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Abstract

Nuclear magnetic resonance (NMR) has played a pivotal role in modern science with its
ability to perform non-destructive imaging and spectroscopy of various systems. Despite
this, NMR has been plagued by low detection sensitivity when trying to study nanoscale
ensembles of spins, primarily due to the small thermal polarization of nuclear spins. Ex-
tending the capabilities of NMR to address nanoscale sample volumes would present ex-
citing opportunities for studying biological systems, enabling high-resolution imaging of
single biomolecules and virus particles. Over the years, a great deal of techniques to
improve the detection sensitivity of the measurement apparatus have been made. Force-
detected magnetic resonance is one such technique, that has demonstrated the capability
to detect nanoscale ensembles of spins, where it has been successfully used to achieve three
dimensional images of virus particles [1]. Nevertheless, further improvements are needed
to achieve high resolution atomic scale imaging of nanoscale systems. Techniques such as
dynamic nuclear polarization (DNP) have been widely implemented in traditional NMR
experiments for boosting the signal, by transferring the comparatively larger polarization
of electrons to surrounding nuclei [2]. The use of DNP in force-detected magnetic resonance
platforms however, has remained relatively limited though [3]. Bringing DNP to nanoscale
force-detected magnetic resonance setups would mark a significant next step in improving
the detection sensitivity of nanoscale NMR experiments.

In this thesis, we discuss the implementation of DNP in a force-detected magnetic reso-
nance experiment in order to achieve sensitivities needed to realize high resolution imaging
of nanoscale spin ensembles. In these experiments, we observed a 100 fold enhancement
in the proton thermal signal in a nanoscale droplet composed of trityl-OX063 radicals sus-
pended in a sugar-water glassy matrix. We also compare the signal-to-noise ratio (SNR)
boost this provides over measurements that rely upon statistical polarization, where we
demonstrate a reduction in averaging time by a factor of 204. This work explores various
tunable parameters to optimize the enhancement such as the proton and radical relaxation
times. This work also investigates the role fast-relaxing paramagnetic defect centers from
the surrounding environment play in reducing the radicals spin-lattice relaxation time, a
crucial component for efficient DNP.
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Chapter 1

Introduction

The development of nuclear magnetic resonance (NMR) has revolutionized modern science,
finding applications in fields as diverse as medical imaging, studying condensed matter
systems, and molecular structure determination. NMR has become an especially powerful
tool in chemistry and biology, enabling the study of complex structures and dynamics of
proteins and viruses. Traditionally, resolving the spatial structure of singular biomolecules
has relied upon X-ray scattering or cryogenic electron microscopy. Though powerful, these
techniques can be hindered by challenges such as radiation-induced sample damage limiting
achievable resolutions, difficulties in sample preparation, and a lack of chemical information
about the sample [5]. Conversely, the non-destructive nature of NMR allows for both
imaging and spectroscopy of materials that can be used for imaging biological samples,
revealing information about their chemical environments and the spatial configurations of
atoms, ultimately providing insights into their function [6]. For example, NMR has been
used to measure the atomic scale distances between spin labels attached to different regions
of a protein, enabling the study of conformational changes in protein structure [6]. This
has provided information on how proteins fold, bind, and interact with other molecules,
which is important for drug development.

Despite this, complete three-dimensional imaging of single macromolecules and nanoscale
complexes remains a challenge, due to the low detection sensitivity of NMR. Nanoscale
magnetic resonance imaging (nanoMRI) has been developed over recent decades to ex-
tend the capabilities of NMR to the nanoscale [I, 7-11]. Techniques used in nanoMRI
include optically-detected magnetic resonance using nitrogen-vacancy (NV) centres, and
magnetic resonance force microscopy (MRFM). MRFM is a mechanical detection approach
to nanoMRI that couples large magnetic field gradients to a spin sample generating a force
on it. This force is coupled to the displacement of a ultra-sensitive nano-mechanical can-



tilever, and measured using optical interferometry [15]. The detection sensitivity of MRFM
surpasses that of traditional NMR where a coil is used to measure the free induction decay
signal of spins is measured. As a result, the detection sensitivity of MRFM, can be much
greater than traditional inductively detected signals in NMR. MRFM has been success-
fully employed to image nanoscale ensembles, such as imaging the tobacco mosaic virus
in three-dimensions with a spatial resolution of 10 nm, and has even demonstrated the
sensitivity to detect single electron spins [1, 12].

The detection sensitivity in MRFM is ultimately limited by 1) the spin polarization in
the sample, 2) the mechanical noise or dissipation of the cantilever, 3) the strength of the
magnetic field gradients needed for spin detection, 4) the cantilever force noise generated
from fluctuating electric fields in a nearby surface. To improve force sensitivities, ultra-low

dissipation nano-mechanical cantilevers and membranes [16-19] have been developed, with
thermal force noise as low as 90 zN/v/Hz. Additionally, magnetic field sources capable
of generating large gradients as high as 10" T/m [7,20,21] have been developed. In the

MRFM experiments presented in this work, we make use of silicon nanowires (SINWs) as
nano-mechanical oscillators, as they exhibit low mechanical dissipation, and are well suited
for use as highly sensitive force sensors [7, 18]. In typical MRFM experiments, permanent
static field gradient sources are used to generate the magnetic field gradients needed for
spin detection. This however, hinders the ability of such experiments to utilize sophisti-
cated NMR spin control techniques that can be used to improve imaging resolution [3]. In
contrast, we utilize a current-focusing field gradient source (CFFGS) which passes current
through a narrow metallic constriction in order to generate large time-dependent magnetic
field gradients [7, 13]. Importantly, as we will discuss later, the CFFGS device can be
used to apply and separately optimize the gradient pulses used for spin detection, and spin
encoding pulses used for imaging experiments. Such devices have been used to successfully
implement angstrom-resolution Fourier imaging experiments, utilizing dynamical decou-
pling sequences to extend spin coherence times, which is often an important component
for high-resolution imaging [11,22]. Despite these advancements, further enhancements
are needed for nanoMRI to achieve its goal of full three-dimensional imaging of nanoscale
ensembles with atomic resolution. For example, the thermal polarization of protons at 1 K
and 3 T is roughly only 0.08%.

In conventional magnetic resonance, the strength of the detected signal is directly pro-
portional to the mean spin polarization of the samples. Even at cryogenic temperatures,
and large static magnetic fields, the average nuclear spin polarization is very small, leading
to low detection sensitivity. For example, the average fractional polarization of protons at
1 K and 3 T is roughly only 0.08%. Thus, to compensate for the relatively small fraction of
polarized spins, the total number of spins in the sample must be large in order to improve



the detection sensitivity and boost the signal-to-noise ratio (SNR) of the NMR signal. As
a result, this limits its applicability when imaging nanoscale ensembles where the number
of spins in the sample volume is small. Comparatively, the mean spin polarization of elec-
trons relative to protons is roughly v./7, ~ 658 times larger, owing to a larger magnetic
moment. Dynamic nuclear polarization (DNP) is a technique that has been well devel-
oped in traditional NMR, to transfer this larger polarization of electron spins to nearby
nuclei through their hyperfine interactions, thereby providing large improvements in detec-
tion sensitivity, and extending the capabilities of NMR to detect smaller sample volumes.
Implementing DNP alongside force-detected magnetic resonance would further push the
limits of detection sensitivity and spatial resolution, enabling the study of even smaller or
more dilute nanoscale systems. In a typical DNP experiment, a sample is doped with a
polarizing agent, that contains an unpaired electron, which is used to transfer the electron
polarization to surrounding nuclei. Once the transfer is completed, nuclear spin diffusion
is responsible for distributing the polarization throughout the sample. Through successive
repetitions of the polarization transfer followed by nuclear spin diffusion, the polarization
of nuclei in the bulk sample can be built up to at most, the ratio of the gyromagnetic
ratios of the different spin species, assuming the nuclear polarization doesn’t decay due to
relaxation processes.

Previous work done in extending DNP to MRFM was done by Thuber et al. who
achieved an enhancement of 12 in the mean nuclear spin polarization [23]. This work
utilized optically pumped DNP to polarize gallium nuclei in a GaAs sample. The work by
[saac et al. further demonstrated the use of cross effect DNP to hyperpolarize polystyrene
films doped with TEMPAMINE free radicals [3]. The enhancement achieved here at 4 K
and 0.6 T were between 10 - 20 [3]. The experiment presented by Isaac et al. used a
permanent magnet attached to the tip of a silicon cantilever as the field gradient source
used for spin detection [3]. Importantly, this static field gradient source used for spin
detection also presents challenges that the authors note. Primarily, the inability to turn
off the gradient during the DNP process makes it difficult to achieve large enhancements
in proton polarization throughout the sample [3]. In addition, the authors note another
limitation of their experimental setup was the ability to suspend nuclear spin diffusion,
which as the authors note limits the applicability of using their DNP method for doing
high-resolution nanoscale imaging [3]. As mentioned previously, in our experiments since
the magnetic fields generated depend only on the time-dependent current passing through
the CFFGS. Hence, it enables us to separately optimize and apply pulses used for DNP,
spin encoding, and spin detection [24] thereby, overcoming the challenges presented in
previous DNP MRFM works which were limited to low DNP enhancements.

In NMR, for bulk samples, we typically detect the average population difference in the



number of up and down spins, in the presence of a large static magnetic field. This is often
referred to as the the mean, thermal, or Boltzmann polarization. In nanoscale ensembles
however, statistical fluctuations in the number of up and down spins (statistical polar-
ization) are usually much larger than the mean polarization. As a result, force-detected
magnetic resonance platforms typically measure the statistical polarization when working
with nanoscale spin systems as it offers two key advantages 1) better SNR when working
with nanoscale ensembles due to the larger statistical polarization, and 2) in comparison
to measurements of the thermal polarization that require a constant overhead time on
the order of the spin-lattice relaxation time T} for the spins to reach thermal equilibrium,
statistically polarized samples can be continuously measured, enabling higher acquisition
rates. As a result, in order for DNP to provide an SNR advantage in measurements involv-
ing nanoscale ensembles, it must provide a sufficiently large enhancement to the thermal
polarization to overcome not only the larger statistical polarization, but also the higher
acquisition rate of a statistically polarized signal.

As previously mentioned, DNP transfers the polarization of electrons to nearby nu-
clei. Following this transfer, the electron spin polarization re-equilibrates on a timescale
governed by the spin-lattice relaxation time 7}.. The spin-lattice relaxation time deter-
mines how quickly electron spins return to thermal equilibrium, impacting the frequency
at which polarization can be effectively transferred to protons. Consequently, this affects
the overall buildup of nuclear polarization. In bulk DNP, the role T}, plays in the DNP
efficiency has been explored before [25,20]. In nanoscale ensembles, a larger fraction of the
spins can be coupled to spins in the sample boundary, which can consist of paramagnetic
defect spins. As a result, surface defects can significantly affect the spin-lattice relaxation
times, or create local field inhomogeneities, all of which affect the overall DNP efficiency.
In our experiment in particular, our samples are attached to the surface of a SINW. On the
surface of the SINW is a Si/SiO, interface at which there are unterminated bonds between
the Si and and SiO, layers. These give rise to paramagnetic defect centers with short
spin-lattice relaxation times [27,28]. Strong couplings to these defect centers can affect the
relaxation time of the bulk spins affecting the efficiency of the DNP process. In this work,
we investigate this mechanism and conduct simulations to verify whether interactions with
these defect centers is significant in the DNP process.

The DNP experiments presented in this thesis use trityl-OX063 free radicals as the
polarizing agent. We use these radicals as they are known to exhibit narrow linewidths that
make them useful for the pulsed DNP [25,29,30]. Additionally, trityl-OX063 radicals are
highly soluble in water, and have demonstrated good stability in biological samples [30].
The radicals are encapsulated in a sugar-water matrix which in prior works has been
used as a cyroprotectant for biological samples that prevents the formation of ice crystals



at cryogenic temperatures [31,32]. The DNP experiments presented, use the radicals
to hyperpolarize proton spins in the sugar-water matrix. This sample was prepared for
varying concentrations of the trityl radicals to observe the dependence the of the DNP
enhancements on electron and proton concentrations.

This dissertation explores the implementation of pulsed DNP experiments in a force
detected magnetic resonance platform to achieve large enhancements in thermal polariza-
tion. We explore the potential of DNP to provide an SNR advantage over measurements
made with statistical polarization, thereby extending force detected magnetic resonance
as a platform for realizing high-resolution imaging of nanoscale ensembles. The thesis will
also explore the different phenomena that affect the performance of the DNP experiment
such as heating of the sample, surface induced spin-lattice relaxation of electrons, elec-
tronic induced noise in the system, and concentration and size of trityl OX063 droplets,
among other factors.

The work presented in this thesis was conducted in collaboration with the author’s
colleagues and supervisor Sahand Tabatabaei, Pritam Priyadarsi, Daniel Tay, and Raffi
Budakian. The author’s contribution primarily consisted of characterization of the elec-
tronics necessary for proton and electron spin control. This includes programming of the
arbitrary waveform generators (AWGs) and ensuring synchronized generation of all output
pulses. T also conducted spin diffusion simulations that were developed to model the role
paramagnetic defects on the surface of the SINW play in spin-lattice relaxation of bulk
spins in our samples. Alongside my colleagues, I was involved in all measurements of the
data presented in this thesis. Greater details on the challenges and solutions of some these
topics is provided in the thesis. Some areas not discussed in the thesis but in which I was
also involved include developing software for the attocube nano-positioners used to align
the CFFGS and SiINW devices in our experiment, as well as the mechanical design of the
components used in our experimental probe.

1.1 Thesis Outline

e Chapter 1 provides an introduction to the theory of magnetic resonance. This sec-
tion introduces the rotating wave approximation (RWA) and the interaction frame
Hamiltonian that is used throughout the dissertation. A brief background on the
difference between thermal and statistical polarization is provided, along with the
theory of nuclear orientation via electron spin locking (NOVEL) DNP — the protocol
utilized in the DNP measurements. This is followed by a brief discussion on the role
of spin diffusion in the dynamics of DNP process.



e Chapter 2 provides details of the experimental setup and a brief background into
the measurement protocol used in our force-detected magnetic resonance platform.
Some discussion around the benefits of measuring statistical over thermal polariza-
tion is provided. This section then touches upon the sample concentrations used in
the measurement and characterization of the electronics used for ESR/NMR pulse
generation.

e Chapter 3 discusses a detailed analysis of a modified version of the the NOVEL
DNP protocol, ramped amplitude NOVEL (RA-NOVEL), which is robust to spatial
variations in applied fields and allows for efficient adiabatic transfer of polarization.

e Chapter 4 presents the measured DNP data and 1D Fourier image taken with the
DNP-enhanced and statistical polarizations. We use this to compare the signal-to-
noise-ratio (SNR) of the two schemes and show that the DNP-enhanced polarization
can provide a 200-fold reduction in averaging time compared to statistical polariza-
tion to achieve the same image quality. In this section, we also discuss the optimal
parameters needed for maximum enhancement DNP. Importantly, we show that our
measured electron spin-lattice relaxation times are significantly faster than values
reported in the literature for OX063 radials in bulk. We investigate different sources
that may be responsible for the accelerated relaxation, and provide in depth simula-
tions of surface-induced spin-lattice relaxation to explain this discrepancy. Finally,
we also detail future directions for DNP in nanoMRI.

1.2 Introduction to Magnetic Resonance

For any closed quantum system, the time evolution of a pure state [¢)(¢)) is given by the
Schrodinger equation

L d
th— [¥(t)) = H() |4 (1)) , (1.1)

where H(t) is the Hamiltonian. Equivalently, we can describe the evolution of the system
with a unitary operator U(t) which maps the initial state |1y) to a state at time t as
|(t)) = U(t) [4(0)), and has the property U(t)U'(t) = Ut(t)U(t) = 1, where 1 is the
identity operator. Accordingly, Equation 1.1 can be recast into an equivalent initial value
problem for U(t):

d

~U(t) = —iHBU (), (1.2)



with the initial condition U(0) = 1. Note we have chosen to set h = 1 for convenience
such that we measure energy in angular frequency units, and we will follow this convention
throughout the thesis unless otherwise mentioned. In the case where the Hamiltonian is
time independent, we can express the solution of 1.2 as U(t) = e~"!. However in general,
if the Hamiltonian is time dependent and does not commute with itself at all times, then
the unitary becomes

U(t) = Texp [—z’ /0 v H(t’)] | (1.3)

where Texp[] refers to a time ordered exponential [33].

In general, a closed form solution for the unitary may not exist. The unitary can be
calculated using a Dyson series expansion [34]

U(t) :Z(—i)n/0 dtl.../on_ldthH(ti), (1.4)

For an exact expression of U(t), all terms in the expansion must be considered. However,
if the Hamiltonian were rewritten in a frame where the norm of each successive term
in the expansion is smaller than the previous term, truncating the expansion becomes a
good approximation. In the case where the Hamilton H(t) is close to an exactly solvable
Hamiltonian Hy(t), we can transform H(t) to the interaction frame of Hy(t) with V(t) =
e~tHot The Hamiltonian H(t) can be decomposed as H(t) = Hy(t) + §H(t), where §H (t)
is a small perturbation acting on the system, and ||6H (¢)| < ||Ho(t)|, where the norm
of an operator A is given by the Frobenius norm [|A|| = /Tr(AtA). For simplicity we
assume that Hy is time independent. We will define a new state in the interaction frame
as [¢/(t)) = VT(t) [4(t)). Substituting |¢’(t)) into Equation 1.1

FLV () [0(0) = (Ho -+ SHWV (1) [0/(1)

HoV (1) |0/ (t)) + MO% [/ (t)) = (Ho + 6H)V (1) [/ (1))
i% /(1)) = (—Hy + VI HoV (t) + VI)SHV (1)) |/ (1)) . (1.5)

Since [Hy, e~0] = 0, Equation 1.5 simplifies to

(D) = VIOSHV (1) [0/(1). (1.6
—_———
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which is known as the Schrodinger equation in the interaction frame, which describes the
dynamics under Hy, = VT(t)0HV ().

A spin-1/2 particle placed in a magnetic field B(¢) will undergo an energy splitting
according to Zeeman Hamiltonian

H(t) = —p - B(2), (1.7)

where p is the magnetic moment of the particle and can be written in terms of the spin
angular momentum operators, g = y(S;, Sy, 5.) with v being the gyromagnetic ratio.
Protons have a gyromagnetic ratio v, /(2mr) = 42.577 MHz/T, and for electrons ~./(27) =
28 024 MHz/T, around 658 times larger. Throughout this thesis, we will use I and S to
denote the spin angular momentum operators of nuclei and electrons, respectively.

The Hamiltonian governing a spin-1/2 particle subject to a static magnetic field Byz
is H = —vByl,, where wy = 7By is known as the Larmor frequency which is the rate of
precession of the magnetic moment around a static field. The eigenstates of the Zeeman
Hamiltonian can be denoted as |1) , |[{) with eigenvalues —wy/2, and wy/2.

We will now show that the phenomena of magnetic resonance occurs when an oscillating
field perpendicular to the static field is applied at a frequency wy, resulting in transitions
between the [1), |]) states of the system. Consider a B(t) vector with the following form

B(t) = Boi + 2Bl COS(th))AC (18)

wr being the frequency of the AC magnetic field, and B is called the Rabi field. The
corresponding Hamiltonian is

H(t) = —wol, — 2wy cos(wrt)I,, (1.9)

where wy = vBy is the Larmor frequency, and w; = B is known as the Rabi frequency.

To solve Equation 1.1 with the Hamiltonian of Equation 1.9 we transform to a frame
rotating around the static field with frequency wr, sometimes referred to as the transciever
or rotating frame, with a unitary V(t) = e“7s!, The magnitude of the static field in
magnetic resonance experiments is usually much greater, on the order of a few Tesla,
whereas the Rabi field is usually a few hundred Gauss, |w;| < |wg|. We can rewrite the
Hamiltonian as

H(t) = —wrl, —(wo —wr)l ;Zwl cos(wrt) /s, (1.10)
Ho §H



We assume that the transmitter frequency wr is close to the Larmor frequency such that
|0H|| < || Ho|| holds. We can transform the Hamiltonian to the rotating frame as follows

H(t) = VIt)SH )V (1)
= e Tt (—(wy — wr) I — 2wy cos(wrt) [, ) e
= e T (—(wy — wr) I — wy (7" 4 e [ )etr (1.11)

rewriting Equation 1.11 in terms of raising and lowering ladder operators, I, = I, + I,
and using the fact that e== [, > = ¢¥[, we have

H(t) = —Awl, — %(ewt 4 emwrty (e (1 4 [ )eter Tty (1.12)
— —Awl, — %(ewt ety (eT Wt 4 gt ) (1.13)
- Awl, — %(I+ I 4 BTty e dert] ) (1.14)
~ —Awl, — %(u + 1) (1.15)
~ —Awl, — w1, (1.16)

where Aw = wy —wr. In Equation 1.14 we have dropped the time dependent terms rapidly
oscillating terms that average out over a timescale greater than the Larmor period. This
is known as the rotating wave approximation (RWA) or the secular approzimation, and is
a good approximation so long as |wy| < |wp| and |Aw| < |wp|. In the case where wp = wy,
the so called resonance condition in magnetic resonance, the Hamiltonian is H(t) = —w; L.
From this we can see that the state |¢’(t)) oscillates between the |1), |]) states at the Rabi
frequency wy.

1.3 Thermal and Statistical Polarization

In most magnetic resonance experiments, the measured spin signal is proportional to the
mean polarization of the spins at thermal equilibrium, sometimes referred to as the Boltz-
mann polarization. However, as the size of the spin ensembles decreases, statistical fluctu-
ations in the spin polarization, referred to as statistical polarization, can exceed the mean
polarization [1,35]. As we discuss later on, to extract information about the spin system
through these statistical fluctuations, we often measure other statistics of the polarization,
such as the variance, spectral density or correlations.



The equilibrium state of a single spin-1/2 particle at temperature 7" is described by
a Boltzmann distribution expressed by the density matrix p = exp(—fH) /Z, where
B = 1/kgT, kp is the Boltzmann constant, T' is the temperature in Kelvin, and Z =
Tr {exp (—SH)}. Since magnetization is an extensive quantity, the mean magnetization is
M, = NTr{o.p} and the variance is 03, = N (Tr {o2p} — Tt {sz}z). In most magnetic
resonance experiments, the energy splitting between eigenstates due to the static field is
much smaller than the thermal energy, hyBy < kgT'. In this high temperature limit, we
can Taylor expand and truncate p as

1 2

p— - (1 5% 0(52)> (1.17)
2 2
where € = hyBy/kgT. We then find that
h’)/Bo
M,=N 1.1

c=No T (1.18)
oy = N. (1.19)

The fractional thermal and statistical polarization are defined as M, /My, = hyBo/2kpT
and oy, /Migon = 1/\/N, where Mooy, = N. From Equations 1.17 and 1.19, the number
of spins in the ensemble can be expressed in terms of the ratios of M, and oy, as

2kpT\? [ M.\"
N=[2E . (1.20)
h’YBO oM,
From Equation 1.20, the critical number of spins needed for the thermal and statistical

polarization to be equal is Ny = (Qk:BT/hVBO)Q. Figure 1.1 provides a comparison of the
fractional thermal and statistical polarization’s for protons at By = 0.32 T [24].
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Figure 1.1: Comparison of Thermal and Statistical Fractional Polarizations in
Nanoscale Spin Ensembles. (A) Calculated fractional polarization for N proton spins
at T = 4.2 K and By = 0.32 T the thermal polarization of the protons is py = 7.78 x 107°.
The maximum enhancement in proton polarization is given by 7./7, = 658 shown by the
red line. The N > N, = 382 the region (shaded) shows the region in which the DNP-
enhanced thermal polarization exceeds the statistical. Note that the N. = (2kBT /h.By)?
in this case refers to the critical number of spins needed for the DNP-enahanced and sta-
tistical polarizations to be equal to one another. The second dashed line in the figure is
used to represent the number of spins needed for the thermal and statistical polarizations
to be equal. The top axis is calculated with a representative proton density of 10 nm~3 for
organic samples, for example the Tobacco Mosaic Virus [!]. (B) The minimum enhance-
ment required for the DNP-enhanced thermal polarization to exceed statistical as function
of the number of proton spins in the detection volume.
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Owing to the small gyromagnetic ratio of protons, Figure 1.1 illustrates that the frac-
tional statistical polarization often exceeds the Boltzmann polarization in nanoscale vol-
umes. As a result, measuring the statistical polarization yields a greater signal-to-noise
ratio (SNR) compared to the signal acquired from thermal polarization. Comparatively,
the gyromagnetic ratio, and polarization of electrons is much greater, marked by the hy-
perpolarization line in Figure 1.1. By transferring this larger polarization to protons, DNP
can offer a significant boost to the SNR when measuring the mean polarization of the
spins [30,37]. Figure 1.1 shows the minimum enhancement that would be needed in order
for a DNP-enhanced thermal polarization (hyperpolarization) to be greater than statistical
polarization. The maximum possible enhancement is given by the ratio of the gyromag-
netic ratios of electrons and protons, 7./7, ~ 658. We have also shaded the area in Figure
1.1 that corresponds to where the thermally enhanced polarization exceeds the statistical.

1.4 Dynamic Nuclear Polarization

DNP is a powerful technique in magnetic resonance to improve the detection sensitivity
of NMR [36,37]. In DNP, the larger polarization of unpaired electrons is transferred to
surrounding nuclei. In typical samples, the unpaired electrons are in localized states, and
only transfer their polarization to nearby, hyperfine-coupled nuclei, after which nuclear
dipole-dipole interactions distribute this polarization into the bulk [37-39]. Through re-
peated applications of this process, the polarization in the overall sample can be built up,
where the build-up time is often limited by the spin-lattice relaxation time of the nuclear
spins T1,,. There exist many methods to achieve the polarization transfer, and in this thesis
we focus on transferring the Boltzmann polarization of electrons to nuclei using microwave
fields to induce transitions between spin states. If the polarization transfer for an electron-
proton system is 100% efficient, the maximum enhancement is v./v, ~ 658, where 7,7,
are the gyromagnetic ratios of an electron and proton respectively. In practice, enhance-
ments tend to be smaller than the theoretical limit. However, enhancements of 100 can
yield significant improvements in averaging time by a factor of 10* [10].

In 1953, Overhauser proposed, that through microwave irradiation of conduction elec-
trons, the electron polarization could be transferred to nearby protons through paramag-
netic relaxation processes mediated by hyperfine interactions between the electron-nuclear
system [2, 37]. Over the years, many other DNP mechanisms have been proposed and
demonstrated for polarization enhancement, with an important one being, nuclear orienta-
tion via electron spin locking (NOVEL), which uses microwave pulses to induce transitions
between the electron-nuclear spin states by matching the electron Rabi frequency to the
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nuclear Larmor frequency, also known as the Hartmann-Hahn matching condition, which
we will discuss in greater detail in this section [10,11]. Other commonly used DNP tech-
niques include the solid and cross effects, both of which have shown large enhancements,
on the order of 100 — 200 in solid state samples. [30,40,12—10].

In this this thesis, we will focus on using NOVEL DNP to enhance the polarization of
proton spins. In this section, we provide a derivation of the energy matching condition
necessary to induce transitions between an electron and a nuclear spin using the NOVEL

protocol, where we refer to Reference [17] for an in depth description on the theory of
NOVEL.

Consider the Hamiltonian for a two spin system with one electron spin S, and one
nuclear spin I

H(t) = —wosS, —worl, — I+ A - S — 2wy, cos(wit) Sy, (1.21)
T ~ /
0 0H

where wq;I, is the nuclear Zeeman term, wygS, is the electron Zeeman term, the electron
Rabi drive is 2w 5 cos(wyt) S, and I- A-S is the hyperfine interaction between the nuclear and
electron spins, where A is the hyperfine interaction tensor. For convenienve the hyperfine
term can be rewritten as

I-A-S=> Ayl.Ss=a-8, (1.22)
a,

where a = > 5 Aasla€p Where & is the unit vector along the 8 € {z,y, 2} direction.
In Equation 1.21 we assume wgys >> wor, wis, || Al from which it follows || Hol|| > ||[0H||.
We can transform the Hamiltonian to the rotating frame of the electron Larmor term as
H(t) = V(OI6HV (t) with V(t) = e™0s%! using a procedure similar to one outlined in
Chapter 1.

H(t) = —worl, — w1sSy — az(cos(wost) Sy + sin(wost)Sy)
— ay(— sin(wost) Sy + cos(wost)Sy)
- anSz- (123)

The time dependent terms in the Hamiltonian can be neglected since they oscillate on a
time scale much faster than the time scale of the nuclear Larmor, or electron Rabi drive.
Expanding the a.S, term

H(t) = _WOI[Z - wlSSx - (szI:r:Sz + AszySz + AzzIzSz)- (124)
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We now transform our coordinate axis such that the y-component of the hyperfine coupling
is zero and in our new coordinate axis A = A, and B = /A3, + A2, where A and B are
known as the secular, and pseudo-secular hyperfine coupling constants respectively. Thus,

the Hamiltonian in the electron rotating frame is
H = —wol. — wigS, — BIS. — ALS.. (1.25)

The Hamiltonian above was transformed to the electron Larmor frame to simplify the
expression for the hyperfine interaction. We now transform the Hamiltonian in Equation
1.21 to the transceiver frame using the operator V (t) = ¢®*%! and truncating, we have a
similar Hamiltonian to equation 1.25

H = —wol. — AwsS. — wisS, — BI, S, — ALS., (1.26)

where Awg = wops — w;. Using €2 to denote the direction of the applied effective magnetic
field on the electron, © = (wig, 0, Aw), |2] = Jwis + Aw?. Equation 1.26 can be written
as

H=—wyl,—Q-S—BIS, — ALS.. (1.27)

A coordinate transformation to the tilted frame is made such that S, = —cos(6)Sy +

sin(#)S.,, where cos(0) = wy5/|Q|,sin(0) = Aw/|€2|.

Figure 1.2: Tilted Rotating Frame Coordinate Axis.

The Hamiltonian in the tilted frame is then

Hyp = —wor L, — |QS. —(BI, + AL)(— cos(#) S, + sin(6)S.) . (1.28)

Rewriting 6 H in terms of spin ladder operators yields

S5H = ‘"’084(9)19@+ S+ 5+ D g (5, 4 5
_SmO) pr 4 ). — Asin(0)LS. (1.29)

2
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If the magnitude of the effective field is greater than the hyperfine couplings we can
transform the tilted frame Hamiltonian with V (t) = e®ortlz €5 - Considering the special
case where |€2| = wg; we have

Hy = U ()6 HU (t)

0 ; )
_ COS4( )B (672zw01t[+s+ + [JFS, 4 [7S+ 4 6210')0”[,5,)
X COS2(¢9) A[Z (e_inItS+ + GinItS_) _ wlg (e—iw01t1+ + eiwoltl_) Sz/
— Asin(0)1,S.
0
=~ B (15 415, Asin()LS. (1.30)

where we have truncated and dropped the terms that pick up a time dependence. The
Hamiltonian in the tilted rotating frame becomes

. B
HT = —OJ()[IZ — |Q|Sz/ + COS(Q)Z ([+S_ + ]_S+) — ASIH(Q)[ZSZ/ (131)

Using a similar procedure to the one outlined above, and if instead we define the applied
effect magnetic field as Q = (—wygs,0, Aw), and define our coordinate transformation to
the tilted frame as S, = cos(6)S,s —sin(6).S,, the Hamiltonian takes a modified form which
can be written as

. B
HT = —OJ()[IZ — |Q|Sz/ + COS(Q)Z ([+S+ + ]_S_) — ASiH(Q)[ZSZ/, (132)
From Equations 1.31 and 1.32 we can see that the polarization transfer will be maximized

when the effective field points along the applied microwave direction only, = (£wsg,0,0).
Equation 1.31 and 1.32 can be simplified to

~ B
Hr = —worl, — wisSy + Z (I+S_ + I_S+> , (133)
- B
Hr = —worl, — w155y + Z ([+S+ + I_S_) , (134)

Comparing Equations 1.33 and 1.34 to Equation 1.27, we can see that we have changed
the form of the pseudo-secular hyperfine term into a flip-flop or flop-flop term that can
create transitions between the electron proton spin states. Th condition under which that
transition is allowed energetically is when we meet the so called Hartmann-Hahn energy
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matching condition, where the Rabi frequency of the electron in the tilted rotating frame
is matched with the nuclear Larmor Frequency as shown in Equation 1.35 [11,10]

wis = Fwor- (1.35)

Equation 1.35 is known as the Hartmann-Hahn matching condition, which is necessary
to induce transition between electron-proton spin states, where the applied effective field
in the tilted rotating frame is the same as the nuclear Larmor frequency [11,16]. Without
the resonance condition there is a large energy penalty for these transitions to occur but if
we satisfy the resonance condition then there is no energy penalty and the system is free
to undergo these flip flop transitions.

The eigenstates of Hy in Equation 1.33 and 1.34 are

L) 1 ) o ((wns — wor) £ v/lons —wor)+ B2) [14) — BN |
{110 140 ) o ((wis + wor) + /(ons +wo) + B2) 1) = BIL) |

respectively. The states are written in the product state notation where the electron
spin comes first. Applying Equation 1.31 to the |[11) or [|]) states leaves them invariant,
while applying it to [1]) or [{1) gives the flip-flop |T1) > |I1) transitions we previously
mentioned. Likewise, applying Equation 1.32 to the |1]) or ||1) states leaves them invariant
while applying it to [11) or |{{) gives a flop-flop [11) <> ||} transtion. These are sometimes
referred to as zero-quantum (ZQ) and double-quantum (DQ) transitions, respectively.

(7/2)a N

\ P

-

Figure 1.3: NOVEL DNP Timing Diagram. The DNP method begins by tipping the
electron spins into the transverse plane with a (7/2), pulse, after which a resonant spin
locking drive is applied. The electron polarization is transferred to nearby protons and is
allowed to repolarize for a period 7. By applying successive applications of the primitive,
for a duration Ty, the proton polarization is built up in a sample.
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Figure 1.3 outlines a NOVEL DNP experiment for an electron-proton system. A 7/2
pulse is applied to tip the spins into the transverse plane followed by a spin locking drive
is applied for some time to allow for the electrons and protons to undergo a transition
mediated by the pseudo-secular hyperfine coupling B. We then wait a time 7, in which spin
diffusion carryies the magnetization into the bulk sample. During this time, the electron
also repolarizes to thermal equilibrium on a timescale set by the spin-lattice relaxation time
of the electrons, T7.. The DNP process is then repeated N times to build the polarization
throughout the sample for a time Tj,. Note that the maximum buildup time is limited by
Tip, which we will discuss in greater detail later on. As a result, the the enhancement
achieved will usually saturate before reaching the theoretical maximum enhancement.

It is worth noting that the previously mentioned solid effect DNP mechanism is concep-
tually similar to the NOVEL protocol discussed above. The difference lies in the fact that
rather than matching the Rabi field to the nuclear Larmor frequency, the Hartmann-Hahn
matching condition is instead satisfied by modulating the microwave field at w; = wos +wor
[18]. Consequently, this approach to DNP causes the efficiency of polarization transfer, and
the signal enhancements to scale unfavorably with increasing By fields, showing a 1/w?,
dependence [10,18,19]. As a result, this limits the utility of solid effect DNP to low-field
DNP experiments. In contrast, as we have shown above pulsed DNP methods such as
NOVEL allow for efficient polarization transfer with no dependence on the static field.
The main difficulty of NOVEL DNP is that, as the static field strength increases, the B
field strength needed to satisfy Hartmann-Hahn matching condition also becomes larger,
which may be technologically challenging. As we discuss later however, the CEFFGS devices
used in our experiment are capable of generating the necessary B fields, to an extent, when
operating at higher static fields. For example, in our current DNP experiment the static
field strength is 0.33 T which corresponds to wps = 9.26 GHz. We expect that increasing
the field By = 3 T should be possible considering the main limitation for working at higher
fields is currently related to coaxial losses that significantly attenuate the strength of the
signals.

1.5 Spin Diffusion

The goal of this section is to provide an overview, and some historical context on the
complex dynamics of the spin transport process in DNP. Electron or nuclear spins in a
sample are coupled to one another through dipole-dipole interactions. The network of
pairwise dipolar interactions between different spins thus forms a dense interconnected
system whose dynamics can be difficult to model. However, for a sample in which the
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high-temperature approximation holds, and the length scale of variation in magnetization
is much larger than the spacing between spins, it has been shown that the dynamics of the
coarse-grained magnetization density M, (r,t) along the z-direction can be modelled by a
classical diffusion equation [50]

OM, (r,t)
ot

where D is the diffusion constant. This evolution of the longitudinal magnetization is
often referred to as spin diffusion, which for DNP in solid-state materials, is the primary
mechanism behind the transport of the enhanced polarization from hyperfine-coupled nuclei
to the bulk.

= DV*M,(r,1), (1.36)

In 1949, Bloembergen proposed that spin diffusion to paramagnetic impurities could
account for the reduced nuclear spin-lattice relaxation times that were being observed in
crystalline samples [38]. Similarly, as shown in future chapters, spin diffusion to paramag-
netic defects is the dominant electron spin-lattice relaxation mechanism in our experiments.
Additionally, this same nuclear spin diffusion process also plays a significant role in the
DNP process, as we have previously mentioned [39,51].

Spin diffusion occurs due to energy-conserving flip-flop transitions that happen under
evolution of the dipolar Hamiltonian [38]. In the presence of a strong external field, the
secular dipolar Hamiltonian can be written as

o 1 . . o
Hp =Y Dy (21;1g — (I'F + I’_Ii)) : (1.37)

— 2
1<)

where Di; = pohy*(1 — 3 cos® 05)/(4nr;) in angular frequency units, 65 is the angle the
static field makes with the line connecting the spin pair, and r;; is the distance between the
i and j spins [21]. The (%1 7 4 I' I7) term in the secular dipolar Hamiltonian represent
the flip-flop interaction that can swap the spin states of two nuclei. Specifically, it induces
transitions, on a time scale given by the coupling strength, between the [1]) <> |[1) states,
which conserve total Zeeman energy. Thus, the flip-flop interactions facilitate spin diffusion
by swapping spin states with neighboring spins, propagating through the sample enabling
the spread of polarization throughout. Often, the spin transport process is the rate limiting
step in bulk DNP experiments, when attempting to achieve efficient polarization and large
enhancements [51] as without efficient spin diffusion the polarization remains localized to
the area of the electron center.

For example in the DNP process, large local magnetic field gradients generated by the
electron spin can affect the nuclear spin transport in surrounding nuclei. Specifically, large
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local magnetic fields gradients generate a resonance shift on nearby nuclear spins that
results in the flip-flop interaction being suppressed. To show this, consider a simplified
model where we consider a two spin system with that are coupled through dipole-dipole
interactions. The Hamiltonian for such a system is H = —wp I} — wpaI? + Hp. Assuming
the Larmor frequencies of the two spins are different from one another, we can transform
to the Larmor frame of the second spin and rewrite the Hamiltonian as

1
H = —Awl! + D, (21;13 - 5(&13 + Jili)) : (1.38)

where Aw = wg1 — wp2, where wg; and wyy are the respective Larmor frequencies of the two
spins. If this resonance offset is large relative to the dipolar frequency, Aw > D; 5 we can
show that the flip-flop interaction in the dipolar Hamiltonian is suppressed. Transforming
to the frame of Hy = —Awl}! with unitary V = et

~ 1 . )
H =Dy, (21;13 — 5(e—ZMUiJ% + e’A“’tllli))
=Dy, (2I112), (1.39)

where the fast oscillating time dependent terms have been dropped.

In DNP experiments, one possible source for these resonance shifts comes from large sec-
ular hyperfine interactions between the electrons and surrounding nuclear spins, which can
shift the nuclear Zeeman energy by more than the proton linewidth. This energy difference
results in a suppression of the energy-conserving flip-flop interactions [52]. Consequently,
this creates a spin diffusion barrier around the electron spin, isolating the nuclear spins
contained within the barrier. This results in the polarization being frozen at particular
sites and inhibits spin diffusion. For modeling the length scale of this barrier, assuming
there is no overlap between the wavefunction of the electron and nuclear spins, Blumberg
defined the radius of this barrier to be the distance at which the magnetic field due to the
electron equals the local dipolar field of nuclei in the bulk sample [52]. Using this defini-
tion, the radius of the barrier is approximately given by (pe/jtn)"?a, where p, and p, are
the magnetic moments of the electron and nuclear spins, respectively, and a is the spacing
between nuclei [52]. The spin diffusion barrier thus initially seems to pose a significant
challenge for efficient DNP, as nuclei near an electron center cannot exchange polarization
with neighboring spins. However, the spin diffusion process is more complex than this
simplified model suggests.

The impact of spin diffusion barriers on DNP was recognized early in its history. Some
initial models for explaining the polarization transfer assumed that spin diffusion was not
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possible between nuclear spins inside the barrier and the bulk sample. As a result, it was
believed that spin diffusion occurred only between spins located outside the barrier, which
were weakly coupled to the electron spin [52-54]. Over the years, various estimations for
the distance at which spin diffusion becomes effective have been provided by authors such
as Khutsishvili, Blumberg, and Goldman [52,53,55].

Moreover, even in the presence of large hyperfine interactions, polarization transfer
through the spin diffusion barrier has been directly observed [56]. In such cases, the
assumption that spin diffusion inside the barrier is completely quenched is false. As noted
by Bloembergen, the spin transport process through the spin diffusion barrier no longer
conserves Zeeman energy. As a result, the energy must be supplied from another source
[38,51]. Fluctuating fields from the electron spin due to spin-lattice relaxation have been
proposed and later verified experimentally as a mechanism to facilitate polarization transfer
through the barrier [57-60].

Overall, the role of spin diffusion and diffusion barriers play in the DNP process is
difficult to quantify and model precisely due to various influencing mechanisms. Spin
diffusion barriers arising from resonance shifts from local magnetic gradient sources play
a significant role in the DNP process. On first glance, spin diffusion barriers appear to
impede efficient DNP however, many body processes can still enable polarization transfer
through the barrier. This subject, though extensively studied, is still not fully understood
where there remains no exact model to describe the many body mechanism by which
nuclear spin diffusion is facilitated [61].
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Chapter 2

Experimental Setup and MAGGIC
Protocol

2.1 Magnetic Resonance Force Microscopy

Magnetic resonance force microscopy (MRFM) is used to extend the capabailities of tradi-
tional magnetic resonance to nanoscale ensembles, ultimately aiming to achieve such things
as atomic spatial resolution, and the ability to image individual molecules. In the exper-
iments presented in this thesis, we combine the increase in detection sensitivity gained
from force detected magnetic resonance, with DNP to extend the detection capabilities of
magnetic resonance. In this section, we detail experimental setup and some background
information on MRFM.

MRFM provides a pathway for enhancing the low detection sensitivity of NMR. There
are three primary components that we will discuss that we use in our force detected mag-
netic resonance experiments. Firstly, an ultrasensitive force sensor with low mechanical
dissipation is used to detect the force from nuclear or electron spin samples while in the
presence of a strong magnetic field gradient [7]. Secondly, the displacement of the force sen-
sor is measured via optical interferometry. Lastly, a current focusing field gradient source
(CFFGS) is used to generate large field gradients required to generate the spin force, as
well as for generating radio-frequency (RF) and microwave pulses for spin manipulation.
Section 2.1.4 provides an overview of the experimental setup. To detect the magnetiza-
tion of the spins attached to the tip, we make use of the modulated alternating gradients
generated with currents (MAGGIC) protocol which we detail in Section 2.2. As an aside,
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some of the discussion, Figures and Tables presented in this chapter can also be found in
Reference [21].

2.1.1 Silicon Nanowire Force Sensor

Critical to the high force sensitivities needed to make nanoscale measurements of spins
are cantilevers with ultra-low mechanical dissipation. In order to achieve these high force
sensitivities, it is critical to reduce the random motion of the cantilever due to thermal
fluctuations. In our work, we make use of silicon nanowires (SINW) as our ultra-sensitive
force sensors. SiNWs are characterized by their low mechanical dissipation and, impor-
tantly, maintain the low dissipation even when brought as close as 10 nm to a surface [7,13].
The spectral density of thermal force fluctuations for a cantilever with spring constant k,
resonance frequency w., and quality factor @) is given as Sp = 4kgTT', where T is the
temperature of the oscillator, kg is the Boltzmann constant and I' = k/w.Q is the me-
chanical dissipation, where k is the spring constant. The mechanical properties of SINWs,
such as their natural frequency, dimensions, and spring constant can all be tailored for
minimizing the thermal force noise and maximizing displacement sensitivity [18]. In the
DNP measurements, we will discuss later the typical force noise was, S}/ >~ 2aN / VHz at
4 K under vacuum pressures of 107% Torr [24].

2.1.2 Samples

For the DNP experiments presented in this thesis, we use trityl-OX063 radicals as our po-
larizing agent. The trityl-OX063 radicals are suspended in a sugar-water matrix attached
to the tip of the SINW. The sugar-water mixture serves as a biologically compatible cry-
oprotectant that prevents the formation of ice crystals in the sample when cooled to 4
K [24,31,32], which is useful for future experiments involving biomolecules. Additionally,
in similar samples of the radicals suspended in glycerol-water, it has been shown that po-
larization transfer occurs between the electron and hydrogen atoms on the trityl molecules
first before the polarization is carried away via spin diffusion to surrounding protons in the
glassy matrix [39]. In our experiments, multiple samples were prepared to investigate the
dependence of the DNP enhancement on the ratio of electrons and protons in the sample.
Figure 2.1 shows the chemical structure of the OX063 along with SEM images of the four
samples measured in this work, each attached to different SINWs.

Trityl OX063 was chosen because of its relatively narrow linewidth and low g-anisotropy
owing to the highly symmetric structure of the radical, as well as the fact that it is sur-
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rounded by many spinless nuclei [1]. Narrow linewidths are important when doing DNP
with the NOVEL protocol, as the effectiveness of the resonant spin locking drive depends on
most of the electrons being near the Larmor frequency. Thus, smaller linewidths mean more
electron spins will participate in the state transfer process, increasing the performance of
the polarizing agent [1]. In addition, the secular hyperfine coupling is also relatively small
compared to the pseudo-secular hyperfine which is B/(2m) ~ 1 MHz [62]. As we will show
later. larger pseudo-secular hyperfine also help in ensuring efficient polarization transfer.
As mentioned in Section 1.5, large secular hyperfine couplings act as spin diffusion barriers,
that would limit the ability for the polarization to spread through the sample [39,51], and
are hence undesirable.

SINW

|
164 nm

|+|
406 nm

T T T T TSR g

S

Figure 2.1: Trityl OX063 Polarizing Agent. (A) SEM images taken of the nanodroplets
attached to the tip of the SINW showing the different morphologies of the samples. (B)
Schematic of the SINW positioned over the CFFGS device and the trityl-OX063 radical
suspended in the glassy matrix. (C) Chemical structure of the trityl-OX063 radical. Due
the symmetric structure of the radical, the electron spin exhibits low g-anisotropy and
narrow linewidths [1].
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Table 2.1 provides a complete summary of the molecules used for the sample prepa-
ration. For details of the sample attachment process, refer to the supplements of Refer-
ence [24]. Unless otherwise stated, the majority of data presented will be for Sample A,
where the largest enhancements were observed in the DNP process.

Table 2.1: Constituent table, including all the components used to prepare the mea-
sured samples.

Constituents A B C D
Sucrose (mg); C12H22011 - - - 80.7
Glucose (mg); CeH1206 6.0 6.1 6.1 -
d-12 Glucose (mg); C¢D120¢ 54.0 54.4 54.4 -
H,0 (uL) 15 15 15 100
D,0 (i) 135 135 135 ;
Ethanol (pL) - - - 50
d-Ethanol (L) 150 150 150 .
0X063 (mg) 0.92 2.58 2.58 2.10
Concentration (mM) 17.8 494 49.4 29

2.1.3 Current-Focusing Field Gradient Source

The force the spins exert on the SiNW is proportional to the gradient of the magnetic
field they experience, i.e. F(t) = V(u(t) - B(r,t)), where u(t) is the magnetic moment,
and VB(r,t) is the gradient at position r. For generating the large gradients needed for
spin detection as well as for generating radio-frequency (RF) and microwave pulses used for
proton and electron spin control, a current is passed through a narrow metallic constriction,

which we refer to as the current-focusing field gradient source (CFFGS) [7, 13, 141]. The
CFFGS consists of an Aluminum (Al) thin film deposited on a sapphire substrate, patterned
via e-beam lithography, with a minimum feature size of ~ 150 nm [13, 11]. By focusing

the currents passing through the film into this small region, large non-uniform magnetic
field gradients are generated. The gradients generated by such devices can be as large as
10 G/nm [13]. Figure 2.2 shows SEM images of the design as well as an optical image of
the overall device design [21].
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Figure 2.2: Optical Images of CFFGS. (A) Optical image of CFFGS composited from
multiple snapshots of different regions. (B) Optical image of the central head section of
the CFFGS, along with a gate wire that can be used to apply an electrostatic potential to
the CFFGS. (C, D) SEMs of the CFFGS device with a minimum feature size of 150 nm.
(E) Electrical connections are made to the CFFGS device with Al wirebonds connecting
the device to a 50 © microstrip line on a carrier PCB. (F') Coaxial connections to the PCB
are made with mini-SMP connectors.
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The CFFGS devices used in our experiments were also designed to support the trans-
mission of signals for a wide range of frequencies (~ DC — 10 GHz) to manipulate proton
and electron spins. Electronic connections to the CFFGS device are made through 25 yum
diameter Al wirebonds, connecting it to a 50 €2 microstrip line. As mentioned previously,
an important aspect of the current CFFGS devices is that the magnetic fields and gradients
generated are non-uniform which results in a spatially varying B, field. The B; dispersion
means that constant amplitude pulses can not be used for global control of spins rather,
it necessitates the use of engineered pulses that can address a wide bandwidth of Rabi
frequencies in order to effectively manipulate the majority of spins. In our experiment,
we make use of numerically engineered adiabatic pulses as well as global unitaries im-
plemented using optimal control theory for spin manipulation [63-65]. Using COMSOL

finite element software, the Rabi fields By (r) = \/ BZ(r) + BZ(r)/2, and detection gradient

G.(r) = 0B, /0y generated by the CFFGS are presented in Figure 2.3. In our experiment,
the peak current when generating the B; fields was 29 mA, and 47 mA for the detection

gradients.
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Figure 2.3: CFFGS Field Profiles. (A) Simulated Rabi field contours at 100, 200, and
300 nm distances above the center of the constriction with I, = 29 mA. (B) Simulated
detection gradients at different heights from the center of the CFFGS with I, = 47 mA.
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2.1.4 Experimental Setup

Figure 2.4 provides an overview of the force-detected magnetic resonance setup used in
our DNP experiments. The details of the experimental setup are also presented in Ref-
erence [24]. Experiments are conducted in a cryogenic dewar at 4.2 K and high vacuum
(1075 Torr). The dewar is equipped with a superconducting magnet capable of generating
large uniform static fields of up to 6 T. To align the CFFGS and SiINW with nanometer
scale precision, we use three-axis Attocube positioners and scanners.

In order to maximize the force generated by the spins, large magnetic field gradients
are required. To maximize the magnetic field gradients the sample is brought to within 100
nm of the CFFGS. As the sample-surface separation decreases, non-contact friction arising
from fluctuating electric fields from the surface can significantly impact the performance
of the SINW oscillator and cause frequency jitter [7,060,67]. To mitigate this and improve
the frequency stability of the oscillator, we employ feedback cooling which increases the
detection bandwidth, thus reducing the response time of the oscillator [68,69]. In our
experiments, the intrinsic quality factor of the SINW at 4 K was @) ~ 30,000, and after
feedback cooling the damped quality factor was ). = 900. For employing the feedback
cooling, we make use of a piezoelectric transducer attached to the SINW chip for applying
the feedback control signals. For vibrational isolation, the chips are then mounted to a
5 pm thin foil attached to a PCB as shown in Figure 2.4.

For interferometric detection, a diode laser operating at A = 1510 nm is used to detect

the SINW displacement [24]. The light directed from the 5% output branch of the 95:5
fiber coupler is focused to a 1.5 um spot size on the SINW through a microlens assembly
connected to a piezo scanner [21]. The displacement of the SINW was then measured by

interfering light reflected from the cleaved face of the fiber, with back-scatted light from the
surface of SINW with PD1 being used to detect the intensity of the interfered light. The
generated photocurrent is converted to a voltage using a transimpedance amplifier. The
voltage signal is then demodulated using a lock-in amplifier referenced to the frequency of
the SINW [11].

The light exiting the 95% branch of the fiber coupler is sent to PD2 which is used to
monitor the output power of the laser diode. The field-programmable gate array (FPGA)
shown in the Figure is responsible for processing the output of the lock-in amplifier as well
as sending timing triggers to the arbitrary waveform generators (AWG) and switches which
are used for generating pulses for the CFFGS. The electronics are discussed in greater detail
in Section 2.4.
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Figure 2.4: Schematic of the Experimental Setup
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2.2 Spin Detection Protocol

In this section we briefly outline the spin detection protocol used for measuring the magne-
tization in our MRFM setup based on previous works [13,14]. As mentioned previously, the
force a magnetic field gradients generates on a spin at position r is F(t) = V(u(t)-B(r,t)).
For a spin aligned with the z-axis the force is F(t) = p.(t)VB,(r,t). Measurement
timescales are usually much greater than spin-spin relaxation time, 75, meaning the trans-
verse components of the magnetization decay and spins are always aligned with the z-axis.
We detect the displacement of the SINW along the y direction as shown above in Figure
2.4, thus the force component of interest is F,(t) = p.(t)0B,(r,t)/0y. By engineering
the time dependence of u, and the field gradient, we can generate a spin force that is on
resonance with the SINW oscillator and results in a displacement that can be measured
via optical interferometry.

The simplest method to detect the spin signal is to modulate the magnetic field gradient
0B, (r,t)/0y at the cantilever frequency w. by running a time dependent current through
the CFFGS where 0B, (r,t)/0y = G.(r)cos(w.t), with G.(r) being the peak gradient at
position r. The drawback is that the time dependent current also generates an electric
field at w., which can couple to stray charges on the SINW, resulting in a spurious force
that masks the spin signal.

To mitigate this, we periodically alternate the phase of the gradient modulation, with
a 7 phase shift between adjacent periods of the gradient modulation, while simultaneously
inverting the spin magnetization using adiabatic fast passages (AFPs) (Figure 2.5). This
protocol moves the spectral content of current and hence the electric field to sidebands
that are at a frequency 27 /7 away from resonance, where 7 is the time between phase flips
as shown in Figure 2.5. Meanwhile, the magnetic force on the spins as shown in Figure
2.5 retains a large spectral component at w, with an RMS value of uDG(r)/v/2 where
D = 11/(m 4+ 72) is the duty cycle of the gradient modulation, and G(r) is the peak value
of the readout gradient 0B, (r,t)/0y.
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Figure 2.5: MAGGIC Measurement Protocol. (A) Magnetic Resonance experiments
are usually made up of successive blocks of some spin control sequence in which we encode
some information of interest and are followed by measurement blocks which employ the
MAGGIC protocol to detect the z-axis magnetization of the spin ensemble. (B) MAGGIC

waveform primitive. (C) Spectrum of a spin signal and modulation sidebands generated
by the CFFGS.

Above, we have assumed a single spin with infinite spin lattice relaxation time and
perfect AFP inversions. Generally, for a spin distribution with spin density n(r) the total
force on the SINW will be the sum of the individual forces on the spins. Thus, the rms
force is

_ D
V2

where h(r,t) € {—1,1} is a stochastic telegraph process that is used to model random
spin flips that occur due to spin-lattice relaxation, and imperfect AFP inversions during
the MAGGIC protocol [13,24]. The number of sign flips of h(r,¢) in any given interval is
Poisson-distributed with an autocorrelation function (h(r,t,), h(r,t)) = e~ l2=1l/mm where
T is the spin correlation time [7, 13, 14,24]. The spin correlation time is a T} like process
that encompasses the effect of both the pulse infidelity of the AFP and the spin-lattice

F(t) &r n(r)G(r)h(r, 1), (2.1)

30



relaxation time T;. To quantify the fidelity of the AFPs in the MAGGIC protocol as a
function of Rabi frequency u, the AFP fidelities are characterized with a parameter o(u)
as follows

‘ T’UAFP )o-Uarp(u )M

— | (UL ep () (X = 211) (4) Unre () I1)]
\1—2\¢\UAFP () NP, 22)

where Uppp(u) is the AFP propagator at Rabi frequency u [14].

An MRFM experiment, as shown in Figure 2.5(A) consists of repeated cycles of a
spin control and measurement block. During the spin control block, different spin control
techniques of interest may be implemented, such as the NOVEL protocol to hyperpolarize
proton spins, or encoding spatial information for an imaging experiment. This is then
followed by the measurement block, in which the MAGGIC protocol is applied to generate
a resonant force on the SINW that can be detected. A measurement block has a duration
To, which, when measuring the mean magnetization, is usually on the order of two or
three times 7,,,. During a measurement sequence the signal will decay to zero with time
constant 7, as shown in Figure 2.6. A MAGGIC primitive waveform consists of a gradient
modulation pulse with duration 71 followed by an AFP pulse, with the total duration of
the MAGGIC primitive being 7. By considering N repeated applications of a MAGGIC
primitive in a measurement block, with an inversion pulse fidelity «, and a T} decay in the
magnetization during each MAGGIC primitive, we can derive an explicit expression for
the spin correlation time 7,, during a measurement block as

Nt
_ Nt N ¢

e m = 'e T
t t |
— == —lha
Tm Tl
TTl
m: ) 2.3
7 7—Tiln a (2:3)

where 7 is the length of a MAGGIC primitive as shown in Figure 2.5. If the pulse fidelity
is « = 1 then 7, becomes 77 exactly. It is important to note that the magnetization
after a measurement is close to zero due to the application of the AFPs. As a result,
when measuring a mean magnetization we must wait a time on the order of the spin-
lattice relaxation time 7 to allow the spins to repolarize. In the case where we measure
statistical polarization however, we do not need to wait for the spins to repolarize since
we are measuring the statistical fluctuations in the number of spins pointing up and down.
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This removes the constant overhead in measurement time that exists when measuring the
mean polarization and improves the SNR for a given experiment time under which the data
is averaged over. In the next section we discuss in more detail how mean and statistical
polarization signals are measured.

2.3 Mean and Statistical Polarization Measurements

2.3.1 Thermal Polarization Measurements

In this section, we detail how measurements of the thermal or mean polarization are
made. The mean z-magnetization at the start of the measurement block is denoted by
mo = E[h(r,0)] where the associated probability distribution for the initial population is
Plh(r,0) = £1] = (1£my)/2. As mentioned previously, the distribution of spin flips is Pois-
son distributed from which we can derive an expression for E[h(r,t)] shown in Appendix
A, yielding

E[h(r, t)] = mo(r)e /™. (2.4)

In an experiment, when measuring the thermal polarization of the sample, we measure
the sample average of the force signal from Equation 2.1 over M realizations, F(t) =
Zf\il F;(t)/M where i is the index for a particular realization of the signal. It is important
to note that when measuring thermal ensembles we must wait a time on the order of T}
for the spin system to repolarize such that we are measuring independent realizations of
the force signal. From Equation 2.1 and Equation 2.4, we can derive an expression for the
expectation value of the force signal

(F(t)) = —= [ &®r n(r)G(r){h(r,1)) (2.5)

= t/m /d?’r n(r)G(r)mo(r) (2.6)

This force expression can be translated to a displacement signal by taking the convolution
of the time-domain force signal with the impulse response of a simple harmonic oscillator.
The mean displacement of the SINW is then

NDQC e—t/Tm o e—t/TQ

i) = Ee

/d?’r n(r)G(r)mo(r), (2.7)
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where we have assumed Q). > 1. (). is the damped quality factor of the oscillator, ). ~ 900,
k is the spring constant, and 7 = 2Q./w. ~ 1 ms, is the characteristic response time of
the oscillator. In the limit where 7,,,7 > 73, we have the measured displacement signal is
proportional to the force ignoring the fast rise in the initial part of the signal due to the
limited bandwidth of the SINW, (Y (¢)) ~ (Q./k)(F(t)). Equation 2.7 is used for modelling
the fits to the time records presented in this work. Figure 2.6 provides an example time
record of the average force signal when measuring the thermal polarization of proton spins.
The figure illustrates the initial rise in the force signal due to the finite bandwidth of the
oscillator and the decay in magnetization to zero with time constant 7,,.
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Figure 2.6: Average Force time Record. Average force time record (blue) and fitted
data (red) of hyperpolarized proton spins. To increase the response time of the oscillator,
the SINW was damped to a quality factor of 900.

The acquired time records for processing the force signal can be processed using different
schemes where we want to map the force time record to a single number. One method of
achieving this is to take the mean of the time domain signal. However, for optimal SNR, a
matched filtering scheme is employed [70]. The goal here is to find a kernel function w(t)
for which the inner product F = (w(t)|F(t)) = [,;° dt w(t)F(t) maximizes the SNR SNR =

F)/+/Var(F () /llw(t)|. Therefore, the kernel function that maximizes the
SNR is proportlonal to F ( ) by the Cauchy-Schwartz inequality [24]. Also, by normalizing

w(t) such that [[°dt w(t) = 1, we can interpret F as a weighted average of F(t) where
the larger amplitudes at the beginning of the time record are weighted more than points at
the end of the decay. In our experiments, we fit a function of the form of Equation 2.7 to
a measured hyperpolarized thermal signal (when measuring proton signal) and use it for

33



the kernel function w(t). In the above analysis, it is assumed that noise in the measured
thermal signal is approximately white. The matched filter kernel is then used to process
subsequent data. Since 7,7, > 7 the initial rise time in the signal from Equation 2.7
can be ignored and we take w(t) o< e~*/™. Combining this with Equation 2.6 the form of
F becomes

,_,uD

(F) = 22+ e / &1 n(r)G(r)mo(r). (2.8)

2.3.2 Statistical Polarization Measurements

When measuring the statistical polarization using MAGGIC, the mean polarization is
zero. Thus, one way to measure the statistical fluctuations of the signal is by measuring
the displacement spectral density of the SINW signal. Importantly, we can use this to find
the RMS force, as well as the time scale of spin correlations, 7,,,. In Figure 2.7 we show the
single-sided displacement spectral density taken during a statistical measurement. The
displacement spectral density was calculated by first acquiring 5 s long time records of
the spin signal from which we compute a FFT signal to generate the frequency domain
spectra. We then take the magnitude squared of the signal and average over 453 different
realizations to produce the displacement spectral density. The figure shows the spin signal
superimposed on the SINW response which has been damped to ). = 900.
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Figure 2.7: Average Single Sided Displacement Spectral Density of Proton Spin
signal. The average single-sided displacement spectral density of the proton signal su-
perimposed on the damped SiINW response. (Inset) The fitted baseline response of the
SiNW has been subtracted and converted to force units to show the force spectral density
of the signal. Both spectra are shown as a function of offset frequency ¢ f from the carrier
frequency, which is referenced to the mechanical resonance of the SINW.

For spectroscopic or imaging purposes however, in order to measure encoded informa-
tion in the spin states, measuring the displacement or force spectral densities is not suffi-
cient. Instead, we measure correlations between measure blocks placed before and after a
spin encoding sequence. As a result, this can provide information on the effect the encod-
ing pulse sequences have on the statistical fluctuations [71]. For measuring the statistical
polarization, we compute an average correlation function between adjacent measurement
blocks where the length of the measurement blocks 7y is chosen to be much shorter than
the spin correlation time 7,,. The correlation function for the time-averaged force signal
between adjacent measure blocks is constructed as

L M
C:M—l ;E i1 (2.9)
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where F} is the time average of the force signal for the i** measure block with a uniform
weighting [7, 13, 14, 71]. In contrast to measurements of the average polarization which
require a wait time to repolarize the spins, measurements of statistical polarization can be
done with no overhead. The spin signal obtained for average correlation is outlined below
with a timing diagram given in Figure 2.8 [13, 14, 21]

0 7o e 4T 270 + Te

Figure 2.8: Timing diagram for Statistical Polarization measurements

The average correlation (C) is

M— 1 i—1)(To+7e)+70 (8)(ro+7e)+70 _
2_2 / i [ d EF@)F(), (210)
— (

1)(1o+7e) i) (T0+Te)

where E[F(t,)F(t)] is,

R[E(t,)F(ts D > Gr)G()Eh(r, 1), h(xr', 1)), (2.11)

r, r’

We assume the random spin flips at position r,r’ are not correlated with each other and
that the encoding time is much smaller than 7, and T}, then [71]

E[F(t,)F( 2D : ZG Elh(r, 1), h(r', )]

TV
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2D2
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Equation 2.10 then becomes
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In the continuum limit (C') becomes

212 2
cy="L 2D (Zﬁ) (1— e ™/m)? / &r n(r)G*(r)¢(r), (2.17)
0

where £(r = Trlo,ps(r)] is proportional to the expectation value of the z magnetization
and ps(r) is the reduced density matrix of a spin at position r, due to the evolution
of the spin during the spin control sequence, where the spin starts from an initial state
1) [13,14,24]. Comparing Equation 2.17 and Equation 2.8 reveals that the correlation
signal is proportional to the G?(r) instead of G(r). This has the effect of narrowing the
detection volume of the spins and weighting the signal from spins that are closer to the
CFFGS more than the spins that are further away.

As mentioned previously, when working with small ensembles measuring statistical
polarization has two main advantages over measuring thermal polarization. Firstly, since
the realizations between adjacent measure blocks do not need to be independent, there is
no requirement to wait for the spins to repolarize in between measurement blocks. For
a fixed experiment time, and assuming the spin control blocks are short compared to the
measurement time 7y, a higher percentage of the experiment time can be spent acquiring
the signal and averaging, increasing the SNR of the signal. In addition, the statistical
polarization is larger than the thermal polarization for small ensembles, as shown in Figure
1.1, therefore yielding a larger signal. We will show later, however, that with DNP, for a
given experiment time, the thermal signal can be enhanced sufficiently to provide an SNR
advantage over measuring statistical polarization.
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2.4 Electronics

In this section, we provide an overview of the electronics needed to generate pulses used
for spin control and detecting electrons and protons in our system. Importantly, the
electronics needed for ESR control had not been previously developed, and this is a new
addition to the experimental setup. As a result, this section explores the use of different
components in the circuit. The electronics can be divided into three primary sections
that operate in different frequency bands: 1) low frequency (LF) (0 - 2 MHz) used for
generating the gradient modulation waveforms used in the MAGGIC Protocol, 2) RF (2 -
50 MHz) responsible for proton spin manipulation, and 3) ESR (9 - 9.4 GHz)) responsible
for generating microwave pulses used for controlling the trityl-OX063 radical. Proton
and electron spin manipulation require pulses that can be generated near their respective
Larmor frequencies, wo;/2m = 14 MHz, and wys/2m = 9.26 GHz. Figure 2.9 provides
a schematic for generating the RF and microwave pulses for proton and electron spin
manipulation, with their respective frequency bands of operation highlighted as well.

The schematic shows that the RF and low frequency signals are combined using a
passive filter network, bias-Tee. The electron spin control signals are then added to the
combined RF and low frequency signals using a diplexer. The diplexer is a three port device
that uses different frequency band filters to combine the signals. The utilized diplexer has
a low pass port, DC - 2 GHz, and a high pass port, 4 GHz - 20 GHz, the output of which
directly connects to the CFFGS device.

In total, two arbitrary waveform generators (AWGs) are used to generate the ESR,
NMR and spin detection pulses used in our experiments. As shown in Figure 2.9, AWG2
is responsible for generating the gradient modulation waveforms. The gradient modulation
pulses are driven differentially to ensure that at the center of the CFFGS device, there is
an electric field node, thereby minimizing any electrical interactions that may occur with
charges on the SINW. A consideration when choosing the AWG for this task is the output
noise of the AWG. Output noise from the amplifier during the gradient modulation will
contribute to detection noise. As a result, we seek to minimize any noise sources that will
be present in the gradient modulation pulse. The output noise of the NI AWG is reported
as -145 dBm/Hz. As shown in the previous section, where we discussed the MAGGIC
protocol, the measured signal was proportional to the applied magnetic field gradient,
which is proportional to the applied current through the CFFGS. In this experiment, the
gradient modulation pulses are driven with a [, = 49 mA. To achieve this, we use a
low-noise amplifier to provide the necessary gain.
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Figure 2.9: Block Diagram of Electronics Schematic of the circuit used for spin manip-
ulation and detection. The circuitry for generating gradient modulation waveform is shown
in the LF section. The RF pulses applied to the protons are generated via the circuitry
in the NMR section. Both the RF and LF pulses are driven differentially to minimize the
electrostatic coupling to the sample and are combined using a passive filter network. The
microwave electronics used for electron control are shown in the ESR section, are driven
single ended and are combined with the LF and RF pulses using the diplexer.

Meanwhile, one channel of AWG2 (Keysight M9336A PXlIe I/Q AWG) is responsible
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for generating the RF pulses that are used for NMR control as well as generating the AFPs
that are used for spin detection during the MAGGIC protocol. To combine the RF and LF
signal, a bias-Tee circuit was designed and characterized, with the low pass and high pass
characteristics shown in Figure 2.10. Where the -3 dB cutoff of the LF and RF responses
is roughly 1 MHz and 1.5 MHz, respectively. The primary requirement for this design was
to maximize the bandwidth in which the RF pulses could be used to enable control of
protons and potentially other nuclei, such as carbon, whose Larmor frequencies are 14 and
3.5 MHz, respectively, while ensuring minimal leakage into the LF branch of the circuitry.
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Figure 2.10: BiasTee Filter Measured LF and RF responses through the bias-Tee network.
To measure the low pass response of the circuit V;r was excited while the Vzpr port was
terminated to ground. Similarly, the high pass response was measured by exciting Vgzr and
terminating the Vg port.

Another important aspect of the circuit design that must be considered is output noise
from the RF and microwave amplifiers, which can cause undesirable relaxation. As a
result, high-frequency switches are placed after the amplifiers to ensure the amplifiers are
only on during the application of RF or microwave pulses. Note that the timings of the
output pulses and switches are controlled with an FPGA digital circuit shown in Figure 2.4.
However, a challenge when implementing the control pulses for the switches is ensuring
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that the output from the FPGA is correctly synchronized with the clocks of the AWG
responsible for outputting the pulses. For example, in the DNP experiments, given the
fast sampling rate of the AWG, which is 1.2 GSa/s, and the long duration of the DNP
experiments ~ 7 s, small phase variations between the clocks of the FPGA and AWG can
lead to the amplifier being switched off or on unintentionally. To solve this problem, we
use an external 10 MHz Rubidium clock from which the FPGA and AWGs derive their
clocks, ensuring both are phase synchronous.

In order to generate the pulses used for ESR control at microwave frequencies, a single-
sideband IQ mixer is used to up-convert a baseband signal at an intermediate frequency
(IF), ~ wrr = 374 MHz to the Larmor frequency of the electrons, wys = 9.26 GHz. The
IF signal consists of the in-phase (I(t)) and quadrature (Q(t)) envelope functions that are
defined and mixed in software and are outputted from AWGI1 at the IF frequency. An
IQ mixer upconverts the baseband (I(¢) and Q(t)) signals to generate the control pulse at
wro+wrr using the scheme shown in 2.11, where wy is the frequency of the reference local
oscillator (LO). The LO has a constant sinusoidal output at wyo = 8.8883 GHz that is split
into two branches that are phase shifted 90° relative to one another. The two branches are
then multiplied with the baseband I(t) and Q(t) signals, where @ port is mixed with the
phase-shifted signal [72]. The two branches of the signals are then combined to generate a
signal at wro + wrp.

Acos (wrpt)

I(t)

| t
| LO L(zakag(Ji\ Nd(ebands
A cos ((w Wi | 9.0 GHz 9.4 GHz |
. 0s(w Acos ((wpo +wir)t)
].883 GHz cos(wot)
i (o e e B
- wWLO wro +wrr wro + 2wrp
Q)
—Asin (wrpt)

Figure 2.11: Frequency Upconversion. IQ mixer multiples LO with the baseband 1Q
signals and combines them to generate an output at wro + wrr. A non-ideal I1Q mixer can
also generate unwanted sidebands at harmonics of w;r as well as spectral content at wro

(LO leakage)

An ideal mixer will generate spectra at only wro + w;r however, in practice, imperfec-
tions in the mixing due to amplitude and phase imbalances in the I and Q mixing paths
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generate unwanted sidebands at different harmonics of the baseband carrier frequency, as
well as LO leakage [72,73]. To minimize pulse distortions that may result from additional
sidebands generated by the 1Q mixer, a filter is placed after the mixer to prevent unwanted
frequency components in our signal. The filter’s pass-band is designed to be between 9.0
and 9.4 GHz, thereby filtering out frequency content due to LO leakage and the sidebands.
One disadvantage of mixing and then filtering the signal, however, is that it restricts the
available bandwidth of the control pulses that can be applied. Figure 2.12 shows the
amplitude and phase response of the filters used in our experiment.
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Figure 2.12: Amplitude and Phase Response of Reactel 8CX1-9200-X400 Filter.
(A) Amplitude Response. The passband of the filter is designed to be between 9 and
9.4 GHz. (B) Phase Response.

Another consideration when designing the IQ mixer microwave circuit is the phase
noise of the LO. Ideally, the reference oscillator that is used for mixing is a noiseless pure
tone at wrp. No oscillator is ideal, however, and due to the presence of phase noise, there
will be some spread in spectral content around the LO frequency. This will contribute
to unwanted frequency content in the mixed signal [71]. Phase noise of the oscillator is
typically characterized by measuring the output power within a 1 Hz bandwidth relative
to the carrier frequency as a function of offset frequencies from the carrier. Figure 2.13
shows the phase noise response for the LO used in our experiments.
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Figure 2.13: Phase Noise of LO supplied by nardarmiteq.

Due to the implementation of internal circuitry used for the IQ mixers, rather than
using a sinusoid as the input for the LO path, it is beneficial to use a square wave input in-
stead, which improves the mixing performance and reduces the levels of spurious harmonic
frequencies [75]. The Marki AP-0110 broadband amplifier operating in the saturation
regime was used to generate the square wave input.

A key consideration in the design of the microwave electronics is the insertion loss
through coaxial cables and microwave components. Maximizing the current through the
CFFGS is critical as the strength of the B; field produced is directly proportional to
the current density through the CFFGS. In general greater B; fields can enable shorter
duration pulses with higher fidelities, as well as higher resolution imaging, and offers greater
flexibility and control when engineering pulses. The primary source of attenuation in our
experiment are beryllium copper coax cables that carry the currents to the CFFGS from
the output of the diplexer, with a loss of ~ 24.5 dB. To overcome this insertion loss, a
1 W power amplifier with a gain of 30 dB was used to provide sufficient amplification
to achieve the necessary current through the CFFGS. In the experiment, we were able to
achieve a peak current of 6 mA through the constriction corresponding to a Rabi frequency
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of roughly 80 MHz near the tip of the sample, and was large enough to enable DNP and
application of ESR pulses for studying the electron spins. An additional pre-amplification
stage was inserted to bias the input power to the second stage 1 W amplifier to ensure
maximum amplification could be achieved while still operating within the linear regime of
the amplifier. To minimize pulse distortions, as mentioned previously, it is important to
operate in the linear regime of the amplifiers. The Pqg compression point is one measure
used to set an upper bound on the linear output regime of the amplifiers. The P4p
compression is defined as the point where the output power of the amplifier deviates from
an ideal linear response by 1 dB. Figure 2.14 shows the measured response of the entire
microwave circuit where P,,; is output from the diplexer and P;, is the input power to the
IQ mixer from AWGI1. Note that the figure includes any losses that may occur through
coaxes connecting different components together. The measured Pjqp compression point
occurs at 29.44 dBm.
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Figure 2.14: Output power of Microwave Electronics circuit. Measured output
power at the output of the diplexer as a function of the input power incident to the 1Q
mixer. The measured Piqg compression point is at 29.44 dBm.

Additionally, an isolator circuit is placed in front of the amplifier to protect it from
damage in the event there are high power reflections travelling back towards the output
port of the amplifier. The 10 dB attenuator shown in the circuit schematic, is used to
bias the input power to the amplifiers as well as to minimize reflections when connecting
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different microwave components.

To characterize the extra noise added by the amplifier, the noise figure of the 1 W
amplifier is quoted as 3 dB. The noise figure NF of a system is defined as the ratio of
the signal-to-noise power at the input to the signal-to-noise power ratio at the output
NF = (S;/N;)/(So/Ny). For an ideal amplifier, NF = 1, as no extra noise is added to
the signal. Noise from the amplifiers corresponds to a current noise in the CFFGS, which
can cause unwanted relaxation of the electron spins [70, 77]. If the noise has spectral
content at the electron Larmor frequency, it can cause shorter spin-lattice relaxation times
[78]. Similarly, spectral content at the Rabi frequency can cause a decrease in the spin-
lattice relaxation time in the rotating frame 77,. To minimize the effect of noise from the
amplifiers, a fast, high-powered switch is placed before the diplexer to ensure the amplifier
is on only when pulses are applied [2].
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Chapter 3

Ramped Amplitude DNP Protocol

The force-detected magnetic resonance setup presented thus far, relies on a CFFGS to
generate the magnetic field detection gradients, as well as the B; fields used for spin control.
Figure 2.3(A) shows the non-uniformity of the Rabi fields. Due to this non-uniformity,
when using the NOVEL protocol for DNP the Hartman-Hahn matching condition would
only be satisfied in a particular region of our sample. To mitigate this, we implement
a modified version of the NOVEL protocol known as ramped-amplitude NOVEL (RA-
NOVEL), which allows for efficient polarization throughout our sample and is robust to
the spatial variation in the Rabi field. In NOVEL, the spins are tipped into the transverse
plane with a 7/2 pulse followed by a continuous resonant spin locking drive. Under the
continuous drive, polarization is exchanged between the electrons and nuclei. However, in
powder or amorphous samples the distribution of dipolar couplings and distances between
molecules in the sample causes inefficient polarization transfer [16]. This is because the
different couplings cause the state of all spin pairs to evolve at different rates.

In RA-NOVEL the amplitude of the drive is adiabatically swept through the Hartman
Hahn condition, wi;s = wpy. Adiabatic evolution refers to the fact, that if a state starts
out as an eigenstate of the Hamiltonian, and if the Hamiltonian is changed slowly then, it
will remain in an instantaneous eigenstate during the evolution [79]. For RA-NOVEL, this
means that so long as the sweep rate of the drive is long compared to the times scale of the
pseudo-secular coupling, and long compared to timescale of the microwave frequency, then
adiabatic exchange of polarization will occur for all spins regardless of their orientations
relative to the static field, and distribution of distances between spin pairs [16]. As a
result of this, RA-NOVEL has shown higher polarization transfer efficiency compared to
NOVEL [40].
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As mentioned previously, The polarization occurs via adiabatic evolution of the eigen-
states from [11) to |}), while the |[1), and [f]) states are left invariant in the case where
the DQ transition is excited. To satisfy the adiabatic condition, the ramp rate w;g must
satisfy the condition B?/16w;s > 1 [46]. With adiabatic sweeps the differences in coupling
strengths do not matter, so long as the sweep is slow compared to the smallest couplings in
the system, the spins states can be exchanged. Additionally, the adiabatic condition also
implies that stronger pseudo-secular couplings enable faster sweep rates [10].

Double Quantum Transition ¢ 1o Zero Quantum Transition
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Figure 3.1: Double Quantum and Zero Quantum Transitions. The eigenstates tra-
jectory calculated from Equation 1.33 and 1.34. The Rabi field is swept adiabatically
through the Hartmann-Hahn matching frequency (shown in red arrows). The state adia-
batically follows the trajectory from the [11) < |]l) for the double quantum transition,
and |{1) <> [1)) for the zero quantum transition. The energy splitting between the two
eigenstates is also shown, where at w;s = Zwpy, the splitting is B/2, where B is the
pseudo-secular hyperfine coupling. Note, that the |1]), [{1) states are left invariant during
the double quantum transition and similarly the |171),|]|) states are left invariant during
the zero quantum transitions.

In Figure 3.1, we plot the eigenstates of the polarization transfer Hamiltonian as a
function of applied Rabi frequency for a double quantum or zero quantum transitions.
Polarization transfer occurs when the Rabi field is swept through the Hartmann-Hahn
condition. In the case where we excite the double quantum transition, w;s = —wyy, from
the figure, we can see that if the an electron-proton spin system begins in [11), and the
Rabi field is swept adiabatically, the system will end up in the |]]) state.

In addition to RA-NOVEL providing a higher efficiency of polarization transfer, a
ramped waveform allows for polarization transfer to occur even when there is spatial vari-

47



ation in the Rabi frequency, which is present in our force-detected magnetic resonance
setup.
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Figure 3.2: RA-NOVEL. (A) RA-NOVEL waveform primitive applied to the electrons
consisting of an adiabatic half passage (AHP) to the tip the spins into the transverse plane,
followed by an electron spin locking pulse that is swept to 0 over a duration Tyamp, followed
by repolarization of the electrons for a time 7},,. By repeating the waveform N times,
the proton polarization in the sample can be built up for a time 7T, which is limited by
the T3, of the protons. (B) The time at which the Hartmann-Hahn matching condition
is met (tgp) for an electron-proton pair at a distance z from the center of the CFFGS
(x =0,y = 0) during the ramp waveform. (C) Rabi contours during different stages of the
ramp. The yellow contour outlines where the Hartmann-Hahn condition is met. As wig is
swept through the matching condition, an electron-proton pair (white circle) will undergo
adiabatic transfer of polarization. Due to the inhomogeneity in the B; field spin furthest
away from the CFFGS undergo exchange at earlier times of the ramp than spins near the
sample tip. The arrows shown indicate the spin states in the tilted rotating frame.

The RA-NOVEL pulse sequence used in our DNP experiments is presented in Figure
3.2(A). The RA-NOVEL waveform primitive begins by tipping the electron spins into the
transverse plane using an adiabatic half passage (AHP), and applying a resonant spin
locking drive that is linearly swept to zero with a duration of Tiamp. We then wait for a
time T}, during which the electrons begin to repolarize to their Boltzmann populations.
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Additionally, it is during the T, time that the enhanced proton polarization is carried
away into the bulk sample via spin diffusion.

Figure 3.2 [21] illustrates the w;g contours generated by the CFFGS. The yellow con-
tour shows the Hartman-Hahn matching condition, where wig/ (27) = wo;/ (27) = 14.1
MHz. The figure shows that the Hartmann-Hahn condition is satisfied at different times for
different regions. Thus, by employing a ramped-amplitude waveform, we not only allow for
adiabatic polarization transfer, but also sweep the matching condition throughout the en-
tire sample where spins furthest away from the CFFGS will undergo polarization exchange
first, and spins closer to the CFFGS will transfer towards the end of the ramp. So long
as the initial drive amplitude is large enough such that spins far away from the CFFGS
begin with a Rabi frequency greater than the proton Larmor, all spins in the sample will
undergo polarization transfer as the amplitude is swept to zero.

Through successive applications of the RA-NOVEL waveform, the polarization in the
sample can be built up [16]. The total length for which the RA-NOVEL DNP protocol can
be applied is limited by the spin-lattice relaxation time of the protons, 71, as any buildup
in polarization beyond this timescale will cancel with the decay in polarization from the
Ty, process for longer and longer build-up times.

The timescale of different relaxation mechanisms is crucial when doing DNP. The spin-
lattice relaxation time of the electrons 77, determines how long it will take the electrons
spins to repolarize. A shorter 77, will mean that the DNP primitive waveform can be
repeated more often for a fixed buildup time, and polarization can be transferred at higher
rates enabling greater enhancements. Conversely a long 7}, increases the length of the
T,0 time thereby reducing the repetition rate of the RA-NOVEL waveform primitive, and
the maximum possible enhancement in polarization. The electron spin-lattice relaxation
time under a constant drive 7}, sets the maximum duration of the spin locking pulses.
A larger T, enables longer ramps which satisfy the adiabatic condition, ensuring efficient
polarization exchange. As mentioned previously, the DNP buildup time is also limited by a
timescale on the order of the spin-lattice relaxation time of the protons T, as this dictates
the total build-up time.
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Chapter 4

Nanoscale DNP

Applying the techniques of dynamic nuclear polarization along with the enhanced detection
sensitivity of magnetic resonance force microscopy provides an exciting opportunity to
image nanoscale ensembles, in ~ (100 nm)? volumes, especially for imaging biomolecules
such as proteins and virus particles. These regimes were previously extremely difficult or
unfeasible to explore using conventional NMR techniques. DNP-enhanced nanoMRI can
provide an improvement in SNR over schemes that measure the statistical polarization of
nanoscale ensembles.

As mentioned previously, for nanoscale samples statistical polarization usually yields
significantly higher SNR over thermal polarization. Firstly, for small ensembles, the fluc-
tuations in the number of up vs down spins are much larger than the mean polarization of
the sample; i.e statistical polarization is greater than thermal polarization. Secondly, when
measuring thermal polarization, there is an overhead in the experiment duration to wait for
the magnetization to repolarize between measurement blocks, whereas when measuring the
statistical population there is no such requirement, which allows for more averaging in the
same experiment duration. Therefore, the DNP process must have sufficient enhancement
to overcome the continuous data acquisition advantage of statistical polarization.

In this section, we discuss force-detected magnetic resonance measurements that use
the RA-NOVEL DNP protocol and trityl-OX063 radicals to enhance the polarization of
protons suspended in a sugar-water nanodroplet attached to the tip of a SINW. We discuss
optimizing the efficiency of the DNP process by measuring the dependence of the enhance-
ment on different parameters in the RA-NOVEL protocol. Furthermore, we demonstrate
the improvement in SNR enabled by DNP compared to statistical polarization measure-
ments.
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Different relaxation mechanisms play important roles in achieving large enhancements
in DNP. Importantly, we observed increased spin-lattice relaxation rates of the OX063
electron spins due to spin diffusion to fast-relaxing paramagnetic defects on the surface
of the SINW. The increased relaxation rates allow for a shorter T}, in the RA-NOVEL
primitive waveform, thereby increasing the efficiency of the DNP process. In this section,
we present spin diffusion simulations that accurately model the effect of fast-relaxing defect
spins on the intrinsic 7; of the trityl-OX063 radicals. The figures and data presented in
this chapter can be found in Reference [21], of which I am a co-author.

4.1 DNP measurements

To quantify the enhancement in polarization DNP provides, we use the RA-NOVEL pulse
sequence shown in Figure 4.1(A). The sequence begins by scrambling the initial proton
polarization [16]. We then transfer the electron polarization to the protons for a buildup
time Ty, = N(Tiamp + Tpo1), where N refers to the number of repetitions of the RA-NOVEL
waveform primitive. Note that we have omitted the duration of the AHP pulsed used for
tipping the spins into the transverse plane, as its 70 ns duration is negligible. The MAGGIC
protocol is then used to measure the average force signal (Equation 2.6) coming from the
hyperpolarized proton polarization. The measured time records were then processed with
the matched filtering scheme discussed in Section 2.3.1. The average measured force for a
given time record F(t) is constructed as F' = [[° dt w(t)F(t), where 7 is the length of the
measure block, and w(t) is the matched filter kernel. The bare thermal polarization of the
protons was measured in a similar fashion, by first scrambling the proton polarization and
then waiting for a buildup time of 7T; during which the protons repolarize before measuring
the polarization using MAGGIC.

The enhancement 1 in proton polarization due to the DNP process is defined as
0Ty, Tyols Tramp) = Fup(Th, Tol, Tramp )/ Fin(Ty), which is the ratio of the hyperpolarized
th and thermal F;, matched filter outputs for the same buildup time 7j. During the
polarization process, there are competing dynamics to consider. While extending the po-
larization buildup time T}, can yield higher enhancement factors, it also results in a higher
overhead time in the experiment, thereby lowering the number of acquisitions. Importantly,
the tradeoff between increased polarization buildup and lower acquisition rates points to-
wards an optimal buildup time set by the ~ T7,, where ~ T}, is the spin-lattice relaxation
time of the protons, thereby limiting the maximum enhancement that can be achieved.
Thus, there exists an optimal buildup time 7, ¢ that maximizes the detection SNR of the
measured signal. To determine the optimal DNP buildup time T}, op¢, we measure the hy-
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perpolarized signal as a function of buildup time, as depicted in Figure 4.1(B)(inset), and
measure the time constant mpyp of the buildup curve. The optimal T} is chosen such that
it maximizes the detection SNR, which is o y/Nayg(1 — e~ To/ToNe) where N,y Tepresents
the number of averages, and is defined as the ratio of the total experimental duration 7T, to
the buildup time T}, [24]. For subsequent measurements involving DNP we set the buildup
time to be Ty, = T, opt. In this section we will mainly focus on data measured for Sample A,
where the buildup time was determined to be Ty, oy = 7.7 s. The full set of parameters for

the DNP process along with measured enhancements for the different samples is presented
in Table 4.1.

Table 4.1: Summary of nanoscale DNP results, including measured DNP enahnce-
ments and spin relaxation times.

Sample A B C D
Topt 105(8) 118(8) 78(3)  40.6(4)
oxp (5) 6.7(1)  0.67(1) 8.4(2) 14.9(5)
DNP performance Tp opt (s) 7.7 0.8 10.5 20.8
Thoropt (ms) 1024 128 1024 5.12
Tramp,tabopt (Ils) 16 8 16 100
Ty, (s) 10.2(3) 1.01(3) 10.8(6) 20(1)
Relaxation times — T',e (ms) 2.5(1) 0.45(4) 3.5(1) 7.5(3)
Ty (ms) 20.5(3) 2.5(1)  28.6(7) 30.0(4)
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Figure 4.1: DNP Measurements. (A) Pulse sequence used for DNP measurements.
The proton polarization is first scrambled using (7/2), and (7/2), pulses with a dephasing
time in between. Repeated applications of the RA-NOVEL waveform primitive are then
applied to the electrons for a build-up time T, before measuring the magnetization of
the proton spins. (B) Measured expectation values of the hyperpolarized (58 averages)
and thermal (7080 averages) signals for Sample A. The data is fitted to a model of the
mechanical response of the SINW (dashed lines), with the initial rise in the data being due
to the finite bandwidth of the oscillator. The signals decay with a spin correlation time
T = 31.9(2) ms. (Inset) DNP enhanced proton polarization as a function of build time
(58 averages/point). (C) The DNP enhancement is shown for different 7T},,; and Tyamp for
an optimal buildup time 7}, ,,x = 7.7 s (58 averages/point). (Inset) The enhancement per
ramp depicts the increase in efficiency and saturation of polarization transfer for longer
Toor and Tramp. We found the maximum enhancement n = 105(8) in proton polarization

p
with a T,o1 = 10.24 ms and Tiamp = 16 ps.

In RA-NOVEL DNP, the maximum enhancement, 7, depends on two factors: the elec-
tron repolarization time T}, and the ramp time Ty,mp, during which the polarization
transfer occurs. To optimize these parameters, we measured 7 as a function of these two
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timescales, as shown in Figure 4.1(C). As expected, as the duration of T},m,, increased,
the maximum enhancements increased as well, until either the ramp times exceeded the
time scale set by the pseudo-secular hyperfine coupling or when the times scale became
comparable to the measured spin-lattice relaxation time in the rotating frame 7',.. The
maximum 7 was achieved for a Tiamp = 16 ps which is significantly smaller than the
measured 77, = 2.5 ms. Thus, the ramp duration is predominantly determined by the
pseudo-secular hyperfine coupling strength B [21]. For a weaker coupling strength, we
expect the optimal T}, time to increase in order to satisfy the adiabatic condition. Con-
sequently, a strong coupling ensures that the ramp time for the DNP process can be short,
enabling greater repetition of the primitive waveform. Furthermore, Figure 4.1 shows a
trade-off concerning the duration of 7,,. While longer electron spin repolarization times
(governed by T7.) allow for a larger initial polarization to transfer at the beginning of a
ramp, they reduce the maximum number of DNP waveform repetitions that can be applied
within a fixed buildup time 7}, thereby lowering the maximum enhancement. The optimal
T,01 was found to be 10.24 ms, beyond which 1 the enhancement begins to decrease. Note
that the optimal T}, is lower than the repolarization time constant set by T}.. For longer
T,o1 durations, however, the polarization transfer in any given ramp should theoretically
become more effective as a greater polarization is built up and subsequently transferred.
To see this, we calculate the enhancement per sweep by normalizing the measured enhance-
ment to the number of sweeps performed for a given build-up time. As demonstrated in
Figure 4.1(C) (inset), the data shows that the efficiency of the polarization transfer in-
creases with increasing 7T},;. This is consistent with a larger amount of polarization being
built up when T, increases. As T}, surpasses T}, significantly, the efficiency of transfer
begins to saturate as the electron polarization has reached equilibrium.

For maximizing the enhancement achieved with DNP, it is beneficial to have short T7.,
without affecting T7,, and creating spin diffusion barriers, as it allows for the maximum
amount of polarization to be transferred from the electron at a higher rate. In our ex-
periment, we note that the measured 7). is shorter than reported values in literature at
similar concentrations. Section 4.3 provides a detailed discussion of the measured relax-
ation rates and possible sources of the shortened T}.. Figure 4.1(C) shows an enhancement
of Topt = 105(8) with T, = 10.24 ms, and Tramp = 16 ps.

This marks an advancement over previous works that have shown moderate enhance-
ments of roughly 10 to 20 [3]. In addition, contrary to previous work where the enhance-
ment varied within the sample, our platform allows for a polarization transfer process
that is decoupled from the readout gradient, and is akin to traditional DNP techniques
used in NMR and can be readily used for enhanced sensitivity in spectroscopy or imaging
applications. This enhancement in the thermal polarization provides an improvement in

o4



the detection sensitivity over statistical polarization, which we discuss in greater detail in
section 4.2.

4.2 Comparison of Statistical Polarization and DNP
Enhanced Thermal Polarization SNR

Previous discussions in this thesis mention that the polarization of the protons after DNP
must not only be larger than the statistical polarization but must also be sufficiently
large to overcome the higher acquisition rates when measuring statistical polarization, as
discussed in Section 2.2. In this section, we provide an experiment that compares the
signal enhancement provided by DNP compared to the signal obtained from statistical
polarization. For a detailed treatment of the comparison between statistical and hyper-
polarized signals, we refer the reader to the main text and supplements of Reference [24],
where experimental and theoretical treatments are provided in greater detail.

To assess the SNR enhancement provided by DNP, the proton Rabi distribution was
measured using the spatially varying B; gradients generated by the CFFGS for phase
encoding of the proton spins. This Fourier encoding approach is detailed in previous
studies [13, 11], where Rabi gradients from the CFFGS enabled one-dimensional phase
encoding of proton spins. In this method, a resonant RF pulse is applied in the z-direction
with the associated unitary transformation represented by U(r,t) = e *=®!)  Here, the
spins accrue a position dependent phase O(r,t) = v,B(r) = wy;7 where 7 is the pulse
duration, and Bj(r) is the spatially varying Rabi field. The z-axis magnetization is then
measured, with the signal being s(7) o [ du p(u) cos(2mur), where u = wy7/(27) is the
Rabi frequency, and p(u) is the Rabi-dependent spin density.
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Figure 4.2: SNR Comparison of DNP Enhanced and Statistical Polarization
Experiments. (A) Measured time-domain Fourier encoding data for (A) statistically
polarized and (C) hyperpolarized proton spins in sample A. The corresponding images in
the Rabi frequency domain are shown in (B) and (D), with the top axis indicating the dis-
tance from the surface of the CFFGS (z = 0) along the center of the constriction (z =y =0
line). The frequency resolution of each image is 50 kHz. The shaded regions indicate the
standard deviation of the acquired data (open circles) for each point in the time record,
and the corresponding Rabi frequency distributions. The insets show the pulse sequence
used for the two types of measurement. We applied a constant amplitude excitation at
wos to decouple the electrons while acquiring the proton signal. The decoupling procedure
resulted in extending the proton spin correlation time from 31.9 ms to 135.6 ms during
the acquisition period. The differences observed in the statistical and hyperpolarized dis-
tributions stem from how each spin interacts with the detection gradient. In statistical
polarization, the contribution of a spin at position r to the signal is proportional to G*(r),
while for the hyperpolarized signal, G(r). Consequently, spins closer to the CFFGS have a
more pronounced impact on the statistically polarized image, leading to increased spectral
content at higher Rabi frequencies in (B) compared to (D).
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In our experiment, we applied 10 ps long resonant pulses. The amplitude I, of the
pulses was varied in 17 steps between 0 mA and 29 mA, and the spin signal was recorded as
function of effective encoding time 7o = 10 us X Ik /Iy, where Iy = 29 mA is the maximum
current pushed through the CFFGS. The data that compares the SNR of the statistical
and hyperpolarized Rabi distributions for sample A is provided in Figure 4.2 [24]. For the
DNP data, we first hyper-polarize the proton spins using the optimal DNP parameters for
sample A, Ti,o1 = 10.24 ms, Tiamp = 16 ps, Ty, = 7.7 s. The measure block lengths were
400 ms in length. In Figure 4.2(C) where we present the time-domain Fourier data, the
open circles corresponds to the average of two measurements of the signal, with a total
duration of 27Ty +27en.+ 279 = 16.3 s, where 7, refers to the duration of the phase encoding
pulses, and 7y is the measure block duration. For the measurements made with statistical
polarization, the spin signal was collected continuously for 16.1 s where the average force
was calculated from 100 ms long measure blocks that were applied before and after the 10
s long encoding pulses, from which we construct the average correlation of consecutive
measurements [24]. Each open circle in Figure 4.2(A) represents the average measured
correlation over a period of 16.1 s. This time was chosen to avoid clutter in the Figure.
For the statistical polarization measurements, the filled points represent the average over
192 data points for each value of 7.4, which amounts to a total experiment time of 14.5 h.
For the hyperpolarized data set, the number of measured data points for a given 7 was 8,
which corresponds to a total measurement time of 37 min. The measured Rabi-frequency
distribution and its corresponding standard deviation are represented by p(w;) and o, (wiy)
respectively [24]. The average SNR is then defined as SNR = Y217 p(w;) SNR,/ 32017 p(w;),
with w; represents the i Rabi frequency bin and SNR; = p(w;)/a,(w;) [24]. The measured
SNR for the hyperpolarized data was SNRy, = 56.79, and for statisitical was SNRy, =
19.38. Thus, in order to reach the same SNR for hyperpolarized and statistical data,
this equates to a reduction in averaging time for the DNP data of (SNRy,/SNRg)? x
14.5 h/37 min = 204 [24]. This is significant as not only is DNP-enhanced polarization of
the proton spins larger than the statistical polarization, but the experiment reveals that
enhancements of 105 can yield a reduction in averaging time by a factor of 200 fold.

Measurements of a similarly prepared sample (Sample C) also yielded similar results.
The parameters used in the DNP sequence were T, = 10.5 s, T, = 10.24 ms, and
Tiamp = 164 s, with a measure block duration 75 = 500 ms. Similar to the previous statis-
tical polarization measurements, the data was taken with 100 ms measure block lengths.
The total duration of the statistical measurements was 15.2 h, and for hyperpolarized mea-
surements, it was 2.1 h. The measured SNRs were mhp = 112.05, SNRy, = 21.99, and
yielded a reduction in averaging time of 189 to achieve the same average SNRs for statistical
and hyperpolarized data sets [24]. Additionally, the result shows that the sample attach-

57



ments of the nanodroplets on the SINW can faithfully reproduce the large enhancements
observed in Sample A.

4.3 Relaxation

In this section, we characterize the relaxation time scales of the electron and proton spins
in Sample A at 6 K. The T, T1,e, T'. are of particular interest as they play an important
role in the DNP process. The T}, was measured with an inversion recovery sequence.
Firstly, the electrons are given some time to polarize. The polarization is then inverted
with an AFP pulse. We then wait a variable time 7 to allow the spins to equilibrate and
then measure the magnetization. As mentioned in section 2.4, we use fast high-powered
switches to ensure that during the polarization time and variable time 7, noise from the
amplifiers does not induce any unwanted relaxation of the spins.

The electron T3, due to inhomogeneous broadening, was measured with a Ramsey
experiment with time-proportional phase-increment (TPPI) scheme [30]. The spins were
tipped to the transverse plane with an AHP, followed by a variable free evolution time
7 over which the spin evolves due to dipolar interactions, as well as other sources such
as local fields from neighboring spins that induce resonance offsets. An inverse AHP is
then applied to bring the spins back to the z-axis where the magnetization is measured.
A phase shift ¢ = wrpp;7 was added to the inverse AHP, where ¢ varied in proportion
to 7, to artificially add a resonance offset to shift the spectrum to an offset frequency of
wrppr/(2m) = 30 MHz. This offset introduces oscillations into the measured spectrum,
which can help to determine the center frequency. Without TPPI, if the carrier frequency
of the drive is on resonance, then the signal would be proportional to e~™/"%. However,
if there is a difference 6 f between the carrier frequency and Larmor then the signal is
proportional to cos(2w7d f7)e~™/"3. TPPI can be used to introduce more oscillations to
provide a better fit to the data, especially if J f is small compared to the times scale of decay
T3 . We can fit the measured signal to the following form cos(277 (3 f + wrppr/27))e™ "/ T2,
For electrons the measured 6 f = —144 kHz.

The spin-lattice relaxation time under constant dive T',. was measured by tipping the
spins into the transverse plane, after which a resonant spin-locking drive is applied for a
variable time 7 after which the spin is tipped back to point along the z direction. We also
ensure that during the application of the pulses, the RF amplifier is switched off to prevent
unwanted relaxation of the electron spins.

Relaxation measurements of proton spins were made after applying DNP pulses, with
a Tpopt = 7.7 s, to increase the detection SNR. T}, measurements were made by allowing
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the hyperpolarized spins to equilibrate for a variable time 7, after which the longitudinal
magnetization was measured. For measuring the spin-spin relaxation time 75,, which is
the dephasing time of the spins in the transverse plane due to dipolar interactions, a o,
decoupling sequence made up of repeated applications of AFPs, and a free evolution time of
d1 =5 psis used [24,81]. The Ty, is measured by applying an AHP, after which the spin is
allowed to evolve under the o, decoupling sequence for a total free evolution time 7 = ndr
which is varied, after which an inverse AHP is used to align the spins with the z direction.
Ty, measurements were made in a similar fashion to the electrons. wrppr/(27) = 80 kHz,
and was fit to a Gaussian decay o e_(T/Tgp)Q, with 0 f = 5.2 kHz from the fit. Figure 4.3

provides the measured relaxation data for Sample A. Table 4.2 presents the relaxation data
for all samples.
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Figure 4.3: Relaxation Times. Spin relaxation data for Sample A, with associated pulse
sequences. (A) T}, measurement, with inversion recovery pulse sequence. (B) Electron 77,
measurement using a Ramsey experiment with a time-proportional phase increment (TPPI)
scheme, (wrppr/(27) = 30 MHz). (C) Electron T},. measurement with a resonant constant-
amplitude drive. (D) Proton T3, measurement by measuring the decay in the longitudinal
magnetization of the hyperpolarized proton ensemble. (E) Proton 73, measurement using
a Ramsey experiment on the hyperpolarized proton ensemble with wrppr/(27) = 80 kHz.
(F) Proton T3, measurement with a o, decoupling sequence on the proton hyperpolarized
ensemble.
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Table 4.2: Electron and proton relaxation times for the measured samples. 75, and
17, were not measured for sample D.

Relaxation Time A B C D

Ti. (ms) 20.5(3) 2.5(1)  28.6(7) 30.0(4)
Electrons T4, (ns) 38(2)  27(3)  42(2)  50(3)

T} e (ms) 2.5(1)  0.45(4) 3.2(1)  7.5(3)

Ty, (s) 10.2(3) 1.01(3) 10.8(6) 20(1)
Protons T3, (us) 17.0(2) 16.8(2) 16.8(2) -

Ty (is) 31.4(7) 31(1)  30(1) -

Of particular interest from the measured data was the measured 77, of the sample. As
mentioned previously, 7. plays a critical role in the DNP process as it affects the time
that must be spent repolarizing the electron spin, 7},,. A short 7}, would enable greater
repetition of the DNP primitive waveforms, potentially allowing for greater efficiency and
larger enhancements in proton polarization.

Previous studies of the 77, of the trityl-OX063 radical in bulk samples have demon-
strated that at concentrations ranging from 1 mM to 60 mM, the spin-lattice relaxation
time varies from 10 s to 50 ms [25] at 6 K with a static field of By = 0.35 T. This is in stark
contrast to the much shorter 7}, measured in our nanoscale droplets attached to the tip of
the SINW. The samples prepared had a similar concentration range for the trityl radicals
ranging from 1.3 mM - 49.4 mM but with T}, ranging from 70 ms to 2.5 ms. In addition,
samples that had similar concentrations also had large variations in the T7..

To determine the possible sources of relaxation, a dilute 1.3 mM reference sample was
prepared, which had a measured 77, = 70 ms. A dilute sample is used as it will exhibit
higher sensitivity to external factors that may be causing relaxation. We first measured
the thermal electron spin polarization of the spins as a function of temperature. To do
this, we first measured the operating temperature of the SINW. The temperature of the
SiNW depends on the incident light level, which we characterize as follows: We measure the
thermal displacement spectral density of the SINW on a spectrum analyzer as a function
of incident laser power. For each light level, the integrated power of the spectrum within
a b kHz bandwidth centered at w. is subtracted from a baseline integrated power over
the same bandwidth far away from resonance to take out the contribution of other noise
sources to the interferometer signal. The integrated displacement power is shown in Figure
4.4(A) [241]. In the absence of incident light from the laser, the base temperature of the
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SiNW should be at 4.2 K. At low light levels, we can fit a linear function to the first
few points in the curve, where the temperature changes linearly with light power. The
temperature calibration is achieved by setting the vertical intercept of the fit to be at 4.2 K,
which corresponds to 0 incident light. The resulting temperature-light level calibration is
depicted in Figure 4.4(A), where the blue dot in Figure 4.4(A) corresponds to the operating
temperature of the experiment. As shown in Figure 4.4(B) using the calibration for the
temperature in Figure 4.4(A), the electron polarization as a function of temperature can
be measured by probing the electron signal at different incident light powers. During these
measurements, the switches were on to prevent unwanted heating from the microwave
amplifiers. A fit to the data shown in 4.4(B) shows that the electron spin polarization
is inversely proportional to temperature, which is consistent with the Curie-Weiss Law.
From this, we conclude that the spins are thermalizing toature the SINW temper and that
the additional relaxation mechanism is in thermal equilibrium with the SINW. This rules
out non-thermal sources of noise such as 50 €2 Jhonson noise as a possible T}, relaxation
mechanism [24, 70].
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Figure 4.4: Thermometry Meausurements for 1.3 mM Reference Sample. (A)
(right axis) measured thermal displacement power as a function of the incident laser power,
(left axis) extrapolated SINW temperature. The operating light level of the measurements
for this sample is indicated by the blue data point. (B) Measurement of the thermal
electron spin polarization as a function of the temperature of the SINW. (C) T}, measured
at different tip-surface distances from the CFFGS. The T}, remains consistent at different
heights.

Conduction electrons in a metal can generate fluctuating electromagnetic fields from
their random thermal motion (Johnson noise) which shorten the relaxation times of spins
near the metal surface. [76]. We investigate whether Johnson noise from the CFGGS can
affect the T}, of electrons in the sample. Figure 4.4(C) shows the measured Tj. as a
function of distance of the sample tip to the CFFGS. The figure reveals no variation in the
spin-lattice relaxation time over the large variation in tip-surface distances examined. We
thus rule out Johnson noise as a dominant relaxation mechanism.

4.4 Surface-Induced Spin-Lattice Relaxation

Bloembergen found in 1949 that paramagnetic impurities could cause relaxation of spins
in the bulk sample via spin diffusion [35]. At the surface of the SINW exists a Si/SiO,
interface, where there are unterminated (dangling) bonds between the Si and SiO,. These
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paramagnetic defects are known to exhibit short spin-lattice relaxation times of order
T; = 50 us [27,28]. The surface defect density can be as high 10" ¢cm™2 or 10 ¢cm™2
[82-85]. To investigate the role the fast-relaxing paramagnetic defects have on the spin-
lattice relaxation time of the bulk trityl-OX063 radicals, we conduct a semi-classical spin
diffusion simulation that models the dipole-dipole interactions in a probabilistic manner
and takes into account a variety of parameters such as the sample geometry, electron
concentrations, lineshapes of the surface and bulk spins and is simulated for a range of
surface defect densities.

As an overview of the details of the simulation, we begin by modelling the sample
geometry based on images taken from a scanning electron microscope (SEM). We then
generate a random realization of spin locations within the sample geometry according to
the expected concentration of trityl radicals for the given sample and a range of surface
defect densities ranging from 10'° em~2 to 104 cm~2. In the model, we assume that the spin
states are pointing along z such that they are either in the |1) or ||) state. The evolution
of each spin is evolved according to 1) their dipole-dipole interactions with neighboring
spins, and 2) the intrinsic bulk 73, of the trityl radicals, and the T34 of the paramagnetic
defects. The spin states are evolved probabilistically, where the transition rates due to
each of these mechanisms are calculated through a perturbative approach. A gradient-
weighted magnetization is calculated at each time step to simulate the detection gradients
generated by the CFFGS. The T}, can be determined by fitting an exponential decay to
the gradient-weighted magnetization as a function of time.

Firstly, the sample geometry is modelled using the scanning electron microscope (SEM)
images shown in Figure 2.1. From the SEM images we approximate the size of the nanoscale
droplets containing the trityl-OX063 radical, and their location on the SiNW. We then
generate a spatially-random realization of spin locations by mapping a three-dimensional
grid of points onto the given geometry, with grid spacing of Al = 1 nm. It is assumed
that the probability of a spin occupying different positions on the grid are statistically
independent. Each point on the grid has a probability of n. Al® of containing a spin,
where n. is the concentration of OX063 listed in Table 2.1 under the assumption that the
droplet contains no water. In the limit of Al — 0, the spatial distribution approaches
a spatial Poison process with density n. [86]. For the modelling the fast-relaxing defect
spins, it is assumed they reside in a 1 nm thick layer on the SiNW, which is chosen
to approximate the thickness of the Si/SiO, interface. The probability of a defect spin
occupying a point on the grid in this region is (o4/1 nm)Al? where o, is the surface density
of paramagnetic defects. Python code for generating the spatial distribution of spins is
provided in Appendix B.1.

For modelling the dynamics of the system, a probabilistic approach is taken. Transi-
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tion rates between different spin states are governed by dipole-dipole interactions between
nearby spins and the spin-lattice relaxation processes of the individual spins. Spin diffu-
sion dynamics between a pair of electrons is governed by the secular dipolar Hamiltonian,
Hp = D(35;S55 — Sy - S2), where D = pughy?(1 — 3cos?6)/(4nr?) in angular frequency
units, @ is the angle between static field and the line connecting the spin pairs, and r is the
distance between the two spins. The transition rates from |1) <> |[{1) states are calculated
using Fermi’s Golden Rule as follows [38,87]. In the presence of a strong static external
field, the Hamiltonian for a homonuclear two spin system is given by

H= \—melz — WOZSQi_HD (41)

Hop

where Hj are the Zeeman terms for the two spins. The eigenstates of Hy are |1l), [{1) with
eigenvalues (wo2 — wo1)/2, (wo1 — wo2)/2 respectively. If || Hpl|| < ||Ho||, then from Fermi’s
Golden Rule, we can calculate the transition probability per unit time as

Lirpysun = 2r|(1) |Hp| iT>|2 d(wo2 — wor) (4.2)

The transition rate W is then calculated by integrating over wyy, wpe distributions. Assum-
ing the distributions are statistically independent, the transition rate becomes

W= [ dun [ dues Tisgosunon(nn)gn(enm) (13)
W = 2n| (1) |Hp| 1)) / & 91(0)ga(), (4.4)

with g1 (w), g2(w) being the normalized inhomogeneous lineshapes where [~ dw g;(w) =1,
i € {1,2}. gi(w) is assumed to have a Lorentzian lineshape with a full width at half
maximum dw = 2/T7,. Substituting

2 1
e ' 45
() Tow; 1 + 4(25200)2 (4.5)
and [(1} |Hp| I1)|? = D?/4 into Equation 4.4 we have
W= 2r |1} |H |w>|2/o° o2 1 | )
= 3 7 J — 7T2(SW15(,§)2 1 =+ 4("‘3;4;‘})21 1 + 4(%;;))%2 ) .

D2
4
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which simplifies as

D2
T (4.7)

Jwy + Gy + 4 oo

where wg; and wgy are the Larmor frequencies of the spins in the bulk and surface, where
the center frequencies can be different owing to a difference in the distribution of g-factors
for the two spin species [28]. In a given time interval At, the probability of a spin flip
occurring is P(flip) = WA¢. The time step At is chosen to be sufficiently small such that
the maximum P(flip) < 1, for all spin pairs in the sample. The number of spins in the
simulated volume can be quite large (~ 700,000), in which case calculating the pairwise
interactions between all spins becomes intractable. The computation time can be reduced
considerably by considering the interaction of only those spins within a sphere of influence,
whose radius is chosen such that the dipole-dipole interaction between the central spin with
spins outside the sphere is negligible [24].

The evolution due to the T} process is modelled probabilistically with P(|1) — |])) =
1 — p.At/Ty. and P(|]) — [1)) = p.At/Ti. where p, is the fractional polarization of the
spins in |1) state at 6 K, and 7}, is the intrinsic spin lattice relaxation time of the trityl
or defect spins measured inbulk concentrations from literature [25, 85, 85].

The initial state of the system is assumed to be in a pure state with all spins pointing up.
At each time step, we iterate through all spin pairs and calculate the spin-flip probability
P(flip). Then, we generate a random number between 0 and 1. If this number is less than
P(flip) we flip the states of the spin pair. At each time step, the spin also undergoes a T;
process, which may also induce a random spin flip. For simulating the 77 we apply a similar
methodology using probabilities P(|1) — |})) and P(]}) — |1)), with the corresponding T,
for the defect spins and OX063 radicals [25,35]. Table 4.3 provides the parameters used for
simulating samples A, B, and C as well as the 1.3 mM reference sample that was used for
investigating different sources of electron relaxation, such as the height dependence of spin-
lattice relaxation time. The procedure is executed K times with a time step of At =1 ns.
At each time step, after evaluating the spin states, we calculate the gradient-weighted
polarization in the bulk sample and store the result in memory. The gradient-weighted
polarization p(t) is calculated as
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p(t) = N ) (48)

> G(ry)

i=1

where S;(t) € {—1, 1} refers to the spin state (either down or up) at time ¢t. G(r;) is the
detection gradient at the position of the i*® spin, and N is the number of spins in the bulk
sample.

Table 4.3: Parameters used for Semi-Classical Spin Diffusion Simulations. Ref.
sample refers to the 1.3 mM sample used for investigating different electron relaxation
mechanisms.

Sample A B C Ref. Sample
Intrinsic T1. oxo063 (S) 01 01 01 10
Intrinsic Tie defects (1) 50 50 50 50
0X063 Concentration (mM) 17.8 494 494 1.3
T3, OX063 (ns) 38 27 42 56
T3, defects (ns) 12 12 12 12
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Figure 4.5: Spin Diffusion Simulation of Surface Induced Spin Lattice Relaxation.
(A) Visualization of spin states at different points in 7. decay for Sample A. At ¢ = 0,
the sample and surface defects are fully polarized. At ¢t = 2.5 ms, the fast relaxing spins
on the surface of the SINW have reached thermal equilibrium. At ¢ = 21 ms, the bulk
polarization has reached the 1/e point, and we observe an increase in the number of spins
in the down state. At ¢t = 81.2 ms (~ 3T3.), the sample has reached thermal equilibrium.
The simulated fractional polarization as a function of time for sample A is shown with
Ti. = 21 ms. (B) Spin-lattice relaxation times for samples A, B, and C and the reference
sample for different defect densities on the surface of the SINW.

Figure 4.5 shows the simulated 77, of the bulk trityls as a function of surface defect den-
sity o4 for different sample geometries. With an expected surface density og = 103 cm ™2,
and spin-lattice relaxation time 77y = 50 us reported in literature, the experimental and
simulated data sets show good agreement with one another [$2—85]. Simulations of Sam-
ple B and Sample C, which were prepared with the same concentration of trityl-OX063,
capture the large variation in 7). that was measured in the experiment. The simulations
reveal that the size, shape, and location of the droplet affect the observed relaxation rates.
For small droplets containing a high number of spins in contact with the SINW surface,
the relaxation rates exhibit greater sensitivity compared to larger droplets, which have
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minimal contact with the SINW surface, as is the case with Samples B and C. Since the
relaxation is mediated by spin diffusion, the greater the coupling to the environment, the
larger the effect of cross-relaxation becomes. As a result, these simulations suggest that
cross-relaxation with fast-relaxing paramagnetic defects on the surface of the SINW are
primarily responsible for the measured reduction in the Ti,.

4.4.1 Software and Hardware Implementation of Spin Diffusion
Simulations

In this section, we provide an overview of the computational techniques used to perform
the spin diffusion simulations. In particular, we focus on the details of the random number
generation, which is used to evaluate the probabilities of spin flips at each simulation time
step, as this was an extremely computationally intensive task. As previously noted, the
simulated volume can contain a substantial number of spins, leading to a rapid increase
in the number of spin pairs for which we must compute dipole-dipole mediated spin-flip
transition rates. Given that the probability of spin flips diminishes significantly as the
distance between spin pairs increases, we can reduce the computation burden by focusing
only on spins with a defined sphere of influence around each spin. Interactions beyond this
sphere are deemed negligible, and their spin flip rates are not computed. Despite this, the
number of random numbers that need to be generated for the simulation can still be very
large.

To understand the computational complexity, consider the following example: in our
most dense samples, Samples B and C, the number of spins is roughly 700,000. This equates
to approximately 40,000,000 pairwise interactions between all spins that we consider in
our simulation. For each spin pair (7, ), the probability of a spin flip is stored in a 1D
array of floating point numbers (flip_array). An array of 40,000,000 random numbers
is generated for each time step in the simulation. These numbers are then compared to
probabilities in f1ip_array. If the value of the random number is less than the probability
of a flip, the spin states of the pair (i, j) are swapped. A similar procedure is followed for
doing the T flips. Given that the simulation time scales can be as large as 100 ms, and
the simulation time step is 1 ns, the number of random numbers that need to be generated
for evaluating these probabilities can be as large as 4 x 101°.

In practice, we found that efficient generation of these large arrays of random numbers
is computationally expensive and slow on central processing unit (CPU) based systems.
To address this concern, the random number generation and spin-flip condition evaluations
for each spin pair can be done in parallel to enhance the efficiency and speed of our simu-
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lations. As a result, implementing the spin diffusion simulations on a graphics processing
unit (GPU) offers significant advantages as GPUs are extremely well-suited for parallel
computations, being able to evaluate functions across thousands of instances as compared
to CPU systems which have limited parallel computation abilities.

In our simulations, we made use of NVIDIA® H100 Tensor Core GPUs for our spin
diffusion simulations, where a mixture of Python and CUDA C++ programming languages
was needed for the implementation. Although there exist Python packages that allow
for interfacing with GPU hardware, such as PyTorch, TensorFlow, and PyCUDA, we
found that none could match the performance requirements to the same degree as a native
implementation of the simulation code using CUDA C++ code. CUDA is a programming
language that enables easy interfacing with NVIDIA GPUs. As a result, a hybrid approach
was used where Python was used to generate the random spatial distribution of the spins, as
well as pre-computing binaries that contained a list of spin-flip probabilities, the locations
of fast-relaxing and bulk spins, as well as the associated Tis of each. CUDA code was
used to generate and compare the random numbers for evaluating spin flips due to the Tj
process and the dipole-dipole interactions at each time step. It was also used to calculate
the magnetization at each time step. Figure 4.6 provides a flow chart with a simplified
overview of various tasks involved in performing the simulations. Appendix B.1 provides
relevant Python code for generating the spins’ random spatial distribution. Appendix B.2
contains relevant code for pre-computing the spin-flip probabilities for use in the CUDA
code.

The CUDA code can be divided into three main components 1) generation of ran-
dom numbers for evaluating spin flips, 2) comparing the generated random number with
the spin-flip probability and swapping the state of the spins when necessary (swap_spins
function) 3) comparing the generated random number with the probabilities associated
with the T3 process, and flipping the state when necessary (apply_T1 function). Code for
performing the spin flips due to dipole-dipole interactions swap_spins, and the T} process
apply_T1 are provided in the Appendix B.3. However, the main performance bottleneck
in the simulations is the generation of random numbers.

In our CUDA code, we use the CURAND library, which provides various routines
for implementing random number generators (RNGs). When generating large arrays of
random numbers, it is important to minimize correlations in the RNG to ensure accuracy
in the simulations. As a result, we use the Philox 4x32 generator with 10 rounds, which is
known for its high performance while maintaining good statistical properties [39)].
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Figure 4.6: (Previous page.) Flow Chart of Simulation Code. In the Python sec-
tion, we pre-computed the dipole-dipole mediated transition probabilities for all spin pairs
within a minimum radius r,;, as described in Section 4.4, and store them in a 1D ar-
ray (flip_array). We also stored the indices of the (i, j) interacting spin pairs for the
corresponding transition probability. For example, the 0** entry in flip_array may cor-
respond to the probability of a spin flip between the 4* and 10" labelled spins in our
geometry. As a result, the 0! entry of i_array and j_array will be 4, and 10 respectively.
We also assign each spin its own intrinsic 77 based on whether the spin resides in the bulk
sample or on the surface of the SINW. The arrays are then exported to binary files. In
the GPU program, we begin by loading the arrays from the binary files. The simulation
is conducted for a simulation time 7" with step size 6t = 1 ns. A pseudo-random number
generator is then used to generate M = len(flip_array) random numbers in parallel. The
spin-flip conditions are also evaluated in parallel, where the spin states are swapped if the
necessary conditions are met. A similar procedure was followed for evaluating spin flips due
to the T process. After each time step, the gradient-weighted magnetization is calculated
and stored in a text file.

When programming the GPU for parallel computation, the architecture is organized
into a hierarchy of thread groups made up of thread blocks and grids of blocks. A thread
is the smallest sequence of instructions that can be executed. Contrary to a CPU, the
GPU sacrifices the complexity and speed of a few individual threads to execute thou-
sands of threads in parallel at lower speeds but with greater throughput. Each thread
executes an independent instance of a function (also known as a kernel), such as gener-
ating a random number. Threads can be organized into larger groups known as blocks
that execute together on the same physical core, which is optimized for sharing memory
and synchronizing operations of different threads. In practice, there are limitations to
how large a block can be based on the GPU architecture, and choosing different block
sizes can affect the performance of the code depending on how data needs to be shared
between threads in the simulation. We found that the optimal block size was made up
of 256 threads. A collection of blocks that executes the kernel across multiple cores on
the GPU is known as a grid. Grids are used to manage and synchronize the execution of
thread blocks across multiple cores. The grid size in our simulation is set by the number of
random numbers we need to generate. In our case, for each spin pair, we assign a unique
thread that is responsible for generating its own independent stream of random numbers.
These can then be used to evaluate the spin-flip probabilities at each time step. Figure
4.7 provides an overview of the GPU architecture. If there are N spin-flip probabilities
in flip_array, then there will also be the same number of threads that will need to be
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organized into the grid structure. If the block size is 256 threads, we calculate the grid size
to be Npoeks = (IN 4 blockSize — 1)/blockSize which ensures that the block size is large
enough even when NN is not a multiple of the block size, where Nipreaqs = 256 X Npjoeks = V.

Figure 4.7: Overview of GPU Architecture Schematic. Each thread is responsible
for generating its own stream of random numbers. The number of threads is equal to
the number of pairwise interactions between the spins that are being considered in the
simulation. Each random number X is compared to the P(flip) of the spin pair. If X <
P(flip) then the spin states are swapped. Different threads are organized into thread blocks
that share memory resources, and multiple blocks are organized into a grid.

The RNGs in our simulation are initialized by calling the curand_init (seed, sequence_number

, offset, &state) kernel, which is responsible for initializing the state of the pseudoran-
dom number generator (PRNG). The function arguments require that we pass an initial
seed value, a sequence number, and an object which provides the memory address where
the internal state variables of the RNG will be stored. As mentioned previously, we em-
ploy the Philox algorithm for the PRNG, which is a counter-based PRNG that generates
random numbers based on the value of an internal counter. This counter increments with
each call to the function, ensuring each number is unique and reproducible when the same
initial conditions are used. The period of the Philox algorithm used is 2'?%, where the
period refers to the sequence of numbers that can be generated before a repeat occurs.

In the PRNG mentioned above the initial seed value is used to generate a deterministic
random number sequence. This feature of the PRNG ensures that the same sequence of
random numbers will always be generated given the same initial seed value. This has
the advantage of providing reproducibility of the PRNG, which is useful for debugging
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purposes. The sequence_number is used as a modifier for the initial seed value. It is
the combination of the sequence number and the initial seed value that is responsible for
the sequence of random numbers that will be generated from the GPU. When generating
random numbers in parallel across multiple threads, even though the initial seed value
is usually the same across all threads, by providing a unique sequence number for each,
it allows for a statistically independent set of random numbers between threads to be
generated.

When multiple threads use the same seed but different sequence numbers, they each
produce a distinct stream of random numbers, thereby ensuring that no correlations occur
between threads that could skew the simulation outcomes. The combination of a seed and
a sequence number thus defines a unique random number stream per thread. Without
unique sequence numbers, threads initialized with the same seed would generate identical
sequences, leading to potential data correlation and biased results.

The &state variable in the curand_init kernel is a pointer to the memory address of the
state variable, which stores initialization data, such as the initial seed, sequence number,
internal counter state, as well as data associated with previous calls to the RNG. Each
time the PRNG is called, the internal state of the PRNG needs to be updated. Updating
the state refers to adjusting the internal counter and other elements of the PRNG in
order to prepare for the next call to the kernel. Updating the state in this manner ensures
continuous and independent random number generation across threads.

Each thread has its own state variable, allowing it to generate random numbers inde-
pendently and asynchronously of other threads. Overall, this architecture of the PRNG
ensures that each thread can execute independently and efficiently. Below, we have pro-
vided the code for initializing the Philox random number generator as well as a function
that can be used to generate random numbers from a uniform distribution.

__global__ void init_curand_states(curandStatePhilox4_32_10_t *state, unsigned long
seed, int n) {
int idx threadldx.x blockIdx.x blockDim.x;
if (idx n) {
curand_init(seed, idx, 0, &state[idx]);

}
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__global__ void generate_random_numbers(curandStatePhilox4_32_10_t *states, double
rand_nums, double *rand_numl, double *rand_num2, int n, int n_spin_values) {
int idx threadldx.x blockIdx.x blockDim.x;
if (idx < n) {
curandStatePhilox4_32_10_t localState states[idx];

rand_nums [idx] curand_uniform_double(%localState) ;

if (idx < n_spin_values) {

rand_numl [idx] curand_uniform_double(%localState) ;
rand_num?2 [idx] curand_uniform_double(%localState) ;
}
states[idx] localState;

The CUDA code illustrated above initializes, and utilizes the Philox algorithm for
generating random numbers. The codeidx variable is used to assign a unique thread across
the different thread blocks, where idx = threadIdx.x + blockIdx.x * blockDim.x. This
ensures that each thread in a given thread block is assigned a unique idx value. For
example, the threads in block 0 will have an idx value ranging from 0 to 255, while threads
in block 1 range from 256 to 511. This variable is then passed to the sequence number
parameter of the curand_init function, guaranteeing that each thread generates a distinct
sequence of random numbers.

In addition, to ensure independent and asynchronous generation of random number
streams, each thread is also associated with its individual Philox state object (&state [idx
1), which encapsulates all the necessary data for the PRNG, including the initial seed,
sequence number, and the internal counter state.

The generate_random_numbers kernel uses these initialized states to generate 64-bit
floating point numbers that are uniformly distributed. The kernel also keeps track of and
updates the thread to ensure that on the next iteration of the simulation, state for each
a new random number is generated. Also note that in our simulation we generate three
distinct sets of random numbers in the simulation. The rand_nums variable has the same
size as the flip_array and is utilized by the swap spins kernel for evaluating flip-flop
interactions. The random numbers used for calculating a spin flip due to the T} process
are stored in the variables rand_num1 and rand_num2.
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4.5 Conclusion and Outlook

The goal of this work was to demonstrate that force-detected magnetic resonance and
high-efficiency pulsed dynamic nuclear polarization could be used together to improve the
detection capabilities of magnetic resonance when detecting nanoscale spin ensembles. We
showed that the thermal polarization of proton spins could be enhanced using DNP by a
factor of ~ 100. Importantly, we demonstrated that in a 1D Fourier imaging experiment,
this enhancement corresponded to a 204-fold reduction in acquisition time compared to
measurements made with statistical polarization. In contrast to previous work done on
incorporating DNP in MRFM;, the platform discussed in this thesis provides a few advan-
tages. Firstly, the use of a CFFGS for generating spin encoding and detection pulses allows
for the application of efficient pulsed DNP methods for polarization transfer. Secondly, the
platform has also been used for angstrom scale Fourier encoding of samples utilizing dynam-
ical decoupling sequence to extend the spin coherence times during imaging [14,22]. The
combination of being able to do Fourier encoding of spins alongside dynamical decoupling
sequences, ultrasensitive spin detection using SINW force sensors, and large enhancement
DNP is an important step to realizing high-resolution 3D imaging of nanoscale biological
samples.

A contributing factor to the large enhancement factors measured, were the short Ti.s
of the trityl-OX063 radicals. The reduced spin relaxation times were mediated by spin
diffusion to paramagnetic defect spins on the surface of the SINW. Simulations of the
spin diffusion process provided good agreement with the measured spin-lattice relaxation
data. The work also provided a detailed explanation for implementing these simulations
on parallel computing hardware.

The work presented in this thesis provides a foundation for future experiments. Despite
the progress made in being able to combine DNP with force-detected magnetic resonance
there is room to further optimize the sensitivity and detection capabilities. One method
for improving the sensitivity is by increasing the polarization of the spins by operating at
lower temperature and higher static fields. For example, assuming the same DNP efficiency,
operating at 0.3 K and 1 T would boost the SNR by a factor of 400 over measurements
made using statistical polarization. Being able to perform 3D imaging in these conditions
would require the development of new CFFGS devices that can support transmission of
higher microwave frequencies as well as being able to generate uniform gradients in three
directions for high-resolution 3D imaging.
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Appendix A

Expectation value of the Random
Telegraph Function

Below we derive an expression for E[h(r, )] as

E[h(r,t)] = P[h(r,t) = 1] — P[h(r,t) = —1]
= P[h(r,t) = 1]h(r,0) = 1]P[h(r,0) = 1]+
P[h(r,t) = 1]h(r,0) = —1]P[A(r,0) = —1]—
Ph(r,t) = —1]h(r,0) = 1]P[A(r,0) = 1]—
P[h(r,t) = —1|h(r,0) = —1]P[h(r,0) = —1].

(A.2)

For calculating the probabilities in the above equation, we know for a poisson distributed
process over an interval [0,¢], P[n sign flips] = e "(rt)"/n!, where r is the spin flip rate

[91,92]. For the conditional probability

P[h(r,t) = £1 | h(r,0) = £1] = P[even sign flips in [0, ¢]]

=P U{Qn sign flips in [0, ¢]}

n=0

Since the events are mutually exclusive Equation A.3 becomes

0 2n
Z e "t ((7“215))' = ¢ " cosh (rt)
n)!
n=0

—> P[h(r,t) = £1 | h(r,0) = +1] = e~ /™) cosh (t/(27,)),
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(A.3)

(A.4)



where we have defined the spin flip rate r as r = 1/(27,,). Following a similar methodology
for the case where there are an odd number of spin flips in the interval

P[h(r,t) = %1 | h(r,0) = F1] = e /™) sinh (t/(27,,)). (A.5)
Substituting Equation A.4 and A.5 Equation A.2 becomes

E[h(r, )] = mo(r)e /™. (A.6)

87



[ N N

Appendix B

Code for Simulations of Surface
Induced Spin Relaxation

B.1 Random Spatial Distribution of Spins

The following defines the geometry of the SINW based on SEM images, and generates a
random realization for the spins in the bulk, as well as for defect spins at SINW surface,
based on the expected volume and surface densities respectively.

numpy as np

cuboid_dim_x = 601

cuboid_dim_y = 601

cuboid_dim_z = 500

sphere_radius 184
grid_spacing 1

arange (0, cuboid_dim_x, grid_spacing)
arange (0, cuboid_dim_y, grid_spacing)
arange (0, cuboid_dim_z, grid_spacing)
np.meshgrid(x, y, z, indexing='ij')
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28

29
30

31

32
33

34

35
36
37
38
39
40

41
42

43
44
45

46
47
48
49
50
51

disc_radius 60
disc_height 190
disc_radius?2 59
disc_height2 190
disc_radius3
disc_height3

disc = np.where((grid[0] cuboid_dim_x/2)**2 + (grid[1] cuboid_dim_y/2) **2
disc_radius#**2, 1, 0)

disc = np.where((grid[2] cuboid_dim_z/2+sphere_radius-disc_height) (disc
1, 1, 0)

disc2 = np.where((grid[0] cuboid_dim_x/2)**2 + (grid[1] cuboid_dim_y/2) #*2
disc_radius2+**2, 1, 0)

disc2 = np.where((grid[2] cuboid_dim_z/2+sphere_radius-disc_height?2) (disc2
1, 1, 0)

disc3 = np.where((grid[0] cuboid_dim_x/2)**2 + (grid[1] cuboid_dim_y/2) #*2
disc_radius3+**2, 1, 0)

disc3 = np.where((grid[2] cuboid_dim_z/2+sphere_radius-disc_height3) (disc3
1, 1, 0)

outer_shell disc-disc?2
bottom_shell disc2-disc3
surface_shell outer_shell+bottom_shell

distances = np.sqrt((grid[0] cuboid_dim_x/2)**2 + (grid[1]
cuboid_dim_y/2-100) #*2 + (grid[2] cuboid_dim_z/2-40) **2)

array = np.where(distances sphere_radius, 1, 0)
spins_loc_vol array - disc

boundary_loc_vol surface_shell
", spins_loc_vol.shape)

", boundary_loc_vol.shape)

print ("shape of spins_loc_vol:
print ("shape of boundary_loc_vol:
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sample_mask spins_loc_vol
boundary_mask = boundary_loc_vol

ps = 1.0744e25

prob_spin_loc = ps * ((1e-9)*#*3)
dist = np.random.rand(sample_mask.shape[0],
sample_mask.shape[1] ,sample_mask.shape[2]) < prob_spin_loc

spins_mask = np.multiply(dist, sample_mask)
print ('Probability of spins = ',

np.count_nonzero (spins_mask) /np.count_nonzero (sample_mask))
print ('Number of spins in sample is ', np.count_nonzero(spins_mask))

pf = 1e26

prob_spin_loc_fast = pf * ((le-9)#*%3)

dist_fast = np.random.rand(boundary_mask.shape[0],
boundary_mask.shape[1],
boundary_mask.shape[2]) < prob_spin_loc_fast

fast_spins_mask = np.multiply(dist_fast, boundary_mask)

print ('Probability of spins in Boundary = ',

np.count_nonzero(fast_spins_mask) /np.count_nonzero(boundary_mask))
print ('Number of spins in Boundary is ', np.count_nonzero(fast_spins_mask))

combined_spins np .maximum(2+fast_spins_mask,spins_mask)
complete_spin_mask = np.where(combined_spins 2, 1, combined_spins)
total_mask_elements = np.sum(complete_spin_mask)
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print ('Mask Shape is', complete_spin_mask.shape)

spin_values = np.multiply(
complete_spin_mask,
np.ones (complete_spin_mask.shape)

indices = np.where(combined_spins o)}
indices_list = np.transpose(indices)
fast_indices = np.where(combined_spins 2)
fast_indices_list = np.transpose(fast_indices)
slow_indices = np.where(combined_spins 1)
slow_indices_list = np.transpose(slow_indices)

B.2 Pre-computing Spin Flip Probabilites

The following defines calculates an array of spin flip probabilities using Equation 4.7. We
also assign an associated 717 value for each spin in the sample. Both arrays are exported
to binary files that can be imported by the GPU for use in simulations.

scipy.spatial cKDTree

scipy.sparse triu

scipy.sparse csr_matrix
numba

delta_t 0.000_000_005

T2_fast_spin = 0.000000012
T2_slow_spin = 0.000000038

T1_fast_spin = 0.000_050
T1_slow_spin = 0.100_000
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21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

pe =0.525

sphere_radius 15
inner_radius 1

@numba. jit (nopython=True)

def process_sparse_matrix(r_tri_csr_data, r_tri_csr_indices, r_tri_csr_indptr,

indices_list, inner_radius, sphere_radius):
norm []

elements []

interaction_list ]

for i range(len(r_tri_csr_indptr) 1):
start_idx = r_tri_csr_indptr[i]
end_idx = r_tri_csr_indptr[i + 1]

for j range (start_idx, end_idx):
distance = r_tri_csr_datal[j]
col_idx = r_tri_csr_indices[j]

if inner_radius < distance sphere_radius:
norm. append(distance)
elements.append(indices_list[col_idx]
interaction_list.append((i, col_idx))

return norm, elements, interaction_list

kdtree = cKDTree(indices_list)
r = kdtree.sparse_distance_matrix(kdtree, sphere_radius)
r_tri = triu(z)

r_tri_csr csr_matrix(r_tri)
non_zero_count r_tri_csr.nnz
print ("Number of non-zero elements:", non_zero_count)

r_tri_csr = r_tri.tocsr()

r_tri_csr_data r_tri_csr.data

r_tri_csr_indices r_tri_csr.indices
r_tri_csr_indptr = r_tri_csr.indptr

print ("Making norm, elements and interaction_list")

92

indices_list[i])




7

78
79
80
81
82
83
84
85

86

87

88

89
90

91
92
93

norm, elements, interaction_list process_sparse_matrix(r_tri_csr_data,

r_tri_csr_indices, r_tri_csr_indptr, indices_list, inner_radius, sphere_radius)

norm = np.array(norm)

elements = np.array(elements)
interaction_list = np.array(interaction_list)
interaction_list = tuple(interaction_list.T)

print ("making ccombined_spins")
ccombined_spins = np.copy(combined_spins)
ccombined_spins [np.where(ccombined_spins ==2)]

print ("making spin_i, spin_j ")
spin_i

ccombined_spins[indices_list[interaction_list[0]][:,0],indices_list[interaction_1

spin_j

ccombined_spins[indices_list[interaction_list[1]][:,0],indices_list[interaction_1

dwil . T2_slow_spin

dw2 3 T2_fast_spin

w01 . np.pi 9200000000

w02 = 2. * np.pi * 9219274501

fast_rate (1 (dw2 + dw2 + 4 (C (w02- w02)*+*2) (dw2 + dw2))))

slow_rate = ( 1 / (dwl + dwl + 4 * (( (wO1- wO1)#*2) / (dwl + dwil))))

fast_slow_rate = ( 1 (dwl + dw2 + 4 * (( (w01 - w02)**2) (dwl + dw2))))

ww = delta_t ((2 * np.pi 2.6019436586753923e7 (1 3
(np.dot (elements,np.array ([0, 0, 1])) norm) ) (norm 3) ) **2)
fast_slow_rate * np.logical_xor(spin_i,spin_j) slow_rate
np.logical_and(spin_i,spin_j) O+fast_rate
np.logical_and(np.logical_not(spin_i) ,np.logical_not(spin_j))

print ("making Bloembergen_probabilities")
Bloembergen_probabilities = np.multiply(w,ww)
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ss = spin_values.astype(bool) [indices]
spin_values_temp = np.copy(ss)
ones_array = np.ones(ss.shape)

def subset_index_finder(subset_index, total_index_list):

index_dict {(total_index_1ist[0] [i], total_index_list[1][i],
total_index_list[2][i]): i
for i range(len(total_index_list[0]))}
subset_index_loc = np.empty(len(subset_index[0]), dtype=np.int32)
for i, coords enumerate (zip (subset_index[0], subset_index[1],
subset_index[2])):
subset_index_loc[i] index_dict.get(coords, -1)

return subset_index_loc

fast_index_loc subset_index_finder(fast_indices,indices)
slow_index_loc subset_index_finder (slow_indices,indices)

t1_indexed = np.zeros(ss.shape)
t1_indexed[fast_index_loc] = T1_fast_spin
t1_indexed[slow_index_loc] = T1_slow_spin

print(T1_slow_spin,T1_fast_spin,delta_t,ss[fast_index_loc] .shape,ss[slow_index_loc] .s}

print (spin_values_temp.shape[0])
print(fast_indices_list.shape)
print(slow_indices_list.shape)

print(indices_list.shape)
print(fast_indices_list.shape[0]+slow_indices_list.shape[0])

interaction_list_O = interaction_list[0] [np.where(Bloembergen_probabilities!=0)]

interaction_list_1 = interaction_list[1] [np.where(Bloembergen_probabilities!=0)]
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136

145

146

147
148
149
150
151
152
153
154
155

Bloembergen_probabilities
Bloembergen_probabilities [np.where(Bloembergen_probabilities!=0)]

slow_index_loc_int64 = slow_index_loc.astype(np.int64)

bulk_mask_elements = spin_values_temp[slow_index_loc] .shape[0]

bulk_mask_elements

spin_values_temp spin_values_temp.astype(np.int64)

print (type (Bloembergen_probabilities[0]), type(interaction_list_0[0]),

type(interaction_list_1[0]), type(spin_values_temp[0]), type(tl_indexed[0]),
type(slow_index_loc_int64[0]))

print (Bloembergen_probabilities.shape, interaction_list_0.shape,
interaction_list_1.shape, spin_values_temp.shape, tl_indexed.shape,
slow_index_loc_int64.shape)

Bloembergen_probabilities, interaction_list_0, interaction_list_1,
spin_values_temp, tl_indexed, slow_index_loc_int64

sigma '1e17_100'
interaction_list_0.tofile(f'./{sigmal}/interaction_list_0.bin')
interaction_list_1.tofile(f'./{sigmal}/interaction_list_1.bin')
slow_index_loc_int64.tofile(f'./{sigma}/slow_index_loc.bin')
spin_values_temp.tofile(f'./{sigmal}/spin_values_temp.bin')
Bloembergen_probabilities.tofile(f'./{sigma}/Bloembergen_probabilities.bin')
t1_indexed.tofile(f'./{sigma}/t1_indexed.bin')

B.3 Functions for Evolving the Spin States

The following section provides the functions used for evolving the spin states. swap_spins is
the kernel used to for swapping the spin states due to dipole-dipole interactions. apply_T1
is used for applying the T; relaxation process to each spin in the sample.

__global__ void swap_spins(double* d_Bloembergen_probabilities, long long
d_interaction_list_0O, long long* d_interaction_list_1, long long

d_spin_values_temp, double* rand_nums, int size_Bloembergen) {
int idx threadldx.x blockIdx.x blockDim.x;
if (idx size_Bloembergen) return;
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18
19
20
21
22
23

24
25

double rand_num = rand_nums[idx];

if (rand_num < d_Bloembergen_probabilities[idx]) {
long long k = d_interaction_list_O[idx];
long long 1 = d_interaction_list_1[idx];
long long temp = d_spin_values_temp[k];
d_spin_values_temp[k] = d_spin_values_temp[1];
d_spin_values_temp[l] = temp;

__global__ void apply_T1(long long+* d_spin_values_temp, double* d_tl_indexed,

double* rand_numl, double* rand_num2, double pe, double delta_t, int
size_spin_values_temp) {

int idx threadldx.x blockIdx.x blockDim.x;

if (idx size_spin_values_temp) return;

double t1_factor (delta_t d_t1_indexed[idx]);

bool spin_val = (d_spin_values_temp[idx] 0);

bool new_spin_val = (!spin_val (rand_num1 [idx] (pe * tl_factor)))
(spin_val (rand_num?2 [idx] ((1 - pe) * tl_factor)));
d_spin_values_temp[idx] = new_spin_val 7 1 : 0;
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