses of variable length. Figure 2.11 a (gray trace) demonstrates
a 40 ns drive pulse that was used for this experiment. This strong excitation begins
to coherently drive the NV center between the ground state and the excited state
with a frequency given by € = [i - E, where /i is the dipole moment and E is the
electric field oscillating at the resonant frequency. This drive leads to oscillations
in the excited state population. These oscillations are apparent for the first 10 ns
of the trace shown in Figure 2.11. The spontaneous decay from the excited state
allows us to continuously monitor the excited state population in the excited state
via the fluorescence emitted by the NV center, but it also damps the oscillations.
The oscillations appear damped also because of power fluctuations in the laser, the
relative drift between the laser and the NV center transition frequency, as well as any
additional dephasing process that might be taking place in the excited state. The
excited state population then reaches a steady state value where no further oscillations
are observed. Finally, when the excitation laser is switched off, the population in the

excited state decays with the spontaneous decay rate of 1/y = 11.8 £ 0.3 ns.
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Figure 2.11: Rabi oscillations between |0) ground state and |E,) excited state. a
Time trace of the excited state population under a strong coherent drive (black points,
blue line and left axis). The population in the excited state is measured using the
spontaneous decay from the excited state to the phonon side band. Gray trace shows
the applied pulse shape with a peak power of 40 uW (the right axis). b Power
dependence of the measured Rabi frequency. The fitted line agrees with the expected

(Power)2 behavior.

The processes that lead to dephasing of these coherent oscillations will be further
studied in Section 2.8 and Robledo, et al. [92] have studied the causes of decoherence
in the context of Rabi oscillations between the ground and excited states. To explore
the causes of decoherence we will first consider how we can controllably change the

level structure of a single NV center using the Stark effect.

2.7 Modifying optical properties: electric field tun-

ing of NV centers

Controllably modifying the optical properties of the NV center is an important
tool for exploring and using NV centers in a quantum optics perspective. For example,
controllably tuning two NV centers to have the same transition frequencies allow for

demonstrations of indistinguishable single photons from separate NV centers (see
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Chapter 4). The ae triplets exhibit DC stark shifts due to static electric fields. This
allows us to change the transition frequency and the associated properties of the
optical transitions by applying static electric fields.

Strain and electric field affect the ae level structure in a very similar way. In fact,
the electric field can be modeled either as directly causing changes because of the
permanent electric dipole associated with the orbital wavefunctions, or it can also
be explained through the reverse-piezo electric effect[83], where electric field changes
the local strain around the NV center and the strain affects the associated states.
As the two effects are inseparable at this point, we will take the permanent electric
dipole picture as it is much more intuitive to work with. The similarity between the
effect strain and electric field means the behavior of the transitions are sensitive to
the effective field that is made up of the built-in strain as well as the applied electric
field [93, 94, 95]. In a phenomenological model®* we can modify Hqin to include

electric fields also[83, 94, 95]:

Hgtrain + Hstarte = (01 + f2) (lex) (ex] —[ €y) {ey]) + (92 + fy) (lex) {ey] + [ey) {€z])
+ [ (lex) (ea] + [ey) (&) (2.7)
where f; is used to designate the strength of the electric field in the ¢ direction in

frequency units. The symmetry plane sets the x axis in an identical way to how the

e, and e, states are defined[83]. Based on the work by Tamarat, et al., [93], f; have a

2For simplicity we provide the phenomenological model where the effect of the electric field is
considered to only affect the e, and e, orbitals. In reality the affect of the z component of the
electric field is due to the difference in the dipole moments in the ground and excited states, thus
f- = (up,| — pa,))E-/h where p; | refers to the dipole moment of either the (E)xcited or (G)round
states, F, is the electric field in the z direction and h is the Planck’s constant. In our experiments
where the vector electric field control is imprecise it is hard to distinguish the exact value of the
components of y; | or u; 1, so we model the difference as a smaller f, component, similar to work
carried out by Bassett, et al. [95].
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scaling coefficient of 6.3 GHz/ (MV m™!), corresponding to about 1 Debye. We now

turn to an experimental demonstration of the electric field tuning of NV centers.
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Figure 2.12: Electric field tuning of NV centers. a Effect of components of electric
field, in the absence of strain, on the two cycling sub-levels of ae triplets (|E,) and
|Ey)). The electric field vector perpendicular to the NV axis (£ = |/f2 + f2) changes
the relative detuning between the two states while the electric field parallel to the
NV axis (E| = f.) changes the relative frequency between the ground state and the
two excited states simultaneously. b Schematic of the experimental setup used to
test electric field tuning of NV centers. ¢ Pulse sequence used to probe the effect of
electric fields.

A schematic of the experimental setup used is shown in Figure 2.12. The diamond
containing the NV centers, shaped as a hemisphere to increase collection efficiency, is
placed on a silicon substrate with gold electrodes (30 nm thick) defined using photo-
lithographic techniques. Four electrodes, separated by 80 um, are defined to control
the direction of the electric field, but since the position of the NV center inside the
diamond is hard to control, we find that only a single electrode makes a significant
difference in the transition frequencies. The remaining three electrodes are grounded
for this experiment (V,; =V and V,; =V, 2 =V, 2 =0).

In addition to the complication of the placement of NV centers relative to the

electrodes, the presence of the strain adds a built-in field that is oriented indepen-
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dently from the applied field. In fact, if there is little control over the direction of the
electric field and if the field applied field is changed by changing a single potential, the
change in the frequency of transitions can have linear or quadratic behavior versus
the applied field[93]. As noted in other works [94, 95], this behavior is captured by
Equation 2.7. For a single electrode we can write the electric field at the NV center
as f=aV (vg, vy, v,). Where v; are the unit vectors in the symmetry coordinates of
the NV center of the electric field due to the potential V' applied to the gate and « is
the proportionality constant. If we assume the applied field is only in the x direction

eigenvalues of Hgyqin + Hatark are given by:

aVu, + \/(51 —aVu,)? + (62)? (2.8)

We will consider the |E,) and |E,) states only, and to first order superpositions of
these states are then eigenstates of the Hgrqin + Hsiarre Hamiltonian. This approxi-
mation holds as long as A” is small compared to the energy spacing between the |E,)
and |E;) and |Es) levels (i.e. for both small strain and large strain). For the purpose
of demonstrating electric field tuning, in experiments, we will initialize the NV center
into the |0) state and carry out absorption spectroscopy while changing the electric
field (illustrated by the pulse sequence in Figure 2.12¢).

As Figure 2.13b illustrates that the change in the center frequency of the transi-
tions matches the predictions from the above model. We note though that the data
does not match the model perfectly. Green light induced changes that rectify the
applied field[95] are probably causes of the difference between the model and experi-
mental data. Further Figure 2.13b shows that the width of the lower branch is broad

when the branch separation is between ~ 13- 22 GHz, corresponding to the lower
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Figure 2.13: Demonstration of electric field tuning of NV centers. a Absorption
spectroscopy based on the pulse sequence shown in Figure 2.12¢, where for each line
a different V' is applied. For each line the V' changes by 12.5 V where the maximal
values of the applied voltage are noted on the margin. b Plot of the center frequencies
(dots) where the fit value for the transition of the lower frequency branch has been
subtracted from the center frequencies plotted and the widths (error-bars) of the
transitions as a function of applied voltage V. Solid lines are a fit to Eqn. 2.8 where
a=0.1 GHz/V, 6; = 0.7 GHz, §, = 6 GHz, v, = 0.5, v, =0, v, = 0.9.

branch level crossings shown in Figures 2.5. The width measured is effected by the
complicated level structure around the level crossing, and is not direct measurement
of the electric field induced fluctuation of the levels (for a dataset where tuning does
not induce broadening see Chapter 4).

In summary, as Figure 2.13 demonstrates, even with a single electric field gate it
is possible to change the frequencies of transitions of an NV center. Moreover the
relative splitting between the two transitions can be adjusted meaning an NV center
can be tuned to an arbitrary point on Figure 2.7 to have desired selection rules.
Basset, et al. [95], have carried out experiments with better control over the electric
field direction where they have demonstrated the strain splitting between the |FE,)
and |E,) levels can be removed by applying the appropriately oriented electric fields.

Finally we note that the dependence of the optical transitions to the instanta-
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neous electric field indicates that the optical properties and transition frequencies are
sensitive to fluctuations in the local electric environment around the NV center. We
next explore the effects of broadening of the optical transitions that are caused by the

uncontrolled fluctuations of the local electrical environment around the NV center.

2.8 Electric environment of NV centers

The utility of the optical properties of the NV center discussed so far take ad-
vantage of the narrow individual lines and the fact that they can be addressed and
driven coherently. For many quantum optics applications in the solid state the actual
linewidth of the transitions also play a significant role. For the NV centers considered
so far, absorption scans indicate that an average linewidth on the order of ~ 100
MHz is typical. This is roughly 4 times the lifetime limited linewidth observed by
Tamarat, et al., [93].

The process that leads to the broadening of the absorption lines is believed to be
the charge fluctuations around the NV center. Specifically the nitrogen impurities,
that are deep donors around 1.9 eV from conduction-band-minimum|[96] are believed
to be optically excited to the conduction band with the excitation lasers. The charge
configuration around the NV center is believed to fluctuate as the donors loose and
gain their charges under the optical excitation. These changes in the configuration
effect the optical transition via the Stark effect discussed previously. This mechanism
needs to be confirmed fully, but it provides a good working picture, which we will
follow. Instead of referring specifically to nitrogen impurities we will refer to possible

other optically ionizible impurities all as the charge environment.
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With this picture, there are two key aspects of the charge environment that affect
optical transitions of an NV center. First is the average linewidth caused by the
magnitude of fluctuations associated with charge traps re-configuring. Second is the
time it takes for the charge environment to reconfigure. If the “correlation” time of
the electric field at the NV center is long to enough to determine if the electric field
corresponds to a particular configuration, either post-selection techniques or active
feedback can be applied to compensate for the fluctuations of the charge environment.

We can hope to use methods similar to those used successfully to explore spin
dynamics in the ground state to obtain the correlation time of the charge environment,
for example by using echo or Ramsey type interference techniques. Although these
techniques are powerful they are difficult to implement as they require very precisely
timed pulses that have very good extinction, and are state selective. Naively they
also only provide information regarding the charge dynamics within the excited state
lifetime. Instead we show that absorption spectroscopy and measurement of the
emission linewidths can provide information regarding both the timescales as well as

the average linewidth associated with the charge environment of the NV center.

2.8.1 Charge environment under resonant excitation

First we note a significant difference in power between the resonant excitation used
(generally < yW for 637 nm) and the green excitation (generally ~mW for 532 nm).
In the charge fluctuations picture provided above, it is expected that the stronger
green excitation should induce more significant changes simply because it will be able

to efficiently excite more charge traps. With this observation, a naive expectation
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is that a low-power resonant excitation can be used as a probe of the environmental
configuration while a pulse of green excitation prepares the charge environment to a
new configuration.

By completing absorption scans between successive pulses of green light, we can
check if the transition frequencies of the NV center remains constant. We note similar
experiments have been carried out by both the Fu, et al.,[80] and Robledo, et al.,[92].
Figure 2.14a shows a pulse sequence where spin initialization of the NV center is
carried out with resonant light, and green laser is only applied after a laser frequency
scan taking a few seconds is completed.

Observed absorption scans (Figure 2.14b) indicate a single narrow Lorentzian peak
that remains at a fixed frequency until a new green laser pulse changes the central
frequency of the absorption lineshape. The average full-width once the spectral shift
due to excitation with green light has been accounted for (26 £6 MHz) is very close
to the expected lifetime limit (1/7/(12ns) = 27 MHz). This indicates that between
green illuminations life-time limited photons can be obtained from NV centers. More-
over the correlation time of the charge environment is greater than a few seconds in
the absence of green illumination.

It is not clear at this point whether the green illumination plays a direct role in re-
configuring the charge environment around the NV center, or whether the ionization

of the NV center itself triggers the re-configuration.
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Figure 2.14: Resonant absorption scans illustrating the effect of the green laser on
NV center’s transition frequency. a. Pulse sequence applied to obtain each point in
subsequent scans. The laser tuned to |£1) to A, transition is used to optically pump
the NV center into the |0) state, replacing the initialization used with green laser in
earlier figures. The counts are collected during the next 5 us where a resonant laser is
turned on for the 5 us. The frequency of the second laser is scanned linearly through
the indicated range, and counts as a function of the frequency of the second laser are
plotted. At any given frequency of the second laser the pulse sequence is repeated
200 times to improve the signal to noise. After the laser frequency returns to its
beginning value (indicated as 0.0 GHz on the plots) a green laser pulse at saturation
is turned on for 1 s. b. Results of individual line scans of the absorption spectrum.
[lustrating the narrow lineshapes obtained between pulses of green light. For some
scans, where no counts are obtained, the NV center is assumed to be ionized. c.
Analysis of the data shown in b where a Lorentzian is fitted to each scan / lineshape
in b and the frequency axis of each line is shifted so the centers of the different scans
coincide. The data shown on this panel is then an average over the data shown in b
after compensating for the jumps of the center frequency between scans. The FWHM
is 26 + 6 MHz. d. Analysis of the data shown in b where an average over the different
scans is carried out without shifting the data. The FWHM is 200 + 20 MHz.
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2.8.2 Charge environment under green excitation

To characterize the properties of the charge environment under strong excita-
tion by green light we will look at the emission spectrum from the NV center. The
spectrum of the emitted photons are expected to represent the instantaneous charge
configuration. By measuring the spectrum of the emitted photons, we can easily
obtain an average emission linewidth under excitation by a green laser.

Coherence length measurements under with NV centers have previously been car-
ried out with electron irradiated nanodiamonds[97]. These measurements, under con-
tinuous green illumination, indicate a coherence length on the order of millimeters,
which is extremely short and hence indicates a very wide spectral emission. For ap-
plications using coherent emissions from NV centers, it is important to know whether
the absorption spectroscopy gives an adequate estimate of the emission bandwidth
under strong green excitation in pure samples where the absorption linewidths are
hundreds of MHz.

To characterize the emission spectrum, we use a confocal cavity of finesse ~ 150 to
spectrally measure the width of the emitted lines on the ZPL. Figure 2.15 illustrates
the experimental setup used for the emission spectrum measurements. By using the
linear polarization selection rules associated with |0) to |E,) and |E,) transitions,
we use a polarizer to select out a single linearly polarized emission for the given NV
center[78, 80]. The emission spectrum is shown (over time) in Figure 2.15b and the
average over many scans (consisting of 10 minutes of data acquisition) is shown in
Figure 2.15c. The FWHM (~ 80 MHz) of the emission is comparable to the measured

FWHM of the absorption (~ 100 MHz).
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Figure 2.15: Emission spectrum measurement using a confocal cavity. a. Experi-
mental setup, where the emission from an NV center is filtered in the ZPL using a
dichroic and narrow-band-pass filters (15 nm). The emission is sent to a confocal cav-
ity (Thorlabs) with a FSR of 10 GHz and a finesse of 150. The transmission through
the cavity is detected as the cavity mirror spacing is changed by applying a voltage
to the piezo that controls the separation of the cavity mirrors. b Color density plot of
individual transmission spectra. For each line the cavity separation is ramped linearly
to cover the given frequency interval and then ramped back to the initial point. Only
one side of the scans are shown. Frequency is calibrated to applied voltage using the
known value of the FSR. Counts per 0.1 s are plotted for multiple scans. ¢ Average of

40 scans, fitted with a Lorentzian lineshape, indicating an emission FWHM of ~ 80
MHz.
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In summary we note that the frequency of the transitions of an NV center remains
static under resonant excitation. The frequency of the transitions jump to a random
value within the absorption spectrum after a pulse of green excitation. At the mo-
ment we do not have enough information as to the timescale in which the charge
environment around the NV center reconfigures under green illumination. We find
the absorption spectrum measured where intermediate pulses of strong green excita-
tion are used at each repetition of the sequence provides a “worst-case” estimate of

the bandwidth of the transition frequencies of the NV center.

2.9 Ionization

For the final section of this chapter we will describe how light fields can change
the charge state of the NV center. So far in our exploration of the NV center we
only considered the negatively charged (six-electron) states associated with the NV
center. This configuration is highly stable, but under continuous optical excitation
the NV center can ionize[98, 99]. The level structure is quite different for the neutral
configuration of the NV center (NV?)[100], for example the ZPL is at 575 nm. The
low-temperature studies are particularly prone to influence of the different charge
states as resonant excitation is charge selective.

As illustrated in Figure 2.16 a time-trace from the NV center under resonant
illumination over long times exhibits an exponential decay of the fluorescence. For
optical excitation rates above saturation, the decay time is linearly dependent on the
optical excitation power[92]. This behavior is consistent with the NV center ionizing

by being excited from the orbital excited state to the conduction band, where the
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Figure 2.16: Timetrace of the fluorescence from an NV center for long times. The NV
center is excited with two lasers resonant to the |0) to |E,) (1 W), |£1) to |A;) (50
nW) under 3 G field to make sure no dark states related to ground state spin levels
exist. The fluorescence obtained from the NV center is binned to 80 us intervals and
an average trace of the fluorescence is shown (light gray data points). Red solid line
is an exponential fit with a time constant of 29 ms. Dark gray data points and blue
solid line are from the same dataset, except post-selection for charge state has been
carried out (for details see B).
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fluorescence decay indicates the rate of ionization. Once an NV center has gone dark
(as a result of the optical drive), it remains in the dark state for many seconds, and
only a strong illumination with green light (e.g. saturation power of about 1 mW
for 10 us) seems to bring it back to a configuration that makes sure it responds
to the resonant excitation again. This distinct behavior for red and green lasers
have been utilized to selectively ionize the NV center even for room temperature
experiments[101, 102].

Many low-temperature experiments now include a step that confirms the charge
state of the NV center after the experiment is completed (e.g. see Chapter 5,[75],[92]).
Data is post-selected and analyzed so that only those experimental runs where fluo-
rescence from the NV center is collected in a time period when excited by resonant
lasers. The effect of such a post-selection step is illustrated in Figure 2.16, which
removes the exponential decay. This post-selection is also sensitive to frequency fluc-
tuations, mechanical instabilities and other drifts in the system and generally boosts
the signal to noise of the experiments, and also selects cases where the NV center gets
brighter over time, yielding an overall rise in the counts.

As a final remark we point out that ionization does set an upper limit to the
time in which an NV center can be used in a particular transition frequency. As the
NV center will ionize after a finite amount of time, a strong green excitation pulse is
necessary to bring it back to the correct charge state. The same pulse, or the fact
that the NV center has ionized, also effects the charge environment as described in
Section 2.8.

This concludes the introductory chapter to the optical properties of the NV center
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in diamond. In the subsequent chapters we will use the ideas and tools developed in
this chapter to demonstrate spin-photon entanglement, to show quantum interference
of single photons from two NV centers and to measure and cool the nuclear spin

environment around an NV center.



Chapter 3

Quantum entanglement between
an optical photon and a solid-state

spin qubit

3.1 Introduction

A quantum network([39] consists of several nodes, each containing a long-lived
quantum memory and a small quantum processor, that are connected via entangle-
ment. Its potential applications include long-distance quantum communication and
distributed quantum computation[103]. Several recent experiments demonstrated on-
chip entanglement of solid-state qubits separated by nanometer[74] to millimeter[104,
105] length scales. However, realization of long-distance entanglement based on solid-
state systems coupled to single optical photons[106] is an outstanding challenge. The

nitrogen-vacancy (NV) center, a defect in diamond consisting of a substitutional ni-

52



Chapter 3: Quantum entanglement between an optical photon and a solid-state spin
qubit 53

trogen atom and an adjacent vacancy, is a promising candidate for implementing a
quantum node. The ground state of the negatively charged NV center is an electronic
spin triplet with a 2.88 GHz zero-field splitting between the |mg = 0) and |m, = 1)
states (from here on denoted |0) and |4+1)). With long coherence times[27], fast mi-
crowave manipulation, and optical preparation and detection[107], the NV electronic
spin presents a promising qubit candidate. Moreover, it can be coupled to nearby
nuclear spins that provide exceptional quantum memories and allows for the robust
implementation of few-qubit quantum registers[74, 72|. In this work we demonstrate
the preparation of quantum entangled states between a single photon and the elec-

tronic spin of a NV center:

1

W) 73

(lo-) [+1) +low) |=1)), (3.1)

where |o1) and |o_) are orthogonal circularly polarized single photon states.

The key idea of our experiment is illustrated in Figure 3.1a. The NV center is
prepared in a specific excited state (|Ay) in Fig 3.1a) that decays with equal proba-
bility into two different long lived spin states (|41)) by the emission of orthogonally
polarized optical photons at 637 nm. The entangled state given by Eq. 3.1 is created
because photon polarization is uniquely correlated with the final spin state. This
entanglement is verified by spin state measurement using a cycling optical transition

following the detection of a 637 nm photon of chosen polarization.
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Figure 3.1: Scheme for spin-photon entanglement. a. Following selective excitation to
the |Ag) state, the A system decays to two different spin states through the emission of
orthogonally polarized photons, resulting in spin-photon entanglement. b. Schematic
of the optical setup. Individual NV centers are isolated and addressed optically using
a microscope objective. Two resonant lasers at 637 nm and an off resonant laser at
532 nm address various optical transitions. Fluorescence emitted from the NV center
is spectrally separated into PSB and ZPL channels, and are detected with APDs. The
latter channel contains entangled photons and is sent through a polarization analysis
stage.

3.2 Characterization of NV centers

Understanding and controlling excited state properties is a central challenge for
achieving such a coherent interface between spin memory and optical photons. In
contrast to isolated atoms and ions, solid state systems possess complex excited state
properties that depend sensitively on their local environment[94]. Non-axial crystal
strain is particularly important to the present realization because it affects the optical
transitions’ selection rules and polarization properties|[108].

In the absence of external strain and electric or magnetic fields, properties of the
six electronic excited states are determined by the NV center’s (3, symmetry and
spin-orbit and spin-spin interactions (shown in Figure 3.2a)[108]. Optical transitions

between the ground and excited states are spin preserving, but could change electronic
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orbital angular momentum depending on the photon polarization. Two of the excited
states, labeled |E,) and |E,) according to their orbital symmetry, correspond to the
ms = 0 spin projection. Therefore they couple only to the |0) ground state and
provide good cycling transitions, suitable for readout of the |0) state population
through fluorescence detection. The other four excited states are entangled states of

spin and orbital angular momentum. Specifically, the |A) state has the form

1

V2

where |EL) are orbital states with angular momentum projection +1 along the NV

[A2) = —=(IE-) [+1) + [E4) |=1)), (3.2)

axis. At the same time, the ground states (|0), |+1)) are associated with the orbital
state |Ey) with zero projection of angular momentum (for simplicity the spatial part
of the wavefunction is not explicitly written). Hence, due to total angular momentum
conservation, the |A;) state decays with equal probability to the |—1) ground state
through o polarized radiation and to |+1) through o_ polarized radiation.

The inevitable presence of a small strain field, characterized by the strain split-
ting (A;) of |E, ), reduces the NV center’s symmetry and shifts the energies of the
excited state levels according to their orbital wavefunctions. For moderate and high
strain, the excited states are separated into two branches and there is mixing between
levels[109]. In the upper branch, an energy gap protects |Ay) against low strain and
magnetic fields, preserving the polarization properties of its optical transitions. A
group theoretical analysis of the excited states and polarization properties of the
transitions is detailed in Section 2.3.

To ensure that |E,) is a good cycling transition and |A;) acts as an entanglement

generation transition as required for the current study, we select a NV center with
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Figure 3.2: Characterization of NV centers. a. Energy levels of the NV center
under strain. Solid lines are based on a theoretical model from [94] and dots are
data from seven NV centers. The dashed line indicates the NV center used in this
paper. b. Excitation spectrum of the NV center under CW microwave radiation. c.
Polarization properties of the |£1) — |Ay) transition in absorption. The system is
initially prepared in |[+1) (blue) or |[=1) (red). We then apply a laser pulse of varying
polarization to the |As) state while collecting fluorescence. Oscillations with visibility
77 £ 10% indicate that the transitions linking |£1) to |As) are circularly polarized
and mutually orthogonal (see Appendix A for details).
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relatively small strain splitting (As ~ 2 x 1.28 GHz). Figure 3.2b presents its excita-
tion spectrum, while Figure 3.2c demonstrates the desired polarization properties of

the |£1) < |As) transitions via resonant excitation.

3.3 Experimental demonstration of spin-photon en-

tanglement

We now turn to the experimental demonstration of spin-photon entanglement.
Our experimental setup is outlined in Figure 3.1b and described in Appendix A.
To create the entangled state, we use coherent emission within the narrow-band
zero phonon line (ZPL), which includes only 4% of the NV center’s total emission.
The remaining optical radiation occurs in the frequency shifted phonon side band
(PSB), which is accompanied by phonon emission that deteriorates the spin-photon
entanglement[89]. Isolating the weak ZPL emission presents a significant experimen-
tal challenge due to strong reflections of the resonant excitation pulse reaching the
detector. By exciting the NV center with a circularly polarized 2 ns 7 pulse that
is shorter than the emission timescale, we can use detection timing to separate re-
flection from fluorescence photons. A combination of confocal rejection, modulators,
and finite transmittivity of our optics suppresses the reflections sufficiently to clearly
detect the NV center’s ZPL emission in a 20 ns region (Figure 3.3).

For photon state determination, ZPL photons in either the |o4) or |H) = %(\JJF)—I—
lo_)), |V) = %(|a+> — |o_)) basis are selected by a polarization analysis stage and

detected after an optical path of ~ 2 m. Spin readout then occurs after a 0.5 us spin
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Figure 3.3: Experimental procedure for entanglement generation. a. After spin
polarization into |0), population is transfered to |+1) by a microwave 7 pulse (241).
The NV is excited to |Ag) with a 637.19 nm 7 pulse and the ZPL emission is collected.
b. If a 0, or o_ photon is detected, the population in |+1) or |—1) is transferred to
|0). If a |H) or |V) photon is detected, a 7 — 27 — 7 echo sequence (see Appendix A)
is applied with Q. and €_4, followed by a 7 pulse which transfers the population
in |M) (see text) to |0). c. The population in |0) is measured using the 637.20 nm
optical readout transition. d. Pulse sequence for the case where a |H) or |V) ZPL
photon is detected (time axis not to scale). If a o photon is detected instead, only
a 7 pulse on either €21 or €)_; is used for spin readout. Inset: Detection time of
ZPL channel photons showing reflection from diamond surface and subsequent NV
emission (blue) and background counts (purple).
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memory interval following photon detection by transferring population from either
the |4+1) states or from their appropriately chosen superposition into the |0) state
using microwave pulses €4;. The pulses selectively address the [0) < |£1) transi-
tions with resonant frequencies w, that differ by dw = w,; —w_ =122 MHz due to an
applied magnetic field. For superpositions of |+1) states an echo sequence is applied
before the state transfer to extend the spin coherence time (see Appendix A). The
transfer is followed by resonant excitation of the |0) < |E,) transition and collection
of the PSB fluorescence. We carefully calibrate the transferred population measured
in the |0) state using the procedure detailed in Appendix A.

Figure 3.4a shows the populations in the |4+1) states, measured conditionally on
the detection of a single circularly polarized ZPL photon. Excellent correlations
between the photon polarization and NV spin states are observed.

To complete the verification of entanglement, we now show that correlations per-
sist when ZPL photons are detected in a rotated polarization basis. Upon detection
of a linearly polarized |H) or |V') photon at time ¢4, the entangled state in Eq.3.1 is
projected to |+) = == (]4+1) &+ |—1)), respectively. These states subsequently evolve

in time (¢) according to

1 . .
)= (e e (1) | 41) d et |- 1) ). (3.3)

In order to read out the relative phase of superposition states between |+1) and |—1),
we use two resonant microwave fields with frequencies w; and w_ to coherently trans-

fer the state |M) (e*iw“‘/ [4-1) + eilw-t=(¢+—¢-)) |—1>) to |0) (see Figure3.3b),

- 1
V2

where the initial relative phase ¢, — ¢_ is set to the same value for each round of the
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Figure 3.4: Measurement of spin-photon correlations in two bases. a. Conditional
probability of measuring |£1) after the detection of a o+ or o— photon. b. Condi-
tional probability of measuring |£) after the detection of a H or V' photon, extracted
from a fit to data shown in (c¢) and (d). c&d. Measured conditional probability of
finding the electronic spin in the state | M) after detection of a V' (c) or H (d) photon
at time ¢4. Blue shaded region is the 68% confidence interval for the fit (solid line) to
the time-binned data (see Appendix A). Errors on data points are one STD. Com-
bined with the data shown in Figure 3.4(a), oscillations with amplitude outside of
the yellow regions result in fidelities greater than 0.5. The visibility of the measured
oscillations are 0.59 4+ 0.18 (c¢) and 0.60 £ 0.11 (d).
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experiment. Thus, the conditional probability of measuring the state | M) is

1+ cosa(ty)

5 , (3.4)

puiay (ta) =

where a (t4) = (wy —w_)tq+ (¢4 — ¢—). Eq. 3.4 indicates that the two conditional
probabilities should oscillate with a 7 phase difference as a function of the photon
detection time t;. This can be understood as follows. In the presence of Zeeman
splitting (dw # 0) the NV center’s spin state is entangled with both the polarization
and frequency of the emitted photon. The photon’s frequency provides which-path
information about its decay. In the spirit of quantum eraser techniques, the detection
of |H) or |V) at t; with high time resolution (~ 300 ps < 1/0w) erases the frequency
information[38, 32]. When the initial relative phase between the microwave fields €4,
is kept constant, the acquired phase difference (w; —w_)t, gives rise to oscillations in
the conditional probability and produces an effect equivalent to varying the relative
phase in the measured superposition, allowing us to verify the coherence of the spin-
photon entangled state.

The detection times of ZPL photons are recorded during the experiment without
any time gating, which allows us to study spin-photon correlations without reducing
the count rate. The resulting data are analyzed in two different ways. First, we time-
bin the data and use it to evaluate the conditional probabilities of measuring spin state
|M) as a function of |H) or |V') photon detection time (Figures3.4c,d). Off-diagonal
elements of the spin-photon density matrix are evaluated from a simultaneous fit
to the binned data (see Appendix A). The time bins are chosen to minimize fit
uncertainty as described in Appendix A. The resulting conditional probabilities are

used to evaluate a lower bound on the entanglement fidelity of F' > 0.69 + 0.068,
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above the classical limit of 0.5, indicating the preparation of an entangled state.

We further reinforce our analysis using the method of maximum likelihood esti-
mate. As described in Appendix A, this method is applied to raw, un-binned ZPL
photon detection and spin measurement data and yields a probability distribution of
a lower bound on the fidelity. Consistent with the time-binned approach, we find that
our data are described by a near Gaussian probability distribution associated with
a fidelity of F' > 0.70 £ 0.070 (see Figure A.6.2 in Appendix A). Significantly, the
cumulative probability distribution directly shows that the measured lower bound on
the fidelity is above the classical limit with a probability of 99.7 %.

Several experimental imperfections reduce the observed entanglement fidelity.
First, the measured strain and magnetic field slightly mixes |As) state with the other
excited states. Based on Figure 3.2b, we estimate that |Ay) state imperfection and
photon depolarization in the setup together reduce the fidelity by 12 %, the latter
being the dominant effect. Imperfections in readout and echo microwave pulses de-
crease the fidelity by 3 %. Other error sources include finite signal to noise in the
ZPL channel (fidelity decrease 11 %), as well as timing jitter (another 4 %). The
resulting expected fidelity (73 %) is consistent with our experimental observations.
Finally, the entanglement generation succeeds with probability p ~ 107%, which is
limited by low collection and detection efficiency as well as the small probability of

ZPL emission.
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3.4 Conclusions and outlook

Entanglement of pairs of remote quantum registers is one important potential
application of the technique described in this Letter[19]. This can be done by coin-
cidence measurements on a pair of photons emitted by two remote NV centers. The

key figure of merit for such an entanglement operation over a distance L is propor-

tional to p? sz’ where v ~ 27 x 15 MHz is the spontaneous decay rate of the NV

I+
center, 7 = L/c is the photon travel time, and 7" is the memory lifetime. A large
figure of merit is critical for applications such as quantum repeaters and entangle-
ment purification protocols. The 0.5 ps spin memory interval in our experiments can
be extended to several hundred microseconds using spin echo techniques. Further-
more, by mapping the electronic spin state onto proximal nuclei, 7' can be extended
to hundreds of milliseconds[72]. The key limitation in attaining a large figure of
merit is low p. It can be circumvented if optical cavities are utilized, which simul-
taneously enhances emission into the ZPL and improves collection efficiency through
integration with appropriate waveguides. For example, by using a photonic crystal

nanocavity[110, 111, 112], the potential rate for spin-spin entanglement generation

can be about a MHz for 7 < 1/4 and a few Hz for 7 corresponding to L ~ 100

2 T

T > 1. Beyond this specific application, our ability to control

km, resulting in p
interactions between NV centers and quantum light fields demonstrate that quantum
optical techniques, such as all-optical spin control, nonlocal entanglement[19] and
photon storage[42], can be implemented using long-lived solid-state qubits, paving

the way for a wide variety of potential applications in quantum optics and quantum

information science.
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Quantum interference of single
photons from remote
nitrogen-vacancy centers in

diamond

4.1 Introduction

The interference of two identical photons impinging on a beamsplitter leads to
perfect coalescence where both photons leave through the same output port. This
fundamental effect, known as Hong-Ou-Mandel (HOM) interference [41], is a con-
sequence of bosonic statistics for indistinguishable particles. HOM interference has
been demonstrated using single photon pairs from parametric down-conversion [113]

and delayed photons from a single photon source [114, 115, 116]. HOM interference

64
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has recently drawn attention as a resource for entanglement generation between dis-
tinct single-photon emitters and for quantum information science. The effect has
been observed for photons emitted by pairs of atoms [117] and trapped ions [118],
and has been used for entanglement generation of remote trapped ions [19]. While
isolated atoms and ions, which are nominally identical, are a natural source of in-
distinguishable photons, extending these ideas to condensed matter systems can be
challenging since two solid-state emitters are generally distinguishible by effects of
their different local environments. This chapter demonstrates quantum interference
of two photons produced by nitrogen-vacancy (NV) impurities in distinct diamond
samples separated by two meters. Complementing the recent work involving other
material systems [119, 120, 121], the present solid-state realization is particularly sig-
nificant, since electronic and nuclear spins associated with NV centers can be used as
a robust solid-state qubit memory, yielding potential scalable architectures for quan-
tum networks [40, 72]. Specifically, in combination with a recent demonstration of
spin-photon entanglement [122], the present work paves the way for entanglement
generation between remote solid state qubits.

Unlike those associated with atoms in free space, the optical properties of NV
centers embedded in a solid state vary substantially from emitter to emitter, espe-
cially in distinct samples. This variation is due to the small perturbations in local
environment of NV centers and, in particular, due to the local strain. Furthermore,
coincidence experiments are limited by the efficiency with which one can collect emis-
sion from a single quantum emitter. While a wide variety of approaches are currently

being explored to enhance the collection efficiency [123, 124, 125, 126], we here uti-
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Figure 4.1: Schematic of the apparatus. Two diamond SILs are housed in continuous
helium flow cryostats 2 m apart. Each SIL is addressed by a separate confocal mi-
croscopy setup, which includes an arm for excitation at 532 nm, a collection arm for
the phonon sideband (PSB), and a collection arm for the zero-phonon line (ZPL). The
ZPL collection arm is coupled through a half-wave plate (HWP) into a polarization-
maintaining optical fiber, which is integrated into a 50:50 fiber beamsplitter. The two
beamsplitter output arms are connected to a pair of avalanche photodiodes (APDs),
completing the Hanbury Brown and Twiss detection setup. An excitation laser at
637 nm is connected in place of ZPL APD 2 to acquire the absorption scan spec-
tra. Electrodes for electric field tuning are installed in one cryostat. The inset shows
a simplified level structure, including non-resonant excitation into the excited state
PSB at 532 nm, emission into the ground state PSB, and resonant excitation and
emission into the ZPL at 637 nm.

lize solid immersion lenses (SILs) fabricated from bulk diamond [127] to facilitate
the efficient collection of narrowband photons with identical properties from distant
diamond samples. the SILs improve the collection efficiency in the relevant frequency
range by an order of magnitude by minimizing total internal reflection at the air-
diamond interface due to the high refractive index (nq = 2.4) of the diamond host.
Very recently, microfabricated SILs have been used to observe HOM interference from

two NV centers separated by roughly 20 um on the same diamond chip [128§].
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In our experiment, we use two 1.0-mm diameter SILs that are fabricated from bulk
electronic grade diamond and cut along the (100) crystal plane. The SILs are placed
in continuous flow helium cryostats that are separated by two meters, as shown in
Fig. 4.1. By performing resonant excitation with an external-cavity diode laser at 637
nm, linewidths in the range of 50-250 MHz were obtained for individual transitions
of NV centers in both SILs. These are comparable to narrowest linewidths observed

in both synthetic and natural bulk diamond samples.

4.2 Identical photons from two NV centers

To obtain spectrally identical photons from two NV centers, the NV centers need
to have transitions that are spectrally overlapping, and the emission from these in-
dividual transitions for each NV needs to be isolated. By performing simultaneous
absorption scans on NV centers in the two SILs with a single laser, we can directly
measure the relative detuning of their optical transitions. In our experimental se-
quence we use a 5 us pulse of green light to initialize the NV center into the |m, = 0)
electronic spin sublevel (|0)). Therefore, the resonant laser only excites the transi-
tions to the |E) or |Ey) states, as shown in inset of Fig. 4.1 [83, 88]. We select a
pair of NV centers such that either transition in one is nearly resonant with either
transition in the other.

For the HOM measurement, we want to collect emission only from the selected
pair of resonant transitions and filter emission from the other non-resonant transitions.
Since green excitation polarizes the NV center into the |0) state, only the |0) < |Ey)

and |0) < |Ey) transitions need to be considered [79, 28]. The linear and orthogonal
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polarization selection rules of the |0) < |Es) and |0) < |Ey) transitions allow us to
select the emission from one of these transitions by inserting linear polarizers into
the ZPL collection arms and setting the Objective HWPs, shown in Fig. 4.1, to the
correct angles [78, 80, 89]. Because the ZPL collection used to measure the HOM
interference and the resonant excitation used to perform the absorption scans follow
the same optical path, we can use the absorption scans to set the correct polarization
angle for the ZPL collection. Therefore, we can selectively collect photons emitted
from the desired transitions under non-resonant excitation with green light.

We next demonstrate control over the optical properties of NV pairs to compen-
sate for strain-induced spectral inhomogeneities. We make use of the DC Stark effect
to actively tune the selected transitions into resonance [93, 95]. Electric fields per-
pendicular to the NV axis vary the splitting between |Ey) and |E, ) states and parallel
fields shift both transitions together, as shown in the inset of Fig. 4.1. This allows
complete control over the optical transition frequencies [83, 95]. In order to apply
the desired electric field, we deposited four electrodes, comprised of 40 nm Au on a
Cr sticking layer, on silicon in one of the setups. The gate geometry is shown in Fig.
4.2(a). We applied a bias voltage, V,pp, on one of the electrodes while keeping the
other three grounded. In Fig. 4.2(b), the |0) < |E) transition of NV1 (blue) is tuned
across the |0) < |Ex) transition of NV2 (red) by varying the applied voltage V,p, from
-30 V to 50 V. At V,,, = —2.9 V, shown in Fig. 4.2(c), the detuning between the
two transitions is reduced to 25 MHz from an initial value of 270 MHz. We measured
linewidths of 8 MHz for NV1, which was tuned, and 217 MHz for NV2, which was

not tuned. Similarly, we did not observe a systematic change of the linewidths with
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Figure 4.2: Electric field tuning of optical transitions. (a) Four Cr/Au gates deposited
on silicon. The central gap has a diameter of 150 um. In this experiment, only one
of the gate voltages was swept while the others were kept grounded. (b) Absorption
scans for different applied gate voltages. The gate voltage V,p, is varied from -30 to
50 V for NV1. The |0) < |E,) transition of NV1 (blue) is tuned across the |0) < |Ey)
transition of NV2 (red). For different V,,,, absorption scan plots are offset by 0.1
for clarity. (c) Linewidth measurement under electric field tuning. On resonance, the
measured linewidths are 85 +2 MHz for NV1 (blue) and 217+ 4 MHz for NV2 (red).
The detuning of the optical transitions in two samples is 25 + 2 MHz. (d) Linewidth
measurement, for the NV centers used for the HOM measurement. The measured
linewidths are 88 +£3 MHz (green) and 106 + 4 MHz (orange), and the detuning is
93 4+ 10 MHz without electric field tuning.
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applied external fields in several other NV centers.

While electric field tuning will be a key feature of future experiments that use
resonant excitation (see later), it limits the duty cycle when used in combination
with green excitation. Here, the green excitation ionizes charge traps in the diamond
lattice [95], and these charge dynamics limit the duty cycle during which we can collect
fluorescence at the tuned frequency to half. For this reason, we selected NV centers
for the HOM measurement whose transitions, shown in Fig. 4.2(d), are inherently
detuned by 93 + 10 MHz with linewidths of 88 + 3 MHz and 106 £ 4 MHz, which
eliminates the need for electric field tuning and allows us to run the experiment at
twice the duty cycle. To confirm that we are addressing single-photon emitters in
each SIL, we infer the normalized, second-order autocorrelation function ggS)B(T) in a
standard Hanbury Brown and Twiss setup by splitting the PSB emission in a 50:50

(2)

beamsplitter. We expect gpgp(0) = 0 for an ideal single-photon source, and the

single-photon nature of the emission is confirmed in Figs. 4.3(a,b).

4.3 Demonstration of HOM interference from two

NV centers

To observe HOM interference we apply CW excitation at 532 nm to the two NV
centers whose single emitter autocorrelation functions are shown in Figs. 4.3(a,b). To
ensure that the emission from the two NV centers is indistinguishable in frequency, we
first spectrally filter the ZPL emission from each NV center and then use polarizers, as

described above, to collect only the emission from the selected transition in each NV



Chapter 4: Quantum interference of single photons from remote nitrogen-vacancy
centers in diamond 71

-100 0" 100 200 300 400

- 10 -5 0 5 10
T (ns)

Figure 4.3: (a,b) Single emitter second-order autocorrelation functions, gl(:,QS?B<T), of the
PSB emission, inferred for the two NV centers used for the HOM measurement. (c,d)
Demonstration of HOM interference from remote NV centers in the (c) distinguishable
case and (d) indistinguishable case. The dashed lines indicate the limit expected from
independent distinguishable single photon sources at 7 = 0. Solid lines are a fit to
the data based on the model described in the text. Error bars are estimated based on
shot noise. The data is recorded with 64 ps bins, but for presentation has been binned
to 192 ps for |7| < 10 ns and 3.84 ns bins for |7| > 10 ns. The data is independently
analyzed for both 64 ps bins, and 192 ps bins and the parameter estimates for the
fits are in very good agreement.
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center. The filtered emission from each NV center is sent to an individual input port
of a polarization-maintaining fiber-based beamsplitter. We balance the emission by
adjusting the green excitation intensity for each NV center independently to obtain
1100 counts per second (cps) per emitter at each output port of the beamsplitter. An
additional half wave plate in one setup is used to adjust the polarization matching of
the photons at the beamsplitter. The output ports of the beamsplitter are connected
to single photon detectors with timing resolution below 100 ps. The cross-correlation
between these detectors is evaluated using a Time-Correlated Single Photon Counting
Module with a resolution of 64 ps.

We use the approach described in [119] to analyze the interference data presented
in Figs. 4.3(c,d). The expected form of the two-emitter cross-correlation function,
g (1), is determined by the autocorrelation functions g§?§B (7) of the individual emit-
ters, the signal-to-noise ratio, and the degree of distinguishability of photons emitted
by the two NV centers. We fix most parameters in our model using independent
measurements, as described below, and fit for the visibility of the HOM interference.
This visibility, which is extracted from the value of ¢‘®(0), is a measure of the in-
distinguishability of the photon pairs. When the photons are distinguishable and
the light intensity in both arms is balanced, the correlation measurement will yield
g?(0) = 0.5. Ideally, g (0) = 0 for a pair of indistinguishable photons, but the
minimal observable ¢(?(0) value increases in the presence of experimental noise, as
described below. Nonetheless, a measurement of ¢ (0) < 0.5 indicates quantum
interference between the two single photon sources.

Figures 4.3(c,d) shows ¢®(0) for two different settings of the HWP angle. In
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Fig. 4.3(c), the angle is selected such that the emissions from the two NV centers are
distinguished by their polarization, yielding g(f)(()) = 0.524+0.04. In Fig. 4.3(d), the
photons are indistinguishable when their polarizations are parallel, yielding g|(‘2)(0) =
0.34 + 0.04. In terms of the visibility of the HOM interference, defined as n =
g (0) —g‘(|2)(0)]/g(f)(0), we find n = 354+9%. This clearly demonstrate the quantum
interference between photons emitted by two NV centers separated by 2 m.

We next turn to the detailed discussion of our experimental observations. We
must consider the sources of noise that will cause our result to deviate from the
ideal case g‘(|2)(0) = 0. The APD dark counts and fluorescence background from our
samples will lead to coincidence events, independent of the emission from the NV
centers. Background light and the dark counts of our detectors contribute 80 cps out
of the total 1100 cps signal, raising g‘(|2)(0) to 0.14. Because the NV center spin is
not perfectly polarized under green illumination [28], we expect to collect emission
from other transitions (e.g. |As) to |ms = £1)); since this emission is assumed to
be circularly polarized, it is only partially filtered by the polarizer. Emission from
other transitions at different frequencies raises the value of g|(‘2) (0) by 0.07. Finally the
polarization-maintaining beamsplitters introduce rotations to the polarization of the
emission, which increases the distinguishability of the two photons. This contribution
raises the gﬁQ) (0) value by another 0.07. Considering these factors, we expect experi-
mental imperfections to raise g‘(‘z)(()) value to 0.29, which is in a very good agreement
with our experimental observations.

The behavior of the measured gﬁZ) (1) for 7 longer than 1/, where ~ is the in-

verse lifetime of the emitter, is determined by the autocorrelation functions for the
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individual emitters. The behavior of the individual autocorrelation functions for NV
centers are determined by the dynamics associated with optical pumping with the
532 nm laser and the decay into and out of the (dark) metastable singlet [57]. The
parameters that describe this behavior depend on the optical pumping rate as well as
branching ratios of individual NV centers. For the data shown in Figs. 4.3(c,d), this
behavior is fit separately for the distinguishable and indistinguishable cases to the
same model used to fit the individual autocorrelation functions [57]. The parameters
extracted are on the order of those measured for Figs. 4.3(a,b). The small difference
between the parameters of Figs. 4.3(a,b) and Figs. 4.3(c,d) can be explained by drifts
in laser intensity and focal spot position during the longer integration time used for
the datasets shown in Figs. 4.3(c,d).

The HOM interference only occurs within a window around 7 = 0 whose width
is determined by the bandwidth of the photons emitted from each NV center. In our
model, we assume that the emission from the two NV centers is radiatively broadened
with bandwidth ~ ~, and that the center frequencies of the emitted photons are
random and different for subsequent emissions. We assume the distribution of the
center frequencies is given by the Lorentzian profile that we fit to the absorption
spectra shown in Fig. 4.2. Thus the expected average g|(|2)(7') curve has a 1/e fullwidth

of 2.4 ns. We find that the estimated width agrees with our measured data.

4.4 Conclusions and outlook

In summary, we have demonstrated the generation of indistinguishable pairs of

photons from two spatially separated NV centers. Combined with the recent demon-
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stration of entanglement between the electronic spin of an NV center and the polar-
ization of a photon [122], our work paves the way for optically mediated generation of
entanglement between remote solid state quantum registers. The techniques demon-
strated here have yielded improved collection efficiency, control of the NV centers’
optical transition frequencies via electric field tuning, and the ability to operate two
independent setups simultaneously over three days of continuous data acquisition.
The important figure of merit for an entanglement experiment is the time required to
generate an entangled pair with fidelity greater than 50%. Considering the resonant
excitation scheme used in [122], and noting that it will likely result in stable, near
transform-limited optical linewidths, we find that one entangled spin pair can be cre-
ated within 12.5 seconds. Improved photon collection techniques that are currently
being developed [129] have the potential to increase this generation rate dramatically.
Even with the currently estimated rates, though, the exceptionally long nuclear spin
memory times of NV centers enable the use of such systems for the realization of

solid-state, multi-node quantum networks.



Chapter 5

Laser cooling and real-time
measurement of nuclear spin

environment of a solid-state qubit

5.1 Introduction

Optical cooling, continuous observation of quantum systems, and feedback control
are of fundamental importance for achieving this goal. Coherent population trapping
(CPT) is a textbook example of a quantum optical technique that is used to ma-
nipulate isolated atomic and molecular systems[6]. Over the past two decades, CPT
has been employed for laser cooling of neutral atoms and ions[43], creation of ultra-
cold molecules[44], optical magnetometry[45, 46], and atomic clocks[47], as well as
for slowing and stopping light pulses[42]. The electronic spin of the NV center is a

promising system for extending these techniques to the solid state. The NV center
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has a long-lived spin triplet as its electronic ground state[79], whose ms; = £1,0 sub-
levels are denoted as |+1) and |0). In pure samples, the electron spin dynamics are
governed by interactions with the spin-1 N nucleus of the NV center and spin—1/2
13C nuclei present in 1.1 % natural abundance in the diamond lattice (Fig. 5.1a).
Control over nuclear spins[72, 130] is of interest for both fundamental studies and for
applications such as nanoscale magnetic sensing [54, 53] and realization of quantum
networks[40, 122]. Here we achieve such control via two complimentary methods:
effective cooling of nuclear spins through nuclear state selective CPT[48] and con-
ditional preparation based on fast measurements of the nuclear environment and
subsequent post-selection[51].

While most prior work involved the use of microwave and RF fields for manip-
ulating both the electronic and nuclear spin states, we utilize all-optical control of
the electronic spin[92, 131, 132]. Specifically, we make use of A-type level config-
urations involving the NV center’s |A;) and |As) optically excited electronic states
and the |£1) ground states (Fig. 5.1a)[122, 83]. At low temperatures (<10 K) and
in the limit of zero strain, |A;) and |Ay) are entangled states of spin and orbital
momentum coupled to the |[+1) (|—1)) state with o_ (o+) circularly polarized light.
Correspondingly, excitation with linearly polarized light drives the NV center into a
so-called dark superposition state when the two-photon detuning is zero[6]. In the
present case the two-photon detuning is determined by the Zeeman splitting between
the |£1) states due to the combined effect of the Overhauser field originating from
the nuclear spin environment and any externally applied magnetic field[48, 50]. When

the external field exactly compensates the Overhauser field, the electronic spin of the
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NV center is pumped into the dark state after a few optical cycles and remains in
the dark state, resulting in vanishing fluorescence. This is the essence of the dark

resonances and CPT.

5.2 Coherent population trapping with NV cen-
ters

In our experiments, the |A;) and |Ay) states are separated by approximately 3
GHz and are addressed individually with a single linearly polarized laser at near zero
magnetic field. Since there is a finite branching ratio from the m, = +1 manifold of
the electron spin into the |0) state, we use a recycling laser that drives the transition
between |0) and the |E,) excited state, which decays with a small but non-vanishing
probability (~ 1072) back to the |+1) states. Figure 5.1b presents experimental
observation of the CPT spectrum as a function of an external magnetic field at three
different powers of a laser tuned to the |+1) — |As) transition. While a broad
resonance is observed at high power levels, as the power is reduced, we clearly resolve
three features in the spectrum separated by 4.4 MHz, which is two times the hyperfine
splitting between three N nuclear spin states. This separation corresponds to the
magnetic field required to bring the electronic my = +1 hyperfine states with equal
nuclear spin projection (m; = £+1,0) into two-photon resonance.

The dependance of the CPT resonance width upon the laser power, shown in
Figure 5.1c, reveals an important role played by repumping on the near-cycling |0) <

|E,) transition. In contrast to a conventional, closed three-level system, this recycling
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Figure 5.1: Coherent population trapping in NV centers a. The A-type transitions
between the ground states |£1) and excited states |A;2) of a single NV center are
addressed with a CPT laser, while a recycling laser drives the |0) to |E),) transition.
An external magnetic field is applied using a solenoid. b. Photon counts from NVa
in a 300 ps window are plotted versus the applied field for 10 yW (blue), 3 uW
(red), and 0.1 uW (yellow) of laser power addressing the |As) state. Blue and red
datasets are shifted vertically by 5 and 2 counts for clarity. c¢. Width of individual
YN CPT lines versus CPT laser power when the |A;) (blue) or |Ay) (red) state is
used. Errorbars in all figures show +1 s.d. Solid curves represent theoretical model
discussed in the main text and Appendix B.
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transition can be used to enhance the utility of our CPT system by both decreasing
the width of the CPT resonance and increasing the signal to noise ratio. The |A;)
state decays into the my, = 0 ground state through the singlet with a substantial
probability of ~ 40% (see Appendix B). However, the population is returned back
into the my = £1 state from |E,) only after ~ 100 optical excitation cycles. As a
result, away from the two-photon resonance, the NV quickly decays to the |0) state
after being excited, where it then scatters many photons through the |0) < |E,)
cycling transition before returning to the A system. If the NV center is not in a
dark state, this process effectively increases the number of photons we collect by
2/ = Ys1/Vee, Where 7. is the cross transition rate from |E,) into |£1) and v, is
the rate from |A;) to the singlet. The cycling effect also reduces the width of the
CPT line since the |0) < |E,) transition is quickly saturated away from two-photon
resonance, provided that the CPT laser excitation rate exceeds the leakage rate out
of recycling transition. Significantly, both of these effects lead to improved sensitivity
of dark resonances to small changes in two-photon detuning.

To demonstrate this effect, the widths of dark resonances observed via excitation
of |A;) and |Ay) are compared in Figure 5.1c. Through an independent measurement
of the branching ratios (see Appendix B), we determined that ‘A1(2)> corresponds to
an open (nearly closed) A system with 74, ~ 3.1 X 1072 (94, ~ 2.6). These experi-

mental results are compared with a theoretical model described in Appendix B, which

predicts that the resonance linewidth d is given by dp = \/ R%/ {1 + % (}% + 2}%)} ~

\/ RaRgny/(Rg + ) for small n, where R4 corresponds to the optical excitation

rate by a laser tuned to the A(FE) state and v is the decay rate of excited states.
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The width at low powers is determined by the random magnetic field associated with
surrounding *C nuclear states. When this line broadening mechanism is taken into
account (see Appendix B), the experimental results are in excellent agreement with
these predictions, plotted as solid lines, showing that a high degree of optical control

over the electronic spins of NV center can be achieved.

5.3 Optical cooling and conditional preparation of

N nuclear spin states

Having resolved the hyperfine coupling between the NV electron and N spins, we
now demonstrate optical cooling of the nuclear spin states using dark resonances. This
method, illustrated in Figure 5.2a, is reminiscent of laser cooling of atomic motion via
velocity-selective CPT[43, 48]. A redistribution of the N spin state population upon
optical excitation takes place because the hyperfine coupling in the excited electronic
state of the NV center is enhanced by a factor of ~ 20 compared to the ground
state[77]. If the external field is set such that, for example, the m; = 0 hyperfine states
are in two photon resonance, only the states with nuclear configuration m; = +1 will
be promoted to the excited states, where flip-flops with the electron spin will change
the nuclear spin state to m; = 0. When the NV center spontaneously decays into the
dark superposition of electronic spin states, optical excitation will cease, resulting in
effective polarization (cooling) of nuclear spin into m; = 0 state.

Figure 5.2c presents experimental observation of laser cooling of N nuclear spin

via CPT. For each point, the pulse sequence shown in Figure 5.2b is applied, where
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Figure 5.2: Optical control and conditional preparation of the proximal *N nuclear
spin. a. Mechanism for optical pumping of “N states. b. Pulse sequence for
N optical pumping using |A4;) laser and a fixed readout of the prepared state us-
ing |As) laser. To ensure that the NV was not ionized for all subsequent data runs,
we turn on all three lasers at the end of each run so that there is no dark state
and only keep data from runs where we obtain a high number of counts during this
verification step. c. Counts collected with NVa during the readout step versus the
readout magnetic field for no preparation step (blue) and preparation with optical
pumping using 100 nW of A; laser power for 1.9 ms (red). Yellow curve shows the re-
sults of '*N polarization via measurement based preparation by selecting the readout
events in which the number of counts collected during the last 500 us of preparation
is zero (see Section B.4.2). d. Steady-state population in the m; = 0 state after
optical pumping for varying powers of A; laser, with theoretical model described in
Appendix B (solid line).
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the magnetic field By, is kept at 0 during the preparation/optical pumping process,
while fluorescence is collected when the field is switched to a particular value of Brg.
The increased contrast of the m; = 0 CPT line relative to the other two corresponds
to a nuclear spin polarization of 61.5+4.4%. As shown in Figure 5.2d, by optimizing
the power of the A; laser, we achieve a maximum nuclear polarization of 76.4 £ 4.4%
within a timescale of 353 4+ 34 us. The degree of polarization is likely limited by the
escape rate out of the dark state due to off-resonant excitation of the A, state and
dephasing caused by surrounding *C nuclei. A simple theoretical model taking into
account these two processes and using independently measured parameters (solid line
in Fig. 5.2d) reproduces the qualitative features of our experimental results.

We can further improve preparation of the *N nuclear spin in a desired state via
measurement and post-selection, as predicted by theoretical proposals[50, 51, 133].
Specifically, the observation of zero photodetection events during the preparation step
at Bprep = 0 measures the 1N to be in the m; = 0 state. For instances where such a
measurement result is obtained, the nuclear spin populations are subsequently probed
and shown in the bottom plot of Figure 5.2c. The resulting 4N polarization of greater
than 92 + 6% demonstrates that high-fidelity conditional preparation of nuclear spins

is possible.
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5.4 Observation of instantenous Overhauser field

from the °C spin bath

While the *N nuclear spin transitions can be spectroscopically resolved and ma-
nipulated individually, we next extend our technique to control the many-body en-
vironment of the NV center, consisting of *C nuclei distributed throughout the di-
amond lattice. The large number of nuclear spin configurations associated with an
unpolarized environment results in a random Overhasuer field (B,,) with unresolved
hyperfine lines. It produces a finite CPT linewidth in measurements that average
over all configurations of the C spin bath (Figure 5.1b, c).

We now describe how this limitation can be circumvented using fast measurements.
The key idea of our approach is to make use of the long correlation time (77¢)
associated with evolution of the nuclear bath to observe its instantaneous state and its
dynamics. Such a fast measurement is illustrated in Figure 5.3a, where the externally
applied field is ramped across a single N m; = 0 line while the CPT lasers are on.
The yellow curve in Fig. 5.3c shows the lineshape averaged over many experimental
runs. At the same time, the intensity plot in Fig. 5.3b shows counts collected in 80 us
time bins during successive individual runs, many of which distinctly show a narrow
dark region. Lorentzian fits to selected experimental scans (blue and red curves in
Fig. 5.3c) reveal “instantaneous” CPT resonances with linewidths that are over a
factor three less than those of the averaged measurement. The motion of the dark
line centers (green dots in Figure 5.3b) indicates that the instantaneous field evolves

in time.



Chapter 5: Laser cooling and real-time measurement of nuclear spin environment of
a solid-state qubit 85

a d

Autocorrelation
Green | |
A, ] | 7,=350 pus
E, _ L
Counter ] | 1,=8.4 ms

Magnetic
g — L
b 0 C Time (ms)

Counts per 160 us window

Py
£
en
=)
£ =
g
on
]
e
g
9
9]
$
2.7 5 -
) 2guB (MHz) 2gusB (MHz)

Figure 5.3: Observation of instantaneous Overhauser field from the 3C spin bath.
a. Pulse sequence for real-time measurement of the 3C nuclear configuration. The
applied magnetic field is ramped over a single "N CPT line over 5 ms while counts are
collected in 80 us bins. b. Counts from 200 successive runs are shown on horizontal
lines for NVb. Runs where the verification step fails are blacked out. The centers of
a constrained Lorentzian fits (Appendix B section 7) to individual runs are indicated
with a green dot. c. Two such individual runs are shown with their fits (red and blue),
along with an average of scans that passed verification (yellow). d. Autocorrelation
of counts with magnetic field fixed at the m; = 1 N line. Fit is to a bi-exponential
decay.
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In order to provide more quantitative insight into the dynamics of the nuclear
environment, we record the fluorescence counts at a fixed value of the external mag-
netic field with 80 wus time resolution during 50 ms time intervals. The resulting
autocorrelation of photon detection events, shown in Fig. 5.3d, clearly reveals two
distinct time scales corresponding to 71 = 350 & 30 us, consistent with *N nuclear
spin polarization timescale, and 7 = 8.40 4 0.20 ms. Most significantly, since we can
detect dark states of the NV center within 80 us , these results clearly indicate that

reliable measurements of the Overhauser field is possible within its correlation time.

5.5 Measurement-based preparation of *C spin bath

We now demonstrate how fast measurements can be used to conditionally prepare
the 13C environment of the NV center in a desired state with post-selection. We record
counts accumulated during both the preparation and readout stages with relatively
low power using the sequence shown in Figure 5.4a. Similar to measurement-based
preparation of the N spin, by conditionally selecting zero photon detection events
during preparation step, we can select the states of the *C environment with vanish-
ing two photon detuning 0 = 2¢5(Bprep + Boy) = 0, where pp is the Bohr magneton.
The red curve in Figure 5.4b shows (unconditioned) readout counts recorded follow-
ing the preparation step, while the blue curve shows the result of measurement-based
preparation. The measured width of such a conditionally prepared distribution is sig-
nificantly smaller than the width corresponding to individual 1*N resonances obtained
without preparation. We find that while this width depends on Bi,.p, the position

of the narrow feature follows By,p, indicating that we can conditionally prepare the
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13C environment via post-selection in a configuration of our choice (Fig. ramp2).
The prepared configurations appear to be long-lived both in the dark (> 6 ms,
Figure B.9) and in the presence of laser light, consistent with autocorrelation mea-

surements (7o = 8.4 ms, Fig. 5.3d).
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Figure 5.4: Measurement-based preparation of *C spin bath. a. Pulse sequence
for preparation and subsequent measurement of the 3C configuration. B, is set
within the central N line while Bgro is varied to cover all associated *C states. A
preceding green laser pulse and N optical pumping step with the Ay and E, lasers
are not shown. Counts during a conditioning window of length Teong (7cona) at the
end of preparation and the readout window (ngo) are recorded for each run. Data
presented is an average of many such experimental runs. b. ngro for NVb versus Bgro
is shown in red with double Lorentzian fit. The same dataset analyzed by keeping only
events with neong = 0 is shown in blue. Unprepared 3C distribution from Fig. 5.3
is shown in black for comparison (shifted by 4.3 counts for clarity). c. Physics of
conditional preparation via measurement. d. Amplitude of broad (blue) and narrow
(red) distributions versus Teong for NVb. The same dataset was used for each point
while the length of the conditioning window was changed in post-processing. e. Width
of measured '*C distribution with (blue) and without (red) conditional preparation
versus A; laser power for NVa. Solid lines are theoretical predictions for the readout
linewidth §y (blue) and CPT linewidth for the unprepared 3C distribution, same as
in Fig. 5.1c (red).

We now discuss the experimental results and explore the limits of our ability to
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probe and prepare the '*C environment.

We consider the situation in which the NV center is continuously monitored for
a time T.,,q. The average number of photons detected during preparation is given
by 7(8)Teona, Where the photon detection rate n(§) = C§2/(62 + 6%) is related to
the instantaneous value of the Overhauser field through the two photon detuning
d (Fig. 4c). The nuclear state probability distribution directly after preparation
by conditioning upon obtaining zero counts is P (d|n = 0), which can be related
to the conditional probability of a zero count event P (n = 0]6) by P (6|n =0) =
P(n=0|0)P()/P(n = 0), where P(n), P(d) are unconditional distributions. For
a Poisson distributed random process of photon counts, we find that P (6| n = 0) ~
exp(—CToong X 02/(02 + 6%)) x P(5). As Tiona increases, the range of ¢ for which
we obtain n = 0 counts due to the existence of a dark state becomes small. At the
same time, for large §, we expect the average number of counts to be high, while
the probability of detecting n = 0 counts due to shot noise is small. This effectively
reduces the width of the conditionally prepared nuclear spin distribution.

As illustrated in Fig. 5.4c, conditional measurement prepares an Overhauser field
distribution that consists of the broad unconditioned distribution suppressed by
exp(—CTyona) and a narrow peak with a width 6, = vIn20y/v/CTeona, where C
is the fluorescence rate of the bright state and Ti,,q is the measurement time. The
readout step itself has a “resolution” determined by the dark resonance linewidth dy.
The observed features represent a convolution of the dark resonance probe with the
conditionally prepared distribution. For the conditional preparation to be effective,

we require that CT,,,q > 1, and therefore §. < dgy, indicating that the measured
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CPT linewidth will be limited by the readout step. Experimentally, we find that our
measured lineshapes can be well fitted with the combination of a narrow and a broad
Lorentzian distribution whose width and position are mostly independent of photo-
detection time Tionq. However, as Teo,q is increased, the relative weight of the narrow
distribution increases (Figure 5.4d). This is consistent with the theoretical prediction
that the readout-limited narrow resonance width does not depend on T.,.q, while
better discrimination in conditional measurements increases the probability that the
nuclear spin state is in the narrow distribution.

Interestingly, we find that even without conditioning (red line Figure 5.4b), a
narrow distribution of nuclear spin configurations around B, is prepared. This
modification of the nuclear distribution is a result of CPT-based laser cooling of the
13C bath, consistent with the predictions of Reference [48]. The specific physical
mechanism of such cooling likely involves electronic spin dependent evolution of the
13C nuclei, and will be discussed in detail in future studies. We emphasize this ob-
servation provides a clear indication that the magnetic environment is affected by
the dynamics of the NV, providing direct evidence that the NV spin dynamics is
dominated by the Overhauser field rather than external magnetic field fluctuations.

Figure 5.4e shows the dependance of the observed linewidth of the narrow feature
on the CPT laser power. At low powers the observed width reaches a minimum value
of 104 4+ 49 kHz. The limiting width results from the effects of strain splitting of
the |+1) states on the readout process at zero magnetic field (see Appendix B for
a quantitative discussion of effects of strain)[56]. Due to this splitting, very small

magnetic field changes do not shift the energies of |£1) to first order. Therefore our
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CPT readout signal becomes insensitive to Zeeman shifts on the order of twice the
strain splitting (see Appendix B). In addition, a minimal linewidth of ~ 400 kHz was
obtained for measurements performed with a separate NV center (NVb) subject to

higher strain.

5.6 Conclusions and outlook

The limit associated with strain splitting can be easily circumvented by using a
large external magnetic field to split the |+1) spin states and two laser frequencies
to address the NV center in a Raman configuration near zero two-photon detuning.
As described in Appendix B, a modest increase in collection efficiency by an order
of magnitude[127] would allow us to obtain quantum-limited narrowing of nuclear
distribution 0, ~ 1/T¢ong, which, in turn, can be on the order of the inverse lifetime
of the given nuclear configuration[48].

The presented experiments open intriguing prospects for using coherent optical
techniques to control nuclear spins surrounding quantum emitters. For instance, they
can be used to study quantum many-body dynamics of so-called central-spin models in
real time, either in isolation or in the presence of dissipation[134]. Specifically, nuclear
field diffusion can be explored that, in the presence of CPT lasers, is expected to
have very interesting statistical properties reminiscent of Levy flights in VSCPT[135].
Furthermore, the present approach allows for direct application of quantum feedback
control to deterministically drive nuclear spins into a desired state. This may be used
to prepare non-classical superposition states of the nuclear spins analogous to spin-

squeezed states in atomic ensembles[136] and to “engineer” collective dissipation for
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nuclear spin ensembles useful for applications in quantum information science, such
as long-term storage of quantum states[137]. Finally, our method allows for a new all-
optical approach to magnetic sensing[45, 46] that may enable interesting applications

in nanoscience[54, 53].
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Conclusion and Outlook

Isolating small quantum systems, and then controllably entangling them with ea-
chother is a challenging goal. Achieving this goal will allow one to realize unique appli-
cations such as quantum computation, communication and simulation taking advan-
tage of the distributed, interconnected structure of the resulting quantum networks[39].
Even the prerequisites for this goal, isolation of individual quantum systems, and un-
derstanding and engineering their interactions with their environment, is an exciting
research area. This thesis summarized a part of the effort on how individual NV
center’s interactions with light fields can be utilized to isolate, control and then in-
terconnect individual NV centers in diamond.

The results presented in this thesis rely on the understanding of the properties of
NV centers and the ability to engineer the host material around the NV center. NV
center’s optical properties were used to achieve spin-photon entanglement between
individual NV centers and single photons (Chapter 3). The optical properties were

also used in controlling the nuclear spin environment around the NV center (Chapter

92
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5), which is a step in better understanding and using the interactions of the NV center
with its nuclear spin environment. The control over material properties of synthetic
diamond, and advances in methods of more efficiently extracting photons from NV
centers now allow demonstrations where indistinguishable photons are produced from
separate NV centers (Chapter 4 and [128]). These demonstrations pave the way for
entangling two separate NV centers that are macroscopically separated via emitted
photons. The resulting entangled NV centers can be better controlled, and quan-
tum information can be stored for a longer period of time, using the optical control
achievable over the nuclear environment around the NV center.

Useful quantum computation and quantum communication devices require a large
number of quantum nodes to be interconnected rapidly and with high fidelity[3].
Scaling the above mentioned demonstrations to a large number of interconnected
quantum nodes is still an open challenge.

As an outlook we will consider two basic challenges to achieve this goal of building
large, connected quantum networks based on NV centers. The two examples are
selected to illustrate challenges for the next generation experiments that will combine
results of separate experiments and demonstrations.

We consider an NV center based quantum-network acting as a quantum commu-
nication channel, where each node acts as a quantum-repeater[40, 72]. Each node
consists of an NV center and its local environment, consisting of a few proximal nu-
clear spins to the NV center. The few, proximal, nuclear spins that are strongly
coupled to the NV center are chosen such that their states can be manipulated via

the NV center[72, 74]. These nuclear spins are the qubits where information is stored
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and manipulated. The entanglement between separate nodes is created via the pho-
tons emitted by the NV centers using heralded entanglement protocols. Hence the
NV center acts as the communication qubit in each quantum node, connecting it to
other nodes and allowing access to the nuclear spins.

The first challenge involves maintaining the integrity of the information stored in
nuclear spins while NV centers are being entangled. The second challenge is ensuring
separate nodes can be entangled rapidly before the quantum information stored in
the nodes is lost due to decoherence.

In this architecture entanglement between separate nodes need to be established
while information stored in the same node remains unaffected. For probabilistic
entanglement schemes, such as those using emitted photons, this implies that the
entanglement generation scheme (excitation to the excited state) does not perturb
the memory available in the node (nuclear spins).

As room temperature[138, 130] and CPT based experiments (Chapter 5) demon-
strate optical excitation of an NV center to its excited state affects the state of nuclear
spins proximal to the NV center. For room temperature experiments, the depolar-
ization of nuclear spins under optical illumination results from the different hyperfine
interactions of the different electronic states that are stochastically populated via the
optical excitation[138]. This leads to an effective stochastic magnetic field caused by
the electronic spin that depolarizes the nuclear spins. In low temperature experiments
selective excitation to individual electronic states are possible. Hence, its possible to
better control the magnetic field at the nuclear spins caused by the electronic spin.

In fact for the nuclear polarization observed in CPT based experiments are believed
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to be caused by the electronic spin dependent dynamics of the proximal *C nuclear
spins. Further studies will be required to determine the exact mechanism that leads
to nuclear-spin polarization via optical fields[48, 135] and to find the procedure to
minimally disturb the nuclear spins around the NV center. This procedure will in-
crease the possible number of attempts to probabilistically generate entanglement
between NV centers before the information stored in the nuclear spins is lost, but the
associated timescale is finally limited by the coherence times of the nuclear spins.

Since the entanglement generation rate currently is limited by the number of
photons collected from NV centers, increasing the collection efficiency is an essential
step to more useful devices. At the moment there is a strong push by many groups to
use photonic devices to better harness the light from NV centers (for a recent review
see [129]). These devices, in the context of the NV center, are interesting also since
they will, for example, produce more efficient single photon sources, more sensitive
magnetic field sensors, higher spin-photon entanglement fidelities (Chapter 3), and
access to faster nuclear spin dynamics (Chapter 5).

The impressive demonstrations in combining nanophotonic structures with NV
centers so far have mostly been carried out with broad emissions from NV centers (e.g.
(123, 139, 140, 141, 142]) . The task of controllably changing material environment
around the NV center to form the nano-photonic structures while keeping the charge
and strain environment free of imperfections which stop individual optical lines from
being accessible is a topic of current research. The next few years will be an exciting
time when nanophotonic devices will dramatically change the landscape of possible

experiments using NV centers, for example achieving strong coupling of NV centers
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with localized cavity modes should be possible[143].

NV center’s allure has been its ability to combine good spin properties with its
optical transitions. This combination makes it an interesting candidate for quan-
tum network applications and an NV center based realization of a quantum network
appears to be within reach. However, the NV center is far from an ideal system.
For particular applications other defects in diamond might be more suitable. For
example for single photon sources e.g. nickel centers[144], or silicon vacancies[145]
exhibit both higher Debye-Waller factors (more emission into ZPL) as well as shorter
excited state lifetimes. Further studies may eventually allow us to find a system with
even better properties for quantum networking applications. The UCSB group has
recently applied the basic properties of the NV center in diamond as a search criterion
for finding other suitable defects in other host materials[146], with interesting results
with di-vacancies in silicon-carbide[147]. We expect that techniques developed in this

thesis may be used to control such new systems as well.
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Supporting material for Chapter 3

A.1 Calculation of entanglement fidelity

To estimate the entanglement fidelity, we first use the conditional measurement
shown in Figure 3.4a,b to determine diagonal elements of the spin-photon density
matrix in the |oy),|£1) basis. Since o4 photons are emitted with equal probability

(0.07 +0.04),

(see SI), we find po, 1,0, -1 = %p_l‘ﬂ = %(0.96 +0.12), po, 41,0, 41 = %
Po 15 —1 = %(0.10 +0.05), and py_ 410 41 = %(0.87 + 0.14). To evaluate the off-
diagonal elements, we rotate the measurement basis by projecting the photon to the
|H) or |V) states and measuring the conditional probability of being in state‘ | M),
which is equal to |+) for particular choices of « (e.g. |[+) = |M) |4=0). The required
diagonal matrix elements in the |H),|V),|£) basis are then given by py 4y =
o (o = 0), and similarly for py 4 51, p— 1 —, and py _y —. We model the experi-

mentally measured conditional probabilities with the forms py;z = (by + ag cosa) /2

and pyy = (bv —av cosa) /2, where by are the offsets of the oscillations and
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ap,y are their amplitudes. Using a simultaneous fit to the data in Figure 3.4c,
d that constrains the frequency to be the Zeeman splitting, we obtain the values
PV4ve—Py_v_ =ay/2 = %(O.53:l:0.16), PH—H——PH+.H+ = ar/2 = 5(0.58+0.10)
The information obtained is sufficient to provide a lower bound for the entanglement
fidelity. Using the analysis in [30]:

1
Fo> 5<p0+ Aoy -1+ Po_ 41,0 +1 = 24/Poy +1,04 +1Po_ —10_ 1

PV vy — PV PH-H— — PH+H+)

we find F > 0.69+0.068. This analysis agrees with the results of an independent max-
imum likelihood analysis described in the SI, which yields a near Gaussian probability

distribution for a lower bound on the fidelity with F' > 0.70 & 0.070.

A.2 Supplementary methods

A.2.1 Overview of experimental setup

Our experiments are performed using a natural bulk diamond sample kept below
7 K. A Nikon 0.95 NA microscope objective is used in our confocal setup to address
individual NV centers. Resonant excitation of the readout and entanglement gener-
ation transitions are done using two external cavity diode lasers. To overcome the
main experimental challenge of ensuring sufficient signal to noise of the detected ZPL
emission, we eliminate background from laser light reflected off the diamond surface
by creating an isolated excitation 7 pulse using two cascaded waveguide modulators.
This excitation pulse is sent through a quarter-wave plate that is fixed during all ex-

perimental runs to produce the circular polarization that most efficiently excites the
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NV to the |As) state. We note that, since our measurements are conditioned on the
detection of an emitted photon, optical 7 pulse imperfections only affect the efficiency
of the entanglement generation and not the measured fidelity. In the collection path,
the ZPL is sent to a polarization analysis setup consisting of a half-wave plate and a
polarizing beamsplitter for photon state selection. It then passes through a narrow
frequency filter before being detected by a low dark count APD. We use a waveguide
based electro-optical modulator before the APD to further reduce reflections of the
excitation pulse and suppress detector afterpulsing. Special care is taken to minimize
reflections during the measurement window to around the dark count level of the
detector.

Addressing of the |0) <> |+1) microwave transitions is carried out using a 15 ym
copper wire attached to the diamond. For simultaneous addressing, two microwave
fields generated by mixing the difference frequency of the two transitions with their
average frequency are separated using bandpass filters, individually attenuated, and
recombined to balance their power. Low shot-to-shot noise in the microwave fields’
relative phase is crucial. This is achieved by triggering all timing-sensitive channels
from one output event of a controller device that produces the entanglement genera-
tion and conditioned readout sequences. Timing information of both ZPL and PSB
photons are collected by combining them at the input of a time-tagged-single-photon-
counting device.

Given an experiment repetition rate of ~ 100 kHz and an entanglement genera-
tion success probability of p ~ 1075, we then detect on average one signal photon

every few seconds. Since the microwave m pulses used for population transfer to the
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|0) state are nearly perfect and about 100 repetitions are required for reliable spin
state determination, roughly 24 hours of data taking were required for each of the
four photon polarizations measured. Overall, characterization, calibration, and data
acquisition for a given NV center were performed over a roughly two month period.
The overall measurement time for each individual NV center is limited by the long

term mechanical stability of the setup.

A.2.2 Optical setup

We carry out our experiments in a home-built cryogenic confocal setup. Our
bulk diamond sample, a natural type IIb diamond of high purity, is kept below 7 K
in a Janis ST-500 Cryostat. Optical access to individual NV centers is facilitated
with a Nikon 0.95 NA Plan-Apo microscope objective that is held inside vacuum
with a bellow structure that allows the objective to be moved relative to the sample.
Our microscope contains two excitation channels and two collection channels. The
NV is off-resonantly excited and spin polarized using a doubled YAG laser (532 nm
Coherent Compass 315M-100) modulated with an acousto-optical modulator (Isomet
1250C-848). Resonant optical pumping is carried out with two external cavity grating
lasers. A New Focus Velocity TLB 6304 laser operating at 637.199 nm and locked to a
Fabry-Perot cavity (Atrix Management S A CC - 3.0GHz - 200) is used for the readout
transitions (~ 4 uW before objective), while a second laser (Atrix Management S A
ECLD-0638-022) operating at 637.189 nm is used for resonant optical pumping of
the entanglement generation transition (~ 100 W before objective). Both lasers are

modulated with acousto-optical modulators (Crystal Tech 3080-122). In addition,
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a high fidelity excitation pulse (2 ns 3dB width and > 50 dB extinction in 4 ns
from peak) is generated from the 637.189 nm laser using two waveguide modulators
in cascade (Guided Color Technologies), each controlled by an 800 MHz arbitrary
waveform generator (Analogic Polynomial Waveform Synthesizer 2045). Extinction
of the excitation pulse is critical because we use the relatively long lifetime of the NV
center to seperate the emission from the shorter (2ns) laser reflection photons.
Phonon-sideband emission from the NV is separated by dichroic filters from the
532 nm excitation path (Semrock LPD01-532RS-25) and ZPL path (Semrock Di01-
R635-25x35) before being filtered to remove any leakage or dominant raman lines (2x
Semrock NF01-633U-25, Semrock LP01-633RS-25). It is then coupled into a single
mode fiber and sent to a high quantum efficiency APD (SPCM ARQ-15-FC). The ZPL
collection path is separated from the resonant excitation path by a non-polarizing
beam splitter, and emission from the NV is sent to a polarization analysis setup
consisting of a HWP and a PBS. The emission is filtered by two narrow frequency
filters (custom Andover 1 nm bandpass around 638 nm, Semrock FF01-640/14-25)
and detected by a low-dark count APD (Micro-Photon-Devices, PDM Series). We
use a third waveguide based E-O modulator (EOSpace, driven by Stanford Research
Systems DG645 delay generator) before the detector to reduce the number of reflected

photons from the excitation pulse and suppress afterpulsing of the detector.

A.2.3 Microwave control

The two microwave transitions are addressed individually by separate oscillators:

a HP 8350B sweep oscillator with 83525A RF plugin tuned to 2.9387 GHz and an Ag-
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Figure A.1: Experimental Setup. The setup is shown in three functional groups.
The optical setup is show in blue and gray. In green are the control electronics and
the electrical pulses that are generated. A green arrowed line indicates a pulse being
generated by the source device and sent to the entity indicated by the arrow. For
example the FPGA generates the pulse that drives the AOM for 637.199 nm readout
laser. The microwave components and their connections are shown in red.

ilent 83732B synthesizer tuned to 2.8174 GHz. For simultaneous addressing, a 60.85
MHz waveform generated by a high speed Tek 710 AWG is mixed using a Minicircuits
ZFM-15 mixer with the RF field generated from the Agilent synthesizer at 2.87875
GHz. To balance the power of the two microwave frequencies of the simultaneous field,
they are first separated using two bandpass filters with 120 MHz bandwidth around 2.8
GHz and 3.0 GHz (Reactel 5C7-2800-120S11 and 5C7-3000-120S11). They are then
recombined using a diplexer around the same frequencies (Reactel 2DP7-2800/3000-

X120S11) after being individually attenuated (Minicircuits ZX76-15R5-PP-S+) and
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re-amplified (Minicircuits ZX-60-6013E+). The measured variance in the relative
phase between two frequencies of the simultaneous field is below 0.19 radians. Fast
microwave switches (Minicircuits ZASWA-2-50DR+, Custom Microwave Components
S0947A-C2) are used for time shaping of microwave pulses. All separate channels are
combined and sent to a 10 W solid state amplifier (Ophir 530324-002) before the

copper wire.

A.2.4 Experiment control and data acquisition

Experimental flow is controlled by a NI-7833R FPGA based intelligent DAQ device
programmed to run the entanglement generation sequence and switch to the readout
sequence within three clock cycles (75ns) upon the detection of a ZPL photon. Time
of arrival information of photons on both PSB and ZPL channels are collected by
passively combining the output of the two APDs to the input of a time-tagged-single-
photon-counting device (Picoharp 300). The device is configured to record the time
of arrival of all detection events relative to a trigger event marking the beginning
of the experimental sequence. Further processing of the data is done after each
experimental run to determine the number of relevant ZPL and readout events. All
channels / events that are timing-sensitive (e.g. trigger to the AWG or trigger to
the timing board) are generated from a single output event of the FPGA device that
triggers the Stanford D(G645 signal generators running in burst mode, which have low
channel-to-channel and low trigger-to-output jitter.

An additional multi- function DAQ device from NI is used to find and characterize

the NVs. It is also used to record a second electronic copy of the photon arrival event
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on the PSB channel to track the position and frequency drift of the NV/ crysotat /laser
system while the entanglement experiment is running.

Finally, we point out that the overall time required for finding and characterizing
a low-strain NV is several weeks. Combined with the four day-long data acquisition
runs for entanglement verification, the amount of data we are able to take for the
same NV becomes limited by the long term stability of our setup. Further improving
the robustness of the setup and our ability to locate particular NV’s over long time

periods will be crucial for future experiments.

A.3 Spin readout

In a very similar method to that described in Section 2, we determine the spin of
the NV center by resonantly exciting the |0) < |E,) transition and collecting emission
on the PSB within a 10 us window. Here, we provide a slightly different presentation
of the same data to illucidate the details of the callibration procedure.

To obtain accurate readout levels relevant for calibration of our experimental data,
we effectively project the state of the NV center into |0) or |£1) prior to spin measure-
ment by detecting a PSB photon after exciting to the |E,) or |As) state, respectively.
Subsequent readout produces a maximum number of 0.11 4+ 0.0022 counts/shot when
the NV is initially in the |0) state and a minimum number (consistent with back-
ground) when it is in the |+1) states. These levels are then used to calculate the
populations measured for entanglement verification. Compared to conventional spin
measurements in NV centers, this method is less sensitive to effects such as imperfect

initial spin polarization, NV photo-ionization, and spectral or spatial instabilities. A
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detailed description of the spin readout measurement and calibration is given next.
Spin readout is achieved through resonant laser excitation tuned to the |0) < |E,)
transition[88]. As the |0) < |E,) transition is cycling for low strain and is isolated
in frequency from other transitions the fluorescence collected in the presence of the
resonant laser field should be proportional to the population in the |0) state. However,
the fluorescence levels measured for different spin states may depend on the complex
dynamics associated with the singlet state, imperfections of the cycling transition,
photoionization, and spatial stability of the measurement setup. In order to accurately
calibrate our spin measurements, we use a procedure that involves the conditional
preparation of spin states. In the following section, we first describe the conventional
spin measurement procedure and then compare it to our conditional readout scheme.
Figure A.3(a) shows microwave Rabi oscillations detected using the conventional
resonant readout scheme. Following a polarization step carried out with a green
laser, a microwave pulse of varying length and resonant to the |0) < |1) transition is
applied and the resulting state is read out using the resonant excitation. In an ideal
preparation and readout scenario, the |0) state would be bright while the |+1) states
would be completely dark. The high level of fluorescence achieved for the |0) state is
limited by the branching ratio between the |E,) — |0) and |E,) — |+£1) transitions
(~99 % as measured below) and the collection efficiency to about 0.11 counts per shot.
Thus multiple repetitions of the experiment are needed to build up enough statistics
for an accurate estimation of the initial state. When the NV center is nominally
prepared in the |+1) state, we observe counts above the background level, which may

be due to imperfect spin polarization or additional fluorescence from the |+1) state.
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Figure A.2: Spin readout via resonant excitation a Microwave Rabi oscillations
(in blue) recorded using the pulse sequence given in (b) without conditioning. Left
vertical axis shows the average number of counts received for a particular length of
microwave pulse duration (7). Right vertical axis shows the normalized population in
the |0) state for the same pulse duration. The red lines are maximum and minimum
readout levels obtained using the conditioned readout technique shown in (b) and
described in the text. b Pulse sequence used for part (a). In the unconditioned case,
532 nm light is turned on for 1 us to polarize the electronic spin to |0) state. After
6 ps, a microwave pulse resonant to the |0) «<» |4+1) of varying duration is applied.
Finally a 10 s light pulse resonant to the |0) «» |E,) transition is turned on 1 us after
the microwave pulse and counts in the PSB are recorded in this interval. Additional
pulses used for conditioned readout are boxed, including a resonant optical 7 pulse
tuned to the |0) < |E,) or |£) < |Ay) transition. Only events where a PSB photon
is received within a 20 ns window around this pulse are kept, thus conditioning the
readout procedure on a fluorescent decay from the NV.

To characterize these effects further, we record time traces of the fluorescence
during the resonant readout stage where the state is initialized either in |0) or |1) in
the same way as the Rabi experiment (Figure A.3(b)). These are then compared to a
model of the NV center dynamics similar to the one discussed in [108] and illustrated
in Figure A.3(c). The model involves the |0) and |£1) ground states, the |E,) state,
and a metastable singlet state |S). The branching ratios from |E,) state to |0), |%),
and [S) are related to the decay rates yoo = 1/12ns, y01, and o, respectively. oo
is determined by lifetime measurements, and the singlet decay rate to |0) is set to

Ys = 7Yo0/33, as given in [108]. We then simulate the evolution of the system under



Appendiz A: Supporting material for Chapter 3 107

a

100
80
60

LOON_ |0)

5 010K | 41)

0]

=005 ’ 4

g-) ‘m‘uhu\lllyl\ﬂ nlidnth 4

0.02F :
Background
1,

2000 4000 6000 8000 10000
Detection Time (ns)

Figure A.3: Stability and dynamics of optical transitions a One hundred suc-
cessive scans of the NV spectrum shown in Figure 3.2(b) of the main text. Each scan
taken over ~10 seconds, demonstrating the spectral stability of the NV center over
long time scales. Spectral lines shown here and in Figure 3.2b of the main text have
widths larger than 100 MHz due to power broadening. b Histograms showing time
traces of fluorescence as recorded in the PSB following spin initialization to either
the |0) (red) or |1) (blue) state. Solid lines show simulated fluorescence from the NV
using the model shown in (¢) and described in the text. Two other similar data sets at
different laser powers were used to determine the branching ratio of |E,) to |£1) and
the spin polarization. ¢ Model used to simulate the dynamics of optical transitions
leading to fluorescence time traces shown in (b). R gives the optical pumping rate of
the readout transition. oo and vp; are decay rates to the |0) and |+1) states, respec-
tively. v0s and ~ys are the non-radiative decay rates into and out of the metastable
singlet state |S).

a continuous optical pumping of the |0) — |E,) transition at a rate R, starting with
some initial spin population for the two cases of initialization in |0) or |1). To estimate
the values of vp1, Y0s, R, and the spin polarization, these parameters are varied to fit
the simulation to the data by eye. This was done for three different laser powers, and

the data and simulation results for the medium power are shown in Figure A.3(b),
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which corresponds to conditions under which the Rabi curve in Figure A.3(a) where
taken. Using this method, we estimate the branching ratio out of the system of
m, = 0 states to be 0.92 & 0.16%, and the imperfection in spin preparation to be
7.2 + 1.8%. This imperfection could be either due to incomplete spin polarization
or imperfect microwave pulses. The pulse error associated with a square pulse of
finite Rabi frequency (around 10 MHz) is estimated to be about 3 %. The error is
mostly due to the presence of the hyperfine interaction with the nuclear spin of N
associated with the NV center[90]. We thus estimate the spin polarization after the
green excitation to be 96 + 1.9%.

To directly calibrate our spin readout results and confirm that it is the imperfect
spin preparation stage which reduces the contrast of the Rabi experiment, we perform
two experiments in which we polarize the NV center by measurement and perform
conditional spin readout. In the first experiment, a 7 pulse (initialization pulse)
resonant to the |0) < |E,) transition is applied many lifetimes prior to microwave
manipulation. By only analyzing events in which a photon has been detected in the
PSB during the initialization pulse, we ensure that a photon has decayed from the | E,)
state prior to microwave manipulation. The state should decay to the |0) state with
99 % probability, and given that the signal / noise of the trigger photon is roughly
280:1, the state should be prepared in |0) with 99 % probability prior to microwave
pulses. Subsequent measurement of the spin by a separate laser tuned to the same
transition reveals 0.13 4 0.025 counts /shot if no microwave manipulation is carried
out and 0.0092 £ 0.00054 counts/shot if a microwave 7 pulse is applied resonant to

the |0) < |+1) transition. The ratio of the counts after subtracting the background
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of 0.0057+0.0010 counts/shot is accounted for by the expected pulse error. A second
experiment was carried out where the initialization pulse was tuned resonant to the
|[+1) < | Ay) transition. The detection of a photon in the PSB indicates that the state
has been prepared in the |+1) manifold, and a subsequent readout process without any
microwave manipulation yields the background level. We then conditionally measure
the populations in the |+1) states by individually transferring their population back
to |0) state. We find that their population levels are roughly equal (0.05940.0013
counts/shot and 0.061£0.0014 counts/shot). Assuming that the PSB emission does
not change the spin projection, this data indicates that the |Ay) state decays with
roughly equal probability to |+1) states.

We note that the readout levels achieved by the conditioned measurement proce-
dure could in principle be different from the values obtained without conditioning.
Although the difference is small for the NV center used in the current experiment,
we have observed a significant difference for other NV centers. One possible source
for this difference is photoionization of the NV~ to NV in which case the center
effectively goes dark. The detection of a PSB photon during the conditional cali-
bration procedure described above ensures that the center is in the NV~ state for
that particular repetition of the experiment. The readout levels obtained using this
procedure are then relevant for normalization of our entanglement verification data,
which are similarly conditioned on the detection of a ZPL photon. On the other
hand, if no such conditioning was performed, the calibration levels obtained would
be reduced by the probability of ionizing the NV, and would not accurately corre-

spond to our entanglement data. In addition, there are many other sources of noise
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that would have a similar effect, for example spectral instabilities of the laser - NV
center system and mechanical vibrations that quickly misalign the system. These
effects are slow compared to the repetition rate of our experiment, but short com-
pared to the total data acquisition time and could generate a difference in the two
spin readout methods. The NV center we work with has good long term spectral
stability within a linewidth of ~100 MHz (Figure A.3(a)), and we actively track the
position of the NV by maximizing the fluorescence counts during the experiment.
However, to completely eliminate the effect of possible instabilities, we normalize our
measurements to the conditional calibration values. The population P in state |0) for
a given number of counts per repetition (C) is then P = (C' — ¢p) / (Cpr — ¢p), where
cg = 0.0057 £ 0.0010 counts/shot and ¢y = 0.11 £ 0.0022 counts / shot correspond
to the background and maximum calibration values, respectively.

In summary, we find that resonant excitation in combination with conditioning-
based spin preparation is an exceptionally useful tool for spin readout of the NV
center. Not only can we use it to extract information about populations in relatively
few repetitions, but it allows us to fully characterize various procedures related to
the spin properties of the NV center, for example spin polarization achieved or pulse
errors, with very few assumptions. In addition, the conditioned readout technique
may be useful in probing other properties of the NV center such as blinking and

spectral stability.
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A.4 Verification of polarization selection rules for
|As) state

Figure 3.2¢ in Chapter 3 text verifies that transitions from |41) states to the |As)
state have mutually orthogonal circular polarizations. Here we explain the observation
shown in the figure and describe how we can extract the polarization imperfections
of our system.

To obtain Figure 3.2c, the NV center is prepared in the |[4+1) (|—1)) state with
a 1 ps polarization step of off-resonant green excitation followed by a microwave m
pulse resonant to the |0) < |+1) (|0) <> |—1)) transition. This transfer of population
is followed by a short (2 ns) resonant optical excitation pulse tuned to the |[+1) «
|As) (|—1) <> |Asg)) transition. The fluorescence intensity recorded in the PSB in
the presence of this excitation pulse is plotted as function of quarter wave plate
(QWP) angle. The wave plate rotates the incident linearly polarized light into a well
defined superposition of circular polarizations dependent on the angle. The length
and intensity of the pulse is chosen such that it is close to an optical 7 pulse for the
appropriate QWP angle that maximizes the fluorescence for the selected transition.

The electric field projections to o and o_ after the linearly polarized excitation
beam passes the QWP at an angle 6 are 3 (@ + e_m) for o4 and 3 (z + em) for o_,
so that the intensities in o, and o_ oscillate out of phase as functions of 26.

Dynamics of the NV center under excitation by polarized light may be extracted
from the simple model shown in Figure A.4. As our excitation beam is tuned to a

particular transition, say |4+1) <> |Ay), the other transition from |—1) is detuned by
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Figure A.4: Model and simulations for verification of circular polarization. a Sim-
plified model used to explain the non-sinusoidal behavior. The excited state |As)
is coupled to the ground states |+1) with optical Rabi frequency Q4. These Rabi
frequencies are determined by the particular QWP angle 6. The state prepared with
microwave excitation is on-resonance with the optical field while the other is detuned
by dw in the presence of the Zeeman splitting (27 x 120 MHz). b Calculated excited

state populations for Q = /02 + Q2 = 27 x 250 MHz. The pulse is on for 2 ns for
the blue and red dots and 3.5 ns for the yellow dots. The detuning is assumed to
be 0 for the red dots, 15 GHz for the blue dots and 120 MHz for the yellow dots.
Solid lines are plots of expressions for the population in the two limits explained in
the text.

the Zeeman splitting dw. The optical Rabi frequencies associated with each transition
are QWP angle dependent: €2, = % (z + 6*219) and 2_ = % (z + ezia). We neglect
spontaneous decay for simplicity since the optical excitation is relatively short. Our
measured signal then corresponds to the population in the |Ay) state after 2 ns (t =
7/Q) of evolution under optical excitation from the initial |[+1) or |—1) state.

We first consider the limit {2 > dw, where the natural basis is the “bright” and
“dark” states defined by [b) = % and |d) = %Q*'_” The applied
excitation always acts as an optical 7 pulse that transfers the population from |b)
to |As). As the QWP rotates, our signal varies with the overlap between the pre-
pared state |+1) and the bright state: [(+1[b)]* = =020 The expected angular

dependence is sinusoidal, as demonstrated in Figure A.4
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In the opposite limit where 2 < dw, the detuned state is mostly off resonant,
and the natural basis is again |+1) and |—1). In this case we may neglect the off
resonant level and consider two-level Rabi oscillations between the prepared state
and |A). The population in the excited state for this case is given by sin? (Q.t/2) =
sin? (“(;i;;n%)). As illustrated in Figure A.4, the population curve has a flattened
top compared to a simple sinusoid.

For the NV center considered in the main text, {0 ~ 27 x 250 MHz and dw ~
2m x 122 MHz. We are thus in the intermediate regime between the two limits.
As the QWP is rotated, both the Rabi frequency and the overlap with the bright
state change, leading to more complex behavior. The yellow dots in Figure A.4b
shows that if ¢ is picked to be slightly longer than a 7 pulse, the |As) population is
nearly independent of angle near circular polarization. As the angle deviates from
the § = 7/2, the Rabi frequency decreases so that the population transferred to the
|As) state increases. On the other hand, the overlap of the prepared state with the
bright state decreases. The combination of these two effects give rise to an extended
flat-top behavior.

In addition, Figure 3.2¢ in the main text shows that the |+1) and |—1) cases give
rise to differently shaped curves. We attribute this to different overlap of the confocal
spot with the NV for the two measurements, which also explains the slightly different
collection efficiencies assumed for the two cases to fit the observed data. The fits used
in the figure also include decay from the excited state, which decreases the population
transfered to the excited state, but has no other significant effect.

The finite contrast observed in Figure 3.2c¢ could be due to imperfect selection
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rules between the |As) and ground states or imperfect circular polarization of the
optical excitation. With Figure 3.2c¢ alone it is not possible to distinguish between
the two cases. Given the above discussion of the excited states, we estimate the
mixing between the |As) states and other excited states to be about 1 %. From these
considerations we deduce that that the selection rules are nearly perfect as described
before, but that the imperfect optical system creates a slightly elliptical electric field
vector 0.94 |o,) + 0.34|0_). This ellipticity is expected to decrease the observed

fidelity by 12 %.

A.5 Effects of magnetic environment, detunings,

and echo

The entangled state given in Eq. 1 of the main text is suceptable to fluctuations
from the magnetic enviroment. In this section we show that these fluctations and
unaccounted detunings between the microwave fields and NV center transitions would
lead to a decreased contrast of the observed oscillations. We then describe the echo
technique used to improve the contrast.

We note that these imperfections, in the current context, mainly affect measure-
ments in the H,V basis. Their effect on the o4 basis is limited to inefficiencies in
population transfer to |0) state and are thus accounted for by pulse errors, which are

treated seperately.
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A.5.1 Effect of Finite Detuning

We generalize the description given in the main text by introducing the rotating

frame associated with the microwave fields:

’j:1>t = it W FAN | 1) |

where we have added a particular detuning A that covers the effect of hyperfine
coupling to * N nuclear spin and AC Stark shifts from non-resonant microwave fields.
For the NV center used in this study there are no nearby '3*C nuclear spins, hence their
effect may be neglected. We estimate the static detuning of our microwave field from
the relavent NV transtion frequencies to be less then 500 kHz. The two microwave
frequencies are well separated by d ~ 120 MHz, so the presence of the non-resonant
field mainly creates an AC Stark shift. For our Rabi frequency of 8 MHz the shift
is estimated to be Q?/6 ~ 0.5 MHz. For the idling times considered (~ 500 ns), the
effect of the 13C nuclear bath is relatively small.

Under these assumptions, the state right before detection of the photon may then

be written as:

1 ) ) ~ ) . ~
W(ta)) = < (0o, |-T) et o) |4T) ).

V2

Following the detection and idling time ¢;, the state becomes:

|\11(td>>t. = L (6_i¢+ei(w+_A)td—Ati

7% +1>ti>

where 4+ (—) corresponds to detection of a photon in H (V') states. The idling time

_1>t, 4 o0 pilw-+A)ta+AL;

(3

effects the signal we observe through (re-defining « from the main text):

a=(wy —w_ —2A)ty+ 2At; — A¢
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For example, the presence of N nuclear spin introduces a fixed detuning that is
static for the duration of an experimental run, but from run to run changes between
A =0, £2.2 MHz [90]. For ¢; of order 200 ns the detuning may decrease the observed
contrast significantly. While this effect can be reduced by simply waiting for an
appropriate rephasing time for the "N, there is still residual decoherence due to the
13C spin bath. To best eliminate all these effects and extend the memory time of the

spin state, we add an echo sequence prior to spin measurement.

A.5.2 Spin Echo Sequence

The echo is easiest to describe in the |M) = (’+i> + ‘—i>) /V2 and |D) =
(‘+i> — ‘—1>) / V2 basis. We apply a t; — 2m — t; sequence with microwave pulses
that drive the |M) < |0) transition. This sequence is in spirit similar to the Bang-
Bang decoupling technique[148]. For an arbitrary superposition |¢) of the orthogonal
states | M) and |D), evolution of time ¢; under the detuning of the form given above
leads to coherent oscillations between the states |D) and |M) and results in the state
e~2Atw |4)) where o, is the appropriate Pauli matrix in the |M), |D) basis. If the
magnetic field fluctuates from shot to shot this leads to decoherence. A fast 27w
pulse effectively switches the sign of the |M) state (o,e~24%% |¢))). The subsequent
evolution then creates the state e~"?Ati% g e~2A%% |4y = o |1)), which differs from
the original state only by a relative phase that is independent of At;.

In the context of section A.5.1, the procedure above results in the following state
~-1)).

Hence our signal is only affected by the random arrival time of the photon ¢; and not

after the echo sequence in the ‘j:i> basis: % (e‘“i’+ ellwr—A)ta

_1> I eit— pilw—+A)tq
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the idling time. For detunings on the order of 5 MHz, the frequency shift is about 4
% of the center frequency of the oscillations (120 MHz) and may be neglected within
our current signal to noise.

We note that for a finite length of the 27 pulse (around 110 ns), the echo is
expected to be imperfect, as the magnetic field continues to rotate the states in the
|M), |D) basis while the pulse is being applied. By timing the echo sequence correctly,
we can compensate for this imperfection.

To find the optimal timing of ¢; for our experiment, we carry out a simple echo
experiment illustrated in Figure A.5. Given Figure A.5b we pick ¢; = 170 ns for

optimum compensation such that an almost perfect echo is performed.
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Figure A.5: Echo technique used. a. Pulse sequence implemented to test the echo
technique. The system is initialized to the |0) state followed by 5 us of waiting time.
A 7 pulse is applied to create a bright superposition |M) of |+1) states. The state
is allowed to evolve for time ¢; before a 27 refocusing pulse is applied, after which
the state evolves for time ¢; again. A 7 pulse then maps the state back to |0) and is
followed by a resonant readout pulse. b. Result of the sequence described in part (a).
Solid line is a theory fit where only the effect of *N has been taken into account.

A.6 Fidelity estimates

We would like to determine the lower bound for the entanglement fidelity[30]:

F > (F+F)/2 (A.1)
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where

Fi = po, 10, -1+ Po_ t10- +1 = 2\/Poy +10, +1P0_ —1,0_ —1 (A.2)
Fy = puyba+ —pa-nm-+pv-yv- —pvivs. (A.3)

We obtain F} = 0.83 & 0.10 by measuring the quantities p,, 1,5, 1, Po_ +1,0_ +1:
Poy +1,04 +1,and p,_ _1 . _; in the original basis of the photon and spin. Fj is related
to the oscillation amplitudes agy/2 = py— g— — pr+.p+ and ay /2 = pyy vy —py—v—,

measured in the rotated basis.

A.6.1 Time bin optimization

One approach to obtaining the amplitudes ay and ay is by directly fitting to the
oscillations in the conditional probability, as shown in Figure 3.4c of the main text.
The resolution of our time-tagged-single-photon-counting device is 4 ps. However,
due to our low count rates, only a fraction of the 4 ps time bins register a photon
in the signal region during the entire experimental run. Therefore, to obtain the
conditional probability, we group the ZPL counts and their corresponding readout
results into larger time bins. One commonly used method is to optimize the goodness
of the fit of a particular model to the data by varying size of the bins so that the
error of the fit is minimized[149] . However, such a method involves computationally
intensive procedures. Therefore we have used a simplified version of this method,
motivated by the fact that our count rates decrease exponentially as a function of ¢,.
In essence, the time bins are determined one at a time starting from the beginning of
the decay by minimizing the fit error while varying each successive time bin between

900 ps and 2 ns, which is longer than the timing resolution of our photon detectors
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(~ 300 ps) and shorter than the period of the expected oscillations. Since the count
rate is highest at the beginning of the decay and should therefore be amenable to the
smallest time bins, we start by fixing the first three time bins to 900 ps. We then add
the next time bin, vary its length, and perform a fit to the data in these first four
bins. The length of the fourth bin is then chosen to minimize the mean squared error
of the fit. This optimization process is repeated for each successive time bin until 15
ns of data are used. Such an optimization of the bin sizes is done separately for the
H and V polarizations.

We emphasize that the time bins are chosen to optimize the error of the resulting
fits, not the amplitude of the fitted oscillations. As shown in Figure 3.4c, the time-
binned data exhibit clear oscillations and allows us to extract a fidelity above the

classical limit using the fit.

A.6.2 Maximum Likelihood Estimate

Any time binning method, while necessary to present the data in a reasonable
fashion, introduces errors by changing the timing information of the raw data. In
order to ensure that such errors do not lead to an incorrect estimate of the fidelity,
we also extract the fidelity directly from the raw data using a maximum likelihood
method. In addition, we calculate the probability distribution for the fidelity, which
not only indicates a high probability of entanglement demonstration, but, by virtue
of being nearly a perfect Gaussian, justifies minimization of the mean squared error
used in the optimization procedure above.

We first derive the formula for the joint probability distribution function of detect-
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ing a photon at time ¢ and measuring the spin state | M). Due to the single exponential
decay of the optical excited state, the probability distribution for detection of a |H)

or |V) photon at time ¢ is

1 —t/T
PHV (t) = ;6 Z s (A4)
where 7 = 12 ns is the lifetime of the excited states. For a perfect spin-photon

entangled state, upon detection of a |H) or |V) photon at time ¢, the conditional
probability of measuring the spin state |M) is payjmy (£) = 3(1 £ cosa (t)) with
a(t) = (wy —w_)t+ (¢4 — ¢_). For an imperfect spin photon entangled state, the

conditional probability has a reduced oscillation amplitude:

paiy () = ;(1 + any cosa (b)), (A5)

Thus, the joint probability is

paay () = pamyv (t) pay (t) (A.6)
= 217_e_t/T (1+apyvcosal(t)). (A.7)

Motivated by these considerations we aim to model the experimental data using

the following fitting functions:

o

fa () = H(1+chos(27rt/T+¢))6_t/T+b0, (A.8)

2
) = %V (1 — ay cos (2T + ¢)) e/ + by, (A.9)

with fitting parameters {cy, cv,ag,av, T, ¢,by}. Here cy and ¢y are proportional to
duration of the experiment and by is the background.
We denote the number of conditional readout events within each At = 4 ps detec-

tion time bin [t,t 4+ At] as ng; and ny, for the two photon polarizations, and obtain
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the data sets {ng:} and {ny,} with ¢t = to, to+At, t+2At,---. For a given set of data
and underlying probability model, a maximum likelihood estimate (MLE) picks the
values of the model parameters that maximize the [likelihood function for the data,
compared to other choices of parameters. Given no prior knowledge of the fitting
parameters, we may assume an uniform distribution for the fitting parameters. Then
the likelihood function will be proportional to the probability distribution function.
In the following, we use the MLE to fit the theoretical model with experimental data
and obtain the oscillation amplitudes agy and ay .

The expected average number of events for the time bin [¢,t 4+ At] are given by
equations A.8 & A.9 above. However, the number of recorded events for each time
bin has fluctuations characterized by the Poisson distribution

A"
A

pa(n) = (A.10)

7

where ) is the average number of events. Thus, the likelihood for recording ny,; events
of detecting an |H) photon at time ¢ and measuring the NV center in spin state |M)

is

Ly (nuet) =pa () h=rue (A.11)
= O o= 1), (A.12)

The likelihood for getting the list {ng} is

Ly ({nue}) = 1] L (ngy,t). (A.13)

t

Similarly, the likelihood for the list {ny,} is

Ly ({nve}) = 1:[ Ly (nys, 1), (A.14)
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where

t ny,t
LV (TLVJ, t) = fvn()'e_f‘/(t). (A15)
Vit-

We numerically maximize the following likelihood function for both lists {ng .}
and {ny,}:

L({nmi}, {nve}) = Lo ({nue}) Ly ({nva}) - (A.16)

We use the generic gradient ascend algorithm to maximize the likelihood function
with the optimal choice of parameters as listed in Table A.1. We verify that it is also

a global maximum by sampling throughout the entire parameter space numerically.

Parameter ap ay CH cy T (ns) o by
value 0.65 0.55 0.083 0.090 8.2 —4.04 0.000

Table A.1: Optimal choice of parameters from the MLE.

In Figure A.6.2a, we plot the contour of likelihood as a function of ay and ay .
Since we have no prior knowledge about the parameters ay and ay, we can use an
uniform prior probability distribution for ay and ay. Then the 2D likelihood plot is
proportional to the 2D probability distribution F,,, 4, joint with the observed data.

The marginal probability distribution F,,, 14, associated with ay 4+ ay is the pro-
jection of the full distribution to the +45° direction. The marginal probability dis-
tribution can be obtained by integrating the 2D probability F,, ., along the —45°

direction:

u—+v u—v)

Pagrar (0) [ doPagay (“52 5 (A17)

Because Fy = (ay + ay) /2, we obtain the probability distribution for Fy:

Pr, (21) < Paytay (221) . (A.18)
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Figure A.6: Results of maximum likelihood estimate. a. Contour plot of likelihood
as a function of ay and ay. The contour lines represent relative likelihood of 90%,
50%, 10%, 1% from inside out. With no prior knowledge of ayy and ay, the likelihood
is proportional to the probability distribution. b. The probability distribution for
the lower bound on the entanglement fidelity F'. c. The cumulative probability
distribution for the entanglement fidelity F. Inset: A zoomed plot around F' = 0.5,
showing the cumulative probability is only 0.35%.

The probability distribution for the lower bound on the fidelity is a convolution
of Pp, () and Pp, ():

PF (F = 1‘) = /+Oo dl’lppl (.131) PF2 (.I’ - {L‘l) s (A]_g)

—00

where Pr, is assumed to be a Gaussian probability distribution for F} with mean 0.83
and standard deviation 0.10. We find that the distribution Pg () in Figure A.6.2b
is nearly Gaussian and obtain an entanglement fidelity of F' > 0.70 £ 0.070. The

cumulative probability distribution

Pr(F < z) = /_ " 4 P (1) (A.20)
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is shown in Figure A.6.2c¢ and indicates that the probability that the entanglement

fidelity is above the quantum threshold of 0.5 is
Pr(F > 0.5) = 99.7%. (A.21)

These results confirm that our experiment provides a reliable observation of spin-

photon entanglement.



Appendix B

Supporting material for Chapter 5

B.1 Experimental details

B.1.1 Sample description

The diamond sample used was a natural, high purity, type Ila diamond with a
(111) cut kept at ~ 7 K. Within this sample, we used three separate NV centers
for the data presented in Chapter 5 and this appendix. A first NV center (NVa)
is subject to a relatively low strain and has a narrow distribution of *C states. A
second, higher strain NV center (NVb) has a broader distribution of 3C states. All
experiments on optical cooling and conditional preparation were repeated with both
of these NV centers with consistent results. Figures 5.1, 5.2 and 5.4e and Fig. B.3
present measurements for NVa. The remaining figures in Chapter 5 and this appendix
excluding Fig. B.5 present measurements on NVb. An additional NV (NVc) was used

for ESR measurements in section 5 of this appendix, which was used to calibrate the

125
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ground state strain for other NV centers by assuming that it is proportional to the

strain measured in the excited state[56].

B.1.2 Experimental setup

Our experimental setup is similar to that described earlier [122], with several
modifications. First, the three excitation lasers addressing the |A;),|As), and |E,)
states are kept within a “rough” beatnote lock (3 dB width ~ 5 MHz) relative to each
other. The master laser, driving the |A;) transition, is allowed to “float” freely. Its
frequency relative to the NV is monitored through fluorescence counts and adjusted
manually every few minutes. The beatnote lock is achieved by feeding the beatnote
of the relevant pair of lasers to a commercial PLL board (Analog Devices ADF4007)
which converts the beatnote to an error signal. This signal is fed into a commercial
FPGA based reconfigurable data acquisition board (National Instruments NI-7833R).
The FPGA is programmed to act as a PI controller, and its outputs are fed into the
current and cavity inputs of the lasers.

To apply an external magnetic field along the (111) direction a solenoid was placed
outside our cryostat. The cryostat significantly alters the magnetic field at the loca-
tion of the NV from the applied field. We compensate for this effect of the solenoid —
cryostat system by characterizing its frequency response using the NV electron spin as
a local magnetometer. We then apply the magnetic field waveform that compensates
for the linear response of the setup, so that the desired time varying magnetic field

is generated at the NV.
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B.1.3 Effects of ionization and other forms of spectral drift

We have already touched on the effects of ionization in Chapter 2. Here we provide
the details of the experimental sequence used to obtain the data presented in Chapter
2.

Under continuous resonant excitation the NV center ionizes with a timescale that
depends on the laser power [92]. For example, with 50 nW of power on the A; laser
and 1p4W of power on the E), laser, we measure an ionization timescale of ~ 29 ms
(Fig. B.1). The ionization feature is present regardless of whether the data is taken
within or outside a CPT dip. This effect complicates comparison of data taken with
different laser power or durations, decreases the observed contrast of CPT resonances,
prevents the accurate extraction of other timescales, etc. To eliminate the influence
of this effect, we perform all of our measurements except those shown in Fig. 1 with a
step at the end of each run of the sequence to verify that the NV has not ionized. To
do this we turn on the A, A; and E), lasers simultaneously for ~ 1 ms. With all three
lasers present there is no dark state, and the NV should produce a large number of
counts if it is not ionized, and zero photons if it is. We then discard data from runs
that do not pass a threshold for the number of collected verification photons. The
effect of this post-selection process is shown in Fig. B.1. We note that this process
not only selects for unionized cases, but also for accurate positioning of the NV and
tuning of the laser frequency. This could lead to the slight rise in counts seen in the
post-selected cases, where the NV is relatively dark at the beginning and becomes

brighter by the time of the verification step.
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a b

Counts (per 80 us) Counts (per 80 us)

Time (ms) Time (ms)

Figure B.1: Average count rates under continuous A; and FE, excitation at two dif-
ferent fixed magnetic field with (blue) and without (red) post-selection for ionization.
(a) Out of CPT resonance, decay timescale is 29.1 £ 0.3 ms without verification. (b)
In CPT resonance, decay timescale is 29.4 £+ 0.6 ms without verification.

B.2 Multilevel description of the NV center

In order to understand the dynamics of our system including the effects of the
recycling transition, we model its behavior using a full master equation approach.
For simplicity, we neglect the |E,) and |E) ) states as they are detuned from all
driving fields. The resulting level structure and transitions are shown in Figure B.2.

In addition to all processes shown in the diagram, we include pure dephasing in
the excited state at a rate I'. For resonant excitation of, say, the |A;) state, the
off-resonant excitation of the |A,) state does not play a significant role most of the
time as it is far detuned. We will neglect the effects of far detuned states for the
current discussion. We will find, though, that for understanding the **N polarization
behavior these off-resonant excitations play a crucial role and its effects will be in-

cluded in Section 4 describing the N polarization. As described in section B.5, we
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Figure B.2: Simplified level structure of NV center. |B) and |D) are the bright and
dark states for a laser Q4 coupled resonantly to either the |A;) or |Ay) state. ¢ is the
Zeeman splitting between |41) states, such that §/2 is the effective Rabi frequency
between between |B) and |D). A is the strain splitting in the ground state, and A4
is the energy splitting between |A;) and |As) states. The |E,) state is addressed by a
laser Qg and decays into the |+1) states with a total rate 7., while the direct decay
rate back to the |0) state is 7. The |A;) (]A2)) state decays to the singlet |S) with
rate vs1 (7Vs2), which then decays to |0) with rate s.
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will assume an appropriate alignment of the A;, laser polarization relative to the
strain axis. We construct equations describing the evolution of the density matrix
elements dp/dt = Mp, where M is the evolution matrix including the Liouvillian
operators for various decay and dephasing processes (defined in Figure B.2) as well
as Hamiltonian operators. Below we describe results showing the steady state of the
system of equations.

Since the |A;) state corresponds to an open A system with 7. < 7,1, we expect
essentially all of the excited state population to be in (and all the fluorescence to be
from) the E, state. We can obtain an analytical solution for this population in the

following form:
0052

6154 + 6252 +c3

(B.1)

PEU = pEy7Ey -

where

co = 27svs (7 + 204035,
1 = 77067891297

1
er = 57va(y + 200+ 1yvee (v + 20’0 + 29770 A +

2[47sVeel + Yee (s + Vs1) (7 + 2T) 4 274741 (v + 21)] Q%403

C3 = 775706[(7 + QF)2A2Q% + A4Q2E + 4A2Q?49% + 49?49%]

Assuming 9, A, and Q4 < v + 2I', we can drop the second and third terms in
cs, the third term in ¢y, and ignore the fourth order term in §. In addition, since
Yee K Ys1, the last term in ¢, is approximately just 4v,7s1 (7 + 20)Q40Q%. As a result
we find

2
Py =A 0

- B.2
v 62 + 63 (B-2)
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where the amplitude is given by

A ! _ ! (B.3)

y(y+2T) | y(v42T) 29ce 0 o
2 + 49% + 49?4 Ys1 2 + REy + nRAl

and the width (HWHM) is given by

404
62 = A+ Gty AP+ (Rai/2)? (B.4)
0 — 1+ 7319124 4781Q?4 - 1 (RAl + 2RA1) .
ZWCEQQE Yeey(v+20) Rpy v

2
402
~y+2r

and |E,), and n = 2'7“.

2
Here R, = Ra = % are the optical pumping rates for lasers tuned to |A;)

For the case of the |Ay) state, equation B.4 is inaccurate because 7. is on the

same order as 7,;. In this case the main difference is that we cannot simplify the last

term of ¢y, and we use instead the full expression for the width given by

A? + (Rao/2)?

Rao 2T Ys+7s2 A2
1+77RE +(’Y+2F+ 27s + )7

0 =

(B.5)

In addition to dy we can now express other relevant experimental parameters in
terms of results of the above model. The following set of equations lists the commonly

used parameters in the Chapter 5 and this appendix relevant for A; CPT excitation:

Rae/n
C:Am:l(m_i_m)_i_l (B.6)
n vy Rg
A2 2
5, = + (Ra/2)” (B.7)

L (ﬁz )

g, 1A%+ (Ra/2)?
In2y| -————77-—7+— B.
! \J € RATcond ( 8)

502\/_

Cq—’cond

where € is the collection efficiency roughly 5 x 10~ for our setup.

We note that §p approaches A as R4 goes to 0 and has a minimum minimum

—Rpyn+v/4Q2Rp+7)2 A2+ R y2+n?
2Rg+y

at Ry = . For a certain range of experiment parameters

the minimum value of §y can be significantly less than A.
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For example, to compare these results with the CPT width using the |A;) state
shown in Figure 5.1, we convolve the Lorentzian CPT lineshape with a Gaussian

13C distribution with FWHM given by wp. The resulting Voigt profile [150] has a

FWHM of w' =~ 0.5346(2d) + \/wg + 0.2166(2d0)2. Similarly, the CPT width using
using the |Ay) was determined using Eq. B.5. Note that the only fitting parameters
used for both sets of data are wy and the conversion factor between optical power and
optical pumping rate. We determine all relevant decay rates through an independent

measurement described in the next section.

B.3 Measurement of branching ratios

As shown in the previous section, the behavior of our CPT system depends on
the branching ratios between various states of the NV center. We have examined
a technique to measure the branching ratios for an NV center in Chapter 2. We
reproduce the figure from Chapter 2 here for completeness, and note that it was

measured with NVa, and quote the branching ratios extracted.

a Phonon-sideband counts (a.u.) b Phonon-sideband counts (a.uw)

Time (ns) Time (ns)

Figure B.3: Fluorescence decay of (a) |A;) (blue), |As) (red), and (b) |E,) states
with fits to double exponential decays (black lines).
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For the |A;) and |Ay) states, we find the decay rates into |0) to be v ~ 1.6 and
Vs2 ~ 1307, where 7 is the direct decay rate back into the ground state. For the |E,)

state, we find that /7. ~ 105.

B.4 MN polarization via optical pumping and mea-

surement based preparation

B.4.1 Optical Pumping

We now use our description of the open CPT system to model optical cooling of
the "N nuclear states. The nuclear spin dynamics of interest are governed by the flip-
flop interaction between the nuclear and the electronic spin in the electronic excited
state [77, 151]. We note that this rate is slow compared to electronic dynamics,
therefore we will assume the electronic state reaches steady state instantaneously
within the nuclear diffusion time. For our model we will take the transition rates
between different nuclear spin states to be proportional to the steady state excited
state population of the electron spin for the corresponding Overhauser field created
by the N and the externally applied field. In accordance with our experiment (Fig.
2 of main text), we will set the applied magnetic field to the center of the three
N CPT resonances such that the m; = 0 state forms the dark (or trapping) state.
The excitation rate out of the dark state is expected to be small compared to the
rate in from other nuclear states. The final polarization that can be reached will be
determined by the steady-state solution to the nuclear state populations.

First, note that we work with Rp, near saturation, so equation B.2 can be sim-
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plified as
52 R'(9)

P (5) = 2 3.
’ (2+ )82 + Sy 2R(0) +py

(B.9)

where R'(§) = 0°Ra;1 /(6% + A*+ R?%, /4) is the effective rate out of the dark state and
into |A;).

When the "N spin is in the m; = +1 states, the nuclear spin flip-flop rate, or the
rate into my = 0, is given by R, = Ac,Pg,(dn), where A, is the hyperfine coupling
in the excited state, and dy=4.4 MHz is the hyperfine splitting in the ground state.
On the other hand, there are two contributions to the rate out of the m; = 0 state.
The first is due to o7y, which we define as the average two photon detuning due to
interactions with the *C bath. The second process is off-resonant excitation of the
|As) state at a rate ERa1, where & = (v/2 + I')?/A? with A; being the detuning
between |A;) and |Ay). For the NV center used in our optical pumping experiments,
v/2 + T ~ 100 MHz and A; ~ 3 GHz. For small Ry, this off-resonant process
contributes as an additional incoherent decay rate out of the dark state given by
ER41/2, since the |Ay) state decays with probability 1/2 into the bright state, where
it is then excited with rate R4;. Note that we are neglecting direct decay out of |As)
into the my = 0 states, since 742 > na1. As a result, the modified rate into |A;)
from the dark state for the m; = 0 state is R’(&T;) + £R41/2, and the rate out of the

my = 0 state is given by

R/(éTz*) + fRAl/Q
“C2(R/(6ry) + ERa/2) + 1y

Rout == A (BlO)

Finally, the steady state population in m; = 0 is given by Py = Ry, /(2Rou +
R;,). We show this result with the experimental data in Figure 5.2d where no fitting

parameter has been used.
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B.4.2 Details of measurement based preparation

The dynamics associated with the N pumping mechanism determines the pulse
sequence used for measurement based preparation of the “N state. Measurement
based preparation is carried out via post-selection of events in which zero counts are
detected during preparation photon counting time window (7., in Fig B.4a). We
note that we want to maximize the polarization that is achieved and minimize the

experimental run-time needed to verify the obtained polarization.

a
Green J_l L 100 ps 1 ms |

m; = 0 Population m; = 0 Population

Ey _I [ u —|_| i
| | Il 1 I |
IS N |
Counter |
- | —iBro i i
Magnetic Bprep, \——1 |
field Pr‘epar‘e‘ﬁReadou‘t ‘ Verify n

Tprep (ms) Twait (ms)

Figure B.4: Measurement based preparation of “N spin. (a) Pulse sequence used
in the Chapter 5 where duration of the photon counting window used for prepara-
tion (Tprep) and time between the preparation counting window and the end of the
preparation laser pulse (Tyai) are indicated. (b) Change in prepared population as
a function of 7, for the data presented in Figure 5.2¢ (red and yellow), Tyai = 0.
Black line indicates the polarization achieved with optical pumping, and no mea-
surement based polarization. All data presented in this figure post-selects for events
where zero counts are detected during Tpep. (¢) Population of m; = 0 as a function
of Tyait for Tprep = 480 ps. Again black line indicates polarization achieved with only
with optical pumping.

In presence of photon detection shot noise, increasing the duration of the prepara-
tion time window increases the confidence in our estimate of the 4N state and there-
fore improves the measured spin polarization (see also discussion for 13C environment
in methods summary). At the same time for measurement based preparation to be

successful, the nuclear state should remain in the dark state during the preparation
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window. When the NV is optically excited the *N is being driven to a steady state
with finite polarization. As a result the success probability of post-selection decreases
if the preparation time window becomes too long. Both of these effects are illustrated
in Figure B.4 b: as the conditioning time increases (Tpep), the observed polarization
increases while the decrease in success probability results in larger errorbars. We ex-
perimentally found that the 500 us window used in the Chapter 5 gives the maximum
polarization while still maintaining an acceptable signal to noise.

To determine the result of measurement based preparation we record the counts
in a time interval at the end of the preparation step. This ensures that the preceding
optical cooling does not affect the prepared state and also increases the success prob-
ability for finding the *N in the desired state. By using counts from the last 500 pus
of the preparation laser pulse, measurement based preparation of the N state yields
higher polarization compared to the optical cooling method. This is because we can
detect the N state faster than the timescale for its evolution under optical excita-
tion (7; ~ 350us). This is further illustrated by Figure B.4c. It shows that optical
excitation after initializing the state with measurement based preparation decreases

the achieved polarization, and brings it to its steady state value.

B.5 Strain dependence of CPT width

In the absence of a DC magnetic field, the ground state spin properties of the NV
center is significantly altered by strain or electric fields around the NV [152, 56]. For
example, the zero magnetic field ESR spectrum around m; = 0 shown in Figure B.5

clearly shows a doublet where a single peak with a width of 1/7; would be expected.
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This observed effect has been explained by the presence of strain terms in the ground

state Hamiltonian (following the notation in [56]):
Hy = (hDgs + dlI1.) S? + g, S. B. + dy, [T, (SeS, + 8,S:) + 10, (S2 = S7)]

where dgls /h =17+£3 Hz cm V ~! I, and II, are the components of the strain/electric
field vector perpendicular to the NV axis along the molecular axes of the N-V center
[152], S; are the corresponding spin 1 angular momentum operators and h is the
Planck’s constant, hDgg is the 2.878 GHz zero field splitting and an external magnetic
field in the z direction has been assumed, where z direction is parallel to the NV axis.
The z component of strain changes the zero field splitting of the NV center and
is inconsequential to this work. With £ = \/des and %COSH = IL.d,, and
Ssinfd = IT,d,,, we can re-write the effective Hamiltonian for the |+1) states in a

very simple form:
1 4 .
Heg = 5 (O[+1) (+1] = 8] —1) (—1] — Ade*™ |+1) (—1| + Ade™™ |-1) (+1])

where ¢ is the two photon detuning as in Section B.2 (§ = 2guB,). For 6 = 0,
strain fixes the eigenstates to particular superpositions of |+1) and |—1) states, and
these eigenstates are split in energy by A. As Figure B.5 indicates A = 170 kHz for
an excited state splitting of 6 GHz (corresponding to NVc). We use this value to
calibrate the ground state strain splitting for other NVs[56]. We measured an |E,)
- |E,) splitting of 3.5 GHz for NVa and 7.5 GHz for NVb corresponding to ground
state strain splittings of 100 kHz and 210 kHz respectively.

Since a careful analysis has already been carried out in Section B.2 describing the

effects of other levels, here we will concentrate on quantifying the effects of strain on
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Phonon sideband counts (a.u.)

Detuning (MHz)

Figure B.5: Measured ESR spectrum for B ~ 0 for an NV with an excited state
E, and E, splitting around 6 GHz. Spectra is measured by first pumping all of the
population to the |0) state and then applying a resonant weak microwave pulse of
duration 35 pus whose frequency is tuned. The population in the |0) state is measured
afterwards using the |0) to |E,) transition and integrating the counts for a 10 us
window. The zero of the scan range corresponds to 2.878 GHz. The two peaks (fitted
with Lorentzians) are separated by 170 £ 6 kHz and their FWHM widths are 70 +
14 kHz (center around -312 kHz) and 94 + 14 kHz (center around -142 kHz)

the CPT experiment using a simple model based on the above effective Hamiltonian.
The CPT phenomenon can easily be explained in the context of the bright and dark
states, so we will use them as the basis states in our model. We optically pump the
system into the dark state let it evolve according to the ground state Hamiltonian for
time T, followed by a measurement of the population in the bright state. The linear
polarization of the CPT laser used for this measurement determines the angle ¢ as the
phase between the two circularly polarized components. This phase in turn sets the
particular superpositions that form the dark state |D) = —= (eid’ |+1) — e ]—1))

V2

and bright state |B) = - (ew [4+1) + e |—1>).

Within this model the population in the bright state can be easily calculated:

’2 182+ Acos® (0 +29)

‘<B|e—iTHeff|D>T 7 %2 A4 2
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Where (- --) refers to the average over the classical random variable 7. This indi-

cates that the HWHM of the CPT dip is determined by ,/R?/4 + A2, as discussed

in the Chapter 5. The contrast of the CPT dip is determined by the polarization

A2 cos?(6+2¢)
o

dependent quantity . For R > 2A good contrast is expected regardless of
the polarization of light. For R < 2A, the polarization of light relative to the strain
axis determines the visibility of the CPT dip. This fact is very easy to interpret in two
limits. First if 6 4+ 2¢ = 0, no CPT dip is visible at low pumping rates. This special
case corresponds to the bright / dark states defined by the light field being equal
superpositions of the eigenstates defined by strain. Any prepared dark state quickly
precesses in to an equal superposition of dark / bright states before the measurement
by the optical field; under these conditions (regardless of the applied magnetic field),
no CPT dip is visible. The other extremal case, when 6 + 2¢ = 7/2, corresponds to
the bright /states matching the eigenstates defined by strain and therefore having an
energy splitting of A. In this case a dark state clearly exists for § < A as there is
negligible precession rate out of the dark state.

We re-emphasize that all of the CPT datasets shown have been taken with an
optimal linear polarization that maximizes the CP'T contrast observed at low powers.

Thus in Section B.2 it is assumed that the bright/dark states defined by the light

field matches the eigenstates defined by strain.

!The average time 7 is linked to optical pumping rate by: (T'), = 1/R, where T is assumed to
be an exponentially distributed random variable.
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B.6 Autocorrelation measurements and spectral den-
sity of signal

Here we present an additional analysis of the autocorrelation results shown in
the Chapter 5. To confirm that the observed timescales are indeed due to nuclear
dynamics, we performed a control experiment where the fixed magnetic detuning is
tuned 4 MHz away from the m; = +1 state. As Figure B.6a illustrates, there is a
clear difference in the amplitudes of the features observed between the case when the
fixed magnetic field is located at a CPT dip or away from a CPT dip. However the
timescales extracted using fits to double exponential decays are quite similar: 350 +
30 ps and 8400 % 200 us for the dataset in a CPT dip and 760 + 200 us and 10700
+ 800 us for the datasets where B is tuned away from the CPT dip. To be able
to compare the two datasets easily we have normalized both autocorrelation spectra
such that the 0 time delay points are at 1. The 0 time delay point is not shown in
the plots because they are purely due to the shot-noise in our detector and the low
mean count rate per bin 80 us?.

The oscillations observed in the autocorrelation data can be ascribed to harmonics
of 60 Hz that is caused by experimental noise. To clearly demonstrate this we show

the power spectrum of the two datasets for which the autocorrelations have been

20ur signal can be approximated by a random variable that gives us the counts obtained per bin
¢, where n is the index of the bin. If shot noise is the only process that determines c,, then ¢,
become independent Poissonian random variables with a mean A determined by the time-bin size,
collection efficiency, and the mean excited state population. The zero delay autocorrelation value
is given by (3, cncn) = >0, (c2) =3, (A + \) while for any other delay j the autocorrelation is
given by (3", cncn_j) = >, {cn) (cn—j) = >, A% Since our count rate is relatively low such that
A < 1, the zero-delay point in autocorrelation is significantly higher compared to the rest of the
values.
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a b
Normalized autocorrelation Power spectrum of
intensity (a.u.) signal

.\\\\

time (ms) Frequency (Hz)

Figure B.6: Spectral and statistical properties of the observed CPT signal at a con-
stant external magnetic field. (a) Autocorrelation of the intensity for two constant
magnetic fields in a log-log scale when the external magnetic field is tuned away from
CPT resonance (red) and when the external field is tuned to be 0.3 MHz away from
the center of the m; = 41 resonance (blue), as explained in Chapter 5. (b) Power
spectrum of the same signal in a log-log scale clearly showing the harmonics of 60 Hz
lines and the difference of the off-resonance (red) and on-resonance (blue) for both
low frequencies and for high frequencies.

shown. As Figure B.6b illustrates, there are clear peaks at odd harmonics of the AC
line frequency of 60 Hz (180 Hz, 300 Hz, 420 Hz), and these features are present for
both datasets regardless of whether or not the external magnetic field is tuned to
be within a CPT dip. This clearly shows that the observed 60 Hz is not magnetic
in character, hence our results are not affected by the magnetic environment of the
room (which is dominated by 60 Hz noise).

We note that the power-spectrum within the CPT resonance is well described by
a sum of two lorentzians (with timescales given by 258 4+ 12 us and 9800 %+ 150 us).
Since the power spectrum of the noise and autocorrelation functions are linked by

Fourier transform, this justifies the use of double exponential decays as a model for
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the autocorrelation function.

The two timescales associated with the CPT dip are tentatively ascribed to pro-
cesses associated with the nuclear spin environment. The fast time-scale corresponds
well with the N diffusion timescale (see section 3), and we assign the slower timescale
to light induced changes in the carbon nuclear environment. The presence of the
two timescales in both datasets, although with very different amplitudes, may be
qualitatively explained by the slight sensitivity of our CPT signal to magnetic field
fluctuations even away from the CPT resonance.

Even though the 8 ms timescale is long compared to most of our experiments, this
value determines the timescale in which a prepared distribution of the Overhauser
field remains unchanged under optical illumination and hence is an important factor in
determining the utility of the narrowed distribution (see section 10 for an application
to magnetic field sensing). We have carried out experiments to verify that this slow
timescale is due to reconfiguration of the *C environment. The results are presented
in the next section, where we outline measurements in which the magnetic field is

changed quickly under continuous optical illumination.

B.7 Nuclear configuration measurements using fast
magnetic field ramps

We examine here in more detail the experiments presented in Figure 5.3b and
¢ where the magnetic field was swept across one of the N resonances within a

relatively short time period. We now show the complete experimental sequence where
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a (forward) rising sweep proceeds the falling sweep that has already been discussed
in the Chapter 5. Using both directions of the magnetic field scan, we can extract

additional information about the dynamics of the *C spin bath.

a b
Green | |

A
E, |
A,

Counter

MagnetiL/\

Field

Counts per 80 us

ol

F Orwara scan R o
(preparation) Backward scan

(readout)

2eusB(MHz)

Figure B.7: Observation of the instantaneous configuration of the *C spin bath. (a)
Complete pulse sequence for real-time measurement of the *C nuclear configuration.
Counts are recorded in 80 us time bins. (b) Blue: Average of ~15000 forward scans
that passed verification, showing full width of N line given by 1/T5. Red: Average
of the same forward scans after shifting each individual run by the center position of
their fitted CPT lines. Yellow: Average of the backward scans after shifting each run
by the fitted CPT line position of its corresponding forward scan. Blue, and yellow
curves have been shifted up for clarity by 1 and 0.5 counts respectively.

First, we can compare the values of our estimate of the Overhauser field between
the forward and the backward scans. Figure B.7 shows in blue the average counts
obtained during the forward scan. We perform Lorentzian fits to individual forward
scans, and consider the fit successful if the parameters for the fitted distribution
falls within the averaged CPT line. Specifically if the fitted width is between 20
kHz (frequency sampling interval), and 2 MHz (overall width of the unconditioned

CPT width), and the center of the width is within 1.4 MHz of the center of the
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unconditioned with the fit considered to be succesfull. The red curve is obtained by
shifting (or re-centering) individual forward scans by its corresponding fitted center
of the CPT dip if the fit succeeds. Clearly the red curve is a factor of ~2 narrower
compared to the average scan. We can further verify that the environment remains
in this measured configuration by shifting the backward scan based on the value of
the Overhauser field estimated using the preceding forward scan. This then produces
the yellow curve which is again a factor of ~1.4 narrower compared to the un-shifted
curve. This shows that we are indeed observing instantaneous configurations of the
magnetic field environment with a lifetime greater than the single-direction ramp time
of 5 ms.

The results of the preceding analysis motivates a method of measuring the timescale
of 3C spin bath dynamics by changing the the time of the field ramps and looking
at correlations between the position of the CPT resonance on the forward and back-
ward scans. To prepare a particular nuclear spin configuration during the forward
scan, we select runs in which the number of counts is zero for two successive time
bins corresponding to a particular value of the magnetic field By. For the graphs and
discussion shown in this section we pick By so the state is prepared at the center of
the 13C distribution. The resulting distribution of counts is shown in Figure B.8a.
Plotting the averaged counts during the backward scan for these selected runs reveals
a narrowed distribution around By. By repeating this measurement for increasing
ramp times, we see that the features in the post-selected data begins to broaden, in-
dicating decreasing correlations between the Overhauser field during the forward and

backward scans as they become further separated in time. We find that the timescale
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of this *C spin bath reconfiguration to be on the order of five milliseconds, consistent

with the results of the autocorrelation data in the previous section.

a b C

Counts (per 80 us) Counts (per 80 us) Readout width (MHz)

(X

2gﬂB(Bprcp'B0) (MHZ) 2g/JB(Breadcut'BO) (MHZ) Ramp Time (ms)

Figure B.8: Analysis of forward and backward scans using the forward scan as prepa-
ration and backward scan as readout. (a) Distribution of counts in the forward scan
if we post-select those runs who have two successive 0 counts around By,., = By. The
selected points (artificially zero) have been dropped from the figure. The times for
each ramp direction are 2.5 ms (blue), 5 ms (red), 7.5 ms (yellow) and 15 ms (green).
The widths of the fits are roughly the same for all timescales. Blue, red, yellow and
green curves have been shifted vertically by 0.2, -0.05, -0.3, -0.55 counts respectively
for clarity. (b) The corresponding plot of the selected backward scans with the same
vertical shifts as in (a). (c) Extracted width as a function of the ramp time.

B.8 DB, dependence of the observed width

In this section we will demonstrate that a narrow conditional distribution can
be prepared for any value of the two photon detuning that remains within the
13C distribution. However we show that the minimal value of the narrowed width
occurs away from the center of the distribution.

To explore this effect we carry out a similar experiment to the one described in
Figure 5.4 of the Chapter 5 (and the pulse-sequence reproduced in Figure B.10),

where we now vary the external magnetic field B, during the preparation step
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Figure B.9: Dependence of the conditional CPT dip as a function of Bp,ep, for NVb.
(a) Change in the probability of detecting less than 1 count as a function of Bpep. (b)
Center estimate of the conditional distribution as obtained from a single Lorentzian
fit. (c) Estimate of the width of the conditional distribution as a obtained from a
single Lorentzian fit.

and obtain narrowing data for different B,p,. The data showing the properties of
the narrowed CPT dip is summarized in Figure B.10 for NVb. While B, remains
within the *C distribution, we are able to prepare a relatively narrow CPT dip. As
Figure B.10b illustrates, the center of the narrowed CPT dip follows B, exactly.
As one moves further away from the center of the 3C distribution the probability
of being able to prepare the narrowed CPT dip changes. Specifically, far away from
the center of the distribution the probability decreases significantly (this is partially
illustrated in Figure B.10a), but never decreases to zero. The width of the narrowed
distribution also changes as Bp,e, moves away from the center of the '*C distribution.
In fact the narrowest feature is found away from the center. Similar results were
obtained for another center (NVa).

In our discussions so far we have treated the nuclear environment as a collective

system which can be characterized by a density of states. The fact that the center
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estimate of the narrowed distribution follows B, value supports this argument.
The variation of the narrowed width as well as the probability of successful state
preparation as a function of B, indicates that a varying density of states may be
playing a role in these experiments.

Qualitatively we expect the lifetime of the nuclear environment to be proportional
to the density of available states that yield that particular magnetic field value. As the
number of ways of escaping from the particular configuration is given by the possible
ways in which the nuclear spins can flip-flop between each-other the higher density
configurations should have a higher rate of escape. The associated density distribution
for the nuclear state of the carbon bath is expected to be peaked at the center, hence
we expect the smallest lifetime to be given at the center. With a small lifetime, the
prepared state can possibly change before or during the readout stage, yielding a
width that is wider compared to the case where the magnetic environment does not
change. Even though the lifetime should get longer as we one moves towards the edge
of the B distribution, the probability of finding the system in those configurations is
also lower. In the presence of false events that produce 0 counts during preparation,
the lower probability of finding the environment in the desired state would imply that
one should obtain the unprepared distribution for these cases and the width should
increase. Based on these qualitative arguments we expect the width to be given by
the shape observed in Figure B.10c. We note that this argument could be further
studied using the experiment described in Section B.6. Further exploration is needed
to determine the exact mechanism of diffusion between different nuclear spin states

and its effect on nuclear state preparation.
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Figure B.10: Change of the conditional CPT width as a function of dark wait time.
(a) Pulse sequence describing the experiment. The wait time (between the prepara-
tion step and the readout step) is varied and a different CPT spectrum is obtained
for each point similar to Figure 5.4 in the Chapter 5. Verification step is shown for
completeness. (b) A plot of the extracted width as a function of the wait time #yaj
showing no significant change up to 6 ms.

B.9 Lifetime in the absence of optical fields

In our discussions of nuclear dynamics we have neglected any evolution in the
absence of optical light fields. We now present data that suggests that lifetime asso-
ciated with prepared Overhauser field distribution in the dark is much longer than 6
ms.

To probe the effects of evolution in the dark, we repeat the experiment illustrated
in Figure 5.4 where we now change the wait time t.,;; between the preparation and
readout. A change in the nuclear environment within this time would affect a change
in the width of the CPT signal that we observe in the readout step.

Figure B.10 illustrates the widths of the readout observed as a function of the wait
time tyait. No noticeable change in the width occurs within 6 ms of t.;, indicating
that if any change occurs within this time its effect on the Overhauser field distribution

is negligible for the results that we are reporting.
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B.10 Discussion

In this section we apply results of the model developed in Section B.2 to estimate
the limits of measurement-based narrowing of Overhauser distribution and discuss
possible application of these techniques for magnetometry. In the following Rg > ~
is assumed.

To explore the limits on narrowing given by . we will consider two separate
cases. In the first case, applicable to current experimental realization, we assume
that preparation is limited by finite strain. The minimum ¢, is achieved by setting

R4 = 4A (equation B.8). For this optimal value we find that

5, = /M. (B.11)
Tcond

For the current experimental parameters, and T,,,q ~ 8 ms, we estimate that Over-
hauser distribution as narrow as 23 kHz and 40 kHz could be prepared for NVa
and NVb, respectively. Note that preparation of such a narrow distribution can not
verified directly via dark-resonance measurement near zero magnetic field since the
readout linewidth itself is limited by strain.

The limit associated with strain could be circumvented by using two-frequency
dark resonance excitation in a Raman configuration at high magnetic field (g5 B >
A). In the case of slowly evolving nuclei, R4 and T,onq are then the only parameters
that define the width of prepared distribution ¢.. To decrease the CPT linewidth, R4
can be made very small, at the cost of reduced number of counts. To ensure that a
sufficient number of counts is obtained to differentiate the dark state we require that

CTeong > 1, which gives a minimal R4. Using this minimal R4, and assuming that
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Teonave > 2, we find

, Vin2n/e
oM~ B.12
¢ QTCOHd ( )

This analysis thus indicates the present method should allow us to reach Heisenberg

1

cond

limited narrowing 67" ~ with a modest improvement in collection efficiency
(from current € = 5 x 107 to € = 1072). This appears to be well within the reach of
current experiments using e.g. solid immersion lenses (SILs) [127]. Note that Tiong,
and correspondingly the narrowing, is eventually limited by the lifetime of prepared
nuclear configuration 77"¢ [48].

Finally, we outline how the techniques described in this work can be used for
sensing external magnetic fields. As compared with conventional methods involv-
ing microwave manipulation and readout with an off-resonant green laser [55], our
method can improve the magnetic sensitivity in a number of ways. First of all, we
note that use of the presented CPT-based method with a recycling transition results
in an improved readout mechanism (gain in sensitivity x6), along with a gain in
sensitivity by employing both |+1) and |—1) states for magnetic field detection (gain
in sensitivity x1/2). Note that, by improving the collection efficiency by a factor of
10, the increase in the number of counts could boost the sensitivity by an additional
factor of three.

Further improvement can obtained via conditional preparation of nuclear environ-
ment demonstrated here. Specifically, reduction of the uncertainty in the Overhauser
field by setting it to a well-defined value via e.g. feedback control significantly im-
proves the sensitivity to low-frequency magnetic fields. For example, if one operates

at high bias fields such that the method is limited by the dynamical evolution of the
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nuclear environment, the resultant resonance narrowing could be as much as 1 ms/1us
~ 10%. When combined with improved readout, the sensitivity to low frequency (DC)
magnetic fields could then be potentially improved from about uT Hz /2 [55] to nT

Hz /2.
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