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ABSTRACT

Nuclear magnetic resonance (NMR) spectroscopy is a corner-
stone in modern-day science. Its applications span areas from
molecular chemistry to medical sciences and even the search for
dark matter. It hails success from being non-invasive to the tar-
get of interest, the ability to provide highly detailed molecular
information and its versatility to study a wide range of samples
in their natural form. However, its main weakness is the lack of
sensitivity. The recent development in quantum sensing based
on atomic-scale systems, namely the Nitrogen-Vacancy (NV)
centre in diamond, has shown great promise in addressing the
underbelly of conventional NMR. This thesis will extend the
developments of NV-based NMR through various studies.
Chapter 1 encapsulates an overview of NMR, which discusses
its working principles, advantages and limitations. Chapter 2
presents the fundamentals of the NV centre and the overall
methodology of using it to perform NMR spectroscopy. It in-
cludes a survey of published reports relevant to NV NMR and
discusses the key challenges, such as diffusion at the nanoscale,
reduced coherence time and stability for near-surface NVs.
Chapter 3 presents a postprocessing protocol that improves
nanoscale NV NMR experiments through readout optimisations.
It outlines a photophysics model that is used to report sensory
information and demonstrates an increase in NMR signal-to-
noise (SNR) ratio of 36%. This protocol, unlike the common
approach of diamond material engineering, does not have sig-

nificant overheads and costs, the only one being the increase
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in computation power, and it is capable of being extended to
alternative NV-based experiments.

Chapter 4 investigates experiments involving an ensemble
of NVs. The previously introduced postprocessing method is
tested at the ensemble scale, and concluded that the limitations
of this protocol are amplified. The performance of this protocol
suffers from the lack of optical excitations, and a more accurate
description of the photophysics is necessary. Chapter 4 then in-
vestigates the impacts of optical noise on ensemble NV NMR
experiments. Two different lasers were used for a comparison
study. The results show that despite having a laser profile that
is an order of magnitude less noisy, the SNR of the measured
NMR is only 25% higher. With supporting modelling, it is con-
cluded that laser noise should not be the sole focal point when
performing technical upgrades.

Chapter 5 presents the journey of building an NV NMR ap-
paratus with high spectral resolution, which the previous chap-
ters lacked due to information loss caused by nanoscale diffu-
sion. The method uses the quantum heterodyne (Qdyne) pro-
tocol, and sub-Hz spectral resolution is demonstrated. It was
found that at high spectral resolution, additional technical as-
pects of the apparatus need addressing. These include the im-
pact of timing control and synchronicity, magnetic uniformity
and stability, optical collection methods and materials consider-
ations. The chapter ends on a plan to combine NV NMR with
microfluidic-based flow chemistry, which opens the door for
real-time in situ reaction monitoring. The final chapter of this
thesis explores future directions of NV-based NMR, including
the prospects of using Qdyne with diffusion noise and zero- to

ultralow-field (ZULF) NMR.
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data through the new model was completed by me. The work
in this chapter is submitted for publication.
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Part I

INTRODUCTION

This part of the thesis serves as an introduction to
the existing NMR landscape. Chapter 1 introduces
NMR spectroscopy to the reader, including the his-
tory, the working principles, and technical aspects.
It concludes with a discussion of the hallmark NMR
problem, sensitivity. Chapter 2 presents the NV cen-
tre in diamond, which has the potential to boost
NMR sensitivity. Chapter 2 will introduce the NV
centre and explainthe protocols that lead up to NMR
spectroscopy. It will end on the current limitations
of NV NMR, which the rest of the thesis aims to ad-

dress.






INTRODUCTION TO NMR

In today’s world, gaining knowledge largely hinges on the sci-
entific method. The formulation and verification of scientific
theories are fundamental to research practices, highlighting the
necessity for precise and informative methods of evidence eval-
uation. Thus, the development of instruments to validate hy-
potheses is a key cornerstone of modern science.

In chemical and biological settings, one of the widely used
instruments for hypothesis validation is the nuclear magnetic
resonance (NMR) spectrometer. It provides accurate and spe-
cific information on molecular structures, which is useful for
a vast span of applications, and its implications extend from
impacting our daily lives through the invention of magnetic
resonance imaging (MRI) to understanding the far reaches of
the universe.

The opening chapter of the thesis will focus on NMR spec-
troscopy. It begins with a historical journey from its discovery
to its present-day influence. Then followed by a discussion of
its working principle, applications, advantages over other tech-

niques and its limitations.

1.1 HISTORY OF NMR

The story begins in 1921, when Otto Stern conceived an ex-

periment testing the Bohr-Sommerfeld atomic model, which
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hypothesised the quantised nature of an atom’s angular mo-
mentum. In February 1922, Otto Stern and Walther Gerlach at
the Goethe University Frankfurt passed a beam of silver atoms
through a magnetic field and measured the deflections of the
atoms. The results revealed a set of discrete deflections, proving
the quantised nature of angular momentum in atomic systems
[57]. It was later found that the deflections were caused by the
quantised electronic spins.

In 1932, Otto Stern performed a similar experiment and mea-
sured the magnetic moment of a proton for the first time [53].
Stern was subsequently awarded the Nobel Prize in Physics in
1943. In 1937, Isidor Rabi at Columbia University performed
a modified version of Stern’s experiment by using oscillating
magnetic fields at a fixed frequency. By sweeping the strength
of the static magnetic field, Rabi discovered that there is a reso-
nant condition where the magnetic moment of the nuclear spin
can be flipped [133]. Rabi called this phenomenon nuclear mag-
netic resonance and was awarded the Nobel Prize in physics in
1944.

In December 1945 and January 1946, two independent groups
of physicists led by Edward Purcell at Harvard University and
Felix Bloch at Stanford University measured the same reso-
nance phenomenon in solids and liquids instead of molecular
beams [20, 129]. Purcell and Bloch shared the Nobel Prize in
physics in 1952.

It was in the 1950s that people started to realise that NMR can
be used as a spectroscopic tool to solve problems in chemistry.
Together with developments in condensed matter physics that
enabled superconducting magnets, electronics that enabled so-

phisticated coil design and computing that enabled numerical
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Fourier analysis, NMR started to transform from a physicist’s
tool to study atomic science to a gold standard in chemical
elucidation. One significant step along this journey is the de-
velopment of pulsed and multidimensional NMR spectroscopy.
Erwin Hahn [70] (University of California, Berkeley) and oth-
ers have contributed to the development of pulsed NMR spec-
troscopy and Richard Ernst (ZTH Zurich) [88], who was awarded
the Nobel prize in chemistry in 1991, played a significant role
in pioneering the Fourier transform (FT) NMR spectroscopy.
These works enabled an increase in sophistication in the NMR
spectra obtained that can be used to fingerprint organic molecules
with high chemical specificity.

Besides physics and chemistry, NMR also has uses in biol-
ogy and medicine. A method that uses the nuclear overhauser
effect (NOE) NMR spectroscopy (NOESY) pioneered by Kurt
Wuthrich in ZTH Zurich allows for the determination of 3D
structures in proteins by tracking the transfer of spin polarisa-
tion to adjacent atoms. This can be used to reverse engineer the
spatial information of biomolecules, such as the 3D structure in
solution. Along with X-ray crystallography, NMR is one of the
most used tools in biology to experimentally determine biolog-
ical structures [170]. Wuthrich was awarded the Nobel Prize in
Chemistry in 2002.

By introducing magnetic field gradients to encode spatial in-
formation into frequency, NMR images (MRI) can be obtained.
This can be used to image bones, organs, muscles and blood
in a non-invasive manner. Paul Lauterbur (University of Illi-
nois) and Sir Peter Mansfield (University of Nottingham) were
awarded the Nobel prize in physiology or medicine 2003 for

their development of MRI [90, 107].
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Solid-state NMR (ssNMR) and dynamical nuclear polarisa-
tion (DNP) have also begun attracting attention in the past few
decades. By transferring highly polarised electron spins to nu-
clear spins, DNP has the capability to help NMR spectroscopy
measure targets with weak signals. When coupled with ssNMR,
it has found uses in material science such as solar cells, high
temperature superconducting materials and a new field called
NMR crystallography has emerged [2, 46, 103, 112, 159]. In
the past few years, developments using zero- to ultralow-field
(ZULF) NMR have emerged that have promising outlooks in
a new way of chemical structure determination, such as dark
matter detection, which can be further boosted by particle ac-
celerator coupled radiation-detected NMR (RDNMR) [36] and
using J-spectroscopy to study chemical exchange and chirality
[11]. NMR is still a rapidly expanding field in the present day,
and in this thesis, I will demonstrate how quantum technology

can play a role in this evolving landscape.

1.2 WORKING PRINCIPLES AND APPLICATIONS OF NMR

1.2.1  The nuclear spin

The underlying physics of NMR relies on the spin properties of
the nuclei of interest, and the spin number has to be non-zero.
The nucleon composition (protons and neutrons; antiprotons
and antineutrons are not considered in this thesis) of the nu-
cleus determines the spin number (I). For a nucleus with an
odd number of nucleons, spin number is fractional (for exam-
ple, H1=1 /2; "B, 1= 3/2), for an even number of nucleons

with an odd number of protons or neutrons, I is an integer (N,
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[ = 1). In the case of an even number of nucleons and an even
number of protons and neutrons, I = 0 ('2C,'°0), which implies
that they are not NMR active [68].

Most NMR applications deal with I = 1/2 species, which
include 'H and '3C that are common in life sciences. For I >
1/2, the NMR complexity increases as the spatial charge dis-
tribution becomes nonspherical, which allows the interaction
with an electric field gradient [148], characterised by the elec-
tric quadrupole moment (eQ). This interaction causes NMR line
broadening, which limits the information obtained. This effect
becomes more significant when the local molecular symmetry
is lowered.

The broadening is caused by an increase in relaxation rate
induced by the electric field gradients (more details to follow).
The upside of this feature is that it allows for nuclear quadrupole
resonance (NQR), which is similar to NMR, that does not re-
quire a magnetic field, and its sensitivity also does not de-
pend on the magnetic field. NQR spectroscopy is commonly
used for solid-state materials in trace analysis [72]. However,
there are some I > 1/2 isotopes with a relatively lower electric
quadrupole moment that do not get affected by line broadening
as much, such as °Li.

Other NMR-related spin properties of the nuclei are the natu-
ral isotopic abundance and the gyromagnetic ratio (y). If artifi-
cial isotopic enrichment is not used, an isotope with low abun-
dance will exhibit a lower signal [68]. An important example of
this is carbon, where the NMR active '*C has a natural abun-
dance of 1.1% with the remaining being non-NMR active '2C
or the other unstable isotopes. The gyromagnetic ratio is a pro-

portional constant between the magnetic moment of an isotope



INTRODUCTION TO NMR

and its angular momentum. A higher |y| means a higher NMR

signal, as higher |y| spins exhibit larger magnetic signals.

1.2.2 NMR interactions

When the NMR active nuclei is placed under a static mag-
netic field (By), it will undergo Zeeman splitting and create
21+ 1 quantised energy levels at —ymhBy, where m = —I, -1+
1,....,1—1,1 and h is the reduced Planck’s constant [150]. In
addition to the Zeeman effect, other higher-order interactions
are also present. The accurate evaluation of these energy lev-
els forms the basis of NMR spectroscopy, because the origin
of these higher-order effects is related to the local molecular
environment [68].

Consider a spin-1/2 nucleus in a molecule under only a static

magnetic field in the z-direction. Its Hamiltonian is given by
Hnmr = Hz + Hes + Hj + Hother, (1)

where Hy describes the Zeeman interaction, Hcs describes the
chemical shift experienced by the local nuclei due to effects
such as shielding, H; is the local interaction between one nu-
cleus and another within the molecule called J-coupling and

Hother describes other higher order effects [150]. H; is given by
Hz/h = —yI.By, (2)
where

i =0y (3)
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where o; are the Pauli matrices.
The chemical shift effects can be encapsulated in its Hamilto-

nian, given by

Hes/hh=—yi- o By, (4)

where By is the static magnetic field vector and o is the di-
mensionless chemical shift tensor. oy; represents the field cre-
ated or induced towards the i direction when an external field
in the j direction is applied. This effect is a consequence of the
overall direction of the molecule with respect to the static field
and the electron distribution around a nucleus, which can alter
the effective field around a neighbouring atom.

The scale of chemical shift depends on the atomic mass [165].
In proton NMR, chemical shifts are on the order of 10 ppm of
the static field, and heavier elements such as carbon can exhibit
200 ppm of chemical shift [68]. In organic chemistry, shielding
effects can originate from the electronegativity of a particular
atom. For example, a molecule with fluorine functional groups
can draw the electron density of the other atoms towards the
fluorine, increasing the other atoms’ experienced field. Other
chemical properties, such as resonance structures or hybridisa-
tion of electrons, can also affect chemical shift, hence this effect
is critical to understanding the chemical properties of the target
[68].

The J-coupling effect between nuclear spins 1 and 2 can be

described by its interaction Hamiltonian, given by

Hy/h=2ndy -] 1, (5)
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where ] is the J-coupling tensor in frequency units. The ori-
gin of this effect is from the bonding electrons between adjacent
atoms. Consider two atoms sharing two electrons through a co-
valent bond. If the first nuclear spin is in an aligned state, then
its electron is energetically favoured to be anti-aligned, which
means the other electron from the other atom that is in the bond
will be aligned due to the Pauli exclusion principle, and hence
the other nuclear spin will likely be anti-aligned. This creates a
coupling between two nuclear spins that is mediated through
its bond rather than space [68]. J-coupling can also be extended
between more than one bond. The effect of J-coupling splits the
energy levels and the NMR resonances.

It is worth noting that the scale of J-coupling is not influenced
by the external field; it is also known as the scalar coupling,
and it is the dominating effect in the context of ZULF NMR
[11]. Also, because the tensor is usually not time varying, unless
there is a chemical exchange (for example, a reaction), ZULF
NMR can be used to measure J-coupling changes to understand
the dynamics of a reaction [12]. More information on ZULF
NMR will be discussed in a later chapter. Usually, the scale of
the J-coupling is around a few Hz for organic molecules and
diminishes with increasing bond length. Because of this weak
interaction, J-coupling is not usually easy to interpret for large
molecules and proteins.

The Hamiltonians considered so far only concern a static pic-
ture of the target molecule. To understand the NMR effects of
targets in solution (and in contrast to ssNMR), the motion aver-
aging is discussed next. This is combined with the secular ap-
proximation, where, because a large static field is used, effects

that are not aligned with By are neglected.
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To understand tumbling effects in solution and its contrast to
ssNMR, consider the dipolar interaction between two nuclear

spins and its Hamiltonian [149], given by

HoY1Y2+4 &
H =——>I;-D-1
p/h=—"3"h 2, (6)

where  is the permeability constant, r is the distance be-
tween the nuclear spins, and D is the dipolar interaction tensor,

given by

1—sin?0cos?d 3sin?Osindcosd 3sin 6 cosd cos P
D = |3sin’0sinpcosd 1—3sin?0sin’d 3sin O cosOsin ¢

3sinBcosOcosd 3sinOcosOsin P 1—3cos?0

Because the dipolar interaction is typically around 20kHz
compared to the Zeeman interaction of sub-GHz, the secular
approximation can be applied [46], where only the components
aligned to the external field are retained (1,), Hp is now given

by
Hp /h ~ %(3 cos? 0 — 1)1, 1. 8)

This is an important outcome for ssNMR, because dipolar
coupling poses a significant unwanted linebroadening effect
for solid state samples due to a diverse spread of interaction
strengths within the solid state sample as r varies. Hence, tech-
niques such as magic angle spinning (MAS) have been devel-

oped in ssNMR to reduce this effect, whereby spinning the

11

- (7)
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rotations per second

[104].
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sample at an angle where cos?® = 1/3 to the external field,
the Hp effects can be minimised [46].

On the contrary, for an isotropic liquid state sample, motion
averaging can be applied, because the molecular translational
and rotational diffusions are fast and can be averaged out in the
NMR timescales [94]. Hence, the angular average of Hp equals
to zero as f(z)ﬂ [5(3cos? 0 —1)sin0d0d¢ = 7%, thus (Hp) = 0.
However, there is a caveat to note for motion averaging that
at a very small scale (~nm), it is valid to assume random dif-
fusion, but at a larger scale, this is not valid as there is a spa-
tial constraint, because the diffusion time increases with scale.
However, because Hp~1/13, long-range interactions are not sig-
nificant here.

Note that even when (Hp) = 0, under motion averaging in
space for liquids, it still affects the NMR process in the time do-
main as the stochastic variations in H(t) cause spin relaxations
(more details to follow).

In the chemical shift context, the secular approximation sug-
gests that operators that do not commute with I, will diminish.
Motion tumbling implies that non-isotropic terms are averaged
and only the trace of o survives. The now reduced Hamiltonian

under these approximations is given by [94]

Hes/m~ —52tr(o), ©)

In ssNMR, where the motion tumbling is less prominent, the
difference between oyy, oyy and o0, can be observed. This tech-
nique is called chemical shift anisotropy (CSA) and can be used

to study the structures of solids and macromolecules [46].
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In the J-coupling context, similar to chemical shift, motion
tumbling reduces J to tTTm And secular approximation removes
all contributions from the off-diagonal terms [94], the reduced

Hamiltonian is given by

Hy/ho~ JT 1. (10)

Without secular approximation, there are still some surviving
off-diagonal terms, and those can be studied in ZULF antisym-
metric J-coupling experiments that can be used to investigate

chiral molecules [85].

1.2.3 Boltzmann distributions of nuclear spins

Besides the Hamiltonian, the statistical behaviour of the sam-
ples is discussed next. NMR signals are usually considered to
be weak; this is mostly caused by the Boltzmann distributions
of nuclear spins [68]. Under a magnetic field, there will be a
distribution of aligned and anti-aligned spins, and the net dif-

ference becomes the observable signal, which is given by

N
T exp(—AE/kgT), (11)
Ny

where kg is the Boltzmann constant, T is the temperature in
Kelvin and AE = —hyBj is the energy difference between the

two states, therefore

N
N—T = exp(—hyBo/kgT). (12)
1

13
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These results suggest that for a proton sample at 300 K and 1 T,
only an excess of 2 x 107> portion of the spins contribute to the
NMR signal. This is usually the reason that NMR is regarded
as a relatively insensitive measurement and hence, there is a
significant interest in developing techniques to overcome this

constraint via hyperpolarisation (see section 1.3).

1.2.4 Nuclear quadruple resonance

The interactions discussed so far are only relevant to I = 1/2
spins. When I > 1/2, the nuclear quadrupole effect becomes

dominant, and it is given by [94]

_ Q%
Ho/h = ZI(T—UI V-, (13)

where e is the electron charge, Q is the nuclear quadrupolar
moment in units of distance squared and V is the electric field
gradient (EFG) tensor in volts per distance squared, comprised
of second-order partial derivatives of the electric potential. Un-
der motion averaging, the effects become zero, NQR is only
used for solid-state samples. Also, Hy does not depend on the
static magnetic field, so it can used at a low field setting and its
magnitude can reach up to MHz, which makes it a more sensi-
tive technique in certain scenarios such as explosive detection
in airports [72], because AE in equation 11 is only dependent
on the EFG.

The NMR effects discussed so far are commonly used in the
present day. However, there exist other effects that are less used,

but still relevant in NMR studies, such as spin-rotation effects
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Figure 1.1: An illustration of the relevant interactions in NMR and their
typical relative magnitudes in solid, liquid and ZULF environ-
ments. *Quadrupolar interactions are only available for sam-
ples with I > 1/2. *Paramagnetism is only available when
paramagnetic substances such as radicals or metal complexes
are present. ***Gradient fields are typically used in an MRI set-

ting.

for gas state NMR and paramagnetic interactions for transi-
tion metals [94]. In MRI, field gradient effects are prominent
too. The dominant effects for different NMR scenarios are sum-

marised in Figure 1.1.
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1.2.5 Pulsed NMR spectroscopy

So far, only the static properties of NMR systems in thermal
equilibrium have been discussed. In order to describe modern
NMR measurements, experiments with pulsed RF signals to
drive these systems into non-equilibrium states and subsequent
spin dynamics [69] will be introduced. The time-dependent

Hamiltonian is then given by [150]

Hgr/h = —yIB1 (1), (14)

where B (1) is the oscillating RF field. It is given by

B (t) cos(wt+ ¢(t))
Bi(t) = 0 , (15)

where B(t) is the magnitude of the RF field, typically around
~mT, hence Hgr~ sub-MHz and ¢(t) is the phase of the pulse.

To understand the dynamical NMR processes with respect
to RF pulse time t, the Liouville Von Neumann equation can
be applied [49]. If an on resonance RF pulse is applied at the
x-axis, the average expectation value for the spin operator is
defined to be (I;) = tr(pl;), where p is the density operator and
they are given by

(L) = 0 (16)
() o sin(wit) (17)

1) o cos(wit), (18)
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where the proportionality factor is ZZBB%. This implies that the

RF pulse in the x direction causes a rotation around Iy at a
rate of wj. And there exists a certain amount of RF pulse time
where the (I,) and (I,) = 0, this is known as a 9o° or 7t/2 pulse
where the spin operator is flipped onto the xy plane. When an
on-resonance 90° pulse is applied at w, the average expectation

value for the spin operators after the pulse (t’) is

2 - hryBo /

(L) = AT cos(wt’) (19)
1y = —Z?::_? sin(wt’) (20)
1) = o. (21)

This suggests that at the xy plane, the spin vector will oscillate
around the z axis at a rate of w. This phenomenon is known as
the Larmor precession. During an NMR experiment, the mag-
netisation (M) is measured, and it is given by M; = yhp(ii),
where p is the density of nuclear spins per unit volume.

By measuring the Lamor frequency after a 9o° pulse using
a Fourier transform (FT) on the detected magnetisation oscil-
lations, the resonance frequency spectrum and the associated
chemical information can be obtained. This is known as a free

induction decay (FID) experiment [68], shown in figure 1.2a.

Pulse NMR spectroscopy was only popularised in the 1980s
due to the advancement of computing technologies that allowed
for digital Fourier transforms. Prior to this, continuous wave
(CW) NMR was the standard procedure. This was achieved by
sweeping the RF frequency at a fixed By and monitoring for
the resonance condition. However, compared to pulsed NMR,

sweeping individual frequencies is a slow process [68, 104] and

17
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measured; the
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Figure 1.2: A collection of NMR pulse sequences. a shows a typical FID
experiment. After a 9o° pulse, an oscillation at the Larmor fre-
quency is picked up with a decay rate of 1/T;. A spectrum is
shown in b by applying a Fourier transform to the measured
FID. The linewidth is the inverse of the observed decay time.
¢ shows an extension of the T; using echos. This is achieved
by applying a 180° pulse at time T after the initial pulse, and
the echo appears at T after the 180° pulse. This is referred to as
the Hahn-echo pulse sequence if one echo (N = 1) is measured
and CPMG when more than one echos (N > 1) are induced. d
shows the behaviour of M,y during a Hahn-echo experiment.
After the application of the 180° pulse, there is a refocusing
effect whereby flipping the M.y, faster precessions are now be-
hind the slower ones, and the signal begins to recover. e shows
the spin inversion pulse sequence used to measure the T; de-
cay time. An initial 180° pulse is used to flip the magnetisation
to the anti-aligned state. Then a subsequent FID experiment is
applied, and the FID signal amplitude becomes proportional
to M,. By varying the delay time tp between the pulses and
tracking the FID amplitude, evolution of M, illustrated in f
can be measured as shown in g. Note that the direct measure-
ment of M; is not possible, so the FID experiment is used in
spin inversion and the factor of 2 in g originates from the fact
that Ty is defined to be the relaxation from the xy plane to the
+z direction and the measurement begins from the -z projec-
tion. h shows the pulse sequence for COSY. By applying two
90° pulses, sweeping the interpulse duration t; and acquisi-
tion time t; and applying a double FT, a 2D NMR contour
map can be achieved as exemplified in i. i shows an illustra-
tive 2D COSY spectrum of a molecule containing spin I; with
chemical shift §;, where i = A, B, C. The example structure of
the molecule indicates that spin I is coupled to I, but not to
Ic. The COSY spectrum shows self-correlation at the diagonal
positions and correction between I5 and Iy at the off-diagonal

positions, but no I5 and I¢ correlations.
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it is inefficient because signal-to-noise ratio (SNR) scales as the

square root of time.

1.2.6  Relaxations in NMR: Ty and T, effects

To obtain meaningful information for an FT NMR spectrum,
the linewidth needs to be on a comparable scale to the rele-
vant energy of the target of interest. For example, small organic
molecule NMR spectra need to have Hz resolution to identify
J-coupling effects. The linewidth of an FT spectrum depends on
the error rate of the oscillation. If the time domain information
is infinitely long, the spectral linewidth will be infinitesimally
narrow (from the definition of a delta function). However, if
the signal has been truncated or decayed, as Larmor preces-
sion cannot last forever, the transformed spectral linewidth will
broaden as a result. In the NMR context, to achieve Hz-scale
spectral resolution, the magnetisation oscillation needs to have
seconds-scale decay times, which is normally the case.

In a FID experiment, the decay time is usually thousands of
ms, and the dominant decaying effect is the observed transverse
relaxation (T5), which can be extended to T, by applying more
than one RF pulse (see a later subsection) [68]. The origin of
this decay rate comes from the decoherence caused by a fluc-
tuating local magnetic environment. This leads to an instanta-
neous variation of individual Larmor precessions, which on the
macro scale leads to a measured decay in transverse magnetisa-
tion (Myy). There also exists a dipolar interaction where the two
spins exchange angular momentum (also known as spin-spin
flip-flop) instantaneously, and this also adds to the transverse

relaxation rate [94]. Static field inhomogeneities can also lead
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to an apparent transverse relaxation as variations in By lead to
variations in w [94]. This inhomogeneity can be recovered by
changing the direction of the magnetisation on the xy plane us-
ing additional RF pulses. And magnetic fluctuation slower than
the addition pulse repetition rates will be suppressed, which
includes the field inhomogeneities, thus extending T, to T,. Be-
sides magnet and RF pulse engineering, NMR spectrometers
physically spin the sample tube to counter this effect too [68].

In addition to transverse relaxation, longitudinal relaxation
(Ty) can affect the measured signals. Ty relaxation occurs when
the magnetisation vector in the xy plane after the RF pulse be-
gins to return to the energetically favoured z axis. The redis-
tribution of the perturbed state back to the thermal state re-
quires energy transfers. Thus, it depends on By and T. Also,
many other mechanisms can impact the energy transfer rate,
such as molecular collisions, vibrations, interactions described
in the previous hamiltonians, such as dipolar and quadrupolar
interactions, but the dominant effect lies near the Larmor fre-
quency [94]. For example, paramagnetic defects such as oxygen
gas, radicals or gadolinium metal complexes cause fluctuations
near the w [68] or the diffusion, rotation and the size effects of
the target may sometimes cause tumbling rate to be compara-
ble to w, for example fats and proteins have shorter relaxation
times compared to smaller molecules [94]. Size also affects the
motion averaging of certain terms of the Hamiltonian; for ex-
ample, CSA effects are commonly studied in macromolecules
[46].

Almost all T, effects occur with T; relaxation and generally
2Ty > T, [27]. In the context of spectroscopy, T, limits the linewidth, There are debates

because the Larmor precession measurements are usually con-  surrounding the
possibility of
Ty > 2Ty [145].
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ducted on the xy plane. However, T; also contains information,
and there are pulse sequences designed to measure the longi-
tudinal relaxation, such as the inversion recovery experiment
(see figure 1.2f), and they are mostly used in MRI to distin-
guish water from fat, for example. In NMR spectroscopy, Ty
time also sets the lower limit between subsequent measure-
ments, because the spins need sufficient time (usually 3Tj) to

recover to their thermal state prior to any subsequent pulsing.

1.2.7 NMR pulse sequences

The FID pulse sequence is one of the most basic forms of an
NMR pulse sequence, and most modern-day operations are
equipped with complex pulse designs, as FID is inherently lim-
ited by the T; time. The transverse magnetisation is a macro-
scopic measurement, and when it is observed to be zero, it does
not necessarily mean that all individual Larmor precessions are
diminished. It is observed to be diminished because the local
phases are different due to variation in local fields. This appar-
ent loss in M,y can be recovered by an extra 180° RF pulse at
T time after the initial 9o® pulse. This effectively flips the My,
and the faster precessions before the flip are now behind, and
the slower ones begin to catch up (see figure 1.2d). This leads
to the recovery of the observed magnetisation, and it occurs at
T time after the 180° RF pulse, giving an additional signal and
improving the spectral linewidth. This is commonly referred
to as a Hahn-echo [70]. Other RF combinations, in addition
to the 9o-180-echo sequence, are also available in NMR. First,
the duration of the pulse can be altered, for example, 9o-go-

echo is usually used in MRI. Then the number of pulses can be
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increased, such as the 9o-180-echo-(180-echo)N; this is known
as the Car-Purcell-Meiboom-Gill (CPMG) echo train (see figure
1.2¢) [68]. Depending on the electronics available in the spec-
trometer, the direction of the pulse (rotation around the y-axis
instead of the x-axis) or the shape (sinc function-shaped pulse
instead of square) can also be altered. In MRI or diffusion ex-
periments, gradient fields are also used in sequences such as
gradient echoes.

There are also multidimensional NMR pulse sequences that
correlate bonding information of compounds within a molecule,
such as the 2D correlation spectroscopy (COSY) (see figure 1.2h)
[68]. By leveraging the NOE, protein scientists can, for example,
transfer proton polarisation to adjacent nitrogen spins in amino
acids and sequences such as the heteronuclear single quantum
coherence (HSQC) or NOESY can be used to determine 3D pro-

tein structures [94].

1.2.8 Spectrometer hardware: magnets and coils

The engineering aspects of the spectrometer itself will be dis-
cussed next. The schematic of a typical NMR spectrometer is
shown in Figure 1.3. The magnetic field strength is one of the
most important key performance indicators for a conventional

NMR spectrometer. It affects the signal strength (from Boltz-

mann’s distribution in equation 11) and spectral resolution (chem-

ical shifts are further apart with higher By, allowing for detailed
examination of the spectrum). It is usually characterised by the
proton Larmor frequency at the centre of the magnet where the
sample is expected to be placed. For example, a 400 MHz spec-

trometer means a 9.4 T magnetic field at the sensing volume.
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This scale of magnetic field strength is usually achieved using
superconducting magnets, which require liquid Nitrogen and
Helium to get below the critical temperature [68]. The NMR
magnetic field record at the time of writing is 1.2 GHz [18], and
some of the spectrometers cannot maintain continuous opera-
tion at the GHz field due to overheating of the coils.

Besides the strength of the magnetic field, the temporal sta-
bility and spatial uniformity of the magnet are also critical. Due
to the imperfections in the static magnet, the field it generates
will drift over time (roughly a few Hz per hour), so the Lar-
mor frequency is also affected. The main source of the drift
is the change in resistivity of the magnet coils due to tempera-
ture variations. If untreated, this leads to an increase in spectral
linewidth and information such as J-couplings is buried under
the widened peaks. To counter this effect, NMR spectrometers
have a "locking" mechanism that monitors the resonance peaks
and adjusts the measured spectra in postprocessing, so the sub-
sequent measurements are adjusted so that no spectral broad-
ening occurs from the drift [68].

Besides drifts in time, spatial inhomogeneity of the magnets
over the sensing volume is also critical to NMR operations, as
an inhomogeneous field can also distort the spectral linewidth.
To optimise the field uniformity, a "shimming" mechanism is
used. This is achieved by using a set of coils that generate weak
static magnetic fields to compensate for the inhomogeneous
main magnetic field [68]. Shimming is usually an automated
procedure, which aims to maximise the NMR signal after lock-
ing by varying the currents in the shim coils. Shimming is per-

formed after locking is achieved.
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Locking and shimming are best performed using a chemical
with a sharp NMR line, such as chloroform and chemicals with
long T; relaxation times should be avoided, because they react
more slowly to changes in magnetic fields and will lengthen
the shimming process [68].

The RF coils in NMR spectrometers have dual purposes, de-
livering and receiving the RF signals. Due to the complex NMR
pulses used in modern-day operations, transmitters and receivers
are generally separated. In NMR spectroscopy, single-coil probe
designs are usually used and can be finely tuned at different
receiving and transmitting frequencies by varying the capaci-
tance in a bridge circuit. When measuring a different isotope, a
new probe is required, and when doing 2D heteronuclear NMR
experiments such as HSQC, a second set of coils is needed [68].
In MRI, more complex coil designs can be found, such as par-
allel phase arrays [66]. MRI coils are also capable of generating
circularly polarised RF fields [66].

1.3 CURRENT LIMITATIONS OF NMR

The previous section has outlined some of the key working prin-
ciples of NMR spectroscopy and its wide breadth of applicable
scenarios from small molecules to large biological complexes.
In addition to its versatility and low invasiveness, the high
chemical selectivity provides detailed molecular structure in-
formation. However, despite these successes, the technique has
a significant drawback in sensitivity. For a conventional NMR
spectrometer, the typical lowest detection limit requires the ac-
tive spin concentration to be around sub-mM (or sub-mg of pu-

rified compound) [68]. For isotopes with lower gyromagnetic
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Figure 1.3: Schematic of an NMR spectrometer. Left shows the main mag-
netic component. A cryogenic superconducting magnet is posi-
tioned at the centre of the spectrometer surrounding the sam-
ple assembly. Usually, liquid helium and nitrogen are used to
maintain superconductivity, and an extra layer of vacuum is in
place to insulate the magnet. The cryogens need to be refilled
during servicing. Right shows a detailed schematic of the sam-
ple assembly. The analyte is placed in a sample tube, which is
held by a spinner. The spinner is lifted using an air lift, which
ensures that the sample is floating in the middle of the sens-
ing volume. A set of shimming coils surrounds the sensing
volume to maintain spatial uniformity of the magnetic field,
and RF receiver and transmitter coils are placed perpendicular
to the By field, hence only transverse magnetisation M,y is di-
rectly observed in NMR and not M,. The spinner physically
rotates the sample tube along the z-axis, usually at 20 rotations
per second. This is performed to increase spectral resolution by
mitigating poor shimming performance. Not all spectrometers
support spinners, and during multidimensional measurements
(for example, COSY), spinning should be stopped to avoid ar-
tificial sidebands. The sample tube (usually.7-8inches long
and 5 mm in outer diameter) is typically made from borosili-
cate glass, which does not contain NMR interfering metal com-
plexes. Higher quality grade tubes (Class A glass) are used
when measuring larger biomolecules or using higher field mag-

nets to minimise artefacts.
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ratios or natural abundance, the concentration requirement in-
creases; for example, '3C NMR spectroscopy typically requires
mg of samples and hours of acquisition time. Thus, when the
availability of the sample is limited (common in a synthesis
experiment where the product yield is low) or the product is
unstable or dynamic (photoactive or biological samples), the
operator may not always obtain the desirable information. This
section will discuss the factors influencing NMR sensitivity and

pathways of improvement.

1.3.1 Energy

NMR is widely used, but when sensitivity becomes an issue,
operators tend to seek alternative techniques to complement
the limited NMR information. In photochemistry or radical
chemistry, the lifetime of targets of interests are typically sig-
nificantly lower than the NMR acquisition time or in single
molecule biology, where individual biological samples are stud-
ied instead of the collective effect; complementary techniques
with lower chemical specificity or higher sample invasiveness,
such as ultrafast lasers, electron-microscopy (EM) and X-ray
crystallography (XRD), are available. These methods can probe
the behaviour at the nanoscale or fs time scale due to the higher
energy photon used. Induction coil NMR typically probe RF
photons with relatively lower energy and higher wavelength
(m scale), thus rendering it difficult to reach microscale sensi-
tivity, which is an inherent hurdle to the induction coil NMR
spectrometers.

A direct method of addressing this low-energy issue is to

utilise an upconverted photon source that can be modulated by
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NMR effects. On the extreme end, RDNMR uses beta decays
from radioactive elements in a beamline such as the Isotope
Mass Separator On-Line facility (ISOLDE) at CERN to probe
NMR effects [36]. Because the oscillating NMR field can inter-
act with the radioactive element and alter the direction of the
beta ray, which is 10 orders of magnitude more energetic than
RF photons. However, the obvious challenge is the size, weight
and power (SWaP) and cost requirements. Also, typically, the
RDNMR experiments require the NMR sample to be prepo-
larised in order to impact the radioactive species and can cause
damage or alter its properties (see next subsection).

Visible photons can also be used to report NMR effects. The
nuclear spin induced optical rotation (NSOR) experiment has
demonstrated that nuclear spins can affect the polarisation di-
rection of a laser and can be used to study the bond angle of
molecules [138]. However, the interaction is relatively weak and
sometimes requires prepolarised targets to detect the change.
An alternative visible photon reporter is the NV centre in dia-
mond, which will be discussed further in the following chap-

ters.

1.3.2 Thermal polarisation

Another contributor to the sensitivity issue is the inherent low
signal strength of the NMR spins due to the thermal Boltzmann
polarisation detailed in the last section. There have been signif-
icant efforts in recent decades to alter the distribution of the
spins and create a hyperpolarised target spin bath to achieve
a signal boost and reduce measurement time or concentration

requirement. The general strategy for hyperpolarisation is the
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use of external spins that can achieve beyond the Boltzmann
distribution through methods such as chemical reaction and
optical pumping by lasers or microwaves. These spins require
a sufficient T; time to build up the polarisation and need to
transfer the polarisation to the NMR targets, sometimes achiev-
ing a NMR sensitivity boost by 5 orders of magnitude.

Parahydrogen-induced polarisation (PHIP) is one of the meth-
ods. Parahydrogen is one of the spin states in the H; gas (% 1) —
I11)), which can be generated in a chemical reaction at low
temperature. It can be enriched from 25% at room tempera-
ture to 50% at liquid nitrogen temperature and more when
colder [63]. Then the parahydrogen can be attached to a chem-
ical compound through a hydrogenation reaction or signal am-
plification by reversible exchange (SABRE), which uses a metal
catalyst for attachment [50]. PHIP is usually used in studying
low-yielding organic molecules. Its major drawback is that the
efficient polarisation transfer (4-5 orders of magnitude improve-
ment) can only be achieved at very short interaction distances,
normally through J-coupling. As a consequence, effective PHIP
is achievable for a limited number of compounds whose chem-
ical precursor can be incorporated with parahydrogen. Often,
the use of PHIP requires the chemical reaction design to be
centred around hydrogenation or be compatible with SABRE,
which limits the scope of this technique, and it suffers from
low scalability.

For longer range interactions, there exists of better candidates
such as Nobel gases when performing gas phase collision medi-
ated polarisation transfer, also known as spin exchange optical
pumping (SEOP). SEOP is usually used to boost MRI contrast
in lungs [83].
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Electron spins can also be used for hyperpolarisation, which
is known as dynamic nuclear polarisation (DNP). Because the
gyromagnetic ratio of electrons is 628 times higher than that
of a proton, which produces a higher polarisation that can be
transferred. The electrons are usually in the form of a radical
and can be radiated by resonance microwaves to achieve their
own hyperpolarised state [158]. The polarisation transfer can be
mediated through NOE in liquid or electron-nuclear spin-spin
interaction in solids. Cross effects and thermal mixing can also
lead to polarisation transfer [113].

DNP is, to an extent, combining aspects of NMR and electron
spin resonance (ESR), thus it requires additional MW genera-
tors, which adds to the SWaP requirements. Hurdles that are
unique to ESR also apply, such as the inability to use water as
a solvent due to its high dielectric constant that hinders MW
delivery. Radicals are also highly reactive, which can alter the
target of interest, for example, reacting with biomolecules or al-
tering the structures of proteins. They can be short-lived due to
their poor stability (minutes), thus diluting their benefits when
doing long NMR scans, such as carbon or 2D experiments. Due
to its paramagnetic nature, high concentrations of radicals can
also lead to an increased rate of nuclear spin lattice relaxations,
which broadens the spectral linewidth.

However, despite these challenges in liquid state DNP, most
hurdles do not apply in ssNMR, which suffers more from sensi-
tivity issues such as the presence of an oscillating background
field from the MAS, thus time varying Boltzmann distribution
and the broadened NMR peaks. So, DNP enhancements are

more popular in studying the solid state materials where electron-
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nuclear pairs are more common and cryogenic temperatures
that can reduce spin relaxation rates can be applied [113].
Hyperpolarisation techniques can boost the low NMR signal
and achieve higher sensitivity. However, due to the fact that
it can interfere with experimental design (PHIP) and the ana-
lyte itself (liquid state DNP), their scope of use is reduced to
limited scenarios, so the use of hyperpolarisation tools can be
contradictory to the NMR advantage of high versatility and low

invasiveness.

1.3.3 Electronics and other factors

The SNR of an induction coil NMR spectrometer is given by
SNRNMR o< SNRiarget - SNRingtr, where SNRyqrget is the SNR
contribution from the sample and SNRjy, is from the instru-

ments and they are given by [75, 77]

—1/2
SNRiarget o N¢T; /Y414 1) (22)

QcVe 172,
Fpreamp TcAfR,

7/4
SNRinstr o KBlind,xyBo/ N (23)

The factors from the above equations are listed as follows,
* Ni, number of target spins contributing to the FID signal
per unit volume;
¢ T, average temperature of the target;
¢ By, magnetic field strength experienced by the spins;
* v, gyromagnetic ratio of the spins

¢ ], spin number of the target;
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¢ K, a factor that describes the shape of the detection coil
and its effectiveness in picking up current from the NMR
signals uniformly;
® Bjingxy, the field induced in the pick up coils;
* N+, the filling factor of the coil;
* Q, quality factor of the coil;
* V., total volume enclosed by the coil;
® Fpreamp, Noise of the preamplifier;
* T, temperature of the coil;
e Af, bandwidth of the detector;
e R, resistance of the coil.
The sensitivity thus can be defined by dividing the square root
of the total acquisition time by the SNR. In this thesis, sensitiv-
ity is defined as the lowest detection limit; a smaller number
means more sensitivity.

Equations 22 and 23 encapsulate some of the key points dis-
cussed in this chapter. The SNR naturally will increase with
higher natural abundance (or number of spins N¢), at lower
temperatures T, higher magnetic fields By, higher spin num-
bers I and higher gyromagnetic ratio y. It is worth noting that
the power dependencies of By and y are sometimes reported
differently, but are usually between 1.5 to 2 and 2.5 to 3, re-
spectively [93]. This is due to different analysis methods when
considering the noise levels in the instruments. When electri-
cal induction noise is not considered, the upper bound of the
power dependency applies.

This subsection will briefly discuss the other aspects of NMR
operation that can limit its sensitivity. First, the electrical as-
pects will be considered. The primary source of noise in con-

ductors stems from the random motion of the electrons, and it
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is dependent on the temperature; this is known as the Thermal
Johnson noise. This is featured in equation 23 as (T.AfR:)V/2. In
NMR coil design, this noise can be minimised by lowering the
local temperature of the coils by using cryoprobes. The material
used for the conductor can also be improved in order to reduce
resistance. Uniformity (K), quality factors of the coil (Q) and
the noise profile of the preamplifier (Fpreamp) can also impact.
For more detailed discussions, see reference [75].

The size of the coils also impacts the sensitivity by increas-
ing Bying,xy, Which is proportional to the diameter of the coil
squared. There have been recent developments of microscale
pickup coils that have enabled nanolitre scale NMR, which has
the promise of integration with flow chemistry and single cell
biology, thus offering gains in spatial sensitivity [4, 64]. How-
ever, by reducing scale, concentration sensitivity or the lowest
detection limit is negatively affected by the reduction in V. and
Vi, and concentration-limited samples may not benefit from mi-
crocoils. On the other hand, for mass-limited samples, nanolitre
solvent use allows for a boost in SNR by an increase in Ny.

Another method of increasing Ny is the use of susceptibil-
ity plugs [39], which can boost sensitivity by a factor of three.
Sharp changes in magnetic susceptibility can adversely affect
NMR performance. The NMR tubes are filled to a length that is
3 times higher than the length of the coils to divert the solvent-
air interface further away. This creates a less efficient region
of analyte that is not being detected effectively and reduces
its concentration. The plugs create a solid medium with simi-
lar susceptibility that fills up this space and boosts sensitivity

through concentration.
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Over the past 50 years, there have been significant develop-
ments in addressing the NMR’s hallmark weakness, sensitivity.
Key inventions such as superconducting magnets, cyroprobes
and DNP have surfaced to tackle some of the limitations dis-
cussed in this section. Owing to these efforts, the current min-
imum number of molecules required in an induction coil spec-
trometer is reduced to the nmol range [52]. However, it is still
14 orders of magnitude away from a single molecule. This the-
sis will discuss an alternative approach to induction coil NMR
spectroscopy that uses quantum sensors with the potential for

better sensitivity.



INTRODUCTION TO THE NV CENTRE IN
DIAMOND

The NV centre boasts numerous advantages that can be trans-
lated to NMR spectroscopy. It offers sensitivity boosts through
the reduction of interaction distance and sensing volume. It re-
ports NMR signals as visible photons, which has smaller wave-
length compared to RF and allow for microscopy-based imag-
ing. The noise profile is also altered from the temperature-dependent
thermal electric noise to the intensity-dependent photon shot
noise. This chapter will introduce the working principle of the

NV centre and its current progress in NMR experiments.

2.1 THE STRUCTURE OF THE NV CENTRE

The NV centre is an atomic substitutional defect in the dia-
mond lattice, where two adjacent Carbon atoms are replaced
by a Nitrogen and a vacant lattice site [38, 42] as illustrated in
figure 2.1. The vector joining the Nitrogen and the vacancy site
is defined to be the NV axis, and it can be aligned along any one
of the four tetrahedral orientations in the diamond lattice. The
diamond also has different crystallographic orientations, which
are commonly referred to as the <111>, <100> and <110> dia-
mond, which is when one of the NV axes is pointing towards
the surface, the edge and the side of the diamond rectangular

cuboid, respectively.
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Figure 2.1: Left shows an illustration of the atomic structure of the NV
centre. Right is an example of NV emission spectrum excited
at 532nm. The NV PL wavelength is around 630 - 8oonm and

the zero phonon line is at 637 nm.

In its neutral charge state, the NV hosts three electrons from
the dangling bonds to the neighbouring Carbon and a lone
pair of electrons from the Nitrogen. When it captures an addi-
tional electron, the singly negatively charged state exhibits an
electronic spin-1 system [43]. Unless otherwise stated, in this
thesis, the NV centre refers to the -1 charged state. The signif-
icance of this charge state is that at its excited state, usually
accessed by illumination of a 532nm laser, the dominant re-
laxation pathway is dependent on the spin state. The m; = +£1
states have a probability of relaxing non-radiatively, and ms = 0
state is more likely to emit a red photon [108]. An example of
the emission spectrum is shown in figure2.1. This spin-state-
dependent PL emission is a cornerstone of NV sensing, which
is usually achieved by exposing the spin to external influences
and measuring the PL. The PL difference between the spin
states is known as the contrast. The readout process is gener-
ally achieved by illuminating the diamond with a green laser

of us duration. To obtain the maximum PL contrast, the total PL



2.1 THE STRUCTURE OF THE NV CENTRE

counts are usually integrated within the first few hundred ns
of the laser pulse. When the laser pulse duration is longer (ms
scale), there is a photon pumping mechanism that the spin state
distribution will converge to the mg = 0 state. This is known as
a polarisation pulse and can be applied at the start of each ex-
periment. A detailed discussion of the NV photophysics can be
found at subsection 3.2.2. In this thesis, mg = +1 states are not
accessed, thus the NV spin can be treated as a two-level system
between the mg = 0 and —1 states.

The NV defect can be found in natural diamonds, but in most
applications, the defects are synthesised due to the need for
a more controlled spin environment. Chemical vapour deposi-
tion (CVD) is commonly used to fabricate the diamond host ma-
terial. CVD uses methane and hydrogen gas heated at around
1000°C and under RF to generate radicals in a plasma and form
additional carbon-carbon bonds to a seed crystal, which is usu-
ally another polished diamond substrate [102]. Then, to gener-
ate additional nitrogen and/or vacancy sites, ion implantation,
electron irradiation or gas doping during the CVD process can
be used [102, 132, 177]. By annealing the diamond at approxi-
mately 1000°C, the vacancies are then mobile and can be cap-
tured by a nitrogen to form the NV centre [78, 119]. The sur-
face of the diamond can then be acid-treated to finish the pro-
cess. To characterise the sample, spectroscopic (visible and/or
infrared) techniques are commonly used [102]. In the context
of this thesis, impurities generating unwanted NMR signals
or affecting NV stability are to be avoided, for example, sur-
face spin and charge when using shallow NVs (nm deep) [116].
And for measurements that are sensitive to the NV intrinsic

coherence time, for example, dynamical decoupling (see next

37



38

INTRODUCTION TO THE NV CENTRE IN DIAMOND

section), spin noise from substitutional nitrogen can also affect

quantum decoherence and NMR performance [15].

2.2 DYNAMIC PROCESSES OF THE NV SPIN

To facilitate NV NMR spectroscopy, certain quantum sensing
protocols are required prior to. Most of the NV protocols in this
thesis revolve around the concept of magnetic resonance, and
thus, they share certain similarities with the techniques that
are used in conventional ESR or NMR, which are discussed in
the previous chapter. The major difference is in the final part
of the pulse sequence. For induction coil NMR, the transverse
magnetisation (M,y) is directly measured by the coils that are
perpendicular to the NMR static magnetic field, but longitudi-
nal components (M) cannot be directly detected. This implies
that at the end of the pulse sequence, the magnetisation vector
needs to be projected back to the xy plane. As a consequence,
protocols that measure My, such as FID, are more convenient
than M. For example, in practice, in an induction NMR exper-
iment, when measuring T;, which is in the longitudinal direc-
tion, the inversion recovery protocol needs a final 9o°® pulse that
reprojects the vector to the xy plane for readout. On the other
hand, for NV optical readouts, the spin state-dependent PL is a
measure of spin population difference between the mg; = 0 and
ms = £1 states, which is in the longitudinal direction. Thus, NV
T, measurements, which are in the transverse direction, need a
reprojection back to the longitudinal direction and NV T; pro-
tocols are more convenient. To summarise, when inspecting se-

quences between the two scenarios, optical NV T, or induction
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NMR T; measurements usually have an extra 9o°® pulse towards
the end compared to their counterparts.

The first step in NV NMR is to determine the resonance fre-
quency of the NV centre by performing ESR via the PL readout
method, commonly referred to as the optically detected mag-
netic resonance (ODMR) [124].

The resonance conditions are dictated by the NV spin Hamil-

tonian, given by [42]

Hay = D(T)S%y, +veB - Snv + Snv - A IN + Hother,  (24)

where D(T) = 2.88GHz is the temperature dependent zero-
field splitting at the ground state, SNy, = \%O'i are the NV
spin vectors, yny = 28.025GHz/T is the NV electronic gyro-
magnetic ratio, B is the external magnetic field, Ty is the spin
vector of the parent Nitrogen, A is the hyperfine interaction
tensor and Hyther represents other terms such as electric field
effects. From the Hamiltonian, the relevant interactions measur-
able in a magnetic resonance experiment can be deduced. To
perform an ODMR measurement, a green laser is used for NV
polarisation and readout and a variable frequency microwave
(MW) source is swept while the PL is being monitored. When
a resonance condition is met, a reduction in contrast can be ob-
served, shown in figure 2.2. The laser and MW can be applied at
the same time, referred to as CW ODMR or separated, referred
to as pulsed ODMR [121]. Pulsed ODMR offers the advantage
of a more controlled and efficient manipulation of optical and
spin states, which offers an increase in spectral resolution at the
expense of timing control equipment. The linewidth of pulsed

ODMR is the inverse of the T; time, which is influenced by MW
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and magnetic field gradients, interactions with other spins such
as 13C and substitutional Nitrogen, lattice strains and more.

Because the resonance condition can report external mag-
netic field strength, NV is often used as a magnetometer. For
NMR, the signal of interest can also be treated as an oscillat-
ing magnetic field B(t) at the Larmor frequency of hundreds of
MHz, but ODMR is considered to be relatively slow measure-
ment due to the timing overheads needed for laser and MW
delivery and does not have the bandwidth to access the MHz
range, thus other dynamic techniques are needed and ODMR
serves as a preliminary measurement to determine the reso-
nance frequency for mg = 0 to mg = 1 transitions (wnv).

Equipped with wyy, the next step required for the NV NMR
experiment is to measure the duration of MW application needed
to transfer populations between the spin states, which is known
as a Rabi experiment [80]. To perform this measurement, on res-
onance MW will be applied to the polarised NV state and its du-
ration is varied as shown in figure 2.3. By inspecting contrast vs
MW duration, a sinusoidal population and depopulation of the
spin states can be observed, and by inspecting the time taken
between maximum and minimum contrast, the 7 pulse (and
thus 7/2) duration can be obtained. This is analogous to the
NMR 180° pulse. Ty, is the decay time observed in the Rabi os-
cillation,s and it is usually influenced by magnetic noise near
the Rabi frequency and external field inhomogeneities.

The N'Vs can now be manipulated to the superposition state
by a 7t/ 2 pulse. In conventional NMR spectroscopy;, at the super-
position state, Larmor precession is measured. However, for NV
sensing, the relative phase Larmor precession acts as a report-

ing mechanism to external influences. By applying dynamic de-
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Figure 2.2: Left shows the pulse sequence used for ODMR measurements
using pulsed (Top) and CW (Bottom) sources. To achieve ideal
ODMR linewidth and contrast, pulsed ODMR should be em-
ployed. A ms polarisation laser initialises the NVs to the
ms = O state, then a MW 7 pulse (from a Rabi experiment) with
variable frequency is applied, and a ps readout laser is used.
Centre is an example of pulsed ODMR spectrum measured at
an aligned background magnetic field of By = 16 mT. When
the resonance condition from ms = 0 to -1 state is met, a reduc-
tion of PL contrast is observed. The three peaks are due to the
hyperfine interaction with the parent '*N. The transition to the
+1 spin state is expected at D(T) + Byyny = 3.3 GHz. Right is
an example of CW ODMR at higher laser and MW power. This
introduces linebroadening, and the hyperfine interactions are
no longer resolvable, but at higher powers, there are more tran-
sitions towards the mgs = —1 state, thus a higher PL contrast is
observed. Multiple lattice orientations of NVs family can create
up to 4 sets of peaks. PL contrast can increase when 2 or more
families of NV orientations experience the same magnetic field
strength (overlap), a preferentially aligned NV sample is used
and when the excitation laser polarisation is aligned to a NV
axis. The full-width-half-maximum (FWHM) of the individual
peaks can be used to determine the observed decoherence time,
1.
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Figure 2.3: Left is the pulse sequence used for a Rabi experiment. An on-
resonance MW with varying duration is applied, and it trans-
fers population between the mg = 0 and +1 states. Such a trans-
fer causes an oscillation in PL behaviour as shown in Right
and the 7 can be obtained. During the Rabi experiment, spin
relaxations occur and can cause a reduction in the averaged PL
over time. The time of reduction is known as the spin lock time
(Typ) and can be characterised by the first-order exponential de-
cay time constant in the oscillation envelope. The mechanism
of Ty, is similar to Ty, but it is more sensitive to energy trans-
fer near the Rabi frequency (dressed state resonance) instead
of the (bare state) resonance frequency. Field inhomogeneities

can also lead to an additional contribution to the observed Ty,,.
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coupling (DD) sequences to the superposition, such as Hahn-
echo [80] or XY8-N pulse sequences [91], decoherence time T,
can be measured as shown in figure 2.4. T, can be influenced by
the environment; NVs experiencing a higher level of spin noise
(for example, a diamond with more other defects such as substi-
tutional Nitrogen) will exhibit a shorter intrinsic T, time. This
can also be used as a spectroscopic tool to deduce the source
of influence (more details in the next section). NMR signals are
within the RF band of the electromagnetic spectrum, and the
DD protocols introduced so far are suitable for the scope of
this thesis. Nonetheless, there exists a wide range of NV sens-
ing protocols that are not discussed in this thesis and serve
different applications, such as sensing GHz signals from ESR

using relaxometry protocols [25].

2.3 INTRODUCTION OF NMR SPECTROSCOPY USING NVS

The decoherence mechanism is a key process in performing NV-
based NMR spectroscopy. The previous section outlined the
procedures needed to perform a T, measurement; this section
will explain the spectroscopic filtering needed to perform NMR

on targets of interest. The NV phase shift can be expressed as

[71]

R, L B(1)F{g(fop)} dt, (25)

where F{g(fpp) is an FT of a filter function g(fpp) that de-
pends on the pulse sequence used, and T, is the total time that

NV is exposed to external noise during the experiment.
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Figure 2.4: Left is the Hahn-echo DD pulse sequence, similar to the NMR
Hahn-echo sequence discussed in the previous chapter, with
the exception of an addition 7t/2 pulse at the echo for readout
projection purposes. Right is an example Hahn-echo measure-
ment. As spin dephasing occurs, the observed magnitude of
the NV spin vector reduces and hence the PL too. The spin
decoherence time (T;) can be obtained by the first-order ex-
ponential decay time constant in the oscillation envelope. The
oscillations in this measurement are caused by the coupling to
nearby '3C spins, and the rate of oscillation is their Larmor fre-
quency.
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Recall that in conventional NMR, Hahn-echo sequences pro-
vide a refocusing mechanism to the magnetisation vector and
provide additional signals in the form of echos thus extending
measured T, and improving spectral linewidth. In frequency
space, echo trains act as a filter; by flipping the vector at a
certain frequency, noise outside the filtering range will be sup-
pressed, thus extending T,. The effectiveness of the filtering can
also be extended by applying additional DD pulses (for exam-
ple, CPMG trains). Mathematically, this is a reduction of the
filter function (g(fpp)) linewidth and, as a result, a further re-
duction of exposed noise and longer T,. The spectral position
of the filter function fpp can also be altered by adjusting the
rate of application of DD pulses (or interpulse spacing). This
is the linchpin in NV NMR spectroscopy, by varying fpp, the
magnetic frequency space can be swept, and when fpp is on
resonance with a distinctive noise at a certain frequency, for
example, NMR Larmor precession of a target of interest, an ad-
ditional decoherence rate can be observed. Thus, by examining
the NV contrast with respect to the interpulse space of a DD
protocol, an NMR spectrum can be obtained as exemplified in
tigure 2.5. This is referred to as decoherence-based NV NMR
spectroscopy, and it is largely applied in part II of this thesis.
In part III, an additional modulation to this protocol, known as
quantum heterodyne, is discussed.

It may seem that this is a roundabout way of performing
NMR spectroscopy by applying electron magnetic resonance
to detect nuclear spins instead of directly measuring the NMR
signals from coils. However, the NV centre has demonstrated
nanoscale sensitivity, which the induction NMR spectrometer

lacks, while maintaining a reasonable SWaP requirement.
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Figure 2.5: Top Left shows the pulse sequence used for a XY8-N DD ex-
periment. First, a 7t/2 pulse is applied to transfer the NV spin
to the superposition state. Then a series of 7t pulses with alter-
nating MW phases are applied up to integer multiples (N) of
8, with the pattern of (x-y-x-y-y-x-y-x)" is applied, and read-
out pulses are used after. One of the advantages of using alter-
nating phases is its ability to correct for any pulse errors [51]
that can come from MW inhomogeneities or electronic timing
resolution constraints. Bottom Left shows examples of XY8-N
decays with 8, 32 and 64 7 pulses. As N increases, the observed
decoherence slows due to the narrowing of the filter function
and therefore the reduction of external influences. However,
the initial contrast of the NV reduces as higher N needs a
longer duration of MW exposure and spin lock relaxation in-
creases. Top Right is an illustration of the XY8-N filter function.
Its width can be reduced by increasing N and thus extending
coherence. Its spectral position is dependent on the interpulse
spacing (t). When sweeping the filter frequency by changing
T, spectroscopy can be performed as shown in Bottom Right,
which exemplifies a *C NV NMR spectrum at 65mT.
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The sensitivity gain stems from a range of factors. Compared
to the size of induction coils that is limited by fabrication con-
straints, the NV centre, due to its intrinsic atomic size, can be
placed nm away from the target of interest at the diamond
surface, which is chemically inert and stable. This reduction
in distance increases interaction strength and the NMR signal.
Also, the NV reports the magnetic environment by emitting
visible photons that are six orders of magnitude more energetic.
This allows for optical-based detection methods, which are shot
noise-limited. The shot noise is dependent on the square root
of the number of photons, which is easier to scale compared
to the reduction in temperature for the induction coils. In addi-
tion, the visible photons can also be used in microscopy. Com-
pared to conventional MRI, which requires the spatial scanning
of induction coils and gradient fields, which are difficult to con-
struct at the sub-micro scale, the NV microscope can offer MRI
capabilities at the optical diffraction limit.

The significant downside of NV-based NMR is the optical in-
terference from the laser and PL. The target of interest should
be unaltered by green illumination and should not emit a sig-
nificant amount of overlapping photons, which reduces the NV
PL contrast. This can place exclusions in studying photoactive
materials such as fluorescent dyes, quantum dots and photocat-
alysts. Other limitations in NV NMR are discussed throughout
the rest of the thesis.

A number of NV NMR achievements have been reported in
the literature so far. In 2013, Staudacher et al. and Mamin et
al. reported the detection of NMR signals use near surface sin-
gle NV centres 5 and 20nm away from the surface [106, 152].

Both demonstrations have achieved nanoscale spatial sensitiv-
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ity, which is a significant improvement over the microscale-
limited induction-based NMR spectroscopy. Then Lovchinssky
et al. [100] demonstrated the capability of resolving NMR spec-
troscopy originating from a single protein, and Muller et al.
[115] reported spatial information in NMR spectroscopy at the
nanoscale, thus a pathway to MRI. However, there are potential
pitfalls with nanoscale NMR experiments. The spatial resolu-
tion is dependent on the NV target distance, which incentivises
the NV to be as close to the surface as possible. However, due
to material constraints, shallow NVs suffer from low coherence
time, poor photostability and are hard to produce at determin-
istic atomic sites [65, 84, 116]. In addition, nanoscale targets re-
quire immobilisation techniques to avoid information loss due
to rapid diffusion away from the sensing volume [3, 45]. As a
consequence, sub-nm resolution or single small-molecule NV
NMR have yet to be achieved, and these demonstrations all
used targets that are either solid state or immobilised. Part II of
this thesis will explore potential methods to improve NV per-
formance at the nano and sub-micro scale.

Despite the gains in spatial sensitivity, nanoscale NV NMR
also suffers from poor spectral resolution, which can be affected
by target diffusion broadening and low coherence time (see
more in subsection 4.4). So far, the usual nanoNMR linewidth
is limited to kHz, which is capable of distinguishing different
elements [40], but not enough to resolve key molecular struc-
ture information such as J-coupling and chemical shifts. Corre-
lation or heterodyne approaches have been used to boost spec-
tral resolution. Aslam et al. [7] reported NV NMR resolution
of 200 Hz. This is achieved by bypassing the NV coherence

time limit through the use of the longer Nitrogen nuclear spin
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memory and correlation approaches. At 3T, such resolution is
capable of resolving chemical shifts. The diffusion limitation is
mitigated by using viscous Fluorine targets in a larger sensing
volume (NV depth 50nm). The spectral resolution can then be
further improved by using heterodyne approaches. Glenn et al.
[60] have also demonstrated mHz of linewidth and J-coupling
resolved NMR spectra on molecules with similar viscosity to
water. However, the demonstrations were conducted on a large
ensemble of molecules, which exhibits statistical polarisation
and requires um deep NV ensembles, significantly reducing the
sensitivity (see more in subsection 5.4). Thus, presently, there is
usually a trade-off in natural liquid state NV NMR between spa-
tial sensitivity and spectral linewidth. Part III of this thesis will
explore similar protocols that offer high spectral resolution and
discuss key performance-related factors when applying these
microscale experiments to microfluidic-based flow chemistry
applications.

In the face of these challenges, NV is still a promising alter-
native NMR platform to induction coils. It is still a relatively
new field; the room for improvements and key gaps have been
identified, thus, arguably, the potential for NV sensors is not
fully realised yet. Also, NV sensors can offer alternative ap-
proaches to the current NMR applications, such as NMR under
extreme conditions [16], NMR in conjunction with atomic force
microscopy (AFM) [105], ZULF NMR [28] and more. The final
part of this thesis will briefly explore two future pathways in
NV NMR, ZULF NMR and the combination of high spectral
and spatial resolution NMR.
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Part II

NV NMR AT THE NANOSCALE

This part of the thesis aims to tackle problems in
the nanoscale NV NMR experiments. In Chapter 3, 1
present a postprocessing technique that can be used
to increase SNR. I'll detail the theory and the sup-
porting experimental evidence. In the end, this tech-
nique can achieve a 36% gain in sensitivity by using
additional computation resources and can be widely
applied to NV protocols other than NMR. In Chap-
ter 4, the work is extended to using an ensemble
of NVs. I'll first attempt to adapt the postprocess-
ing protocol to NV ensemble experiments and ex-
plain its limitations at this scale. The main problem
is the low laser excitation rate experienced when an
ensemble is used. The second portion of Chapter
4 will explore how optical noises impact NV wide-
tield experiments. I conducted a comparison study
between two laser sources and investigated NMR
performance. I then simulated the laser noise pro-
tile and showed that raw laser performance gains
are not fully translatable to NV NMR. I'll conclude
by discussing the linewidth limitations of NV NMR
at this scale, which serves as a motivation for Part

III of the thesis.






IMPROVING NANOSCALE NMR
SPECTROSCOPY USING SINGLE NV VIA
READOUT SIGNAL PROCESSING

Quantum sensors based on NV defects in diamond have a demon-
strated capability to detect NMR spectra from proximate molec-
ular nuclei, thereby promising an alternative with higher sensi-
tivity to conventional NMR spectrometers for micro-scale sam-
ples. In previous chapters, the mechanism underpinning the
NMR spectroscopy process using NV centres in diamond has
been detailed. In this chapter, the development of a new pro-
tocol to enhance the NV-NMR performance will be explored.
This protocol will focus on the readout workflow of the NV
sensor, drawing insights from the underpinning photophysics
of the PL emissions to extract key spin state information of the
NV centre.

The fluorescence-based readout of these sensors suffers from
low throughput and poor photostability, meaning there is still
significant scope to maximise their sensitivity and temporal res-
olution. In this chapter, a new readout protocol based on pa-
rameter fitting to a precise model of the NV photo-physics is
demonstrated. Whereas typical approaches to improvement in-
volve expensive diamond material, optical and microwave engi-
neering, this method can be readily implemented into existing
NV quantum sensing protocols. The improvement is demon-
strated on single NV experiments with an emphasis on nanoNMR,

showing an increase in measurement speed by 36%.
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3.1 INTRODUCTION

Understanding molecular structure is of critical importance to
pharmaceutical design, material science, and biological engi-
neering [59, 92, 126]. One of the most powerful tools for dis-
cerning molecular structure is NMR spectroscopy, which pro-
vides key information such as chemical shifts and J-couplings
for samples ranging from small organic molecules to large bi-
ological complexes in a non-destructive manner [8]. However,
minimum detection limits for conventional NMR restrict the
sample volumes to mL and target analyte concentrations to
micromolar ranges [14, 123]. These shortcomings render con-
ventional NMR unsuitable for probing sub-micron samples or
fast dynamics, which are common in photochemistry, catalysis,
and single-molecule biology. This necessitates the use of alter-
native techniques such as mass spectrometry and cryo-electron
microscopy, which are invasive to the sample or bioassays and
ultrafast laser spectroscopy, which lacks versatility in types of
samples that can be analysed [9, 34, 86, 147].

The restrictions in conventional NMR largely stem from the
inductive pickup coils used for detection, which are challeng-
ing to fabricate at the micron scale, and suffer from electronic
noise when detecting small numbers of spins [5]. An alterna-
tive detection scheme replaces the inductive coils with the use
of atomic-sized quantum sensors, the most promising of which
is the NV centre in diamond [3, 45, 127].

As detailed in the previous chapter, the NV centre exhibits
several quantum sensing advantages, including a chemically-
inert interface, stable host material, long quantum coherence

times at room temperature, spin-state dependent PL, and rel-
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atively low size, weight and power requirements. It has thus
attracted great interest in recent years in fields such as mag-
netometry, thermometry, chemical sensing, biological studies,
and material science [42, 71, 87, 110, 160, 163]. Translation of
these techniques to other fields, however, will require the op-
timisation of key-performance parameters such as sensitivity
and measurement speed [10, 120].

Previous pioneering works have established the working prin-
ciples of NV-based nanoNMR, and key achievements such as
single protein sensing have been demonstrated [40, 96, 100, 106].
However, at this scale, there exists a trade-off between sensitiv-
ity and photo-stability due to fluctuations in NV charge states.
The signals of interest are typically reported by a single NV
centre, exhibiting poor sensing speed (due to the limited PL
emission rates from the single emitter) and additional complex-
ities with NV-target co-location, when compared with large NV
ensembles. Measurement times scale with the standoff distance
between the target and NV centre, motivating the engineering
of the NV centres to within nanometers of the diamond surface
[115, 152]. The proximity to the diamond surface results in both
reduced spin coherence time due to nearby surface paramag-
netic defects and charge instability due to variable electric fields
near the surface [89, 134], rendering improvements to temporal
resolution a significant challenge at these scales.

Typical approaches to enhancing sensitivity can involve ma-
terial improvements to increase the spin coherence time, or tai-
lored quantum control sequences to filter unwanted noise; both
of which have demonstrated improvement [51, 73]. However,
for nanoscale NMR, the material gains become limited by the

surface spin noise and in the majority of cases, complex quan-
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tum control sequences reduce the sensing bandwidth [37, 58,
122]. This chapter explores an alternate approach to enhanc-
ing the nanoscale NMR sensitivity in the form of optical spin
readout optimisation. This approach can be applied generally
across all quantum sensing protocols to achieve a speed-up in
measurement time.

The most common approach to determine the spin state pop-
ulation is to integrate the PL at the beginning of an optical
readout pulse when the spin state contrast is maximum. Then
this is self-referenced against a flat portion of the PL towards
the end of the pulse for common noise rejection at the ps scale.
Previous work has demonstrated spin readout improvements
via maximum likelihood, Bayesian and spin-to-charge conver-
sion techniques [69, 118, 146, 174, 175]. These approaches have
led to signal-to-noise ratio (SNR) gain of up to 20% using maxi-
mum likelihood estimation [69, 118, 174] or 28.6% via Bayesian
optimisation [175]. There is also an interest in converting infor-
mation in the NV spin to NV charge states [146], or electrical
spin readout [67], both of which can improve the SNR at the
expense of additional equipment and reduced bandwidth.

This chapter proposes and demonstrates a technique that im-
proves sensitivity and temporal resolution via a tailored signal-
processing approach. This approach models the dependence
of NV PL subject to experimental parameters associated with
laser pulse amplitude and duration. The new results are then
compared with the conventional NV readout approaches in a

nanoNMR experiment.
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3.2 METHODS

3.2.1 Experimental setup

To image and identify single NV centres in diamond, the NV
fluorescence from a bulk single crystal diamond using a purpose-
built inverted confocal microscope was used, as shown in fig-
ure3.1. A green excitation 532nm laser (Laser Quantum Gem
FS) is used to excite the NV defects, and a single-photon avalanche
diode (SPAD, Excelitas SPCM-AQRH-12FC) is used to collect
the filtered PL. The excitation beam is modulated by an AOM
(AA Opto-Electronic MT200-Ao.5-VIS), which is in turn con-
trolled by a TTL signal originating from a programmable Pulse-
Blaster (PB, SpinCore PBESR-PRO-500-PCle). Although the laser
power control is kept constant in current mode for stability,
an adjustable neutral density filter is used to control the laser
power for calibration. The green laser is then focused into a
single-mode fibre (Thorlabs P1-460B-FC-1), collimated using a
lens (Thorlabs ACL12708U, f = 8 mm) and then onto the dia-
mond by an immersion oil objective (Nikon 60x, NA1.4). The
same objective is then used to capture the red PL from the NV,
and a dichroic bandpass filter is used to decouple the red PL
from the green laser. The PL is passed through a band-pass fil-
ter (Semrock FFo1-731/137) and focused into a multimode fibre
(Thorlabs M42Lo1) by an achromatic lens (Thorlabs AC254-100-
B-ML), which acts as a confocal pinhole. The fibre then delivers
the PL into the SPAD, and the individual photons are counted,
then time tagged by a Fast ComTech P7882 multiscaler time of
flight counter. The PL data are time tagged at the resolution

of o.1ns and binned to 0.8ns. The data streaming process can
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also be controlled to store data in predefined timing intervals
throughout the experiment.

A background magnetic field of 77 mT is applied to the
sample to lift the degeneracy of the NV spin states and to po-
larise the nitrogen nuclear spin [30] associated with the single
N-V centre. A piezo-electric stage (Physik Instrumente P-611.3
NanoCube) is used to move the sample stage in three directions,
and it is controlled by a Data Acquisition System (National In-
struments DAQ PCle-6323).

To manipulate the NV spin state for the experiments, mi-
crowaves are generated by a vector signal generator (Rohde &
Schwarz SMBV100A). The MW is delivered by a custom gold
omega antenna, deposited onto a glass coverslip, where the di-
amond is placed on top and adhered using immersion oil. A
MW amplifier (43 dB gain, Amplifier Research 20S1Gy) is used
to generate 0.3 W of MW power to the antenna.

The diamond substrate is an electronic grade ([N] < 5 ppb)
sample produced via chemical vapour deposition (Element Six).
The sample was then subjected to electron irradiation at 10 MeV
with a dose of 10" em™2 and annealed at 9oo°C in vacuum for

two hours.

3.2.2 Theoretical description

A seven-state rate equation model (SSM) was used to evalu-
ate the NV signal. The PL response is dictated by the spin-
dependent relaxation through and cycling between the neu-
tral and negative charge states, shown in Fig.3.4. In the neg-
ative charge state, there exists a group of ground triplet states

(ms = 0, denoted state |1); and mg = £1, denoted state |2)) and
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excited triplet states (|3) and [|4)) separated by 1.95 eV. In these
experiments, a permanent static magnetic field is used to Zee-
man split the triplet states and only the ms; = 0 (1) and [3))
and mg = —1 (|12) and |4)) states are considered. Excitation to
I3) and |4) occurs at rate k;, which is proportional to the 532
nm excitation intensity, parameterised by 3. From state |3) and
|4), there are three possible transition pathways, with their own
individual decay rates. These transitions (non-radiative decay
via [5) or direct radiative decay) are the cause of the spin-state
dependent PL and optical polarisation of ms = 0, because the
I3) state is more likely to relax in a spin-conserving manner
back to the [1) states and [4) (relatively to |3)) is more likely to
relax via |5), where a spin-phonon interaction occurs and the
spin state is flipped [157].

In the model, a photo-ionisation pathway to the neutral NV
state (|6)) is included with the rate given by kion. In 6), there is
an optical excitation in the charge state with the rate Sk to |7).
The NV excited state may relax radiatively (ky) or return to
the NV~ ground states (Bkrec) with no spin-dependency [169].
In these experiments, the NV° emission is optically filtered, and
only a fraction (x = 0.3) is collected.

These spin state dynamics can be modelled by using a set of

rate equations [161], given by

dpd—-(tt) = A(E’/ Ky, k35/ )p(t = O)/ (26)

where p(t) is a column vector representing the populations of

the seven states at time t, given by

p(t) = (Pny,---, Pip) (27)
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and

—Pky 0 Ky 0 Ks1 0 BKrec/3
0 —PBk 0 ke ks 0 2BKrec/3

Bk, 0 —k;— k35— Bion 0 0 0 0

0 Bk 0 Ky — ka5 — Bkion 0 0 0

0 0 k35 k45 —ks1—ks; 0 0

0 0 BKion B Kion 0 —BKrc Kre

0 o0 0 0 0 Bl —kic — Blrec

is the matrix of rate coefficients defining the evolution of p(t),

from which the evolution of the system may be determined via

p(t) =exp((t—t') A)p(t)). (29)

In the SSM, B is defined to be a constant for t > 0, mean-
ing that the laser is always switched on with a stable power
for the duration t. Additionally, the assumption P3(0), P (0),
Pi5,(0) and P37 (0) = 0 is employed, implying that before the
laser is turned on, the populations are in the thermally popu-
lated ground states. P;y(0) = 1 —P|5(0) is defined for conve-
nience. The exact rate constants used in A are available in the

The stable power table 1.

assumption holds By solving the rate equations in equation 29, the populations

better in a setting

where the PL is

of each individual state as a function of laser time can be deter-

mined, hence the time dependence of the PL of the NV centre
saturated compared

to an unsaturated can be deduced, which is given by
regime, usually in
ensemble NV PL(t) P‘3> (t)ke + P‘4> (t)ke + OCP\7> (t)Kre (30)
experiments. The
next chapter will
explore the laser

fluctuation effects.
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Parameter | k35 | k45 | K51 | K52 | Kion | Krec | kr | krc

Rate (MHz) | 10 |55 |7 1.5 | 10 100 | 65 | 40

Table 1: A table listing the rate constants used in A.

and also shown in figure 3.4, where there is an excellent agree-
ment between the modelled and measured PL for a single NV
emitter.

In the SSM, A is assumed to be constant, implying that PL(t)
is only dependent on p(0). Calibration experiments are per-
formed (see next subsection), and the measurements show 3 =

0.7 and Pjg (0) to be 30% of the total initial population.

3.2.3 Calibration of the SSM

Rate parameters used

Table 1 outlines the rate constants used for the SSM, mostly
based on Tetienne et al. [161]. It is noted that the charge state-
related transition rates (kion, and kr¢) are not well defined and
can vary depending on the local charge environment [109]. Some
of the parameters are experiment or sample-dependent; if the
reader wishes to apply the SSM to their own dataset, it is ad-
vised to adjust the parameters accordingly.
Excitation parameter calibration

To reduce the degrees of freedom in the fit, some experimen-
tal dependent parameters are calibrated to reduce computation
time and to avoid overfitting (details in the fitting procedure are
in the next section). An adjustable neutral density filter is used
to change the laser intensity at the diamond. Then the mg = 0

state PL data are measured and fitted for 3, shown in figure 3.2.
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Figure 3.1: Top Left shows a typical confocal image with a single NV emit-
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Y
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ter highlighted. Top Right shows simulated emissions using
the SSM at different populations of the m; = 0 state (p;). Bot-
tom is a schematic of a confocal setup; PL data is collected by
an SPAD and analysed in two different methods (seven-state
model and photon counting), resulting in different signal-noise

ratios.
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Figure 3.2: Left shows the number of red photons collected vs laser power,
showing an agreement in behaviour between this calibration
curve and the calibration of (3. Right shows fitted 3 vs laser

power.

3.5 mW of 532nm light was used before the microscope objec-
tive, which translates to = 0.7.
Charge state population calibration

The steady state charge state distribution was investigated.
This measurement aims to determine the NV~ charge state
initialisation percentage after a typical green laser pulse. It in-
volves an orange laser (594 nm, 2 uW, 50ms) to excite the NV
states without significant perturbation to the charge distribu-
tion. The subsequent PL under spectral filtering will alternate
between different fluorescent rates depending on the present
charge state of the single NV centre [101]. This will result in a
bimodal distribution in a histogram analysis as shown in Fig-
ure 3.3. A red laser diode (630nm, 300 uW, 100 ps) was used
for charge state initialisation, which can efficiently transfer the
NV charge population to the neutral state [136]. Then under
an orange readout (594 nm, 2 uW, 50 ms), an unimodal distribu-

tion of emission rates was observed, which was used to define
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Figure 3.3: Left shows the percentage of NV~ charge state at different laser
power (P), showing that under sufficient illumination, 70% of
the NVs are in their negative charge states, which supports
the parameter used in the SSM. Right presents an example of
the distributions under different initialisation conditions, the
emission events labelled in yellow are initialised by the red

laser and blue are by the green laser at 875 uW.

that emission rates under 45 photons per millisecond are due
to the NV°. A green laser with variable power (P) for the same
orange readout procedure was use,d and the emission events
were counted. It was concluded that at the power used in the
main experiment, NVO : NV— = 3 : 7, shown in figure 3.3,
which is in agreement with literature [43, 166] and validates

the parameter used in the SSM.

3.2.4 Post processing and analysis of PL data

Experimentally, the time-tagged PL data from a single NV cen-
tre is captured and integrated over a chosen time interval at the
end of each measurement sequence (figure 3.4). Each individual
PL trace is then analysed using two different methods. The first
method, photon counting (PC), integrates the section of data

where PL changes the most with p(0), resulting in a spin state-
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dependent contrast readout. The integration region is defined
by a rectangle with a width of 300ns starting from the sons
after the onset of the laser readout pulse. This is usually de-
termined on an ad hoc basis to maximise SNR due to different
PL responses with (3. The second method, SSM, investigates
the PL data with more complexity. P;y(0) was determined by
titting the SSM to measured PL data using MATLAB’s trust-
region fitting procedure, instead of a simple integration in a
boxcar-shaped region (see figure 3.4). By fitting to a more com-
plete model, the method captures more features in the PL and
extracts additional spin information that may either fall out-
side the boxcar region or have a more complex dependence
than a change in counts (for example, the shape of the PL trace
changes, but total counts within the integration region remain
similar). In addition, the PC method can only achieve a maxi-
mum contrast of 30%. This limit is caused by the fact that there
is still a probability of up to 70% that the ms; = —1 excited state
relaxes radiatively, thus the collected PL contrast (that is, the
difference in PL intensity between the mg = 0 and —1 states) is
limited. In the SSM, the full photophysics description accounts
for the different transition pathways and probabilities, so its
output recovers the full spin information/"contrast", surpass-
ing the 30% limit.

During the fit, a weighting factor offset based on the differ-
ence in calculated PL between mg = 0 and ms = —1 states was
used in the fit. This is the modelled region, where the great-
est change in PL dependency on Pj;y(0) is expected. The fitting
procedure is an exercise to sweep the parameter space to re-
duce fitting residuals; by introducing the weighting factor, the

method places a higher emphasis on regions of data where the
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Figure 3.4: Left shows the NV electronic structure and transitions illus-
trated by the SSM. The green transitions are induced by the
532 nm laser, red transitions are radiative and dotted transi-
tions are less probable. Right shows PL data measured (blue
and yellow lines) and fitted by the SSM (orange and purple
lines) with and without a MW 7 pulse prior to measurement.

The region for photon counting is shown by the dotted box.

PL has strong physical dependence on the spin states and fil-
ters out unwanted non-spin-related PL information. In addition
to Py (0), the fitting procedure also evaluates a timing offset,
which shifts the SSM PL forwards and backwards in time to
account for timing errors such as clock mismatches. The other
empirical parameters (3 and P (0)) are held constant to reduce

fitting complexity and computing speed.

3.3 RESULTS

The results obtained via these two readout methods were then
compared in two quantum sensing protocols. In the first, a co-

herent spin-state manipulation of the NV via an applied mi-
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crowave field is demonstrated; otherwise referred to as a Rabi
experiment. In the second, the NV spin is used to detect nu-
clear magnetic resonance signals from nearby '*C nuclei in the
diamond lattice. Both of these experiments are of fundamen-
tal importance to NV-based measurements, demonstrating the

broad applicability of the method developed in this work.

3.3.1 Demonstration via coherent microwave driving

In the case of a Rabi experiment, resonant MW pulses of vary-
ing duration, T, are applied to achieve T-dependent degrees of
NV spin population transfer from [1) to |2), as shown in fig-
ure 3.5. After each MW pulse, a laser readout pulse of 5 us is
used, and PL data is collected. Before the next MW pulse, a
wait time of 1.5 us is employed to ensure the populations relax
to the ground spin states. The pulse sequence is repeated for a
total photon integration time of tayg, and the accumulated PL
data is recorded at every tavg = 18. Due to memory constraints,
the experiment is paused after every 5min to transfer the PL
data and refocus the laser onto the NV centre in response to
any drift that may have occurred.

The PL data from the Rabi experiment are analysed by the
two methods described in subsection 3.2.4. The extracted con-
trast and Pj;)(0) determined from the SSM fit are plotted against
the MW time (examples are shown in figure 3.5). It is worth not-
ing that the values of contrast and P|1>(O) are different due to
the methods employed. The PL contrasts are obtained by inte-
grating PL counts from t = 50 to 350ns and dividing them by
the integrated counts at the back of the laser pulse (4.5 to 4.8 us).

For a single NV centre, the maximum dark state to bright state
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PL contrast is usually 30%. This can be explained by the photo
physics described in section 3.2.2. For the experiment in this
subsection, the high laser intensity of 400 kW/ cm? ensured the
single NV centre was saturated and not susceptible to laser in-
tensity fluctuations. This resulted in a measured spin contrast
of 20%. For the SSM, the values of Py, (0) are bounded between
o to 1. Using the same set of data, the processed results us-
ing the SSM exhibit greater SNR over the measurement period
when compared to the PC technique.

To quantify the improvement, a fast Fourier transform (FFT)
is applied to the Rabi oscillations, then the FFT data is scaled to
the same noise floors, shown in figure 3.5. The FFT data were
fitted, and the peaks were compared. The signal-to-noise ratio
was defined to be the fitted amplitude divided by the standard
deviation of the noise floor. This quantification confirms that
there is a significant SNR gain using the SSM method. An al-
ternative SNR quantification method comparable to previous
literature [118] that explores the residuals from a sinusoidal
tit of the Rabi time data was also employed, and showed simi-
lar improvements (see next subsection). This comparison shows
that postprocessing using the SSM method results in an SNR in-
crease by a factor of 2 for a measurement time of 60 seconds, as

shown in figure 3.5.

3.3.2 Analternative signal-to-noise ratio (SNR) quantification method

In the previous subsection, the SNR of the Rabi experiment
was quantified by using a Fourier transform and defined to
be the fitted amplitude divided by the standard deviation of

the noise floor. In this subsection, an alternative SNR quantifi-
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Figure 3.5: a) shows ulse sequence for coherent MW driving experiments.
MW pulses are swept from 12ns to 1 us to vary the spin pop-
ulation, each followed by a laser pulse (5 us) for readout. The
SPAD is turned on during the laser pulses, with a maximum
sampling rate of 10 GHz binned to 1.25 GHz (or 0.8ns). The
sequence is repeated for tayg = 1s intervals for a total time
of 1800s. b) and ¢) demonstrates the same Rabi measurement
processed by PC and SSM at tayg = 600 s, showing qualita-
tive agreement between the two. d) and e) are the scaled (to
the same noise floor) FFT comparisons at tayg = 60 and 600
s, showing that SSM provides higher SNR compared to PC. f)
presents variation of SNR with respect to tavg, showing that
SSM can achieve SNR gain of up to a factor of 1.5 and always

above 1 for the tayg considered here.
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Figure 3.6: Left shows an example of a Rabi curve fit using the same data
from the previous subsection. All Rabi data are normalised-
from o to 1. Right presents an analysis of the SNR, which is
calculated as the IRMS of the residuals from the Rabi fit at dif-

ferent t,yg, showing an agreement with figure 3.5.

cation method used in previous studies [118] is explored. The
SNR of the Rabi oscillation can be calculated by fitting the nor-
malised results to a decaying sinusoidal function of the form
A cos(ft + ¢) exp(—(t/a)®) +c, where A is the amplitude of the
Rabi signal, f is the Rabi frequency, ¢ is the phase of the oscilla-
tion, a is the Rabi decay time, s is a stretch factor that accounts
for a variation in the decay rates, ¢ is an amplitude offset and t
is the independent variable of MW time. The SNR is defined to
be the inverse root-mean-square (IRMS) of the fitting residuals.
Figure 3.6 illustrates the quantification method and shows the
SNR improvement as a function of averaging time (tavg).

Both methods show a similar trend and level of improve-
ments, showing that the use of the Fourier transform method
is consistent with previous literature. Although both methods

can be used in a Rabi experiment, the Fourier-transformed data
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is a clearer illustration of the SNR, and its shape is comparable

to an NMR spectrum.

3.3.3 Demonstration via nanoscale detection of nuclear magnetic

resonance

As a second demonstration of this method’s utility, a nanoscale
NMR spectroscopy experiment was performed on a nearby '3C
nuclear spin. The NMR experiment is conducted by using an
XY8-N pulse [40], as detailed in figure 3.7. The inter-pulse spac-
ing time, defined by T is swept, and a significant change in the
1) population is observed when '*C Larmor period is matched
to 27; which serves to define the NMR spectrum. The accumu-
lated PL data for the NMR experiment is collected at every tayg
= 1 min throughout the single NV experiment.

Using a comparison method similar to the Rabi experiment
in section 3.3.3, the SSM is then utilised for the NMR exper-
iment where spectroscopy is performed on nearby '*C nuclei
within the diamond, illustrated in figure 3.3. The PL data from
the XY8-N experiment are analysed using SSM and PC meth-
ods. The results are scaled to the same noise floor, and the peaks
are fitted similarly to the Rabi FFT results in section 3.3.1 as
shown in figure 3.3. From this comparison, an improvement in
SNR of 1.36 is demonstrated via the utilisation of SSM versus

PC approaches. This translates to a measurement time reduc-

tion of 1.362 = 1.85.
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Figure 3.7: Top Left presents the pulse sequence for an XY8—N experi-

ment. A MW 7t pulse is the duration of MW application needed
to flip the NV spin state from [1) to [2). MW pulses shown in
orange (y) have a phase shift of 7 relative to the yellow (x)
pulses, and N = 2 was taken for the experiment. Bottom Left
illustrates the local spin environment to the NV centre. Dur-
ing an XY8—N experiment, a coupling to nearby '3C spins was
facilitated, thereby changing the NV spin state when close to
resonance. This occurs when the inter-pulse spacing (defined
by T) is matched to the nuclear spin precession rate, which,
for this experiment, was 0.825 MHz. Top Right demonstrates
the scaled (to the same noise floor) NMR spectra of the '3C,
showing resonances at 0.825 MHz. The side-bands (the most
significant at 0.7 MHz) are tentatively attributed to hyperfine
interactions with nearby '3C clusters, similar to that seen by
Dréau et al. [44]. The data was fit to a Gaussian function with
the 0.7 MHz side-band excluded. This demonstrates that SSM
has a greater SNR compared to PC. Bottom Right shows an
the evolution of SNR with respect to tayg, taken at 1 minute in-
tervals up to 2 hours.The rates of evolution are fitted to a/tavg
(dashed lines) showing an SNR gain of agsyv/apc = 1.36.
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3.4 DISCUSSION

In this work, a new readout protocol for spin-based quantum

sensing with the NV centre in diamond has been demonstrated.

It is based on parameter fitting to a precise SSM of the NV

photo-physics, from which the relevant spin state populations

can be accessed. By introducing the SSM into the post-processing
procedure, a sensitivity improvement of a factor of 1.36 is quan-
tified in a nanoscale NMR experiment, implying an improve-
ment in data acquisition times of a factor of 1.85, with the only

expense being additional computation power. In addition to

post-processing the data, this method may also be implemented

during the experiment, owing to the fact that a calibrated SSM

only requires the fitting of two parameters, namely, the spin

state population and a timing offset.

Leveraging the improvements demonstrated here, the time to
generate a nanoNMR spectrum on an external target near the
diamond surface can potentially be sped up from a few hours
to tens of minutes. This can also aid the laborious search pro-
cess of co-locating the target of interest to an NV centre with un-
wanted spin noise contributions from its immediate surround-
ings. Such improvements can also be applied to other sensing
protocols that have traditionally relied on the same approach to
counting PL data, such as relaxometry and Ramsey interferom-
etry. Opportunities for further improvement to the SSM include
more refined measurements of the rate constants for the near-
surface NV centres and alternatives to the fitting algorithms,
which could come from machine learning protocols. [131].

The measurement speed enhancements demonstrated here

provide critical performance improvements to time-limited ex-
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periments such as near-surface nanoscale quantum sensing. Ex-
tension into an ensemble of NVs for high-resolution NMR [60,
140], for example, would enable time-dependent monitoring of
NMR chemical shift signals to improve the understanding of

reaction dynamics in complex chemical systems.



NMR USING AN ENSEMBLE OF NVS

The previous chapter presented a novel method that can boost
the SNR of a nanoscale NMR experiment using a single NV
centre. Experiments at this scale allow the detection of nuclear
spin clusters sized around a few nanometres on the diamond
surface. Despite having a desirable spatial resolution, it suffers
from certain drawbacks, including the use of a singular atomic-
scale sensor [45], leading to slow signal acquisition. This chap-
ter will discuss methods that address these drawbacks using an

ensemble of N'Vs.

4.1 INTRODUCTION

Gaining NMR information at the nanoscale is critical for under-
standing behaviours of targets such as single molecules, spin
networks and interface chemistry. Despite the successful demon-
stration of single protein NMR spectroscopy [100], single NV
NMR spectroscopy remains elusive as the following technical
challenges are yet to be resolved.

First, due to the small sensing volume, detection of liquid
state samples typically requires the target to be stationary at
the diamond surface. Otherwise, the target will diffuse out of
the liquid volume before the measurement is complete [35].

One method of localising the target to the diamond surface

is the use of functionalisation groups that can tether the tar-
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get with high chemical selectivity [81, 111, 164]. However, the
nanoscale surface environment of the diamond is complicated
due to a variation of surface features, and creating uniformly
distributed functionalisation groups with high selectivity can
be challenging [171]. Furthermore, it is difficult to precisely cre-
ate single NV centres at a desired lattice site [65]. Hence, the
process of co-locating an NV centre to a desired target at a pre-
cise location on the diamond surface is based on probability,
increasing overall experiment time and reducing reproducibil-
ity [100, 127].

Another technical challenge that requires addressing is the
difficulty in controlling and passivating surface spin and charge
environments. This can lead to poor charge stability of the NV
centre from band bending and reduced coherence time from
surface spin noise [134, 137, 176], rendering it difficult to ad-
dress NV centres within 5nm of the surface. As a result, both
effects can reduce the interaction strength to the external target.
Hence, due to these challenges, although single nuclear spin
NMR sensitivity has been demonstrated [100, 156], detecting
external targets with single spin resolution still remains chal-
lenging [45].

The detection of an external individual nuclear spin remains
an outstanding goal for the field. In the near term, due to the
aforementioned constraints, it is difficult to realise its full po-
tential in chemical or biological settings. And the single NV
experiments mostly find their use in proof-of-principle investi-
gations and solid-state devices. To bypass these technical gaps,
the use of an ensemble of NV centres can be considered at a

cost of spatial resolution [180].
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To address an ensemble of NVs, the laser spot size is usually
a few microns across in diameter, and the NV areal density is
usually higher than 10'" cm~2. This allows for an increased sen-
sitivity compared to a single NV measurement, because sensi-
tivity is inversely proportional to the square root of the number
of NVs [143]. Also, by increasing the sensing volume and sub-
sequently the number of targets and sensors, the target-sensor
co-localisation and low throughput issues are alleviated.

The poor charge stability of shallow NVs near the diamond
surface and surface spin noise remain issues for an ensem-
ble NV sample [162]. In addition, an unwanted byproduct of
increased substitutional nitrogen defect density is introduced
when creating an ensemble of NVs, which leads to a decreased
coherence time [15].

In most cases, the increased PL rate from the increased NV
sensors addressed outweighs the negative effects from NV en-
sembles and allows for a more robust and simple NV NMR op-
eration. This also allows for widefield microscopy, enabling NV
MRI applications at the sub-micron scale [180]. The main disad-
vantage of NV ensemble NMR is that the spatial resolution is
no longer at a few nm scale [141], and the increase in NV den-
sity leads to higher susceptibility to laser technical noise [173],
given that the traditional laser densities do not saturate a high
number of NVs.

This chapter will introduce two pathways to a boost in NV en-
semble performance via spin readout improvements. Section 4.2
will reintroduce the SSM for an ensemble sample using the
same confocal microscope as the last chapter. A major advan-
tage of using NV ensembles is the capability of performing

imaging on external targets, such as MRI [180]. Using scanning-
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Figure 4.1: A summary of comparisons between sensing external NMR ac-
tive spins (light blue arrow) using a single NV (black arrow)
as shown on Left and an ensemble of NVs as shown on Right.
Comparing the two, for a single NV, the sensing volume and
hence, spatial resolution is significantly lower (nm scale) rela-
tive to an ensemble. The coherence time for a single NV can be
up to ms [73], while for a near-surface ensemble, it is usually
around tens to a few hundreds of us [167]. For an ensemble, de-
spite having unsaturated PL output and lower coherence time,
it can achieve enhanced sensitivities of sub-pT/ VHz [168] com-
pared to a single NV of nT/v/Hz [178] from the increased PL
count rate.
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based methods such as confocal microscopy offers advantages
such as resolving PL information with ns time resolution, which
enables postprocessing enhancements and producing clearer in-
focus images with depth control. However, compared to wide-
tield methods, it suffers from slower imaging rate due to the
scanning nature, higher chances of inducing phototoxicity to
external samples due to a more focused laser spot and lim-
ited field of view, hence the easier to operate widefield camera
based microscopy methods are more suitable and flexible in
imaging NV response to external stimuli such as NMR effects
in a real world application setting. Section 4.3 will discuss the
impacts of laser technical noise on a widefield NV ensemble ex-
periment. The description of the widefield setup can be found

in section 4.3.1.

4.2 READOUT OPTIMISATION VIA POST PROCESSING

To further optimise the measurement speed of an NV NMR
measurement, one can consider utilising the boost in through-
put in an ensemble of NVs by applying post-processing readout
optimisation protocols, similar to the method introduced in the
previous chapter. The main workflow of the SSM remains un-
changed for an ensemble of NVs, and a similar procedure was
carried out. The same confocal microscope was used, and the
laser intensity has been increased to 10000 kW /cm? at the dia-
mond surface with the same diffraction-limited confocal spot
size. This corresponds to a laser power of 7mW at the back of
the objective, then focused onto a circular spot with a diameter
of 3o0nm. Meanwhile, neutral density filters were applied to

the stimulated PL before the SPAD to keep the PL count rate

79



8o

NMR USING AN ENSEMBLE OF NVS

below 1000 counts/ms, which is within the linear regime of the
instrument’s response curve; artefacts from the SPAD will be
introduced.

The diamond sample used in this section employed a CVD
overgrown layer with nitrogen gas introduced in the process
at 0.002sccm. The layer was then subject to a 10keV Carbon
implant with a dose of 10" cm™2 and annealed at 1100°C under
vacuum. The estimated NV density is 2 x 10" cm 2.

The first step of the workflow is to calibrate the parameters in
the SSM for this ensemble sample. With the increase in NV den-
sity, it is now expected that the pumping rate of the SSM will
be decreased, and hence the laser power parameter, 3 = 0.028,
has been calibrated as shown in 4.2, using the same procedure
as the last chapter. Time resolved PL traces at mg; = 0 and —1
states are manipulated by gating on resonance MW pulse dura-
tion is shown in figure 4.3 with the respective SSM simulation.
It is observed that when comparing this with the single NV PL
data as shown in figure 3.4, the ensemble data exhibits fewer
features. The single NV data has an initial rise in the PL pro-
file and a subsequent decrease before rising to the steady state
point, and the ensemble data showcases a singular rise feature
only. This is caused by the reduced pumping rate of 3k, from
the NV~ ground state to the excited state, where the rate en-
tering the excited states is slower than the sum of the leaving
rates, 23k, < 2(kry + Bkion) + k35 + kys.

Under these parameters, when the additional features are no
longer present, the limitations of the SSM fitting protocol be-
come amplified. This is demonstrated in figure 4.4 where the
conventional photon counting method in a Rabi experiment re-

sults in a higher SNR compared to the SSM. The SNR quantifi-
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Figure 4.2: Left shows the PL count rate of the sample when excited at

different laser powers. There is no saturation behaviour for this
measurement, because an ensemble of NVs is used and the
laser power that is accessible is not sufficient to saturate the NV
density of 2 x 10" cm~2. Right shows a calibration of  used
in the SSM, and due to the use of an ensemble, the obtained
B = 0.028 is significantly lower than the single NV case.
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Figure 4.3: Left shows the PL response measured under a readout laser

pulse of 10 us for an ensemble sample at different spin states,
—1). The simulated

responses are shown in yellow (mg; = 0) and red (m; = —1).

shown in blue (mg = 0) and orange (m;

Right shows the response zoomed at the first us of the mea-
surement, showing that the PL only features a rising behaviour.
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Figure 4.4: Rabi oscillations obtained using the photon counting method
shown in Left and the SSM shown in Centre using the same
PL data with tq,g = 100s. The photon counting method inte-
grated the first ps of the PL and referenced against the last ps.
The SSM method used the same parameters as the last chapter,
except for 3 = 0.028. Although the oscillations obtained using
the SSM resembles of that in the PC method, the SNR analysis
shown on Right suggests that the SNR from the SSM is 24%
less than the PC. The analysis is performed by comparing the
peaks of the Rabi FFT with the noise floor normalised to the

same level.

cation method remains unchanged from the previous chapter.
The main limitation of the model is attributed to the fact that
the rate parameters are not orthogonal to each other, so changes
in PL behaviour can have multiple causes. For example, the
charge state cycling rates and ks5 can alter the NV PL in a simi-
lar way. In the case of a single NV experiment, such rates can be
bounded more accurately compared to an ensemble, where it
is reasonable to expect a distribution of certain transition rates
due to variations in the local environment. If SSM’s transition
rates are not or cannot be accurately determined, the ability to
achieve accurate relative initial spin state population from the

titting procedure erodes.
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This is compounded by the fact that the measurement setup
used in this section does not allow for a saturated coupling be-
tween the NV ensemble and the laser. The lack of laser power
experienced by the NVs reduces the difference between the
measured PL at different spin states, hence the reduction in
contrast. This reduced variation in PL with respect to the spin
states contributes to the reduced performance of this postpro-
cessing method, in addition to the lack of features in the PL.
Also, when the PL is no longer saturated, the measured emis-
sions are more prone to laser noise. This is explored in detail in
the next section.

Although in this particular experiment, the advantages of
the SSM have yet to be realised, there exists of other scenarios
where the SSM can achieve a better SNR for ensemble samples
by increasing optical excitation power density. For sensing ap-
plications of non-biological samples where phototoxicity is not
a consideration, such as magnetometry and solid state material
characterisations, SSM is expected to provide an improvement
when a higher power laser or optical cavities are in place [1].
In addition to laser power increase, if equipped with pulsed
variable wavelength lasers, the NV transition rates can be more
accurately determined by performing an excited state lifetime
measurement. This will provide additional insights into the
sample-dependent parameters used in the SSM and create a
more accurate description of the PL model [76, 169]. In en-
semble NV NMR experiments, the utility of SSM degrades due
to difficulties in achieving PL saturation; the results presented
here are an underestimate of its full potential. With additional
tools, the SSM still has the potential of providing benefits to the
NV readout.
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4.3 IMPACTS OF LASER NOISE

The previous section has outlined that when an ensemble of
NVs is used, optical saturation can be difficult to achieve and
exposes the NV PL to laser technical noise. This section will
explore how the laser noise impacts the NV ensemble-based

NV-NMR measurements using a widefield camera.

4.3.1  Comparison between two excitation sources

A custom-built widefield microscope was employed for the ex-
periments described in this section. Its general optical layout

is similar to the work in the previous chapter, as shown in fig-

ure 3.1. The major differences are that a Complementary Metal-Oxide-Semicondu

(CMOS) camera (Andor Zyla 5.5-W USB3) is used instead of the
SPAD, and optical fibres are not used.

A diode-pumped solid-state laser (DPSSL, Laser Quantum
Opus 2W) and a diode laser (Nichia NDGy575) are used in this
comparison study. Both beams are modulated using an AOM
(AA Opto-Electronic MQ180-AO, 25-VIS) and focused onto the
diamond using an objective (Nikon CFI Plan Fluor 20x, NA
= 0.5). The power of both laser sources is set to a maximum,
where there is no significant power fluctuation to ensure proper
stability during measurement. The laser spot size is approxi-
mately 50 um in diameter and the laser power at the diamond
is 7omW. The PL is filtered using a dichromic mirror, and in
postprocessing, the camera captured PL images are cropped to
reduce dark noise. Similar electronics to those in the previous
chapter are used to deliver MWs. The diamond sample used

in this section is a CVD substrate (Delaware Diamond Knives)
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implanted with Nitrogen at 4 keV with 10'® cm~? dose and sub-
sequently annealed at 1000°C under vacuum.

The characteristics of the laser and PL were measured first.
The PL was collected by illuminating the diamond with a CW
laser and capturing a video where the exposure time per frame
is 10ms. The laser is measured in a similar manner by replac-
ing the diamond with an optical mirror. Both sets of data are
shown in figure 4.5. It is clear that the DPSSL performed better
than the diode laser; under continuous illumination and mon-
itoring, it demonstrates a tenfold improvement in RMS noise.
The relatively noisy diode laser may be more susceptible to vi-
brations, or the spatial profile of the laser is inconsistent, as
the video trace shows multiple surges in count rate. Figure 4.6
turther confirms the noise level differences in spectrum and
Allan deviation analyses. In the video analysis, a minor consis-
tent increase in PL is detected in both sources. It amounts to
an increase in count rate by 0.001% after each frame; the laser
video did not exhibit such an increase. This increase in PL rate
is attributed to the charge state effects, where prolonged green
excitation can lead to a transfer of NV population to NV~ [61].

To understand how laser fluctuation translates in an NMR
measurement, the NMR signal from '3C spins within the dia-
mond sample was measured using the same widefield micro-
scope. The pulse sequence utilised in the following experiment
is the same XY8 protocol from the previous chapter, and the
measured spectra are compared in figure 4.7. Because of the low
coherence time of the sample used, the baseline of the NMR
spectrum is not flat and exhibits a significant incoherent decay.
Thus, a fitting procedure is used to characterise the SNR. A

function that describes an exponential decay with a Lorentzian
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Figure 4.5: Left shows the total number of green photon counts captured
by the camera integrated over the cropped field of view. It com-
pares the reflected green counts using the diode laser (blue)
and the DPSSL (orange). Right shows a similar comparison
for the captured NV PL. When examining the green, the diode
laser exhibits 0.7% of noise, and the DPSSL exhibits 0.14% and
for the PL, 1.2% and 0.14%, respectively. The green and PL

measurements were conducted under similar laboratory condi-
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Figure 4.6: Left shows a comparison of spectral noise density between the
PL generated under the two excitation sources. Right shows
a similar Allan deviation comparison. Both analysis confirms
that the DPSSL used has a better noise performance.
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peak contribution is used, and by extracting the fitting residu-
als, the SNR of the NMR measurement is calculated. The SNR
is defined by the inverse root mean square of such fitting resid-
uals. The SNR behaviour of the NMR measurements using the
DPSSL and laser diode excitation sources with respect to the
number of experimental repetitions is investigated and shown
in figure 4.7. The SNR increases in a square root manner char-
acteristic of random noise, as the number of averages increases.
But above 300 repeats, the SNR stopped improving. This is at-
tributed to the long-term drifts of the system and agrees well
with the PL Allan deviation results in figure 4.7, as 300 repeats
for these pulsed NMR experiments equate to a total PL time
of approximately 10 seconds, where the Allan deviation began
to increase. There are many factors influencing this drift effect,
but for this comparison study, both excitation sources” NMR
SNR began to plateau at a very similar time and because both
lasers are temperature controlled, thus it suggests that such
drift is not significantly influenced by the optical elements, but
by drifts introduced from other sources, such as thermal expan-
sion/compression and vibrations along the optical path.
Comparing the two laser excitation sources, the NMR re-
sponse measured using the cleaner DPSSL demonstrated a higher
SNR performance, but only by 25%, not as significant as the pre-
liminary studies of an order of magnitude. It is reasonable to
assume that any gains from the laser source itself will be di-
luted in an NMR experiment due to contributions from other
sources, such as spatial variations in the optical paths, vibra-
tions caused by the microwave deliveries. In the next subsection,
a simulation of NMR results influenced by only PL noises will

be conducted, and thus, this dilution factor can be estimated.
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Figure 4.7: Left and Centre show measured NV NMR spectra of 13C us-
ing the diode laser and DPSSL excitation sources, respectively
and fits to the XY8 function. The background field for the ex-
periment was 7omT, and the number of 7t pulses in the pulse
sequence is 32. The readout laser time is g us, and the NMR
spectra are taken after 50 repeats. Each measured point on
the spectra contains approximately 400 cycles of the pulse se-
quence, which totals to 10 ms of camera exposure time per
point. Right shows the SNR evolution for both lasers as the
number of experimental repeats is increased, showing a 25%

SNR improvement for the DPSSL compared to the diode laser.
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4.3.2  Simulation of NMR performance under different laser noise

levels

To perform the optical simulation of the widefield experiment,
the structure of its pulse sequencing will be introduced first.
Unlike the confocal microscope, which employs a SPAD to time
tag PL photons at the ns scale, the camera used in the widefield
is limited to 100 frames per second (fps). As a consequence,
the manner of repetition is different. If one NMR measure-
ment with X number of spectral points (S(t1), S(t2), ..., S(Tx)) re-
quires Y number of readout cycles, the confocal pulse sequence
performs the entire measurement and repeats the full sequence
after. It follows the pattern of (S(ty),S(12), ..., S(tx))Y. The pho-
ton counter will then be able to collect and distinguish the PL
information at each individual T and perform post-processing
to obtain optical contrast as detailed in the previous chapter.
For a camera, due to the lack of temporal resolution, each indi-
vidual measurement is bundled together and repeated immedi-
ately within the bundle, and the next S(t) measurement occurs
when the repetitions are complete. It has the following pattern
S(t1)Y,S(12)Y, ..., S(tn)Y as exampled in figure 4.8. Y is selected
so each S(1)Y usually uses tens of ms of time, which is resolv-
able under a camera exposure. The camera collects all the pho-
ton counts within the exposure time, including the dark counts
when the laser is not active, and the total counts are referenced
to produce a contrast. For NMR measurements, the referencing
is performed by subtracting the total number of counts from a
particular MW sequence with T evolution time against the same
sequence with the same evolution time, but the final MW pulse

is 37t/2 instead of 7t/2. This pulse projects the NV spin vector
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towards the mg = +1 state instead of the mg = 0, and the dif-
ference in photon counts between the two projections becomes
the contrast.

The simulation is set up using the normalised PL response at
the ns timescale from the SSM with an empirically determined
spin state population distribution from the previous subsection.
It is then coupled with a dark time, accounting for the duration
of the MW sequence and shelving time. This is then repeated
for Y cycles. Figure 4.8 illustrates an example of this step. The
simulation then uses the data from figure 4.5 to calculate the ex-
pected number of photons at this timescale and its associated
noise level, including dark noise, which is exemplified in figure
4.9. Three different noise profiles were considered for the com-
parison study: the diode laser with 1.3% RMS noise, DPSSL
with 0.14% noise and a hypothesised excitation source (HES)
with 0.01% noise. These percentages represent the noise level
captured at 10 ms of camera exposure time, and the simulation
converts it down to the ns timescale and uses a normal distri-
bution noise profile. Any dark counts with noise were added
as an offset.

The next step of the simulation sums the total number of
counts and repeats the same simulation for the ms = —1 spin
projection. The normalised contrast is then determined for this
particular T, and the simulations proceed to the next point of
the NMR spectrum. When all of the points on the NMR spec-
trum are computed, this constitutes one sweep of the experi-
ment, and the SNR is calculated for this sweep in the same man-
ner as the last subsection. Any subsequent sweeps included a

minor increase in PL count rate, accounting for the drift ob-
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Figure 4.8: Top illustrates the measurement timing sequence in a wide-
tield experiment, where each XY8 sequence with a fixed in-
terpulse spacing, T are repeated sequentially for hundreds of
cycles to fill the camera exposure time of tens of ms. For the
simulations in this subsection, during one cycle, readout laser
time is 9 pus. The dark time, which is the sum of the shelving
time, microwave time and evolution time, is 15.6 us. Each cam-
era exposure contains 407 cycles, which amounts to an expo-
sure time of 10 ms. Simulation parameters are based on experi-
ments in the previous subsection. Bottom shows the simulated
PL profile without noise for different timescales from a few ps
within a laser pulse in Bottom Left to 100 us, which consists of
a few cycles in Bottom Centre to one tenth of a camera expo-
sure in Bottom Right. Red dashed lines represent a correlation
between the pulse sequence diagram and the simulation time-

line.
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Figure 4.9: An example of simulated PL with noise profile added from the
diode laser (blue) and the DPSSL (orange). The noise profiles
are described in more detail in the main text. Note that the
camera cannot capture the photons at this timescale and only
reports the total number of counts during the exposure. The
increase in the simulated PL occurs when the readout laser is

turned on.

served in figure 4.5 and the SNR evolution as a function of
number of sweeps is shown in figure 4.10.

The goal of the simulation is to construct an NMR exper-
iment that is only affected by optical noise and understand
how laser intensity noise affects the measurement, independent
of other noise sources present. Comparing the SNR evolution
against figure 4.7, the simulation results in figure 4.10 showed
that the SNR increased in a square root fashion as expected
for randomly distributed noise, but it did not exhibit any sig-
nificant plateauing effects as previously observed in figure 4.7.
Thus, it can be deduced that any long-term drifts in these wide-
field measurements are not optical as the simulation included
a similar level of PL drift, but did not show a similar level of
the platuing effect. The drifts are tentatively attributed to me-

chanical effects, such as vibrations altering the optical paths or
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Figure 4.10: Left and Centre show the simulated NMR spectra obtained
from the simulated PL profiles of the diode laser (blue) and
DPSSL (orange), and illustrations of the XY8 fit for SNR quan-
tification purposes. Right shows the SNR evolution for the
two excitation sources and an additional hypothesised exci-
tation source (HES, purple, see main text). The SNR at the
steady state shows a gain by a factor of 7.5 from the diode
laser to the DPSSL and a factor of 4 from the DPSSL to the
HES at 2500 sweeps.
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the PL focus or the magnetic alignment, which can all impact
the NMR spectra on longer time scales.

By directly comparing the SNR performance between the
diode laser and DPSSL, a gain by a factor of 7.5 using the
cleaner source (another factor of 4 when comparing with the
HES) can be achieved. Comparing the gains obtained from the
optical simulation (a factor of 7.5) against the experiment in the
previous subsection (a factor of 1.25), where the simulation pa-
rameters are from, there is a significant discrepancy. This sug-
gests that optical noise contributions are not as significant as
one would expect from the preliminary investigations.

The widefield imaging system used in this section is a typical
design featuring optomechanical elements that are common in
this field of study. Thus, there is a high-level of applicability of
the findings from this section across the NV sensing field. It is
advised that when considering the implications of individual
NV NMR widefield imaging components, it is more appropri-
ate (or sometimes more cost-effective) to explore other avenues
before improving the noise level of the laser excitation source.
For example, reducing lab temperature variations and minimis-

ing mechanical vibrations.

4.4 A DISCUSSION ON SPECTRAL LINEWIDTH

This thesis so far has mainly considered the SNR or sensitivity
of an NV NMR measurement. This subsection will explore the
NMR spectral linewidth, which serves as a motivation for the
next part of the thesis.

All the NV-based NMR measurements so far in this thesis

employed the XY8-N protocol that uses the decoherence rate of
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the NV to sense nuclear spins. Although the NV sensor boasts
key advantages such as room temperature operation, biocom-
pability and nanoscale sensitivity, there are certain challenges
that limit the NMR performance, especially around the mea-
sured NMR spectral linewidth, which is critical in obtaining
key chemical information [45].

The first challenge is the purity of the diamond host material.
A number of undesired magnetic spin noise present within the
diamond bulk and on the surface of the diamond, including
substitutional Nitrogen spins and dangling bonds at the dia-
mond surface interface, can decohere the long preserving co-
herence time of the NV sensor. This challenge inhibits the NV’s
intrinsic coherence time, which limits the NMR linewidth [33].
The linewidth obtained from the XY8-N or other dynamical de-
coupling protocol largely depends on the number of 7 pulses
used, which narrows the filter function [40]. However, because
the interpulse spacing has to be kept constant, increasing N
means that the total evolution time, which is the time that the
NV is exposed to the external spin noise bath, is lengthened.
Thus, there exists an upper limit in N. If the NV coherence is
diminished, decoherence-based sensing vanishes. Usually, the
upper end of NV coherence time is around a few hundred us
for an ensemble (ms for a single), which can sustain approxi-
mately 512 7t pulses when sensing nuclear spins corresponding
to a linewidth of sub-MHz, similar to the spectrum shown in
tigure 4.11. To achieve resolution where chemical information
can be resolved (sub-Hz), extreme measures such as supercon-
ducting magnets to resolve chemical shift lines (Hcs depends

on By) and extending sensor coherence time via the exploita-
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tion of parent Nitrogen nuclear spin memory can be used [7].

Although there are examples where the coherence time re-
strictions can be mitigated, there is a second and perhaps more
challenging NV NMR linewidth hurdle. In nanoscale systems,
the NMR targets undergo rapid tumbling, which averages out
the spin coupling effects [142] (see motion averaging discus-
sions in chapter 1). In induction-based NMR spectroscopy, this
leads to an extension of the spin relaxation time that narrows
the spectral linewidth (compare solution state NMR with ss-
NMR). However, in nanoscale NV NMR, where the experimen-
tal time is much longer than the diffusion time of water, such
effects impose a further relaxation mechanism that broadens
the spectral linewidth [154]. Thus, demonstrations of nanoscale
NMR experiments typically involve external samples with low
levels of translational movement, such as immobilised or con-
fined targets on the diamond surface and targets with inher-
ently low diffusion constants [96, 106, 152] and increasing the
sensing volume [7]. Single molecule high spectral resolution
NMR has yet to be demonstrated and requires further diamond
material, target immobilisation and microwave engineering. If
realised, such achievements can have paramount impacts on
the fields, such as medicine, biology, chemistry and material
sciences.

So far in this thesis, methods of improving NV NMR per-
formance have been introduced for single NV and NV ensem-
bles experiments. However, due to the aforementioned hurdles,
NMR linewidth remains a significant challenge for the scenar-

ios discussed so far. In the next part of the thesis, NV NMR
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Figure 4.11: A NV NMR spectrum measured on the confocal microscope
using XY8-64 (512 pi pulses) demonstrating 130 kHz of fitted
full width half maximum (FWHM). The target nuclear spin is
the internal '3C at a background field of 130mT. Due to the
high number of pulses used, the inherent coherence of the NV
at this stage is significantly diminished, and the measurement
required 20 hours of averaging. The diamond sample used in
this figure employed a CVD overgrowth layer with Nitrogen
gas incorporation at 0.02 sccm and subject to Carbon implants
at 100 keV with 10'" cm~2 dose then annealed at 1100°C under

vacuum. The spin echo T, time is 120 ps.

with ppm spectral resolution will be explored using diamond

samples with deep layers of NVs.

4.5 CONCLUSION ON ENSEMBLE EXPERIMENTS

In this chapter, two pathways towards improving NV ensemble
experiments have been explored. The first pathway aimed to
improve the readout performance through the use of the SSM.
During the investigation, it was revealed that the SSM’s poten-
tial to improve SNR in an ensemble context is more difficult
to achieve compared to single NV experiments presented in

the last chapter. This is predominantly caused by the difficulty
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of achieving PL saturation, which in turn reduces the features
available in the measured PL, thus limiting the performance
of the SSM fitting. However, with additional tools such as the
use of laser cavities to boost effective excitation power and ad-
vanced spectroscopic techniques that enable a more accurate
description of the NV photophysics, there exists a pathway to
realise its full potential.

The second pathway showcases a technical investigation on
the use of different lasers in a widefield experiment. Simula-
tions and experiments have shown that there exists a potential
for a cheaper diode laser alternative to the DPSSL in NV ap-
plications, especially in settings outside the laboratory, where

SWaP considerations are more critical.



Part III

HIGH SPECTRAL RESOLUTION
NV-NMR

Because of diffusion, it is challenging to combine
high NMR spectral resolution at the nanoscale. In
this part of the thesis, I'll explain and demonstrate
the use of quantum heterodyne protocols that can
reach sub-Hz linewidth. I present the journey I took
to build this experiment and the technical discus-
sions around the magnetic stability and uniformity,
electronics and timing controls, material, and optics.
I'll conclude with a plan to incorporate this appara-

tus with flow chemistry using microfluidics.
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NMR spectroscopy using the protocols introduced in the last
part of the thesis can provide chemical information at the nanoscale,
which may be of use in surface or interface chemistry and single
protein biology applications. However, its linewidth is limited
by the coherence time of the NV and sample diffusion, reducing
the complexity of the chemical information provided, hence the
elucidation of detailed molecular structures are of great chal-
lenge. This chapter will discuss an alternative sensing protocol
— Quantum Heterodyne (Qdyne) — which can achieve high
NMR spectral resolution without being bottlenecked by the NV
coherence time, hence reducing the demand for investments to-
wards diamond material engineering.

In recent years, publications have demonstrated the working
principles of this protocol. Schmitt et al. and Boss et al. [21, 140]
demonstrated this concept on a test signal in 2017 with sub-
mHz spectral resolution. In 2018, Glenn et al. [60] were able to
achieve proton NMR signal detection using Qdyne from pure
ethyl formate. Their experiment resulted in a high-resolution
NMR spectrum with a linewidth of 10 Hz, which is fine enough
to detect key molecular information such as J-couplings. They
have achieved a sensitivity of 25-75nT/+/Hz under a static
field of 88 mT and took 10 hours to measure a spectrum. Fur-
ther developments, such as incorporation with hyperpolarisa-

tion techniques [6, 26] have boosted the concentration sensitiv-
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ity and measurement time, and the sensitivity record at the
time of thesis submission is 20 pT/ VHz [3].

In this chapter, the goal is to capitalise on the recent ad-
vances in high-resolution NV-NMR spectroscopy and fabricate
an NMR lab-on-a-chip device to monitor chemical reactions in
real time and in situ. Such devices have the potential to offer dy-
namic information on reaction rates and intermediates, which
are not available in conventional bulky NMR spectrometers, of-
fering new insights in fields such as drug design. The working
principles of Qdyne, design and implementation of the exper-
imental setup, sensitivity and stability of the experiment, and

the lab-on-a-chip design will be discussed.

5.1 CLASSICAL SIGNAL MIXING: HETERODYNE AND HOMO-

DYNE

The heterodyne process is a signal manipulation tool used to
alter the signal frequency from one band to another. In the
classical sense, heterodyning is commonly used to mix the fre-
quency of an incoming signal (f7) with a local carrier frequency
(f), resulting in two frequencies, f1 + f; and f; — f,. The high-
frequency component is usually removed using a low-pass fil-
ter. This technique is commonly used in radio frequency re-
ceivers to downconvert the frequency of an incoming signal.
However, this can also be used for optical signals in applica-
tions such as interferometry [22] and Qdyne.

It is worth noting that when f; = f;, the process is trans-
formed into a homodyne detection, where the signal after mix-
ing and filtering is at DC. This is used to isolate information

such as phase and intensity at f; from a noisy source and con-
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Figure 5.1: An illustration of the superheterodyne technique, which is a

combination of heterodyne and homodyne manipulations. In
heterodyne, a signal of interest at f; is received and mixed with
a generated signal from a local oscillator at f;, which produces
two responses at f1 4 f; and f; — f;. After filtering, the lower
frequency is kept. In homodyne, the signal of interest is mixed

with a signal with the same frequency and after low-pass filter-

—=: Output

ing, a DC response is kept.

vert them to a static reading. This is also part of the working
principle for a lock-in detector, where information at a certain
frequency can be amplified as signals in other frequencies, or
when out of phase after mixing and filtering, will become zero
over a sufficient sampling time. The process of applying homo-
dyne to a heterodyne signal is called superheterodyne, which

is illustrated in figure 5.1.

5.2 WORKING PRINCIPLES OF QDYNE FOR NMR

In quantum metrology, the desired information is usually en-
coded in the phase of the qubit, which has an inherent dephas-

ing time (~ps for room temperature NVs) that limits the spec-
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tral resolution of the information obtained. In quantum hetero-
dyne, such encoding is performed to a source controlled by a
classical oscillator (stability time of tens of seconds for stan-
dard oven-controlled crystal oscillators), thus improving the
spectral resolution [140]. Compared to dynamical decoupling-
based spectroscopic techniques discussed in previous chapters,
the Qdyne protocol can achieve a significant gain in spectral
linewidth by 6 to g9 orders of magnitude, as shown in figure 5.2.
In this section, the details of Qdyne will be discussed.

For Qdyne NMR, the encoding of the signal of interest to
a classical oscillator is a two-part process via an intermediate
sensor, which is the NV centre. First, the clock needs to interact
with the sensor. This is achieved by repeating a measurement
at a fixed sampling rate and synchronising this repetition to
the clock. This implies that the readout laser pulse is at a fixed
duty cycle and the information-containing PL contrast is col-
lected at the sampling rate. The second part involves the sensor
detecting the signal of interest. The measurement protocol that
is sensitive to the NMR band (~MHz) is the XY8-N sequence,
where N=no. of 7 pulses/8. However, in order to maintain syn-
chronicity with the local oscillator and achieve maximum sensi-
tivity, the XY8-N sequence is performed with a fixed inter-pulse
duration where the corresponding filtering frequency is at the
NMR Larmor frequency.

In dynamical-decoupling sensing, the NV responds to an ex-
ternal signal by encoding information to its phase, limited by
the dephasing time. In Qdyne, the NV responses are similar,
but the information is treated differently. They are stored at
each readout to computer memory with an associated error

rate originating from the clock. However, unlike in deocher-
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Figure 5.2: A comparison between the information encoding methods. The

Qdyne linewidth improvement comes from the mixing of the
signal of interest with an oscillator with much longer stability
time in the form of a classical clock (seconds to minutes) in-

stead of a quantum coherence time (pus - ms).

ence sensing, where the individual phase accumulations are
compared against each other at different filter frequencies, in
Qdyne, the phase information is stored and correlated at each
readout pulse, making full use of the clock stability time.
From the NV perspective, consider an external NMR signal

in the form of

Bamr(t) = Bamr, sin(wt + ¢), (31)

where Bnmg, is the amplitude of the oscillating magnetic field,
w = BoYnuc is the Larmor frequency and ¢ is the phase of the
signal. If an XY8-N sequence is performed, the NV’s accumu-

lated phase is given by
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If a XY8-N sweep
can be completed
with infinitesimal
time

(Trot << T/w),
then the resulting
full spectrum will
oscillate with

respect to

BNnMmR(1).
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O =yny Lm Banmr (t)F{g(fxys)}tdt, (32)

where F{g(fxysg)} is the Fourier transform of the filter function
for the protocol at the frequency of fxys, which for maximum
sensitivity equates to w. fxys = 1/27 can be controlled by ad-
justing the interpulse space time t. For N=1, 1=250 nm (total
evolution time is 2 us), fxygs=2 MHz.

Due to the oscillatory nature of the external signal, if the
XY8-N sequence is performed at a fixed frequency (fimeas), the
accumulated coherence should also be oscillatory. Also, fieqs is
usually at a few kSamples/s due to the overheads needed from
the laser and microwaves (details see next section), and w/2m is
usually on the order of MHz. Due to this frequency mismatch,
according to the Nyquist-Shannon sampling theorem, the un-
dersampled signal in the form of accumulated phase would
exhibit an aliased frequency of fqjiqsed = |W — kfmmeas|, where k
is an integer, shown in figure 5.3. A frequency spectrum can be
obtained by performing a Fourier transform on ®.

In Fourier space, the frequency resolution per bin is given by
fimeas/2Nreps, where Nyeps is the length of the measurements.
For NMR spectroscopy, in order to extract chemical informa-
tion, the Fourier bin width needs to be ~ sub-Hz. As a conse-
quence, Nyeps~1 03, which implies in order to reach meaningful
spectral resolution, the measurement needs to be at least a few
seconds, otherwise the frequency bin will not be small enough
to fully capture the spectral information, reducing spectral ac-
curacy. This is also the speed limit of an NMR measurement

unless a fast sampling rate can be achieved.
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Figure 5.3: A demonstration of the Shannon-Nyquist sampling theorem.

When sampling an oscillatory signal of frequency w at a fixed
rate (fmeas), the output signal will also be oscillatory. When
undersampling occurs (2fjeqs < w), an aliased frequency

(faliasea) is measured and the true frequency w cannot be

uniquely obtained.

Due to the undersampling of Bymr(t), the exact value of w
cannot be obtained uniquely, as a singular aliased frequency
can originate from different incoming signals. However, for NMR
applications, where information is in the form of a relative fre-
quency shift to a standard, the exact value of k is not important.
If the exact value of w is deemed necessary for applications
such as AC magnetometry, other broadband quantum sensing
protocol such as ODMR, can be used in conjunction to estimate

k or consider the use of multidimensional sampling methods.

5.3 IMPLEMENTING QDYNE FOR NV-NMR

The key technical challenge for Qdyne NMR experiments com-
pared to the NV NMR protocols detailed in previous chapters
is timing. As outlined in the previous section, Qdyne measure-

ments need to satisfy the following:
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perform NMR sensitive measurement at a fixed sampling

rate,

readout, transfer, and store PL information after each mea-
surement,

¢ synchronise all electronic timing elements.
This section will consider the key technical details needed in
order to fulfill the above-listed requirements.

In conventional NV experiments, the setup is usually built at
two extremes. On one end, a widefield sCMOS camera setup
that has a large active area (~cm?) with high saturation limit
(~107 photons per ms) is used, but its refresh rate is usually
limited to 100 frames per s. The other extreme uses a confo-
cal scanning system, usually equipped with a single-photon
avalanche diode and a time correlated single photon counter
that can measure fast information (~GHz), but it comes with
a small active area (~pum?) and low saturation limit (~103 pho-
tons per ms). For Qdyne measurements, the optimal configura-
tion requires the features from both extremes. A fast detector (~
MHZ) is needed to satisfy the timing requirement. Also, due to
the fact that every laser pulse is collected and considered, col-
lecting as many photons as possible per shot is desired, hence
requiring a high saturation and large active area detector.

Due to the fact that the coherence time no longer sets the
linewidth limit of the spectrometer, the strategy for NV dia-
mond material is now focused on increasing the NV density
for improved PL emission rate instead of minimising inher-
ent local spin bath noise from the substitutional nitrogen de-
fects. Hence, a single crystal quantum-grade diamond substrate
(Thorlabs DNVB14) with a reported NV density of 4.5 ppm
throughout the substrate is used for the NV-Qdyne-NMR spec-
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trometer. However, due to the fact that a higher number of NVs
require enormous laser and MW power and the deep NVs do
not contribute to the NMR sensing near the surface of the di-
amond (for details, see next section), the purchased substrate
is then sliced and polished to a 50 um membrane by Applied
Diamond. Although the Qdyne-NMR linewidth is not limited
by the NV coherence time, the sample still needs to process a
minimum level of room temperature coherence of a few ps in
order to detect NMR active species.

The diamond membrane (20x20x0.05 mm) is placed onto a
glass cover-slip (0.1 mm thickness), which is in turn glued onto
a printable circuit board (PCB). The PCB is attached to a set of
translational stages that allow fine movement adjustments for
the NVs during optical alignment. A 532nm laser (Laser Quan-
tum opus 532) is used for optical excitation of the NVs. It is
operating at maximum power of 2 W and water-cooled using a
chiller for stability. The laser is passed through an AOM (G&H
Photonics I-M110-2C10B6-3-GH26) that allows a controlled re-
direction of the laser beam path on and off the diamond by gat-
ing the 110 MHz RF signal originating from the AOM driver
(G&H Photonics 110-AFP-AD-5.0). The modulated beam is fo-
cused onto the diamond surface (20 pm diameter) using an as-
pheric lens (Thorlabs ACL25416U, =16 mm, NA=0.79) and the
laser power is 200mW at the diamond. The same lens is then
used to collect the PL and filtered through a dichroic (Thor-
labs DMSP567R, shortpass cutoff=567 nm) and a longpass filter
(FELHo650, cutoff=650 nm) and focused onto the photodetector
using an achromatic lens (Thorlabs AC254-035-B, f=35./mm).

The NV-Qdyne-NMR spectrometer uses a silicon amplified
detector (Thorlabs PDA36A2, 30dB gain, 260 kHz bandwidth)
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to collect the photo-response of the NV. Due to the high refrac-
tive index (Ngiamond = 2-41) of the diamond, efficient collection
of the PL, especially for an NV ensemble, is challenging. Hence,
the choice of this particular detector is to help with this issue
as it has a large active area of 13 mm?. The PL is then digitised
using an analogue-to-digital (ADC) converter (National Instru-
ments PCle-6321, 2 MSamples/s). At this bandwidth, this pho-
todetector/ADC combination can collect PL data points every
500 ns, which is sufficient to collect a few data points per laser
pulse without significant distortions. However, this sampling
rate and bandwidth can be improved for a more detailed exam-
ination of the PL response. This usually comes with a cost of
lower detector gain, smaller active area, and a higher sampling
rate ADC. For the present setup, the detection bandwidth is
sacrificed for SNR. This is also justified by the fact that the PL
response is already slower than single NV experiments from
previous chapters due to the high-density NV diamond sample
(low excitation rate) used and slow charge state cycling dynam-
High NV density is ics.
also a cause for the Microwaves (MW) are used to manipulate the NV spin states

h tat : :
crarge state and generated using a vector signal generator (Rohde & Schwarz

prstobiity SMBV100A) and amplified using a high power amplifier (Mini-
Circuits HPA-50W-63+). The MW generated can exhibit a phase
difference of go degrees needed for the X and Y pulses in the
XY8-N sequence, using the onboard I/Q modulators. They are
delivered using an custom fabricated omega-shaped gold an-
tenna (shown in figure 5.11) deposited onto a microscope cover-
slip that is in direct contact with the diamond. Radio frequency

waves (RF) are also used to manipulate the target nuclear spin

states using a dual-channel waveform generator (RIGOL DG4162).
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The RF is combined with the MW using a diplexer. To protect
the electronics, an attenuator (Mini-Circuits VAT-30W2+, 30dB
attenuation) and terminator (50 Q) are placed after the antenna
to remove excess energy, and a circulator is used after the am-
plifiers to prevent reflection damage. In order to manipulate
and trigger the instruments (AOM driver, ADC, MW /RF gen-
erators), Transistor-Transistor-Logic (TTL) signals are generated
using a programmable pulse generator (SpinCore PBESR-PRO-
500-PCle PulseBlaster).

To synchronise all the electronic timing controls under one
clock source, the internal 10 MHz reference output of the vec-
tor generator is used as the master clock (frequency error rate
100 ppb). This clock signal is then phase-locked to the ADC
and the waveform generator. The sync output second channel
of the now synchronised waveform generator is then used to
produce a 50 MHz square wave (from o to 3.3 V), which is con-
nected to the PulseBlaster as it does not support the 10 MHz
signal as the reference source. The synchronisation of the Pulse-
Blaster requires the removal of its own onboard oven-controlled
oscillator and soldering the 50 MHz square signal into the pin
inputs as shown in figure 5.11. The overall setup, including op-
tical and electrical diagrams are shown in figure 5.4, and photos
are shown in figure 5.11.

It is worth noting that the PulseBlaster output may be used
as the master clock as the generators and DAQ support 10 MHz
TTL signals as the external reference. However, the pulse blaster
does not allow the programming of independent channels. The
instructions for the output of all the channels (including the
triggers for the MW and RF) need to be defined as a whole.

This complicates the programming process, because the duty
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Figure 5.4: A schematic of the experimental implementation of the Qdyne

protocol. The laser’s polarisation is manipulated using a half-
wave plate for efficient coupling to the NVs aligned with the
magnetic field. Then it is pulsed using an AOM and focused
on the diamond surface using a condenser lens. The laser spot
is 20 um in diameter. The subsequent PL is collected using the
condenser lens, focused on a photoreceptor using an achro-
matic lens, and filtered through a dichroic mirror and a long-
pass filter. The electrical control instructions originate from
a programmed PulserBlaster (PB) and are sent to the AOM
driver, signal generators, and the ADC. The clocking signals en-
sure timing synchronicity between the ADC, PulseBlaster, and
the generator. The master clock signal is generated by the vec-
tor generator. The amplified MW and RF pulses are combined
using a diplexer and delivered on the PCB with an antenna
that is placed directly under the diamond. The excess RE/MW
is attenuated and terminated using a 50 () terminator. The mag-

netic field is aligned at 54.7 ° to the diamond normal.
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cycle rate of the Qdyne measurement needs to be an exact inte-
ger divisible by 10 MHz. If not, the subsequent instruction set
as a whole will be different from the previous; the repeat fea-
ture cannot be utilised. This factor, along with the use of nested
loops, complicates the programming step and introduces addi-
tional on-board memory use, which is limited to 4096 instruc-
tions. As a consequence, additional dead time needs to be intro-
duced, but this limits the control flexibility, hence this approach
is not adopted. However, the use of highly customisable TTL
sources such as the Red Pitaya STEMlab series may overcome
this issue.

Instead of hardware clock synchroisation, one may consider
manually adjusting the individual onboard clocks, so all of
them tick at the same rate. However, not all instruments sup-
port clock dividers/multipliers, and they need to be recalibrated
because most clocks are sensitive to temperature effects. There-
fore, the most convenient method is to use one master clock.

Equipped with an understanding of the hardware compo-
nents of the spectrometer, the software controls will be dis-
cussed next. The system uses the LabVIEW software as a cen-
tralised controller, which communicates via the virtual instru-
ment software architecture resources to the vector generator
and ADC to set predefined tasks, including MW frequency and
power, ADC clock source, input and trigger channel, sampling
rate, and length. The software also predefines timing-sensitive
tasks using the PulseBlaster’s application programming inter-
face. These instructions, in turn acts as triggers and gating in-
structions for the generators, AOM driver, and ADC. The set-

tings on the RF waveform generator are defined manually, and
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the RF output is set to gated mode, which enables control via
TTL.

Prior to performing NMR spectroscopy, ODMR and Rabi ex-
periments are required to measure the NV resonance frequency
and MW 7t pulse duration. For Qdyne-NMR, the PulseBlaster’s
timing train is defined in the following order and illustrated in
tigure 5.5:

1. wait time (1 s) to allow for the loading of other predefined
instructions,

2. polarisation laser (55s) to initialise all the NV spins prior
to MW manipulation,

3. RF /2 pulse (~ps) to begin the nuclear FID process,

4. ADC trigger to begin acquisition,

5. MW XY8-N sequence (including X and Y pulses with
empty instructions for NV spin evolution; the duration
of evolution defines fxys~ MHz and the usual NV 7 time
is around 6ons),

6. readout laser pulse (500 ps)

7. a wait time (1.5 pus) to allow for the N'Vs to relax back to
the ground state

8. an additional wait time to account for the finite acquisi-
tion rate of the ADC, so the total duration of this and
the previous three steps is equal to an integer multiple of
500ns (or the inverse of the ADC sampling rate), and

9. repeat the previous four steps for Nyeps times.

The PL information is then processed by dividing the signal
part of the pulse (defined to be the sum of the photodetector
voltage at from 1 to 51 us), by a reference part of the pulse (from
401 to 451 ps). The information is then Fourier transformed to

form a spectrum. The sampling rate used was the inverse of the
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Figure 5.5: Pulse sequence of the Qdyne protocol. A polarisation laser

pulse (5 s) is used to initialise the NV spins. Towards the end
of the pulse, the nuclear 7/2 pulse (~ ms) is used to begin the
free induction decay process of the target spins. The NVs are
then used to measure the Lamor frequency by repeating the
MHz sensitive XY8-N MW protocol (blue for X and red for Y),

which are in turn read out using 500 us laser pulses, and the

PL contrast should exhibit a frequency response at fq1igsed-

total time used in step 5 to 8. An example Qdyne spectrum is
shown in figure 5.6.

Due to the long rearming or dead time (~1-100 ms, depend-
ing on the software) of the NI DAQ used, it was not feasible
to trigger acquisition at each readout laser pulse, so only one
trigger at the very start of the experiment is applied. During
post-processing, a procedure needs to be developed to account
for information when the laser is on and off, so only relevant
PL information can be extracted. An additional wait time (step
8) is used to ensure that the acquisition window is at the same
part of the laser pulse for all N;¢ps and it is not drifting away.

If clock synchronisation is not in place and due to the fact
that retriggering of the laser pulse is unavailable, any errors
from clock mismatch will be accumulated, and this is shown in

tigure 5.7 as a drift, because the collection windows are moving.
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Figure 5.6: A typical Qdyne measurement on an external AC signal at

The use of this
particular ADC for
direct Qdyne
measurements is

investigated in a

later section.

1.000043 MHz. fxyg =1 MHz, N=1 (8 7 pulses), fimeqas=1.96 KHz,
fatiasea=43 Hz and Nyeps = 10000. Left shows a portion of the
PL contrast change during this Qdyne measurement. It exhibits
an oscillatory behavior at fq1igseq- Right shows a Fourier trans-
form of the total measurement confirming fg1iqseq and demon-
strating the high spectral resolution of Qdyne at 300 mHz.

Hence, demonstrating the importance of clock synchronisation
for Qdyne.

To investigate the optimal readout laser pulse duration and
integration window, a higher sampling rate ADC (Gage Razor-
Max 16-Bit PCle Digitizer, 1 GSamples/s) was used to investi-
gate the dynamics below 500ns. The PL response under a laser
pulse was measured and shown in figure 5.8. It was clear for
this setup, there is spin-dependent PL information after 50 us
of illumination, and it can take up to 500 us to repolarise the
NV spins. In addition, a longer feature at 300 ms was detected;
this is tentatively attributed to the charge cycling of the NV.
This investigation shows that the readout protocol requires a
long laser pulse (up to 500 us) and significant spin-dependent
PL change can be observed at up to 50 us, which defines the sig-

nal integration window. There is also an electrical artefact near

100
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Figure 5.7: Qdyne responses using different ADCs and with and with-
out clock synchronisation. Left shows that using the slower
NI DAQ, without clock synchronisation, the PL contrast will

drift as a consequence of the sampling window drifting out

of the laser pulse, which in turn can broaden the frequency

linewidth. Hence, demonstrating the importance of clock syn-
chrosation. Right shows that using the faster digitiser, which

supports fast triggering, this issue no longer exists as synchro-
nisation can be achieved with fast triggering.
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Figure 5.8: Transient PL measurements of the NV diamond sample used in

this chapter. Left shows the spin state dependent PL transients
below 100 ps and Top Right shows the same information up
to 500 pus. These two panels suggest that the PL response is
significantly slower compared to previous chapters due to the
use of a high-density NV diamond. Hence, at this laser power
density, the integration window should be extended to at least
50 pus, and the laser pulse needs to be at 500 us for repolari-
sation. Bottom Right also shows that this dense NV sample
exhibits slower charge cycling dynamics up to 300ms.

1 ps. This is attributed to the use of the digitiser, but to be safe,
while using the NI DAQ, PL information below 1 s is also not
processed.

Any slow (longer than 1 ms) effects that change the PL re-
sponse can be mitigated by self-referencing the integration win-
dow of the signal to a similar window at the end of the readout
pulse, where there is no spin information. To investigate these,
the self-referencing is turned off. Figure 5.9 shows the Qdyne
PL contrast drifting with different lengths of initial laser time.
The nature of this drift is systematic, which suggests that the

more random laser intensity drift is not a dominant effect. This
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Figure 5.9: Qdyne measurements without self-referencing under different

initial polarisation laser pulses. When the laser pulse is short,
a drift can be observed, suggesting that the NVs are not com-
pletely initialised at the start of the Qdyne sequence and are
slowly stabilising during the protocol through the readout
lasers. To avoid this effect, the initial polarisation pulse should

be at least 5s long for this laser power density and sample.

drift is attributed to insufficient initial polarisation, because this
unwanted drift becomes less significant as laser time increases.
A similar effect can also be measured due to charge state cy-
cling. To confirm the charge state dynamics, the use of orange
and red illumination sources should be implemented.

Although the drift and the drift related broadening are not
observed when self referencing is employed; from this investi-
gation, the fact that a short initial pulse can result in improper
initialisation suggests that without a long laser pulse, the mea-
surement in the first few seconds can be less sensitive as not all
of the NVs are maximum contributing to PL that relates to its
spin state. Hence, the need for a long initial polarisation pulse
(5s) is important for a high-density sample.

Another important parameter relating to Qdyne is the num-

ber of 7 pulses during one XY8-N sequence, and it is explored

The electronic
artefacts, such as
bandwidth
distortions, can also

contribute.
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in figure 5.10. Using external signals at a fixed power, the Qdyne
responses are measured using different N. Using 2.000043 MHz
(fxys=2MHz), it was found that as N increase the Qdyne am-
plitude also increases up to N=5, this is consistent with the
fact that the change in NV contrast due to an external effect in-
creases as N increases up to a point where the overall contrast
drops due to additional decoherence during the extra MW and
dephasing times. This contrast drop is more prominent when
sensing at lower frequencies, as the NV requires a longer evo-
lution time to reach the lower fxys, which exposes to more
decoherence sources. This is also shown in figure 5.10, where
the fxys at 1 MHz was used to measure an external signal of
1.000043 MHz, showing only the reduction trend due to increased
decoherence as a result of the longer T times. This investigation
demonstrates that N can affect Qdyne sensitivity as it alters the
PL contrast and the extent of such effect changes at different fre-
quencies, hence it shows the need to calibrate for N to maximise
SNR when operating at a different fxys, either from a change
in By or a change in element in NMR spectroscopy. Compared
to decoherence-based NMR measurements showcased in chap-
ter 3, where increasing N improves the spectral linewidth at a
cost of SNR (explained in section 4.4), in Qdyne, the spectral
linewidth is not affected by N, only the SNR.

It was also observed that fqjigseq changes with N. This is
caused by the slight change of the sampling time as more 7
pulses and evolution time are added, hence affecting fieqs and
falised- Also, the finite pulse duration of the PulseBlaster (reso-
lution at 2ns) can also contribute. There are special cases when

this change does not occur, because the total pulse duration
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per Ny, is already at integer multiples of 500 ns in order to

synchronize the DAQ.

5.4 STATISTICAL AND THERMAL POLARISATION OF NUCLEAR

SPINS

The previous section detailed the technical specifications with
respect to the control electronics and justified some of the in-
strumentation decisions. This section will explore the external
factors that affect the spectrometer, especially around the thick-
ness of the NV layer in the diamond.

The sensing volume of the detector is dictated by the depth of
the NV. Spins closer to the surface will mostly interact with tar-
gets in its vicinity, while deeper spins experiences wider field of
view. To maximise one of the NV-NMR advantages of reduced
stand-off distance, one may initially consider creating a shal-
low layer of NVs nanometres away from the target. However,
at this scale, the nuclei exhibit statistical polarisation behaviour
that inhibits the Qdyne advantage [144].

Statistical polarisation occurs when the sensing volume re-
duces to the nanometre scale, and the spin noise dominates the
mean thermal polarisations. In this regime, due to the low total
number of spins, the total magnetic moment is not averaged ef-
fectively due to the fluctuations, and the Boltzmann description
of the spin distribution is not observed. As a consequence, the
statically polarised signals exhibit a fluctuating phase, and it
cannot be easily incorporated into the Qdyne protocol, which
relies on the signal to exhibit a stable phase during measure-
ment. This is illustrated in figure 5.12. Also, in this regime, the

spins no longer need a 7t/2 pulse to begin precession.
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Diffusion is also a
major challenge,
which was
discussed in the last

chapter.



122 NV-NMR VIA QUANTUM HETRODYNE
-3 _4
4 X10 g X 10 . _
No. of 7 pulses No. of & pulses
O 8 © 8
k-l —16 N
23 2 ERl 2
= —32 = —32
g 40 £ 40
=2 —48 =4t —48
= =
[} (]
S lr =2
8 g l
0 1 0 oL L l
40 41 42 43 44 45 46 0 100 200 300 400 500 600
faliased (Hz) 1Caliascd (Hz)
2000 400
1500 ¢ 3001
~ =4
Z Z
P 1000 P 200
[} F o L
& £
o o
500 f 100 1
0 : - 0 - -
0 50 100 150 0 50 100 150
No. of @ pulses No. of 7 pulses

Figure 5.10: An investigation of Qdyne contrast at different N using an ex-

ternal signal with fixed power at fxyg=1 MHz for Top Left and
2MHz for Top Right. Bottom Left and Bottom Right show
the overall trend for fxys=1 MHz and 2 MHz, respectively. The
observations show that there is an upward trend where SNR
increases with N due to increased PL contrast change from an
external signal, and a downward trend where the extra evo-
lution time introduced from high N causes extra decoherence
and loss in overall contrast. Both trends are observed in Right,
but only the downward trend is observed in Left due to the
low fxys, and it already has a long evolution time at N=1.
Right also exhibits a change in fgjiseq due to the finite pulse
length changing the fieqs at different N. The lower SNR from
the 2MHz Qdyne results compared to 1 MHz is attributed to
the RF coils, which were not engineered to deliver uniform

power across different frequencies.
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Figure 5.11: A collection of photos of the apparatus. Top Left shows an
overview of the system. A represents the laser path. B is an
example of an AOM. C is reserved for a balanced detection
to reduce laser noise. D is the photo detector that is placed
under the diamond. E is the set of translational stages for po-
sition adjustments. Top Right shows a close-up photo. F is
the PCB and G is the permanent magnet used. H shows a
photo of the omega-shaped antenna placed below a diamond
sample (4x0.5 mm). Note that this sample is only for illus-
trative purposes, as it is transparent, unlike the high-density
samples used for Qdyne. I shows the clock port of the Pulse-
Blaster and the external clock connection. J is an alternative
collection setup from above the diamond using a half-ball lens
on the diamond.
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Figure 5.12: A comparison between sensing thermally polarised spins us-

ing NVs (red) micrometre away and statistically polarised

spins nanometre away. Left shows that within the um scale

sensing volume, the detected spins (dark blue) are either

aligned or anti-aligned according to Boltzmann’s distribution.

Hence, the resulting NMR signal has a steady phase, but a

lower amplitude due to increased standoff distance. Right

shows that the nm scale contributing targets are dominated

by spin noise. Although the signal strength is stronger, it has

a stochastic phase and amplitude, which Qdyne finds difficult

to measure.
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The advantage is that at this scale, the statistical polarisation
can reach a few percent, which requires a significant magnetic
field to reach in a Boltzmann distributed sample. This is due to
the fact that the measurement detects the variance of the mag-
netisation instead of the mean, which is zero. For an ensemble
of N nuclear spins with I quantum number, the magnetisation
in the direction of the static magnetic field (By) and its standard

deviation are given by

I(I + ]) h‘YTLLLCBO
3 Ay nuel KeT )
[(I+1)

oM, = N Thynuc/ (34)

M = N

and (33)

which are derived by Xue et al. [172] using statistical mechanics.

The thermal and statistical polarisations are then given by

Mo DHThvmeBo 0 o
Mi00% 3 kg T

oM, I+1
Pstatistical = m =1/ 3IN’ (36)

where Mygpo, = Nhynycl correspond to full spin polarisation.

Pthermal =

Because the magnetisation scales with N and the variance scales
with VN, there exists a critical number where the crossover

between the two effects occurs, which is given by

3 kgT
I(T+1) hAynucBo

Nc = (37)

and for protons in water at 300 K and 20 mT, N. = 8.5 x 1012,

which corresponds to a critical volume of 1.3 x 10° um?, and
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if it is for a hemisphere, the radius is 40 pm. The behaviour
of proton magnetisation and polarisation are exampled in fig-
ure 5.13. Due to the fact that N, also depends on By, an increase
in the static field can have a two-fold effect on the Qdyne pro-
tocol. First, it boosts the magnetisation of the sample. Second,
it reduces N., which can be leveraged to reduce the sensing
volume and increase sensitivity (scales 1 /13, see next section)
at the cost of reduced M. However, as a caveat, at high By, the
NV is more negatively affected by By misalignment, and the
absolute field uniformity also suffers.

The variance of the magnetisation no longer depends on T
and By, hence suggesting that at the nanoscale, the NMR sig-
nal can be comparable to the thermally polarised spins un-
der a high By. However, due to the stochastic nature of the
signal phase, despite its advantage in signal amplitude, high-
resolution NMR using Qdyne is not trivial, and future work
towards this direction is discussed in the next chapter. Con-
sequently, the sensing volume needs to be above the critical
number, which suggests a tens of microns thick NV layer and
laser spot size. However, the sensing volume should not exceed
the crossover point significantly, as this will introduce more
NVs, which require higher laser powers; and spatial variations
in MW and magnetic fields, which cause errors in the NV con-
trol and variations in the target Larmor frequency. These com-

plications will be discussed in the following sections.

5.5 SENSITIVITY OF DETECTION

Due to the complication with statistical polarisation and nanometre-

scale microfluidics systems being hard to fabricate, the spec-
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Figure 5.13: Left shows the magnetisation of protons at different N and B.
N occurs when the statistical magnetisation (scales VN) in-
tercepts with thermal polarisation (scales N). Left Inset shows
a rescaled comparison for a thermally polarised sample at 10
T. Right shows the scaling of polarisation for thermal (20 mT
and 10 T) and statistical samples. For N < N¢, statistical polar-
isation dominates and can reach a relatively high percentage.
For the thermally polarised samples, this high percentage can
only be accessed by a very significant By. In the context of
Qdyne, thermal samples are needed, suggesting the use of ei-
ther higher volume or higher By, which decreases N..
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trometer will now work at um standoff distance, which is rel-
atively less sensitive to surface targets compared to nanoscale
NMR experiments, for example. This section will explore the
sensitivity requirement for the spectrometer in order to detect
real spins.

First, the magnetic field caused by the external spins is calcu-
lated. For a single precessing spin, the magnet field at r is given
by

_ESf(f“'m)—m

B(r) =
(x) 47t r3

, (38)

where 1 is the magnetic permeability and m is the magnetic
moment of the precession, which is oscillatory in time at the
Larmor frequency and perpendicular to the magnetic field di-
rection. For Qdyne NMR, only the components in the direction
of the background field (finy) are sensitive to the NV centre,
the total magnetic signal in a sensing volume of V, experienced

by an NV at r is given by

B inv

_ HOPJ 3(f-m) (- finy) —(m'ﬁNv)dV (39)
v

 4m r3
where p is the density of protons contributing to the Larmor
precession in the sensing volume, for thermally polarised pro-

tons, it is given by

( _ZYnucBO ) )

T , (40)

P = YnucPot(1 — exp

where pyot is the total number density of the target.
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This integral can be split into a dimensionless integral (G)

that depends on the geometry of the sensing volume, given by

[ 3G m)(F - ny) — (R finy)
G— Jv av (41)

T3
and a prefactor (K) in units of magnetic fields, given by

K= Fﬁ—zp. (42)

In order to evaluate G, the z-axis is defined to be perpen-
dicular to the diamond surface. If the magnetic field is aligned
with NV and it is in the <100> crystallographic orientation, then
iy = (1/3,0, 1), 1 = cos(wt)(1,0,—/2) +sin(wt)(0,1,0)
and M - {iyy = 0 due to them being orthogonal. If the NV cen-
tre is at dny beneath the surface, then r = (x,y,z + dnv). For
a hemispherical sensing volume with radius Themi and dny =
50 um, Gpeak = 0.7. AS Themi/dnyv — 00, it seems that Gpearx —
2nsin(«) cos(x) as shown in figure 5.14, where o« = 54.74° is
the angle between the NV and the diamond surface. Gpeqx is
also computed for the rectangular cuboid geometry, which can
represent a microfluidic channel with depth h¢ypeiq fabricated
above the diamond surface. The results, as shown in figure 5.14,
suggest that G is larger for tall structures with high aspect ra-
tios (high in z and low in x and y), which is insightful for mi-
crofluidic channel design.

When computing for other NV orientations (<111> and <110>),
it was found that G = 0. This is caused by the quadrupolar sym-
metry in G’s spatial distribution for dipolar couplings as shown
in figure 5.15. Any symmetrical sensing volume in these config-
urations will not yield any NMR signals; only <100> samples

are used for this chapter.
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Solution for G in a
hemisphere volume
have been confirmed
analytically in

reference [24].

NVs 45° to the
surface yield the
highest G, but this
cut angle is difficult

to achieve.



130 NV-NMR VIA QUANTUM HETRODYNE

2.96
25¢
1 2
O&
1.5t
1 H
Cubiod base area = dyy x dyy
0 - : - - 0.5 . * : *
0 2 - 6 8 10 0 20 40 60 80 100
B uboid/ Inv Mhemil SNV

Figure 5.14: Left shows the calculation of Gpeqk for a rectangular cuboid
volume with varying heights h¢poiq and the base length of
dnv. The results show that if constructing a microfluidic chan-
nel, the depth should be 5 times longer than the width. Right
shows a similar calculation for a hemisphere with radius
Themi- The calculation suggests that Gpeqr approaches 2.96 as
Themi — ©00. Because of the dimensionless nature of the inte-

gral, distances are represented in relative units of dny.
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Figure 5.15: The spatial distribution of Gpeq relative to the NV orientation
fi. Left shows for a <111> sample, over a symmetric volume V
above the diamond, Gpcqx averages to zero. Hence, requiring
a <100> diamond for Qdyne as shown in Right.
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At Bp = 20mT and T = 300K, for a sample of pure water
under thermal polarisation in the shape of a large droplet, K =
10nT. For a <100> NV with dny = 50 um, Gpeax = 2.97. There-
fore, at this configuration, the NV experiences an oscillating
field with Bpeak—to—peak = 60T, assuming a perfect 7t/2 pulse
during free induction decay. Hence, the spectrometer needs to
have comparable sensitivity.

To calibrate the sensitivity of the spectrometer, we apply a
test signal and compare the spectral response with respect to
the signal’s output power. Then, a calibration factor is to be de-
termined to convert the output voltage to a magnetic field. We
attribute the standard deviation of the spectral noise floor in
magnetic field units multiplied by the square root of the mea-
surement time to be the sensitivity of the spectrometer.

The test signal was gated using the wavefunction generator
to achieve a consistent phase at the start of each measurement,
as the Qdyne response is sensitive to external phase change.
Using the same antenna and delivery hardware, the RF signal
power is swept from o to 10V on the generator, and the Qdyne
responses are shown in figure 5.16. Initially, the spectral ampli-
tude increased with signal power as expected, but a saturation
point is observed at 4 V. This is caused by the RF power be-
ing too strong that the external field has caused NV phase to
evolve beyond 7. This has caused the phase to wrap back, and a
smaller XY8 response is observed. This behaviour can be mod-
elled, and the theoretical saturation point is used for the voltage
to magnetic field conversion factor.

From Barson et al. [13], the Qdyne time response is given by

F = Fo[1 + sin(4B1yNvTtot cOS(fatiaseat + (quyne))]z (43)
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Similar calculations
can be computed for
the back action of
the NV on the
targets. According
to Glenn et al. [60],
the back-action is
on the order of tens
of nT, which is a
slight modulation to
the static field of
tens of mT.
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Figure 5.16: Top Left shows the measured Qdyne time response to an ex-
ternal signal at 2V and its fit to equation 43. Bottom Left
shows a similar measurement at 5V and its fit. At this higher
power, the response is showing higher frequency oscillations,
which are the result of phase wrapping, hence reducing the
spectral response at the expected fjiseq. Right shows the over-
all trend of Qdyne amplitude vs signal strength, demonstrat-
ing a maximum point where the spectral response is the high-
est (B1 max), which can be used to convert voltage setting to a

magnetic field unit [151].
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where Fj is the Qdyne amplitude constant, B; is the magnetic
tield strength of the RF test field, T is the total evolution time
of the NV spin during an XY8-N protocol, and ¢qayne is the
phase of Qdyne response. Therefore, the maximum Qdyne re-
sponse occurs at By max = 7/8yYNvTiot. To find the theoretical
maximum response point, a numerical Fourier transform is ap-
plied, and the spectral amplitude as a function of B; is deter-
mined. This is then used to fit the measured Qdyne spectral
amplitude as a function of signal voltage, and the maximum
response point is found to be 2V, which corresponds to a mag-
netic field of 20 nT. Equipped with the conversion factor, the
noise floor of the Qdyne spectrum is sampled, and the sensitiv-
ity is 100 pT/vHz.

Other Qdyne setups have been investigated in order to im-
prove sensitivity. An alternative digitiser (Gage RazorMax 16-
Bit PCle Digitizer, 1 GSamples/s) was acquired to study the
fast time dynamics during a Qdyne laser pulse in the previ-
ous section. It is now examined for sensitivity. During calibra-
tion, the digitiser was found to have a high electrical noise
floor as shown in figure 5.17, which corresponded to a sensi-
tivity of 190 pT/ vHz. Despite having a higher noise floor, this
digitiser offers a fast sampling rate, which provides additional
insights that the slower DAQ cannot offer. This enabled a more
detailed examination of the PL response during a laser pulse
at every 1ns, which enabled a more efficient readout. The con-
trast was improved by optimising the position of the reference
window and signal window. Other readout techniques, such
as fitting the PL response to a photo-physics model, were also
used, which is detailed in the previous chapter. Equipped with

an understanding of which part of the PL is more responsive to

133

The Fourier
transform has been
solved analytically

in reference [13].
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Figure 5.17: Fourier transform of noise measurement at 2 MSamples/s us-
ing the NI DAQ and Gage digitiser over 10s. The inputs are
terminated using 50 () terminators. This shows that the NI
DAQ exhibits a lower electric noise floor at the typical Qdyne
sampling rate and would result in a higher Qdyne sensitivity

for the same signal.

NV spin states using the faster digitiser, these parameters are
then applied back in the DAQ configuration, where the electric
noise floor is lower.

Additionally, the digitiser’s trigger dead time is only a few
us, which allows for acquisition triggering at each laser pulse.
This provided the convenience of not needing to synchronise
the clocks for the digitiser and also reduced memory use as the
ADC no longer needs to acquire when the laser is off. Although
the digitiser does not provide the best sensitivity, it does pro-
vide benefits in terms of understanding PL dynamics during a
laser pulse, and in turn to be used for readout optimisation and
is also a critical troubleshooting instrument.

Other optical configurations are explored. The current setup
collects the PL using the same side of the diamond as the
laser beam, which requires a dichroic filter. This introduces

additional travel distance and diverges from the PL. Two ad-



5.5 SENSITIVITY OF DETECTION

ditional collection methods have been explored using the other
face of the diamond as shown in figure 5.18. The first method
uses a compound parabolic concentrator (CPC) as a collection
lens and focuses on the detector using an achromatic lens. The
second method uses a half-ball lens with the flat side facing
the diamond and a asphereic condenser lens to collect the PL,
which is in turn focused using an achromatic lens. A photo of
the second method is shown in figure 5.11. Both methods used
a 650 nm longpass filter to remove laser contributions. And
both methods demonstrated an improvement in PL collection
by a factor of 1.4 and 2.3, respectively. The square root of this
improvement is the sensitivity enhancement factor if it is at the
shot noise limit.

Placing the detector directly on the diamond with a small
lens was also attempted. Although this provided an extra collec-
tion. The close vicinity of the trans-impedance amplifier within
the detector to the MW antenna created electrical interference;
it was not feasible to perform Qdyne in this configuration.

However, ultimately, these optical improvements are not im-
plemented as the second face of the diamond is needed for
chemical delivery (see section 5.8). If Qdyne is used for other
applications, such as magnetometry, these collection strategies
may be of use.

Potential future improvements in sensitivity are explored in
Section 5.9. At the thesis submission time, the current sensitiv-
ity is at 100 pT/+/Hz, which is close to reference [60], who were
able to detect proton signals from pure water in 10 hours. For
a long measurement, additional considerations, especially the

magnet stability, are required to detect this spectrum.
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If the PL is boosted,
then the dynamic
range of the DAQ
may need to be
increased, which
also slightly
elevates the
electrical noise.
Alternatively, the
gain on the detector

can also be changed.
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Figure 5.18: Schematics of PL collection strategies. Left shows the cur-
rently used one-sided collection method. The PL is filtered
using a longpass dichroic mirror and focused using an achro-
matic lens. Middle method uses the second side of the dia-
mond and collects the PL via a parabolic concentrator. Right
method uses a half ball lens and a bigger aspheric condenser
lens to collect the PL on the second side of the diamond. Both
two-sided approaches using a longpass filter to remove laser
contributions in the detector, and the PL is focused using an

achromatic lens.
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56 STABILITY OF DETECTION

In addition to the sensitivity requirement of the spectrometer,
there exist other technical hurdles to overcome in order to de-
tect NMR signals. This section will discuss the importance of a
stable magnetic field for NMR operations.

Due to the high spectral resolution of the spectrometer, the
target of interest shall also have a stable frequency resonance,
so that any deviations in frequency do not significantly ex-
ceed higher than the spectra resolution during the acquisition
time. This implies that the NMR frequency shall remain stable
within a few Hz during the measurement. For a 20mT mag-
net, this implies that the magnetic field should remain stable
within 20-200nT. For a solution with molar concentrations of
thermally polarised target nuclear spins, a measurement may
require hours.

In the present setup, rare earth magnets (Nd and SmCo) are
used, which are prone to temperature drift; any drifts should
be contained below 0.02°C for SmCo and o0.001 °C for Nd. Al-
though these magnets are cheaper and easier to manipulate,
extremely precise temperature control is needed for the work-
ing space. Using ODMR, the magnet performance and using a
temperature logger, the local magnetic field and temperature
are monitored overnight, as shown in figure 5.19. These results
suggest that the drifts are too significant for NMR applications,
and feedback mechanisms should be considered to stabilise the
tield. One may consider attaching a thermal electric cooler to
the magnet with a feedback mechanism from a platinum resis-

tance thermometer to maintain temperature stability.
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Figure 5.19: A collection of temperature and magnetic field measurements
in the lab. Top Left shows the relative magnetic field drifts
using Nd and SmCo magnets. Bottom Left shows the local
temperature measurements at the magnet. Right shows the
Allan deviation analysis of these measurements. Although
best efforts have been made to ensure fair comparisons, the
measurements were not performed simultaneously as there
was only one Qdyne setup available. So, the measurements
were performed on consecutive days during the same time
period from 4/,pm to 4/,am with the assumption that sim-
ilar lab conditions, such as air conditioning settings, people
movements, and vibration levels, are maintained. At least, a
reasonable order of magnitude estimation that temperature
and magnetic fields are only stable up to a few minutes/tens
of minutes can be deduced from these measurements. This
implies that the environment without any temperature com-
pensation is not suitable to maintain ppm level stability dur-
ing a typical Qdyne NMR operation.



5.6 STABILITY OF DETECTION

Instead of high-precision temperature control, alternative mag-

netic strategies such as electromagnets should be considered.
These drifts are usually related to the change of resistivity due
to the heating of the coils, which is more systematic in nature
than random and can be calibrated and adjusted. A parallel-
pole gap electromagnet is commonly used in conventional EPR
spectrometers and superconducting magnets for NMR spec-
trometers. These magnets can provide extremely high fields,
which boost the thermal NMR signals, but it sacrifices unifor-
mity (in NMR spectrometers, additional shimming coils are
used to compensate any spatial variations) and the NV spin
mixing becomes more significant at higher fields. So Helmholtz
coils with a low noise current source can be a reasonable alter-
native to rare-earth magnets.

However, the disadvantage of using electromagnets is that it
requires a magnetic feedback loop (instead of a temperature
one) with a collocated magnetometer, which can be the sol-
vent’s NMR signal if it is detectable in a reasonable time, and
then adjust for the drift accordingly. This is the working princi-
ple of the NMR locking mechanism for conventional spectrome-
ters. When the solvent is not easily detectable, alternative high-
sensitivity magnetometers such as vapour cells can be used, but
the distance away from the target spins will introduce errors.

Maintaining ppm stability in magnetic fields is critical for
NMR applications, and electromagnets can offer a more con-
trollable stability. However, it does come at a higher SWaP re-
quirements, such as energy, space, and cost compared to perma-
nent magnets compared to temperature-controlled rare earth
magnets. The choice should be carefully considered depending

on the application needed. Also, magnetic shielding such as p-
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metal or degaussing units can be used to mitigate any sudden
external influences, such as trains.

In addition to magnetic field drifts, phase noise from sig-
nal generators can also occur from variations in temperature.
These noises usually arise from pK drifts in the onboard oven-
controlled oscillator source and can also affect Qdyne NMR per-

formance [17], but not as significantly as magnet field drifts.

5.7 SPATIAL UNIFORMITY

Besides variations in time, variation in space should also be
considered across the sensing volume, because any inhomo-
geneities in the magnetic field will cause NMR line broadening,
which should be kept below the ppm level. This section will
discuss the uniformity of rare-earth magnet and electromagnet
configurations for Qdyne NMR purposes.

Due to the NMR signals vanishing for <111> and <110> ori-
entations, the external magnetic field applied needs to be at an
angle to the NV surface, which is usually 54.7° for <100> dia-
monds. This implies that angle control is important. Secondly,
the now tilted magnetic field relative to the lab frame needs to
be centred on the sensing volume, hence spatial control is also
of importance. These all apply to any compensating fields if
used.

To measure the magnetic field angle relative to the NV sur-
face, quantum sensing techniques can be used. The NV PL has a
magnet field angle dependence near 50mT due to spin mixing
[48], also in XY8-N or CPMG measurements, additional reso-
nances can be observed from a misaligned parent nitrogen nu-

clear spin [98]. By maximising the PL count rate and minimis-
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ing parent nitrogen spin resonance, fine-tuning of the magnetic
tield angle can be achieved.

To measure the spatial uniformity of the magnetic field, mag-
netic resonance techniques can be used. ODMR of the NVs
across the laser spot can provide a rough indication of the mag-
netic strength distribution, but high-sensitivity NV magnetom-
etry is challenging. The better method of uniformity measure-
ment is to perform the actual Qdyne-NMR on nuclear spins in
the sensing volume and examine the NMR linewidth with re-
spect to magnet position. In conventional NMR spectrometers,
this technique is as known as shimming, but instead of reposi-
tioning the magnet, spatial compensation coils are used to keep
the sensing volume uniform. For Qdyne NMR, the use of shim-
ming coils can be challenging as the sensing volume is much
smaller.

The repositioning and re-angling of the permanent magnet
relative to the sensing volume can be achieved by using physi-
cal (motorised) translational and rotational controls. For electro-
magnets, this can be achieved using multi-axis Helmholtz coils.
The current used on individual coils relative to others can be
adjusted to manipulate the position and angle of the magnetic
field.

In addition to angle and position demands, the magnet con-
tiguration also needs to accommodate the equipment overheads
in the immediate diamond surroundings, including PCB with
MW /RF cables, optical components under the diamond, chem-
ical delivery systems, and position control of the diamond. The
magnet setup needs to be able to spatially fit into this envi-
ronment, and any magnetic interference from the overheads

should be compensated.
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The design of the magnets needs to conform to the spatial
constraints and angle/position requirements. For permanent
magnets, a dual disk setup can provide a high level of uni-
formity between the gaps due to the geometric symmetry com-
pared to a single disk design. However, due to the spatial over-
heads and the angle requirement, the advantage in uniformity
is diminished. Similar arguments apply to Halbach arrays and
pole gap magnetic circuits, unless a large working gap can be
achieved, which can be expensive. Hence, for a permanent mag-
net setup, a large single disk design is considered. For non-
NMR qdyne applications that require a high By field unifor-
mity, where <111> diamonds can be used, Halbach arrays or
dual disk magnets can be used as they can be placed along the
perpendicular axis to the diamond surface, providing a sym-
metrical setup and ease of access.

The spatial variation for rare-earth permanent magnets and
electromagnets is compared. Finite element simulations for the
tield distribution across the sensing volume of an angled hemi-
sphere are performed and shown in figure5.20 and 5.21. The
results suggest that across the micron-scale sensing volume,
the electromagnet is more uniform than the disk magnet at the
<100> orientation. And, the disk magnet is more prone to mis-
positioning, as the uniformity reduces more when off-centred
compared to the electromagnets, and due to manufacturing de-
fects, as any surface bumps may alter the field lines. Because of
the necessity of using <100> samples, any spatial symmetric ad-
vantages of rare earth magnets are reduced, so electromagnets
are the more appropriate choice at the cost of SWaP.

The MW field can also vary in space under the omega-shaped

antenna design. This may cause errors in NV control and lead
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Figure 5.20: Finite element simulation of a disk-shaped permanent mag-
net using COMSOL. Top Left shows the shape of the magnet.
Top Right defines the volume of interest, in which the mag-
netic field distribution is calculated. The plane perpendicular
to the blue arrow will be simulated (in the direction of the
<100> crystallographic axis). Bottom Left shows the overall
magnetic field distribution across the red line. The black box
is an outline of the magnet. The white line represents a 1D line
cut of the magnetic field in the region of interest, representing

the surface of the diamond, as shown in Bottom Right.
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This design also ensures that there is space to place the PCB
with the diamond at the centre of the coils. Top Right demon-
strates a 3D magnetic heat map of the simulation. The white
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to NMR line broadening, but this is less significant compared
to broadening due to incorrect positioning of the magnet, al-
though this poses a potential issue, it is not the most critical
one. Potential solutions include the use of shaped MW pulses

(hyperbolic shapes) and improved antenna design.

58 INCORPORATION OF NV-NMR WITH FLOW CHEMISTRY

In recent decades, reaction under a microfluidic chip has be-
come a popular area of research with a significant industrial
outlook due to advances in fabrication techniques such as soft
lithography. It offers advantages in scalability, reduction in hu-
man errors and labour costs; combining these benefits can im-
prove reaction control in an industrial setting and provide higher
chemical yields and refined controls in a biological context.
In research, flow chemistry can be used to monitor and vi-
sualise reaction progress. Consider a colour-changing reaction
in a flow cell, where the flow distance represents the reaction
progress. One may observe a slight colour change near the in-
put of the cell and a greater change near the output. This allows
for a closer examination of reaction intermediates and kinetics
as the flow cell can spatially separate the temporal response
during a reaction. Because the NV centre in diamond offers mi-
croscale sensitivity with an inert interface, the combination of
diamond sensors with microfluidics has great potential in scien-
tific and industrial settings [47]. In this section, the design and
fabrication of microfluidics are discussed, and an in situ reac-
tion monitoring mechanism via NV-Qdyne-NMR is proposed.
The material of the microfluidic chip has a few requirements

for NMR operation. It needs to have

145



146 NV-NMR VIA QUANTUM HETRODYNE

¢ high structural rigidity under laser and microwave,

minimal background NMR signals,

* low paramagnetic noise,

high solvent compatibility and
¢ high strength to withstand pressure.
Although polymer materials such as polydimethylsiloxane (PDMS)
are commonly used in microfluidics due to their malleable na-
ture, their chemical structure has Hydrogen and Carbon contri-
butions, hence giving a background NMR signal, which adds
unwanted complexity in the spectrum [47]. Other concerns, such
as degradation under laser is also undesirable. Glassy poly-
mers can be less problematic candidates due to their high rigid-
ity and low NMR contributions. Gassy polymers such as poly-
methyl methacrylate (PMMA) usually contain protons, but they
exhibit short-lived NMR relaxation times. However, it can de-
If using water as a grade with certain organic solvents. Hence, high-quality glass
solvent, PMMA jg an ideal candidate for microfluidics chip design due to its ro-

can be a . .
bustness. However, fabricating channels on such materials can

cost-effective option.
be challenging and costly. An external commercial femtosec-
ond laser micro-machining company (Quoba Systems) gener-
ated trench-like features on the surface of the glass.

The microfluidic chip design is split into two glass pieces.
The first piece was cut through in the middle with a square
opening, which is where the diamond sits. The second piece
has straight trenches running across the surface of the glass at
100 um depth. There are three different channels with varied
widths for testing purposes. The cleaned glass pieces are glued
together by brushing a minimal amount of PDMS on the plain

surfaces. Other gluing methods, such as the application of vac-

uum grease, can be used if the pressure of the microfluidics
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pump is minimised. After gluing (Gorilla Glue) the glasses to-
gether, the diamond membrane is glued on top of its designed
opening. The ports of the microfluidics (PDMS) are commer-
cially acquired the delivery tubes coming from the pumps are
also glued down.

The two-piece design shown in figure 5.22 enables direct con-
tact of the chemicals to the diamond surface, reducing standoff
distance. However, this introduces additional complexity in as-
sembly and design, such as difficulties in gluing and ensuring
the opening matches the diamond dimension, so no leakages
occur. One may also consider fabricating trenches directly on
the diamond surface as shown in 5.23, if fabrication challenges
can be solved [82].

Due to the use of lasers and MWs, the solution may evapo-
rate under the Qdyne pulse sequence. Although the use of en-
closed channels can mitigate evaporation, the use of additional
radiation sources can be potentially invasive to the sample of
interest. To reduce laser radiation, anti-reflection layers may be
considered at the cost of additional standoff distance, or total
internal reflection fluorescence (TIRF) methods, as shown in
5.23, can be used at the cost of additional overheads around the
diamond for an angled laser delivery. To combat MW radiation,
efficient resonators (with high uniformity across the laser spot)
can be designed or MW protocols with low power requirement,
such as the CPDD protocol [99], may be employed.

Equipped with microfluidic channels and NV-NMR detec-
tion, this apparatus can enable NMR measurements at different
stages of a dynamical reaction by adjusting the pump pressure,
which will deliver different chemical environments to the sens-

ing volume, such as reactions at an early stage to a later stage.
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Common microfluidic elements such as fluidic diodes, gates,

and valves can also be implemented into the workflow. These

can allow for in situ chemical monitoring under a reaction, in-

vestigating reaction intermediates and mechanism, providing

insights into synthesis-based chemistry with new dynamical

NMR information, which was difficult to access before. One can also move
However, there are certain constraints to this proposed tech-  the laser spot to

: . . . : different parts of th
nique in addition to conventional NMR sample requirements. {fferent parts of the

channel to

The chemical environment should not be altered under green N ,
investigate different

light and MWs, and emit red. These additional constraints may  styees of reaction,

limit its applications in optically sensitive samples, but there is  but this may require

still a significant part of the chemistry where it may provide additional

. recalibration o
benefit. of

magnetic fields.
The importance of this NV-NMR microfluidic system depends
on the temporal resolution of the NMR investigation, which
in turn depends on the sensitivity of the setup and the signal
strength of the external target, which are discussed in the next

section.

5.9 FUTURE PATHWAYS TO SENSITIVITY AND SNR GAIN

There are two directions to improve the sensitivity of the spec-
trometer. First is the reduction of noise in electronics, optics,
and magnets; second is the elevation of the signal during mea-
surement.

For noise sources, there is the electrical noise from the ADC
and the amplifiers within the detector. Improving in this direc-
tion requires efforts in electrical engineering, such as a reduc-
tion in phase noise and improvement in clock accuracy. The sec-

ond source is the laser technical noise. This can be suppressed
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by using an auto-balancing mechanism to reach the shot noise
limit. This requires a second detector to sample the laser noise,
and any PL noise that correlates to the measured laser noise can
be reduced in the electronics or postprocessing [32]. The laser
itself may also be treated with a high-quality power supply and
temperature regulator.

To boost the spectrometer signal, one can collect more PL
photons or improve spin contrast. Due to the high refractive in-
dex of the diamond, there exists a significant portion of the PL
not reaching the active area of the photodetector. To mitigate
this issue, fabricating a tailored-made condenser lens on the
surface of the diamond or the use of integrating spheres can be
used. One way to avoid the total internal reflection of the PL is
to create a medium for the PL to travel to without a change of
refractive index. This can be achieved by fabricating diamond
lens structures or waveguides on the surface and bringing the
detector closer, provided that electromagnetic interference can
be avoided. Micro-fabrications of diamond structure are achiev-
able, but require significant effort and suffer from poor scala-
bility. The other direction is to increase the active area of the
detector, but there is usually a trade-off between size and band-
width, which needs to be at ~MHz to detect contrast change
in the PL. Prototyping a custom-made photodetector with a
balancing functionality and a larger active area size compared
to commercially available detectors can be of interest. One can
also consider improving the NV charge state stability in the
diamond or developing new readout procedures to boost read-
out SNR in the spin contrast, similar to works in the previous

chapter.
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NV electrical readout can also be of use for Qdyne NMR. This
eliminates the need for collection optics, but requires the fab-
rication of electrical contacts. Also, electrical readouts require
stronger laser power and can be slower than optical methods,
which can lower sensitivity.

Although the sensitivity of the spectrometer itself is critical,
one can also manipulate the chemical target to provide addi-
tional signal strength. The use of microfluidics can enable well-
controlled delivery of the sample. This can be taken advantage
of by creating a solution with a stronger NMR signature else-
where before delivering to the sensing volume. To boost NMR
signals, one can use stronger magnets (or cooler temperatures)
to improve the Boltzmann distribution. Alternatively, hyperpo-
larisation techniques can be used, such as the transfer of MW
manipulatable electronic spin polarisation to nuclear spins us-
ing certain radicals or the near-surface NVs or other optical
polarised agents. Some of these techniques can be performed
without interfering with NMR operation, which can be incor-
porated at the sensing volume. If not, the delivery speed of the
solution needs to be optimised to balance the thermal relax-
ation time when out of the polarisation region and polarisation
transfer rates inside the region. Despite the potential for being
invasive, hyperpolarisation of NMR signals is an active area of
research, and the NV-NMR microfluidics system can be a flexi-

ble platform to capitalise on any gains in this direction [135].

5.10 CONCLUSION

In summary, this chapter has demonstrated an NV-NMR proto-

col that can measure high-resolution NMR spectra. A proof-of-
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Figure 5.23: A proposed Qdyne-NMR system. The laser path comes at an
angle for TIRF delivery to minimise green exposure to the
sample. The collection side of the diamond is fabricated in the
shape of a lens to guide the PL more effectively to an adjacent
light guide by avoiding the total internal reflection of the PL
at the diamond surface. The sample side of the diamond has
trenches fabricated on the surface for microfluidics delivery
with three channels. The middle one is for the NMR targets,
and the two channels on the side are reserved for any hyper-
polarisation agents to boost the NMR signal. The gap between
the target and hyperpolarisation agents should be minimised.
The channels are capped to avoid evaporation. MW and RF
are delivered at the cap to increase efficiency. The NV layer is

50 pm.



5.10 CONCLUSION

principle experiment showed a spectral linewidth of 300 mHz
using a test signal. However, the drawback of this protocol is
that the NV-target standoff distance is reduced to um due to
statistical polarisation at the nanoscale. This requires the spec-
trometer to process high sensitivity for NMR detection. A sen-
sitivity of 100pT/+v/Hz has been calibrated using the appara-
tus described in this chapter, which is comparable to the ex-
isting literature that took hours to measure a spectrum. Due
to the sharp linewidth, this suggests the need for stability con-
trols over the hours of measurement time. This was difficult to
achieve using the current magnet setup, and it is believed to be
the main cause for the non-detection of the signals. Alternative
electromagnet setups were discussed to relieve this issue. Also,
other pathways are discussed to boost the NMR signal strength
or spectrometer sensitivity in order to reduce the measurement
time.

Despite the current constraints, the potential is within reach,
and the future improvement works are already in progress.
Once the magnet stability issue has been tackled, incorporat-
ing this protocol in a lab-on-a-chip device will be achieved, and

a proof-of-principle demonstration of in situ time-dependent

high-resolution NMR spectroscopy can be performed. The promis-

ing aspect of this system is that it can become a platform to
develop further sensitivity boosts and hyperpolarisation tech-

niques.
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OUTLOOK AND CONCLUSION

The final chapter of this thesis will introduce some future path-
ways for NV-based NMR spectroscopy. The first section explores
an emerging field of ZULF NMR spectroscopy, which provides
unique molecular information that cannot be obtained at higher
fields. The second section combines high spatial and spectral
NV NMR performance by discussing the feasibility of Qdyne

protocols at the nanoscale.

6.1 ZERO TO ULTRA LOW FIELD NMR USING NVS

In chapter 1, the NMR interaction Hamiltonian, such as J-coupling
were introduce,d and secular approximations were applied. Such
treatment truncates certain terms in the interaction tensor when
they do not commute with the stronger Zeeman interactions.
The main consequence of ZULF NMR is that when By ~ 0, the
Zeeman interactions are no longer dominant and the previously
truncated terms surface.

In addition, at ZULF, the SWaP requirements reduce as the
need for uniform magnetic environments (such as susceptibil-
ity plugs or shimming coils) can be neglected. Also, metallic
components can be introduced in ZULF settings, where the
skin depth of ZULF frequencies (less than kHz) is significantly

larger than MHz, allowing for NMR studies in metallic enclo-
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sures such as batteries or monitoring the spoiling process of
tomatoes in metal containers [19, 29, 128].

When the J-coupling interactions becomes dominate, and chem-
ical shifts are negligible at ZULF, detailed J-coupling informa-
tion can be probed [95]. This is known as J-spectroscopy. This
can be used to study the dynamics of prepolarised heteronu-
clear energy transfer, because at ZULF, their resonance frequen-
cies overlap, thus the polarisation can begin to oscillate be-
tween the spins. By probing the polarisation transfers, bond-
forming or breaking processes can be monitored as J-coupling
is mediated through bonds. Barskiy et al. [12] have modelled
ZULF J-spectra of ammonium ion solutions. By varying pH,
thus ammonium ion and water proton bond breaking and form-
ing rates vary over orders of magnitude and can be probed in
ZULF NMR. Other potential applications, such as antisymmet-
ric J-coupling spectroscopy used to study chiral molecules [55,
85], the search for dark matter [56] and hyperpolarisation tech-
niques at ZULF [155] are also emerging in this field.

The advancement of ZULF NMR has been coupled with de-
velopments in two areas, hyperpolarisation in nuclear spins
and sensitive magnetometry. Because at ZULF, the Boltzmann
distribution in equation 11 dictates that the number of spins
contributing to NMR signals is extremely small, thus requir-
ing techniques to boost the NMR signal. On the detection side,
technologies that outperform induction techniques at ZULF fre-
quencies have emerged, such as NV centres in diamond, op-
tically pumped magnetometers (OPM) and superconducting
quantum interference device (SQUID) [28, 117, 130].

Because the NV is capable of detecting statistically polarised
spins, which can exhibit high NMR signals at ZULF due to the
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fact that statistical polarisation depends on v'N and not on By.
By integrating NV NMR with ZULF NMR, the need for sample
pre-(hyper)polarisation can be removed, thus preserving its nat-
ural state. By fabricating shallower NVs, the reduction of N or
the boosts in NMR signal also mitigate the need for better mag-
netic field sensitivity. At ZULF, to avoid spin mixing between
the ms = +1 and —1 states, circularly polarised MW need to be
engineered to drive distinctive transitions [114]. Also, the diffu-
sion broadening issue is still present, thus limiting the target to
be either immobilised or in a solid state. In the next section, the
performance of the high spectral resolution Qdyne protocol in

a diffusion-limited setting will be explored.

6.2 NV QUANTUM HETERODYNE AT NANOSCALE

Due to the nature of statistical polarised spins, nanoscale NMR
signals exhibit random fluctuating phase and amplitude, hence
the heterodyne approach, which typically requires a stable os-
cillatory signal,s is difficult and requires significantly longer
acquisition time compared to decoherence-based spectroscopy
[144]. In diffusion-limited experiments, these correlation times
in Qdyne were assumed to decay exponentially; information is
lost at longer integration durations. However, Staudenmaier et
al. [153] have demonstrated that the scaling relation is a power
law instead of an exponential dependence, thus lingering in-
formation is still available at longer time scales and nanoscale
Qdyne NMR is possible. Experimentally, the same Qdyne pro-
tocol can be applied without the need for a 7t/2 pulse for the
thermal nuclear spins, and experimental overheads such as uni-

formity can be reduced. Schmitt [139] has demonstrated that

159



160 OUTLOOK AND CONCLUSION

nanoscale (5nm deep NV) Qdyne NMR on oil-based targets

and achieved spectral resolution of 2 kHz at 23 mT. Thus, show-

ing a proof of principle demonstration that Qdyne can be per-
formed on statically polarised targets. However, this spectral
linewidth cannot resolve chemical shifts, and compared to decoherence-
based spectroscopy, it needs a significantly longer measurement

time.

It is thus fair to assume that these experiments are still lim-
ited in linewidth by the diffusion issue. However, there are cer-
tain remedies that can lower this limitation, either by reduc-
ing diffusion or boosting measurement speed. One strategy to
tackle the diffusion problem is to constrain the targets of in-
terest within a nanoscale volume. Chemical tethering, such as
the creation of amine functionalised surfaces, can enable the lo-
calisation of nuclear targets within a nanoscale sensing volume
[79]. In addition, the creation of nanoslits or nanofludic chan-
nels through the use of etching techniques such as focused ion
beams can be considered too [82]. However, chemical modifi-
cation or nanoscale physical landscaping of the diamond sur-
face can erode the stability of near-surface NV centres, which
effectively increases interaction distance. Significant challenges
still exist in either revitalising the near-surface NVs after these
modifications or reducing these side effects. Other less inva-
sive (to the diamond) target immobilisation techniques can in-
volve the use of gel media [41] or capping layers [125], such as
hexagonal boron nitride to confine targets between itself and
the diamond surface. These techniques significantly suppress
translational diffusion, but also rotational diffusion, which cre-
ates dipolar broadening, diminishing the spectral resolution. A

more promising alternative is the use of nanoscale encapsu-



6.2 NV QUANTUM HETERODYNE AT NANOSCALE

lation chambers, which are prominent in nanoscience applica-
tions such as drug delivery and energy storage [54, 74]. These
can constrain translational diffusion, while allowing for rota-
tional diffusion. An example is the application of metal-organic
frameworks, which showed entrapment of molecules in a vol-
ume of 1onm? and demonstrated 3'P NV NMR with kHz spec-
tral resolution [97]. However, experimental demonstrations on
the use of encapsulation chambers in NV NMR — particularly
in combination with Qdyne — still remain limited, and a sig-
nificant knowledge gap still exists.

The NVs can also be used to quantify diffusion. Bruckmaier
et al. have demonstrated the use of NV-based MRI measure-
ments at the micron scale [23]. Their experiment employed spa-
tial gradient RF coils for the gradient spin-echo pulse sequences
and achieved optical imaging of water (from the NV PL) with
diffusion information. Due to the reliance on gradient coils, this
technique faces the same roadblock to conventional MRI — the
engineering of gradient fields at the nanoscale. Alternatively,
the use of correlation spectroscopy has revealed that nanoscale
confined water at the diamond surface exhibits much slower
diffusion rates compared to bulk water [125]; a similar exper-
iment that uses a scanning probe microscopy tip to stimulate
water on a hydrophilic diamond surface has been reported too
[179]. The recent advances in nanoscale NV NMR spectroscopy
suggest a growing need to understand the solvent-diamond
interface, presenting an opportunity for research towards this
direction.

In addition to localising NMR targets, boosting measurement
speed can be achieved by improving SNR in the spectrome-

ters through, for example, readout improvements or increas-
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ing signal strength via hyperpolarisation [62]. Despite the chal-
lenges outlined in this section, nanoscale high spectral resolu-
tion NMR is a highly lucrative goal to pursuit and there is still

room for improvement.

6.3 CONCLUSION

NMR spectroscopy is a proven and popular tool in various
tields of science due to its high chemical selectivity and low
invasiveness, but its hallmark disadvantage is the poor sensitiv-
ity. This thesis has introduced an atomic-scale quantum sensor,
the NV centre in diamond, that is capable of detecting NMR
signals at the nanoscale. However, the NV-based NMR is not
without its own challenges. Part II of the thesis has demon-
strated that improvements in readout protocols can mitigate
the low throughput challenge and how optical noise can af-
fect NV NMR performance. At the nanoscale, due to diffusion,
the spectral resolution, which dictates the amount of chemical
information available, is limited. In part III, the quantum het-
erodyne protocol, which offers improvements in resolution, is
investigated, and potential applications are envisioned. In the
tinal part, the future of NV NMR is explored, and new direc-
tions such as zero- to ultra-low field NMR are discussed.

To encapsulate, the present challenge with NV NMR is the
dilemma between spatial sensitivity and spectral resolution. Thus,
future works of tackling sample diffusion broadening are called
upon. Nonetheless, the progress so far is capable of offering
new applicable insights. As detailed in this thesis, areas such

as flow chemistry can be improved by integrating NV NMR in



6.3 CONCLUSION 163

microscale flow reaction systems, which enables in situ moni-

toring of chemical reactions.
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