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DISSERTATION ABSTRACT
Ethan Turner
Doctor of Philosophy
Department of Physics
June 2022

Title: Real-Time Bayesian Estimation and Feedback control with a Nitrogen Vacancy
Center in Diamond

Quantum sensing utilizes the sensitivity of a quantum system to a given
physical quantity in order to derive an estimate for that physical quantity.
Nitrogen vacancy (NV) centers in diamond have emerged as a popular quantum
system for sensing purposes. Due to their sensitivity to a wide variety of physical
quantities, NV centers in single and ensemble densities have been employed as
magnetometers, electrometers, pressure sensors, and thermometers. While sensing
of static and periodic signals has been achieved at nanoscale resolutions, time-
varying signals are still under study. In this dissertation we demonstrate real-
time sensing of a time-varying magnetic field using a single NV center placed
in the dark state via coherent population trapping. Estimation carried out by
a Bayesian inference-based estimator generates estimates of the field with the
detection of a single photon. The estimator’s sensitivity to statistical parameters

of the fluctuating magnetic field allows for parameter optimization using feedback

v



control. Real-time magnetometry using a single solid-state spin can add a new and
powerful tool to quantum sensing.

This dissertation contains previously published and unpublished material.
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CHAPTER I

INTRODUCTION

Technological advancements of the last decade have generated remarkable
strides towards reliable control of quantum systems. These advancements coupled
with rigorous studies of quantum systems have enabled the construction of a
variety of quantum technologies [1, 2] from quantum cryptography [3], to enhanced
imaging and sensing [4, 5, 6] and quantum computers [7, 8]. An essential feature
of all quantum technologies is quantum coherence, which allows for reliable
operation of a quantum system. Any practical quantum system is coupled in
some way to its environment, causing the phase relation between quantum
states to decohere and consequentially limiting the utility of the system. While
decoherence gives the impression of quantum malevolence, studying its effects
can be helpful in uncovering information about the quantum system and its
surrounding environment.

Magnetic fields are a significant source of decoherence in a variety of
quantum systems. Fluctuating magnetic fields can be found in magnetic films
and heterostrucures [9], 2D magnetic materials [10], and biological systems [11].
Specifically, the nitrogen vacancy (NV) center in diamond, the subject of this
dissertation, is surrounded by a bath of ¥*C nuclear spins that generate randomly
time-varying magnetic field fluctuations. The spin bath couples with the NV
center spin, randomly shifting its ground spin states, lowering the coherence time
from its electronic spin lifetime limited (1 ms) by three orders of magnitude
[12, 13, 14]. Quantum magnetometry, applied to these systems, can provide

important physical insights for understanding these materials.
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In this dissertation, we develop a novel quantum sensor using nitrogen
vacancy (NV) centers in diamond to demonstrate real-time sensing of a
magnetic field using coherent population trapping (CPT). Additionally, we
introduce a feedback process that stabilizes the NV center in the presence of the
fluctuating field. This process can be used to infer information about the spin
bath environment surrounding the NV center which is a primary cause of its
decoherence. We then provide a technique for improving the sensitivity of our

sensor using nuclear spin pumping.

1.1. Quantum Sensing

Quantum sensing employs the fundamental sensitivity of a quantum system
to its environment for measurement of a physical quantity [15]. These quantities
range from electric and magnetic fields to temperature and pressure. While
sensitivity to these quantities is typically seen as an obstacle to overcome in fields
such as quantum computing, quantum sensing reframes these susceptibilities
as a tool for learning about quantum systems. Atomic clocks [16], precision
spectroscopy, and nuclear magnetic resonance are each historic examples of
quantum sensing prior to the development of quantum sensing as a sub-field.
Valued progress in the field of quantum sensing involves the design and engineering
of quantum systems for sensing purposes with the goal of reaching new regimes
of sensitivity from nanometer resolution in materials [17] to the detection of dark
matter|[18].

The fundamental descriptors of a quantum sensor [15] include (1) the use of
a quantum object to measure a physical quantity. The quantum object typically

has well resolved, discrete energy levels that are sensitive to the quantity to be



sensed. (2) The use of quantum coherence to measure a physical quantity. (3)
The use of entanglement to improve the sensitivity or precision of a measurement
beyond classical means. Entanglement-assisted sensing is also referred to as

quantum metrology [6, 19, 20].

1.2. Quantum Sensors

For general sensing applications, a physical process (e.g. temperature change)
induces a response in a well characterized sensor (thermometer). Due to the known
reactivity of the sensor, i.e. calibration, the response can be converted into a
metric (temperature). Quantum sensors use this same process to detect a physical
quantity that shifts the discrete energy levels of a quantum system.

There are criteria for selecting a quantum sensor. The first is that the
sensor must have discrete and resolvable energy levels. Next, the sensor must be
capable of quantum state initialization and easy read-out so that information
can be extracted from the system. Often the system is coherently manipulated,
typically with the use of external fields. The physical characteristics of the sensor
determines the physical quantity that it is sensitive to. Charged-based sensors
typically detect electric fields and spin-based sensors can be used to detect
magnetic fields. Some sensors, such as NV centers, can be used to detect multiple
quantities.

Another important characteristic of a sensor is its sensitivity to stimuli.

The sensor must be sensitive to the desired measurable quantity but must also
be robust to other physical noise. This sensitivity is determined by the stability
of the sensor’s descrete quantum states and the scale at which those levels can

be shifted. The stability of a sensor’s quantum states is limited by the state



population decay and the decay of coherence between states, these are typically
referred to as lifetime and decoherence rates.

When it comes to choosing a sensor for a particular task, there are a
multitude of quantum sensors being developed today, each with its own unique
advantages and disadvantages. With the increased development of atomic vapor
based quantum computing so has the ability for atoms to be employed as quantum
sensors. Being a spin-based sensor, a thermal vapor of atoms can be used as a
magnetic field sensor and has achieved sensitivities in the range of 100 10 8
T/ pE [5, 21, 22]. Similarly, electromagnetically trapped ions have been used as

P,

electric field sensors capable of sensing electric forces as low as 1 10 2N/
using quantized motional states [23, 24| as well as magnetic fields as low as

p__
4.6 10 2 T/  Hz using the ground state spin sublevels [25]. Such work has also

lead to development of dynamical decoupling which can be used to measure the

frequency of oscillating magnetic fields such as nuclear spin precession [24].

1.2.1. Solid State Sensors

Another useful class of quantum sensors are those that lie within solid state
media. Solid state hosts allow for much larger densities of sensors than their
atomic counterparts [26]. One of the oldest of these technologies are those that use
nuclear magnetic resonance (NMR), used to determine magnetic field strength by
measuring the Larmor precession of an atom’s nuclear spin. NMR techniques have
a variety of applications from in situ and dynamical field mapping in magnetic
resonance imaging (MRI), and gyroscopes [15].

Solid state quantum sensors can also be made out of electronic defects in a

host material. The most widely studied solid-state quantum sensor, and the focus



of this dissertation, is the nitrogen vacancy (NV) center in diamond. NV centers
can be grown in a range of densities, parts-per-billion to parts-per-million, in
diamond sizes from 5 nm to 10 mm [17]. The defect can be initialized and readout
optically for sensing purposes at cryogenic and room temperatures. For densely
doped diamonds, NV ensembles have been used for biological imaging [27] and
mapping microscopic magnetic inclusions in meteorites [28]. Additionally, spin
coherence times of high density ensembles are reduced by 100-1000 times due to an
excess of substitutional nitrogen spins inherent to the strongly doped samples [15].

Single NV centers have also been used for a variety of applications such as
magnetometers [26], electrometers [29], pressure sensors [30], and thermometers
[31]. Single NV centers are able to be individually addressed optically using a
confocal setup, which enables sensing of a local environment without disturbing
other nearby defects. Another advantage of NV centers is that they are firmly
trapped within a solid. In order to detect nanometer resolution magnetic fields
one needs to bring their sensors as close to the field source as possible, which is
difficult to achieve using an atomic vapor tube. Single NV centers are able to be
implanted within 5 nm of a diamond surface with coherence times as high as 100

s [32].

NVs have been useful for detecting time varying signals as well as static
signals. Such efforts primarily employ Ramsey interferometry [26, 33| which limits
the sensing window of the NV to a snapshot in time. For sensing periodic signals
Ramsey interferometry can only sense slowly varying signals with frequencies on
the order of the sensing window [15]. This is solved using multipulse techniques
based on spin - echos [34] such as the Car-Purcell pulse sequence [35] and periodic

dynamical-decoupling [36]. Such techniques can be used to refocus the decoherence



caused by the surrounding spin bath of the NV [37, 38]. However, such multipulse
procedures require long pulse sequences that accumulate pulse shaping errors and
imposes disruptive forces on the quantum system under study. Magnetometry
procedures that are discussed in this dissertation occur in real-time and are
minimally invasive to surrounding quantum systems.

Particularly, in this dissertation, we demonstrate a real-time sensing
procedure that uses a three-level quantum system instead of the two-level systems
used in traditional quantum sensing techniques [15]. To do this we monitor the
fluorescence of the NV while we place it in a special quantum superposition known
as the dark state. The dark state gets its name due to destructive quantum
interference that prevents the state from being optically excited, preventing
optical decay and the emission of a photon. Such a state is achieved with the use
of coherent population trapping (CPT). Fluctuations caused by local magnetic
fields can disrupt the conditions that place the NV in the dark state, allowing
for excitation and the emission of a photon. The degree of which the dark state
fluoresces is then determined by the detuning of the applied fields. By monitoring
the spectral response of a CPT curve, which has been used for static sensing [39],
in addition to using a Bayesian inference technique we can update our estimation
of a time-varying magnetic field with the detection of a single-photon. The
temporal resolution of the sensor is therefore set by the computation latency ( s)
and the photon count rate (kHz) which is determined by the optical power of the
CPT fields and its sensitivity to magnetic field fluctuations is set by the linewidth
of the CPT spectral response. The figures of merit for quantum sensors applied to
static and periodic signals cannot be directly compared to the sensor discussed

in this dissertation due to trade-offs between its resolution and sensitivity. In



this dissertation we sense magnetic field fluctuation amplitudes with a standard
deviation as low as 0.18 G and real time dynamics as fast as 0.1 ms.
Furthermore, since the estimation occurs in real time, we can also provide
real-time feedback control to counteract fluctuations imposed on the NV and
it’s surroundings as they occur. We introduce a feedback mechanism to our real-
time sensor and verify performance using Ramsey interferometry to measure the
improved spin-decoherence time of the ground state, T,. By adjusting the input
parameters used to estimate the time-varying magnetic field, we can determine the
statistical parameters of the fluctuating field. This presents a promising technique
for characterizing the solid state environment that surrounds a solid state spin.
Additionally we demonstrate steps towards increasing the sensitivity of the
NV. By polarizing the nuclear spin of the NV center we can eliminate linewidth
contributions that arise from the three hyperfine NV states. This is carried
out using nuclear spin pumping which utilizes the total-spin conserving optical
transitions of the NV center’s excited state to initialize the hyperfine state of the
NV via optically forbidden transitions. The result is a smaller CPT linewidth
and therefore a steeper spectral response, increasing sensitivity, and enabling the
sensing of smaller magnitude fluctuations born from decoherence sources such as

the 3C spin bath.

1.3. Dissertation Outline

In the first few chapters we introduce the NV and the various quantum
control techniques required for real-time estimation. In Chapter II, we describe the
NV center’s physical and electronic structure which dictates the quantum states

it can occupy. We then explore the NV center ground state down to the hyperfine



interaction. Next, we discuss how to access the individual states of the NV center’s
excited state manifold and how they are affected by external forces such as strain.
In Chapter III, we provide an outline of the experimental setup used throughout
the dissertation. We also touch upon the fundamentals of NV ground state control
such as optically detected magnetic resonance (ODMR), Rabi oscillations, and
Ramsey interferometry using microwaves and present preliminary results. In
Chapter IV, we provide the theoretical background of CPT. We describe the
experimental procedure for accessing the dark state and show that the hyperfine
states of the NV center can be resolved using CPT as well.

In Chapter V we demonstrate real-time estimation of a time varying
magnetic field. We discuss the various estimators and their theoretical background
used as well as the theoretical estimation bounds that can be achieved. We
discuss how those estimators can be compared and compare their performance to
the theoretical bound. For the next chapter (VI), feedback control is employed
to counteract magnetic field fluctuations imposed on the NV. We observe
improvement in the spin decoherence time via the Ramsey interferometry. We
optimize this improvement to estimate the parameters of the fluctuating field.

In Chapter VII, we demonstrate an approach towards nuclear spin polarization
using forbidden optical transitions and MW control in a strain regime in the NV
that has yet to be explored. We then wrap up our discussion in Chapter VIII by
summarizing our findings and provide direction for further work to progress the

field.

1.4. List of Acronyms used in this Dissertation

NV - Nitrogen Vacancy Center



MW - Microwave

ODMR - Optically Detected Magnetic Resonance
EOM - Electro-Optical Modulator

CPT - Coherent Population Trapping

FPGA- Field Programmable Gate Array

OU Process - Ornstein-Uhlenbeck Process

CRLB - Cramer-Rao Lower Bound

CPW - Coplanar Waveguide

BPE - Bayesian Parameter Estimation



CHAPTER II

THE NITROGEN VACANCY CENTER

2.1. Electronic Structure

The nitrogen vacancy center is a color center located at a point in a diamond
lattice. Color centers are defects within a crystalline medium that can absorb
and emit light at a specific color or wavelength. Diamonds host a large band gap
(5.5 eV) which allows for color centers to be optically addressed in the largely
transparent medium. In addition to its optical properties, diamonds make an
excellent host material for solid state quantum sensors as it is chemically inert,
has a remarkably fast speed of sound (12,000 m/s), and a high Debye temperature
(2250 K). While NV centers occur naturally in diamond, they can also be grown
in the lab with engineered abundance using microwave assisted chemical vapor
deposition (CVD) [11] or implanted in the diamond surface [40][32]. Nitrogen
abundances range between < 1 parts-per-million (type Ila) and 200 parts-per-
million (type Ib) for single and ensemble NV applications respectively [41]. High
purity samples of < 5 parts-per-billion have been achieved in ”electronics grade”
diamonds [41]. The final lattice environment primarily consists of 2C isotopes,
however the non-zero spin 3C isotope has non-negligible abundance.

The nitrogen vacancy center is composed of a substitutional nitrogen with
an adjacent vacancy (Figure 2.1) located at a point in the carbon lattice of
diamond. Spatially, the various dangling bonds that surround the vacancy exhibit
a Czy symmetry, oriented along the [111] crystalline direction [42]. Each carbon

bond donates a single electron to the orbital structure while the nitrogen atom
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provides two. The electrons occupy orbital states shown in Figure 2.1b dictated
by combinations of dangling bonds that satisfy the C3, symmetry [41]. Two stable
charge states exists for the NV, the neutral NV? and the negative NV [43]. The
NV has 5 electrons making it a spin-1/2 system with a zero phonon line (ZPL)
located at 520 nm. The NV accepts an electron from the diamond’s valance band
[44] and has a zero phonon line located at 637 nm [45]. This leaves the NV with
a total of six electrons, yielding a total spin of S = 1 and an effective orbital
structure of 1s2sp®. The NV  will be the primary focus of this dissertation and

from here on will be referred to simply as "NV” unless otherwise stated.

(b)
T ‘ Ground State Excited State
V

N I P T

® | @ - e
d | —

FIGURE 2.1. (a) Physical structure of the NV. (b) Electron occupation of orbital
states aj, a], ex and ey.

2.2. Ground State

The ground state of the NV center is a spin triplet (S = 1;mg = 0; 1) which

can be described by its ground state Hamiltonian,

Hgs = Dgs(S;  S(S +1)=3) + AgsszlZ + AL(Sxlx + Syly) + Pgs(1z + 1 (1 +1)=3)
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where the mg = 0 spin projection is separated from the degenerate non-zero spin
projections, Mms = 1, by a zero-field splitting of Dgs = 2:88 GHz (Figure 2.2)
[42]. We will sometimes refer to the electronic projection states as jOi and j 1i.
Degeneracy of the mg = 1 projections is lifted by the application of an external
magnetic field via the Zeeman interaction. The Zeeman interaction adds a nvB S
term to the NV ground state Hamiltonian where ny = ¢ g 2:8 MHz/G is the
gyromagnetic ratio of the NV. This factor scales the sensitivity of our magnetic
field sensor when applied to the real time sensing experiment discussed in Chapter
V.

The hyperfine interaction also plays a role in the ground state structure. The
nitrogen isotope with the largest abundance in diamond is N, whose total nuclear
spin is | = 1, with spin projections m; = 0; 1. The hyperfine interaction couples
the mg = 1 spin projections with each nuclear spin projection m,. This results
in a hyperfine splitting of Alg(s = -2.2 MHz between each nuclear spin projection
and a nuclear quadrupole shift of Pgs = 5 MHz systematically lowers the nonzero

nuclear spin projections [42].

D =288 GHz

m=0 —
} 5 MHz
— L m=+] -—

FIGURE 2.2. Ground state manifold of the NV center. D is the zero field
splitting and 'g is Zeeman splitting. The nuclear spin states are further split
by the quadrapole interaction (5 MHz) and the hyperfine interaction (2.2 MHz).
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2.3. Excited State

The NV center’s excited state is accessed by the promotion of an S-orbital
electron to one of the p-orbitals via optical excitation. The energy required for
excitation is determined primarily determined by the Coulomb interaction which
has a magnitude of 1.94 eV corresponding to a ZPL of 637 nm (Figure 2.3).
Beyond the excited state there exists a continuum of vibronic states otherwise
referred to as a phononic sideband (PSB) which extends to 800 nm [42]. The
excited state manifold is both an orbital doublet and a spin triplet yielding six
unique states (JExyi, JE1:20, jA121). The spin character of each state dictates the
selection rules of each transition from the NV ground state. States JEy. i are of
ms = 0 character while JA;.»1 and JEj.o1 are of non-zero spin character. The
contribution of the spin-orbit and spin-spin interactions, Hg, and Hsg respectively,

further jostle the states about in the manifold. Their Hamiltonians are

Heo = 2(jA1ihALj + jA2ihAyj  JE1IhELj JE2i hEyj) (2.2)

Hss = A(JA1ThALj + JA2I hA,j + JE1ThE ] + JE, i hEyj)
2A(JExi hExj + JE,i hE,j) + A'(jAzi hAzj  jALi hAj) (2.3)
+A"GE1ihEyj + JE,ihE1j  1jE,i hExj + i jExi hEyj)
where  is the spin orbit interaction, 3A = 1:42GHz and A" = 1:55 GHz are the
spin-spin contributions. A¥ leads to the non-spin conserving cross transitions that
play a role in optical pumping [41].
The NV can be optically addressed using the resonant ZPL at 637 nm or

non-resonantly at 532 nm. Resonant excited state transitions are sensitive to the

polarization of the excitation light. Each transition is total spin conserving and
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FIGURE 2.3. Energy level diagram of the NV’s ground and excited state. The
state furthest right is the meta-stable singlet.

stronger transitions are characterized by the spin character of the initial state
from which they are excited, e.g. linearly polarized light (X and y) primarily
excites the JExI and JE1 transitions from jOi with decay pathways that result

in the same spin character. A table of transitions and their selection rules are
shown in Table 2.1. Exciting the NV non-resonantly is also spin dependant. Non-
resonant excitation while in the electron is initially in the ms = 0 ground spin
state radiatively cycles the electron between triplet configurations in the excited
and ground state. If the electron is initially in the mg = 1 spin state, after non-
resonant excitation, the electron will preferentially decay non-radiatively via the
intersystem crossing (ISC) to the meta-stable singlet state (Figure 2.3) before
decaying to any of the spin ground states. Repeated cycling via non-radiative

excitation, therefore can optically pump the NV into the jOi state. This is an
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important feature of the NV useful for initialization and readout which occurs at
room and cryogenic temperatures. Continuous resonant excitation can ionize the
NV to it’s neutral charge state. Recovery of the negative charge can be achieved

via off-resonant excitation [44].

| Initial State | jJExi | JEyi | jE1i | JEai [ jAqi [ jAqi |
j 1i + +
joi x |y
j+1i | o+

TABLE 2.1. Polarization of light needed for transitions between initial states and
final excited states where 4. represents right and left handed circularly polarized
light respectively and X, y are X- and y-linearly polarized light.

2.4. Strain

Crystallographic defects caused by interruptions in the crystalline structure
or composition of the diamond exert external forces on the NV. One of these
effects is localized strain which we describe with the strain Hamiltonian,

HStrain. Strain effects on the excited state energy levels can be described by two
parameters, 1.o. One of which systematically alters the band structure altering
the exact ZPL. The other splits the orbital doublet states and introduces cross
terms between the various excited state energy levels which is referred to as state-
mixing. State-mixing complicates the selection rules of exciting the NV to the
excited state, allowing previously forbidden transitions to occur. The resulting

Hamiltonian can be written as a sum of each contribution, H = Hgy 4+ Hss + Hstrain,
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which can be written in the basis states fJA1T; JAx1; JELT;JE T JE 1 JE2IQ as

O 1
A AO + z O 0 0 1 i 2
0 A+ AO + 2 0 0 ) 1
N 0 0 2A + 4 2 0 iAY
H p—
0 0 2 2A 1 A 0
1 l 2 0 AOO A Z 0
2 1 iA 0 0 A 5
(2.4)

Figure 2.4 shows the shift in the unperturbed excited states of the NV center
as a function of ;. Transitions with mg = 0 are linearly split, this is a key feature
for determining a given NV center’s strain environment. Looking closer, notice
that there exists a level anti-crossing around 7 GHz between the Ey and E; states.
Excitation of the NV center with a strain parameter near this regime allows for
optical electronic spin-flip transitions [46]. This is due to state mixing between the
ms = 0 spin character excited state Ey, and the nonzero spin states Ej;», also be
seen in the cross terms of Eq 2.4. These spin-flip transitions will be a vital part of

the experiments discussed in Chapter VII.

2.5. 13C Nuclear Spin Bath

An additional defect found in the diamond host is the 3C isotope. The
defect, also referred to as a P1 center, has a net nuclear spin | = 1=2, with
a typically low abundance in diamond (1.1%) [14]. While considered low, this
abundance accumulates to a ”*3C nuclear spin bath” which creates a time-varying
magnetic field, which results in a shift of the non-zero electronic spin states of

the NV center. This is the primary source of decoherence of the NV limiting
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FIGURE 2.4. A plot of transition energy with respect to the unperturbed Ey,,
excited state with respect to strain parameter ;. Dashed lines indicate non-zero
spin character
its electronic spin coherence time, T,, from milliseconds to a few microseconds
[47, 48]. The concentration of 2¥*C changes from sample to sample and even within
the same sample. The isotope can be eliminated altogether in isotopically pure
samples [11, 43, 49]. On the other hand, nearby 3C couple strongly to the NV
and feature very long coherence times exceeding one second [50]. These spins
can be individually addressed via the hyperfine interaction with the NV center
[48, 51, 52, 53].

The nuclear spin bath plays a role in this dissertation as the model

fluctuating magnetic environment. As it will be discussed in detail further in
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Chapter V, we treat the nuclear spin bath as an Ornstein-Uhlenbeck (OU) process.
The OU process is a commonly used stochastic process that is both Markovian and
normally distributed. The process features a memory time, which encompasses the
potential dynamics of the 3C spin bath [54, 55, 56]. In the following chapters we
lay out the process taken to develop and test our quantum sensor which captures
the real-time dynamics of a time-varying magnetic field in the hopes that it can

inform the dynamics of the spin bath.
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CHAPTER III

EXPERIMENTAL METHODS

The following sections describe the experimental setup and various methods
frequently employed for locating the NV and its atomic transitions, controlling the

ground state electron spin, and determining environmental parameters.

3.1. Experimental Setup

The experiments discussed in this dissertation were carried out using a home-
built confocal microscopy setup whose schematic is shown in Figure 3.1. The NV
center is optically addressed through a high power objective lens (Nikon L Plan
100x/0.85 NA) focused just below the diamond surface. The beam’s position on
the diamond can be controlled via a remote computer using a 2D - Galvanometer
or "galvo” (Thorlabs). The red fluorescence from the NV center is collected using
the same objective. The collection path runs counter to the excitation path to
a dichroic mirror through which its fluorescence is transmitted. Scattered and
reflected excitation light is then filtered out using a 637 nm notch filter and a 150
nm bandpass filter centered at 750 nm limiting the collected photons to those
emitted from the NV’s phononic sideband. The filtered light is then launched
into an optical fiber with a core diameter of 10 m, which acts as our confocal
pinhole and sets the resolution of the confocal image. The collection fiber is then
coupled to a Perkin Elmer SPCM-AQR-16-FC Avalanche Photodiode (APD)
which outputs a TTL pulse for each detected photon. Single photon counting is

achieved through a photon counting card (National Instruments, PCI 6602).
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FIGURE 3.1. Schematic of the experimental setup. Initialization and coherent
population trapping beams are generated from 532 nm (green) and 637 nm
(red) lasers combined and focused onto an NV located in the diamond sample.
Fluorescence from the NV (maroon) works back through the excitation path,
transmitting through a dichroic mirror and filtered before being sent to an
avalanche photodiode (APD) detector.

Non-resonant excitation used for initializing the NV to its negative charge
state and optically pumping electron population to the mg = 0 ground state is
achieved using laser light generated by a Laser Flow Technologies 532 nm (green)
laser (LCS-0532-TFC-0050-05). This beam is switched on and off using an IsoMet
acousto-optic modulator (AOM) which is driven by a pulse modulated IsoMet
AQO Driver 525C-L. Resonant excitation is achieved using tunable 637 nm (red)
diode lasers (New Focus TLB-6700) whose beams are pulsed using a pair of Gooch
and Housego R15210 AOMs. Additional optical sidebands are generated using
fiber coupled electro-optical phase modulators or EOMs (Jenoptic and EOSpace).
The red beams are combined in a polarization maintaining fiber. At the output

is a half-wave plate used to rotate the polarization of the beam to meet selection

rule criteria set by the resonant transitions. Green and red beams are combined in
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free space using a Semrock Di02R594 dichroic mirror before reflecting off a second
dichroic mirror (Semrock Di02R 635) and entering the galvo.

In order to resolve the excited states of the NV, all experiments that follow
are run at cryogenic temperatures. The sample is mounted our on the cold finger
of a closed-cycle optical cryostation (from Montana Instruments, Inc) which cools
it down to temperatures as low as 8 K. Coarse positioning of the sample occurs
within the cryostation thanks to three stacked attocubes, one for each Cartesian
direction. In order to accommodate the low-working-distance of our objective a
thin window ( 1mm) through which we can focus the excitation beam onto the NV
is installed.

The diamond sample used for all experiments is a type Ila electronic grade
chemical-vapor-deposition grown diamond (from Element Six, Inc.). Due to the
high index of refraction of our defect’s host material (Npiamond = 2:42) much of
the fluorescence from the NV is totally internally reflected (Figure 3.2a) lowering
the effective numerical aperture (NA) of our objective. To enhance the collected
fluorescence a solid immersion lens (SIL) with dimensions matching the NA of
our objective is milled into the surface of the diamond sample using a focused ion
beam (FIB) [57](Figure 3.2b).

DC current and microwave (MW) radiation can be applied to the NV
using a coplanar waveguide (CPW) fabricated on the surface of the diamond.
The aluminum waveguide is deposited and shaped using laser-writer before
development with photolithography. The waveguide is wirebonded to a printed
circuit board (PCB) which is wired to an input outside the cryostation. An RF
generator is used as a MW source for NV ground state control described in the

following sections. The MW signal is amplified by a Mini-Circuits ZHL-16W-43-
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