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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.

iii



Acknowledgments

During my time pursuing an MSc degree, I have learnt more and progressed more as
an individual than I ever thought possible. None of this would be possible without the
many people who have supported me and guided me throughout my time here. First and
foremost, I would like to thank my supervisor Raffi Budakian, who has been an incredibly
positive force in my life. I have learned a great deal about science from him and am grateful
for his constant willingness to engage with me and teach me new concepts. In particular,
I have enjoyed our many long and creative discussions when solving new problems, where
his creativity, diversity of thought, and knack for solving problems have been a constant
source of inspiration and are skills I try to emulate.

My time in the Budakian group has been intellectually enlightening and has yielded
great experiences. I would like to thank my collaborators and group members Sahand
Tabatabaei, Pritam Priyadarsi, Pardis Sahafi, Ben Yager, and Daniel Tay, who have made
this positive experience possible and from whom I have learned a great deal. In particular,
I would like to thank Sahand and Pritam, who have been incredible mentors to me and
with whom I have enjoyed many long, intellectually rewarding discussions. I would also
like to thank them for the hand they have given me in satisfying my relentless curiosity.

I would also like to thank my mom and my dad, who have supported me for many years
and who have sacrificed a great deal to allow me to pursue my passions.

I am also grateful for the learning environment and opportunities provided by the Uni-
versity of Waterloo and the Institute for Quantum Computing. The university’s environ-
ment has created a diversity of knowledge that has always felt easily accessible, whether it
be approaching other professors or students to discuss new ideas. Also, I have made many
incredible friends at the university whom I would like to thank. Thank you to Jeremy,
Trevor, Nandini, Matt, Ahmad, James, Kevin, and the many others whom I can not list
for the memorable moments and time we have enjoyed together. Lastly, I would also like
to thank my best friend and kindest person I know, Harleen, who has tolerated me these
many years and provided a great deal of encouragement and support.

iv



Dedication

To Harley

v



Table of Contents

Author's Declaration ii

Abstract iii

Acknowledgments iv

Dedication v

List of Figures viii

List of Tables xv

1 Introduction 1

1.1 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Introduction to Magnetic Resonance . . . . . . . . . . . . . . . . . . . . . 6

1.3 Thermal and Statistical Polarization . . . . . . . . . . . . . . . . . . . . . 9

1.4 Dynamic Nuclear Polarization . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5 Spin Di�usion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Experimental Setup and MAGGIC Protocol 21

2.1 Magnetic Resonance Force Microscopy . . . . . . . . . . . . . . . . . . . . 21

2.1.1 Silicon Nanowire Force Sensor . . . . . . . . . . . . . . . . . . . . . 22

vi



2.1.2 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1.3 Current-Focusing Field Gradient Source . . . . . . . . . . . . . . . 24

2.1.4 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Spin Detection Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3 Mean and Statistical Polarization Measurements . . . . . . . . . . . . . . . 32

2.3.1 Thermal Polarization Measurements . . . . . . . . . . . . . . . . . 32

2.3.2 Statistical Polarization Measurements . . . . . . . . . . . . . . . . . 34

2.4 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3 Ramped Amplitude DNP Protocol 46

4 Nanoscale DNP 50

4.1 DNP measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2 Comparison of Statistical Polarization and DNP Enhanced Thermal Polar-
ization SNR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3 Relaxation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.4 Surface-Induced Spin-Lattice Relaxation . . . . . . . . . . . . . . . . . . . 62

4.4.1 Software and Hardware Implementation of Spin Di�usion Simulations 68

4.5 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

References 76

APPENDICES 85

A Expectation value of the Random Telegraph Function 86

B Code for Simulations of Surface Induced Spin Relaxation 88

B.1 Random Spatial Distribution of Spins . . . . . . . . . . . . . . . . . . . . . 88

B.2 Pre-computing Spin Flip Probabilites . . . . . . . . . . . . . . . . . . . . 91

B.3 Functions for Evolving the Spin States . . . . . . . . . . . . . . . . . . . . 95

vii



List of Figures

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 B0 = 0:32 T the thermal polarization of
the protons ispT = 7:78� 10� 5. The maximum enhancement in proton po-
larization is given by
 e=
 n = 658 shown by the red line. TheN > N c = 382
the region (shaded) shows the region in which the DNP-enhanced thermal
polarization exceeds the statistical. Note that theNc = (2 kBT=~
 eB0)2 in
this case refers to the critical number of spins needed for the DNP-enahanced
and statistical polarizations to be equal to one another. The second dashed
line in the �gure 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 [1].(B) The minimum enhancement
required for the DNP-enhanced thermal polarization to exceed statistical as
function of the number of proton spins in the detection volume. . . . . . . 11

1.2 Tilted Rotating Frame Coordinate Axis. . . . . . . . . . . . . . . . . 14

1.3 NOVEL DNP Timing Diagram . The DNP method begins by tipping
the electron spins into the transverse plane with a (�= 2)x pulse, after which
a resonant spin locking drive is applied. The electron polarization is trans-
ferred to nearby protons and is allowed to repolarize for a period� . By
applying successive applications of the primitive, for a durationTb, the pro-
ton polarization is built up in a sample. . . . . . . . . . . . . . . . . . . . . 16

viii



2.1 Trityl OX063 Polarizing Agent . (A) SEM images taken of the nan-
odroplets attached to the tip of the SiNW showing the di�erent morpholo-
gies 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 struc-
ture of the radical, the electron spin exhibits low g-anisotropy and narrow
linewidths [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2 Optical Images of CFFGS . (A) Optical image of CFFGS composited
from multiple snapshots of di�erent regions.(B) Optical image of the cen-
tral 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. . . . . . . . . . . . . . . . . . 25

2.3 CFFGS Field Pro�les . (A) Simulated Rabi �eld contours at 100, 200,
and 300 nm distances above the center of the constriction withI pk = 29 mA.
(B) Simulated detection gradients at di�erent heights from the center of the
CFFGS with I pk = 47 mA. . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.4 Schematic of the Experimental Setup . . . . . . . . . . . . . . . . . . 28

2.5 MAGGIC Measurement Protocol . (A ) Magnetic Resonance experi-
ments are usually made up of successive blocks of some spin control sequence
in which we encode some information of interest and are followed by mea-
surement 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. 30

2.6 Average Force time Record. Average force time record (blue) and �tted
data (red) of hyperpolarized proton spins. To increase the response time of
the oscillator, the SiNW was damped to a quality factor of 900. . . . . . . 33

2.7 Average Single Sided Displacement Spectral Density of Proton
Spin signal. The average single-sided displacement spectral density of the
proton signal superimposed on the damped SiNW response. (Inset) The
�tted 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 o�set frequency�f from the carrier frequency, which
is referenced to the mechanical resonance of the SiNW. . . . . . . . . . . . 35

ix



2.8 Timing diagram for Statistical Polarization measurements . . . . . 36

2.9 Block Diagram of Electronics Schematic of the circuit used for spin ma-
nipulation and detection. The circuitry for generating gradient modulation
waveform is shown in the LF section. The RF pulses applied to the pro-
tons are generated via the circuitry in the NMR section. Both the RF and
LF pulses are driven di�erentially to minimize the electrostatic coupling to
the sample and are combined using a passive �lter 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. 39

2.10 BiasTee Filter Measured LF and RF responses through the bias-Tee net-
work. To measure the low pass response of the circuitVLF was excited while
the VRF port was terminated to ground. Similarly, the high pass response
was measured by excitingVRF and terminating the VLF port. . . . . . . . . 40

2.11 Frequency Upconversion. IQ mixer multiples LO with the baseband IQ
signals and combines them to generate an output at! LO + ! IF . A non-ideal
IQ mixer can also generate unwanted sidebands at harmonics of! IF as well
as spectral content at! LO (LO leakage) . . . . . . . . . . . . . . . . . . . . 41

2.12 Amplitude and Phase Response of Reactel 8CX1-9200-X400 Fil-
ter. (A) Amplitude Response. The passband of the �lter is designed to be
between 9 and 9.4 GHz.(B) Phase Response. . . . . . . . . . . . . . . . 42

2.13 Phase Noise of LO supplied by nardarmiteq. . . . . . . . . . . . . . 43

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 IQ mixer. The measuredP1dB compression point is at 29.44 dBm. . 44

3.1 Double Quantum and Zero Quantum Transitions . The eigenstates
trajectory calculated from Equation 1.33 and 1.34. The Rabi �eld is swept
adiabatically through the Hartmann-Hahn matching frequency (shown in
red arrows). The state adiabatically follows the trajectory from thej""i $
j##i for the double quantum transition, andj#"i $ j"#i for the zero quan-
tum transition. The energy splitting between the two eigenstates is also
shown, where at! 1S = � ! 0I , the splitting is B=2, whereB is the pseudo-
secular hyper�ne coupling. Note, that thej"#i ; j#"i states are left invariant
during the double quantum transition and similarly thej""i ; j##i states are
left invariant during the zero quantum transitions. . . . . . . . . . . . . . 47

x



3.2 RA-NOVEL. (A) RA-NOVEL waveform primitive applied to the elec-
trons 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 durationTramp , followed by repolarization of the electrons
for a time Tpol . By repeating the waveformN times, the proton polariza-
tion in the sample can be built up for a timeTb, which is limited by the
T1p of the protons. (B) The time at which the Hartmann-Hahn matching
condition is met (tHH ) 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 di�erent stages of the ramp. The yellow contour outlines
where the Hartmann-Hahn condition is met. As! 1S is swept through the
matching condition, an electron-proton pair (white circle) will undergo adi-
abatic transfer of polarization. Due to the inhomogeneity in theB1 �eld
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. . . . . . . . . . . . . . . . . . . . 48

4.1 DNP Measurements. (A) Pulse sequence used for DNP measurements.
The proton polarization is �rst scrambled using (�= 2)x and (�= 2)y 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 timeTb

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 �tted to a model of the me-
chanical response of the SiNW (dashed lines), with the initial rise in the
data being due to the �nite bandwidth of the oscillator. The signals decay
with a spin correlation time � m = 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 di�erentTpol and Tramp for an optimal buildup
time Tb;opt = 7:7 s (58 averages/point). (Inset) The enhancement per ramp
depicts the increase in e�ciency and saturation of polarization transfer for
longer Tpol and Tramp . We found the maximum enhancement� = 105(8) in
proton polarization with a Tpol = 10:24 ms andTramp = 16 � s. . . . . . . . 53

xi



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 distance from the surface of the
CFFGS (z = 0) along the center of the constriction (x = 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 ! 0S to decouple the electrons
while acquiring the proton signal. The decoupling procedure resulted in ex-
tending the proton spin correlation time from 31.9 ms to 135.6 ms during
the acquisition period. The di�erences observed in the statistical and hyper-
polarized distributions stem from how each spin interacts with the detection
gradient. In statistical polarization, the contribution of a spin at positionr
to the signal is proportional to G2(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) . . . . . . . . . 56

4.3 Relaxation Times. Spin relaxation data for Sample A, with associated
pulse sequences.(A) T1e measurement, with inversion recovery pulse se-
quence.(B) Electron T �

2e measurement using a Ramsey experiment with a
time-proportional phase increment (TPPI) scheme, (! TPPI =(2� ) = 30 MHz).
(C) Electron T1�e measurement with a resonant constant-amplitude drive.
(D) Proton T1p measurement by measuring the decay in the longitudinal
magnetization of the hyperpolarized proton ensemble.(E) Proton T �

2p mea-
surement using a Ramsey experiment on the hyperpolarized proton ensemble
with ! TPPI =(2� ) = 80 kHz. (F) Proton T2p measurement with a� z decou-
pling sequence on the proton hyperpolarized ensemble. . . . . . . . . . . . 59

xii



4.4 Thermometry Meausurements for 1.3 mM Reference Sample. (A)
(right axis) measured thermal displacement power as a function of the inci-
dent laser power, (left axis) extrapolated SiNW temperature. The operat-
ing 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) T1e measured at di�erent tip-
surface distances from the CFFGS. TheT1e remains consistent at di�erent
heights. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.5 Spin Di�usion Simulation of Surface Induced Spin Lattice Relax-
ation . (A) Visualization of spin states at di�erent points in T1e decay for
Sample A. At t = 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 t = 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 (� 3T1e), the sample has reached thermal equilibrium.
The simulated fractional polarization as a function of time for sample A is
shown with T1e = 21 ms. (B) Spin-lattice relaxation times for samples A, B,
and C and the reference sample for di�erent defect densities on the surface
of the SiNW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.6 Caption next page. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

xiii



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 rmin as described in Section 4.4,
and store them in a 1D array (flip_array ). We also stored the indices of
the (i, j) interacting spin pairs for the corresponding transition probability.
For example, the 0th entry in flip_array may correspond to the probability
of a spin 
ip between the 4th and 10th labelled spins in our geometry. As a
result, the 0th entry of i_array and j_array will be 4, and 10 respectively.
We also assign each spin its own intrinsicT1 based on whether the spin
resides in the bulk sample or on the surface of the SiNW. The arrays are
then exported to binary �les. In the GPU program, we begin by loading the
arrays from the binary �les. The simulation is conducted for a simulation
time T with step size �t = 1 ns. A pseudo-random number generator is
then used to generateM = len (flip_array) random numbers in parallel.
The spin-
ip 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 
ips due to theT1 process. After each time step,
the gradient-weighted magnetization is calculated and stored in a text �le. 71

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 numberX is compared to
the P(
ip) of the spin pair. If X < P(
ip) then the spin states are swapped.
Di�erent threads are organized into thread blocks that share memory re-
sources, and multiple blocks are organized into a grid. . . . . . . . . . . . 72

xiv



List of Tables

2.1 Constituent table, including all the components used to prepare the mea-
sured samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.1 Summary of nanoscale DNP results , including measured DNP enah-
ncements and spin relaxation times. . . . . . . . . . . . . . . . . . . . . . . 52

4.2 Electron and proton relaxation times for the measured samples.T2p

and T �
2p were not measured for sample D. . . . . . . . . . . . . . . . . . . . 60

4.3 Parameters used for Semi-Classical Spin Di�usion Simulations.
Ref. sample refers to the 1.3 mM sample used for investigating di�erent
electron relaxation mechanisms. . . . . . . . . . . . . . . . . . . . . . . . 66

xv



Chapter 1

Introduction

The development of nuclear magnetic resonance (NMR) has revolutionized modern science,
�nding applications in �elds 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, di�culties 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 con�gurations 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 di�erent 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 [1, 7{14]. 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 �eld gradients to a spin sample generating a force
on it. This force is coupled to the displacement of a ultra-sensitive nano-mechanical can-
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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 �eld gradients needed for spin detection, 4) the cantilever force noise generated
from 
uctuating electric �elds 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=

p
Hz. Additionally, magnetic �eld sources capable

of generating large gradients as high as 107 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 �eld gradient sources are used to generate the magnetic �eld 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 �eld gradient source (CFFGS) which passes current
through a narrow metallic constriction in order to generate large time-dependent magnetic
�eld 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 [14, 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 �elds, 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
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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
 e=
 p � 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 hyper�ne 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 di�usion
is responsible for distributing the polarization throughout the sample. Through successive
repetitions of the polarization transfer followed by nuclear spin di�usion, the polarization
of nuclei in the bulk sample can be built up to at most, the ratio of the gyromagnetic
ratios of the di�erent 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
Isaac et al. further demonstrated the use of cross e�ect DNP to hyperpolarize polystyrene
�lms 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 �eld gradient source
used for spin detection [3]. Importantly, this static �eld gradient source used for spin
detection also presents challenges that the authors note. Primarily, the inability to turn
o� the gradient during the DNP process makes it di�cult 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 di�usion,
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 �elds 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 di�erence in the

3



number of up and down spins, in the presence of a large static magnetic �eld. This is often
referred to as the the mean, thermal, or Boltzmann polarization. In nanoscale ensembles
however, statistical 
uctuations 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 o�ers 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 timeT1 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 su�ciently 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 timeT1e. The spin-lattice relaxation time deter-
mines how quickly electron spins return to thermal equilibrium, impacting the frequency
at which polarization can be e�ectively transferred to protons. Consequently, this a�ects
the overall buildup of nuclear polarization. In bulk DNP, the roleT1e plays in the DNP
e�ciency has been explored before [25,26]. 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 signi�cantly a�ect the spin-lattice relaxation
times, or create local �eld inhomogeneities, all of which a�ect the overall DNP e�ciency.
In our experiment in particular, our samples are attached to the surface of a SiNW. On the
surface of the SiNW is a Si=SiO2 interface at which there are unterminated bonds between
the Si and and SiO2 layers. These give rise to paramagnetic defect centers with short
spin-lattice relaxation times [27,28]. Strong couplings to these defect centers can a�ect the
relaxation time of the bulk spins a�ecting the e�ciency of the DNP process. In this work,
we investigate this mechanism and conduct simulations to verify whether interactions with
these defect centers is signi�cant 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

4



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 di�erent phenomena that a�ect 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 Ra�
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. I also conducted spin di�usion 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 SiNW devices in our experiment, as well as the mechanical design of the
components used in our experimental probe.

1.1 Thesis Outline

ˆ 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
di�erence 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 di�usion in the dynamics of DNP process.
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ˆ 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 bene�ts 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.

ˆ Chapter 3 discusses a detailed analysis of a modi�ed version of the the NOVEL
DNP protocol, ramped amplitude NOVEL (RA-NOVEL), which is robust to spatial
variations in applied �elds and allows for e�cient adiabatic transfer of polarization.

ˆ 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 signi�cantly faster than values
reported in the literature for OX063 radials in bulk. We investigate di�erent 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 statej (t)i is given by the
Schr•odinger equation

i~
d
dt

j (t)i = H (t) j (t)i ; (1.1)

whereH (t) is the Hamiltonian. Equivalently, we can describe the evolution of the system
with a unitary operator U(t) which maps the initial state j 0i to a state at time t as
j (t)i = U(t) j (0)i , and has the propertyU(t)Uy(t) = Uy(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
dt

U(t) = � iH (t)U(t); (1.2)
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with the initial condition U(0) = 1. Note we have chosen to set~ = 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 asU(t) = e� iHt . 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
�
� i

Z t

0
dt0 H (t0)

�
; (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) =
1X

n=0

(� i )n
Z t

0
dt1 : : :

Z tn � 1

0
dtn

nY

i =1

H (t i ); (1.4)

For an exact expression ofU(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 HamiltonH (t) is close to an exactly solvable
Hamiltonian H0(t), we can transformH (t) to the interaction frame of H0(t) with V(t) =
e� iH 0 t . The Hamiltonian H (t) can be decomposed asH (t) = H0(t) + �H (t), where �H (t)
is a small perturbation acting on the system, andk�H (t)k � k H0(t)k, where the norm
of an operator A is given by the Frobenius normkAk =

p
Tr( AyA). For simplicity we

assume thatH0 is time independent. We will de�ne a new state in the interaction frame
as j 0(t)i = V y(t) j (t)i . Substituting j 0(t)i into Equation 1.1

i
d
dt

(V(t) j 0(t)i ) = ( H0 + �H )V(t) j 0(t)i

H0V(t) j 0(t)i + iV (t)
d
dt

j 0(t)i = ( H0 + �H )V(t) j 0(t)i

i
d
dt

j 0(t)i = ( � H0 + V y(t)H0V(t) + V y(t)�HV (t)) j 0(t)i : (1.5)

Since [H0; e� itH 0 ] = 0, Equation 1.5 simpli�es to

i
d
dt

j 0(t)i = V y(t)�HV (t)
| {z }

H int

j 0(t)i ; (1.6)
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which is known as the Schr•odinger equation in the interaction frame, which describes the
dynamics underH int = V y(t)�HV (t).

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

H (t) = � � � B (t); (1.7)

where � is the magnetic moment of the particle and can be written in terms of the spin
angular momentum operators,� = 
 (Sx ; Sy; Sz) with 
 being the gyromagnetic ratio.
Protons have a gyromagnetic ratio
 p=(2� ) = 42:577 MHz=T, and for electrons
 e=(2� ) =
28 024 MHz=T, around 658 times larger. Throughout this thesis, we will useI 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 �eldB0ẑ
is H = � 
B 0I z, where ! 0 = 
B 0 is known as the Larmor frequency which is the rate of
precession of the magnetic moment around a static �eld. The eigenstates of the Zeeman
Hamiltonian can be denoted asj"i ; j#i with eigenvalues� ! 0=2, and ! 0=2.

We will now show that the phenomena of magnetic resonance occurs when an oscillating
�eld perpendicular to the static �eld is applied at a frequency! 0, resulting in transitions
between thej"i ; j#i states of the system. Consider aB(t) vector with the following form

B(t) = B0ẑ + 2B1 cos(! T t)x̂ (1.8)

! T being the frequency of the AC magnetic �eld, andB1 is called the Rabi �eld. The
corresponding Hamiltonian is

H (t) = � ! 0I z � 2! 1 cos(! T t)I x ; (1.9)

where! 0 = 
B 0 is the Larmor frequency, and! 1 = 
B 1 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 �eld with frequency ! T , sometimes referred to as thetransciever
or rotating frame, with a unitary V(t) = ei! T I z t . The magnitude of the static �eld in
magnetic resonance experiments is usually much greater, on the order of a few Tesla,
whereas the Rabi �eld is usually a few hundred Gauss,j! 1j � j ! 0j. We can rewrite the
Hamiltonian as

H (t) = � ! T I z| {z }
H 0

� (! 0 � ! T )I z � 2! 1 cos(! T t)I x| {z }
�H

; (1.10)
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We assume that the transmitter frequency! T is close to the Larmor frequency such that
k�H k � k H0k holds. We can transform the Hamiltonian to the rotating frame as follows

~H (t) = V y(t)�H (t)V(t)

= e� i! T I z t (� (! 0 � ! T )I z � 2! 1 cos(! T t)I x )ei! T I z t

= e� i! T I z t (� (! 0 � ! T )I z � ! 1(ei! T t + e� i! T t )I x )ei! T I z t ; (1.11)

rewriting Equation 1.11 in terms of raising and lowering ladder operators,I � = I x � iI y,
and using the fact that e� i�I z I � ei�I z = e� i� I � we have

~H (t) = � � !I z �
! 1

2
(ei! T t + e� i! T t )(e� i! T I z t (I + + I � )ei! T I z t ) (1.12)

= � � !I z �
! 1

2
(ei! T t + e� i! T t )(e� i! T t I + + ei! T t I � ) (1.13)

= � � !I z �
! 1

2
(I + + I � + e2i! T t I � + e� 2i! T t I + ) (1.14)

� � � !I z �
! 1

2
(I + + I � ) (1.15)

� � � !I z � ! 1I x ; (1.16)

where � ! = ! 0 � ! T . 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 therotating wave approximation(RWA) or the secular approximation, and is
a good approximation so long asj! 1j � j ! 0j and j� ! j � j ! 0j. In the case where! T = ! 0,
the so called resonance condition in magnetic resonance, the Hamiltonian is~H (t) = � ! 1I x .
From this we can see that the statej 0(t)i oscillates between thej"i ; j#i states at the Rabi
frequency! 1.

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 
uctu-
ations in the spin polarization, referred to asstatistical polarization, can exceed the mean
polarization [1, 35]. As we discuss later on, to extract information about the spin system
through these statistical 
uctuations, we often measure other statistics of the polarization,
such as the variance, spectral density or correlations.

9



The equilibrium state of a single spin-1/2 particle at temperatureT is described by
a Boltzmann distribution expressed by the density matrix� = exp ( � �H ) =Z , where
� = 1=kB T, kB is the Boltzmann constant, T is the temperature in Kelvin, and Z =
Tr f exp (� �H )g. Since magnetization is an extensive quantity, the mean magnetization is
M z = N Tr f � z� g and the variance is� 2

M z
= N

�
Tr f � 2

z � g � Tr f � z� g2�
. In most magnetic

resonance experiments, the energy splitting between eigenstates due to the static �eld is
much smaller than the thermal energy,~
B 0 � kB T. In this high temperature limit, we
can Taylor expand and truncate� as

� =
1
2

�
1 +

"� z

2
+ O("2)

�
(1.17)

where" = ~
B 0=kB T. We then �nd that

M z = N
~
B 0

2kB T
(1.18)

� 2
M z

= N: (1.19)

The fractional thermal and statistical polarization are de�ned asM z=M100% = ~
B 0=2kB T
and � M z =M100% = 1=

p
N , whereM 100% = N . From Equations 1.17 and 1.19, the number

of spins in the ensemble can be expressed in terms of the ratios ofM z and � M z as

N =
�

2kB T
~
B 0

� 2 �
M z

� M z

� 2

: (1.20)

From Equation 1.20, the critical number of spins needed for the thermal and statistical
polarization to be equal isNcT = (2 kB T=~
B 0)2. Figure 1.1 provides a comparison of the
fractional thermal and statistical polarization's for protons atB0 = 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 forN proton spins
at T = 4 :2 K and B0 = 0:32 T the thermal polarization of the protons ispT = 7:78� 10� 5.
The maximum enhancement in proton polarization is given by
 e=
 n = 658 shown by the
red line. The N > N c = 382 the region (shaded) shows the region in which the DNP-
enhanced thermal polarization exceeds the statistical. Note that theNc = (2 kBT=~
 eB0)2

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 �gure 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 [1].(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 o�er a signi�cant boost to the SNR when measuring the mean polarization of the
spins [36,37]. 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,
 e=
 p � 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, hyper�ne-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
spinsT1n . 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
�elds to induce transitions between spin states. If the polarization transfer for an electron-
proton system is 100% e�cient, the maximum enhancement is
 e=
 p � 658, where
 e; 
 p

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 signi�cant improvements in averaging time by a factor of 104 [40].

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 hyper�ne 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 [40, 41]. Other commonly used DNP tech-
niques include the solid and cross e�ects, both of which have shown large enhancements,
on the order of 100� 200 in solid state samples. [36,40,42{46].

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 [47] for an in depth description on the theory of
NOVEL.

Consider the Hamiltonian for a two spin system with one electron spinS, and one
nuclear spinI

H (t) = � ! 0SSz| {z }
H 0

� ! 0I I z � I � A � S � 2! 1s cos(! t t)Sx| {z }
�H

; (1.21)

where ! 0I I z is the nuclear Zeeman term,! 0SSz is the electron Zeeman term, the electron
Rabi drive is 2! 1s cos(! t t)Sx , and I �A �S is the hyper�ne interaction between the nuclear and
electron spins, whereA is the hyper�ne interaction tensor. For convenienve the hyper�ne
term can be rewritten as

I � A � S =
X

�;�

A �� I � S� = a � S; (1.22)

where a =
P

�;� A �� I � ê� where ê� is the unit vector along the � 2 f x; y; zg direction.
In Equation 1.21 we assume! 0S � ! 0I ; ! 1s; kA k from which it follows kH0k � k �H k.
We can transform the Hamiltonian to the rotating frame of the electron Larmor term as
~H (t) = V(t)y�HV (t) with V(t) = ei! 0S Sz t using a procedure similar to one outlined in
Chapter 1.

~H (t) = � ! 0I I z � ! 1SSx � ax (cos(! 0St)Sx + sin( ! 0St)Sy)

� ay(� sin(! 0St)Sx + cos(! 0St)Sy)

� azSz: (1.23)

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 azSz term

~H (t) = � ! 0I I z � ! 1SSx � (Axz I xSz + AyzI ySz + AzzI zSz): (1.24)
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We now transform our coordinate axis such that the y-component of the hyper�ne coupling
is zero and in our new coordinate axisA = Azz and B =

p
A2

xz + A2
yz, whereA and B are

known as the secular, and pseudo-secular hyper�ne coupling constants respectively. Thus,
the Hamiltonian in the electron rotating frame is

~H = � ! 0I I z � ! 1SSx � BI xSz � AI zSz: (1.25)

The Hamiltonian above was transformed to the electron Larmor frame to simplify the
expression for the hyper�ne interaction. We now transform the Hamiltonian in Equation
1.21 to the transceiver frame using the operatorV(t) = ei! t Sz t and truncating, we have a
similar Hamiltonian to equation 1.25

~H = � ! 0I I z � � ! SSz � ! 1SSx � BI xSz � AI zSz; (1.26)

where � ! S = ! 0S � ! t . Using 
 to denote the direction of the applied e�ective magnetic
�eld on the electron, 
 = ( ! 1S; 0; � ! ), j
 j =

p
! 2

1S + � ! 2. Equation 1.26 can be written
as

~H = � ! 0I I z � 
 � S � BI xSz � AI zSz: (1.27)

A coordinate transformation to the tilted frame is made such thatSz = � cos(� )Sx0 +
sin(� )Sz0, where cos(� ) = ! 1S=j
 j; sin(� ) = � != j
 j.

Figure 1.2: Tilted Rotating Frame Coordinate Axis.

The Hamiltonian in the tilted frame is then

~HT = � ! 0I I z � j 
 jSz0
| {z }

~H 0

� (BI x + AI z)( � cos(� )Sx0 + sin( � )Sz0)
| {z }

� ~H

: (1.28)

Rewriting � ~H in terms of spin ladder operators yields

� ~H =
cos(� )

4
B(I + + I � )(S+ + S� ) +

cos(� )
2

AI z(S+ + S� )

�
sin(� )

2
B(I + + I � )Sz0 � A sin(� )I zSz0 (1.29)
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If the magnitude of the e�ective �eld is greater than the hyper�ne couplings we can
transform the tilted frame Hamiltonian with V(t) = ei! 0I tI z ei j 
 jtSz0. Considering the special
case wherej
 j = ! 0I we have

~H 0
T = Uy(t)� ~HU(t)

=
cos(� )

4
B

�
e� 2i! 0I t I + S+ + I + S� + I � S+ + e2i! 0I t I � S�

�

+
cos(� )

2
AI z

�
e� i! 0I tS+ + ei! 0I tS�

�
�

sin(� )
2

B
�
e� i! 0I t I + + ei! 0I t I �

�
Sz0

� A sin(� )I zSz0

=
cos(� )

4
B (I + S� + I � S+ ) � A sin(� )I zSz0 (1.30)

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

~HT = � ! 0I I z � j 
 jSz0 + cos(� )
B
4

(I + S� + I � S+ ) � A sin(� )I zSz0: (1.31)

Using a similar procedure to the one outlined above, and if instead we de�ne the applied
e�ect magnetic �eld as 
 = ( � ! 1S; 0; � ! ), and de�ne our coordinate transformation to
the tilted frame asSz = cos(� )Sx0 � sin(� )Sz0 the Hamiltonian takes a modi�ed form which
can be written as

~HT = � ! 0I I z � j 
 jSz0 + cos(� )
B
4

(I + S+ + I � S� ) � A sin(� )I zSz0; (1.32)

From Equations 1.31 and 1.32 we can see that the polarization transfer will be maximized
when the e�ective �eld points along the applied microwave direction only,
 = ( � ! 1S; 0; 0).
Equation 1.31 and 1.32 can be simpli�ed to

~HT = � ! 0I I z � ! 1SSz0 +
B
4

(I + S� + I � S+ ) ; (1.33)

~HT = � ! 0I I z � ! 1SSz0 +
B
4

(I + S+ + I � S� ) ; (1.34)

Comparing Equations 1.33 and 1.34 to Equation 1.27, we can see that we have changed
the form of the pseudo-secular hyper�ne term into a 
ip-
op or 
op-
op 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 [41,46]

! 1S = � ! 0I : (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 e�ective �eld
in the tilted rotating frame is the same as the nuclear Larmor frequency [41,46]. 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 
ip 
op transitions.

The eigenstates of~HT in Equation 1.33 and 1.34 are
n

j""i ; j##i ; j � i /
�

(! 1S � ! 0I ) �
p

(! 1S � ! 0I )2 + B 2
�

j"#i � B j#"i
o

;
n

j"#i ; j#"i ; j � i /
�

(! 1S + ! 0I ) �
p

(! 1S + ! 0I )2 + B 2
�

j""i � B j##i
o

;

respectively. The states are written in the product state notation where the electron
spin comes �rst. Applying Equation 1.31 to thej""i or j##i states leaves them invariant,
while applying it to j"#i or j#"i gives the
ip-
op j"#i $ j#"i transitions we previously
mentioned. Likewise, applying Equation 1.32 to thej"#i or j#"i states leaves them invariant
while applying it to j""i or j##i gives a
op-
op j""i $ j##i transtion. These are sometimes
referred to aszero-quantum(ZQ) and double-quantum(DQ) transitions, respectively.

Figure 1.3: NOVEL DNP Timing Diagram . The DNP method begins by tipping the
electron spins into the transverse plane with a (�= 2)x 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� . By applying successive applications of the primitive,
for a duration Tb, 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�= 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 hyper�ne couplingB. We then wait a time � , in which spin
di�usion 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,T1e. The DNP process is then repeatedN times to build the polarization
throughout the sample for a timeTb. Note that the maximum buildup time is limited by
T1p, 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 e�ect DNP mechanism is concep-
tually similar to the NOVEL protocol discussed above. The di�erence lies in the fact that
rather than matching the Rabi �eld to the nuclear Larmor frequency, the Hartmann-Hahn
matching condition is instead satis�ed by modulating the microwave �eld at! t = ! 0S � ! 0I

[48]. Consequently, this approach to DNP causes the e�ciency of polarization transfer, and
the signal enhancements to scale unfavorably with increasingB0 �elds, showing a 1=! 2

0I
dependence [40, 48, 49]. As a result, this limits the utility of solid e�ect DNP to low-�eld
DNP experiments. In contrast, as we have shown above pulsed DNP methods such as
NOVEL allow for e�cient polarization transfer with no dependence on the static �eld.
The main di�culty of NOVEL DNP is that, as the static �eld strength increases, the B1

�eld strength needed to satisfy Hartmann-Hahn matching condition also becomes larger,
which may be technologically challenging. As we discuss later however, the CFFGS devices
used in our experiment are capable of generating the necessaryB1 �elds, to an extent, when
operating at higher static �elds. For example, in our current DNP experiment the static
�eld strength is 0.33 T which corresponds to! 0S = 9:26 GHz. We expect that increasing
the �eld B0 = 3 T should be possible considering the main limitation for working at higher
�elds is currently related to coaxial losses that signi�cantly attenuate the strength of the
signals.

1.5 Spin Di�usion

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 di�erent spins thus forms a dense interconnected
system whose dynamics can be di�cult 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 densityM z(r ; t) along the z-direction can be modelled by a
classical di�usion equation [50]

@Mz (r ; t)
@t

= Dr 2M z(r ; t); (1.36)

where D is the di�usion constant. This evolution of the longitudinal magnetization is
often referred to asspin di�usion , which for DNP in solid-state materials, is the primary
mechanism behind the transport of the enhanced polarization from hyper�ne-coupled nuclei
to the bulk.

In 1949, Bloembergen proposed that spin di�usion 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 di�usion to paramag-
netic defects is the dominant electron spin-lattice relaxation mechanism in our experiments.
Additionally, this same nuclear spin di�usion process also plays a signi�cant role in the
DNP process, as we have previously mentioned [39,51].

Spin di�usion occurs due to energy-conserving
ip-
op transitions that happen under
evolution of the dipolar Hamiltonian [38]. In the presence of a strong external �eld, the
secular dipolar Hamiltonian can be written as

HD =
X

i<j

D ij

�
2I i

zI j
z �

1
2

(I i
+ I j

� + I i
� I j

+ )
�

; (1.37)

where D ij = � 0~
 2(1 � 3 cos2 � ij )=(4�r 3
ij ) in angular frequency units,� ij is the angle the

static �eld makes with the line connecting the spin pair, andr ij is the distance between the
i and j spins [24]. The1

2(I i
+ I j

� + I i
� I j

+ ) term in the secular dipolar Hamiltonian represent
the 
ip-
op interaction that can swap the spin states of two nuclei. Speci�cally, it induces
transitions, on a time scale given by the coupling strength, between thej"#i $ j#"i states,
which conserve total Zeeman energy. Thus, the 
ip-
op interactions facilitate spin di�usion
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 e�cient polarization and large
enhancements [51] as without e�cient spin di�usion the polarization remains localized to
the area of the electron center.

For example in the DNP process, large local magnetic �eld gradients generated by the
electron spin can a�ect the nuclear spin transport in surrounding nuclei. Speci�cally, large
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local magnetic �elds gradients generate a resonance shift on nearby nuclear spins that
results in the 
ip-
op interaction being suppressed. To show this, consider a simpli�ed
model where we consider a two spin system with that are coupled through dipole-dipole
interactions. The Hamiltonian for such a system isH = � ! 01I 1

z � ! 02I 2
z + HD . Assuming

the Larmor frequencies of the two spins are di�erent from one another, we can transform
to the Larmor frame of the second spin and rewrite the Hamiltonian as

H = � � !I 1
z + D1;2

�
2I 1

z I 2
z �

1
2

(I 1
+ I 2

� + I 1
� I 2

+ )
�

: (1.38)

where � ! = ! 01 � ! 02, where! 01 and ! 02 are the respective Larmor frequencies of the two
spins. If this resonance o�set is large relative to the dipolar frequency, �! � D1;2 we can
show that the 
ip-
op interaction in the dipolar Hamiltonian is suppressed. Transforming
to the frame of H0 = � � !I 1

z with unitary V = e� iH 0 t

~H = D1;2

�
2I 1

z I 2
z �

1
2

(e� i � !t I 1
+ I 2

� + ei � !t I 1
� I 2

+ )
�

= D1;2
�
2I 1

z I 2
z

�
; (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 hyper�ne interactions between the electrons and surrounding nuclear spins, which can
shift the nuclear Zeeman energy by more than the proton linewidth. This energy di�erence
results in a suppression of the energy-conserving 
ip-
op interactions [52]. Consequently,
this creates aspin di�usion barrier around the electron spin, isolating the nuclear spins
contained within the barrier. This results in the polarization beingfrozen at particular
sites and inhibits spin di�usion. For modeling the length scale of this barrier, assuming
there is no overlap between the wavefunction of the electron and nuclear spins, Blumberg
de�ned the radius of this barrier to be the distance at which the magnetic �eld due to the
electron equals the local dipolar �eld of nuclei in the bulk sample [52]. Using this de�ni-
tion, the radius of the barrier is approximately given by (� e=� n )1=3a, where� e and � n are
the magnetic moments of the electron and nuclear spins, respectively, anda is the spacing
between nuclei [52]. The spin di�usion barrier thus initially seems to pose a signi�cant
challenge for e�cient DNP, as nuclei near an electron center cannot exchange polarization
with neighboring spins. However, the spin di�usion process is more complex than this
simpli�ed model suggests.

The impact of spin di�usion barriers on DNP was recognized early in its history. Some
initial models for explaining the polarization transfer assumed that spin di�usion 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 di�usion 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 di�usion becomes e�ective have been provided by authors such
as Khutsishvili, Blumberg, and Goldman [52,53,55].

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

Overall, the role of spin di�usion and di�usion barriers play in the DNP process is
di�cult to quantify and model precisely due to various in
uencing mechanisms. Spin
di�usion barriers arising from resonance shifts from local magnetic gradient sources play
a signi�cant role in the DNP process. On �rst glance, spin di�usion barriers appear to
impede e�cient 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 di�usion 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 �eld gradient [7]. Secondly, the displacement of the force sen-
sor is measured via optical interferometry. Lastly, a current focusing �eld gradient source
(CFFGS) is used to generate large �eld 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 [24].

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

uctuations. 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 [7,18].
The spectral density of thermal force 
uctuations for a cantilever with spring constantk,
resonance frequency! c, and quality factor Q is given asSF = 4kB T�, where T is the
temperature of the oscillator,kB is the Boltzmann constant and � = k=! cQ is the me-
chanical dissipation, wherek 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,S1=2

F � 2 aN=
p

Hz at
4 K under vacuum pressures of 10� 6 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
�rst before the polarization is carried away via spin di�usion 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 di�erent 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 [4]. Narrow linewidths are important when doing DNP
with the NOVEL protocol, as the e�ectiveness 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 [4]. In addition, the secular hyper�ne coupling is also relatively small
compared to the pseudo-secular hyper�ne which isB=(2� ) � 1 MHz [62]. As we will show
later. larger pseudo-secular hyper�ne also help in ensuring e�cient polarization transfer.
As mentioned in Section 1.5, large secular hyper�ne couplings act as spin di�usion barriers,
that would limit the ability for the polarization to spread through the sample [39,51], and
are hence undesirable.

Figure 2.1: Trityl OX063 Polarizing Agent . (A) SEM images taken of the nanodroplets
attached to the tip of the SiNW showing the di�erent 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 [4].

23



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); C12H22O11 - - - 80.7
Glucose (mg); C6H12O6 6.0 6.1 6.1 -
d-12 Glucose (mg); C6D12O6 54.0 54.4 54.4 -
H2O (µL) 15 15 15 100
D2O (µL) 135 135 135 -
Ethanol (µL) - - - 50
d-Ethanol (µL) 150 150 150 -
OX063 (mg) 0.92 2.58 2.58 2.10
Concentration (mM) 17.8 49.4 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
�eld they experience, i.e. F(t) = r (� (t) � B (r ; t)), where � (t) is the magnetic moment,
and r B (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 �eld gradient source (CFFGS) [7, 13, 14]. The
CFFGS consists of an Aluminum (Al) thin �lm deposited on a sapphire substrate, patterned
via e-beam lithography, with a minimum feature size of� 150 nm [13, 14]. By focusing
the currents passing through the �lm into this small region, large non-uniform magnetic
�eld 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 [24].
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Figure 2.2: Optical Images of CFFGS . (A) Optical image of CFFGS composited from
multiple snapshots of di�erent 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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