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Probing dynamics of a two-dimensional dipolar spin ensemble

ABSTRACT

One of the central challenges of modern statistical physics is understanding the thermalization
dynamics of quantum many-body systems at the microscopic level. In this thesis, we describe an
experimental study of individual spin dynamics in a two-dimensional ensemble of electron spins on
the surface of a diamond crystal. A near-surface NV center is used as a nanoscale magnetic sensor
to probe individual spin correlation dynamics in a dipolar interacting spin ensemble. For each spin,
the rate of relaxation of spin projection along the bias magnetic field is consistently much slower
than the dipolar interaction strengths with its nearest neighbors and is strongly correlated with the
timescale of the local magnetic field fluctuation. We present a quantitative model based on dynamic
resonance counting arguments that explains these observations. Furthermore, we use resonant spin-
lock driving to control the effective strength of the local magnetic fields and demonstrate the role
of dynamical disorder in different regimes. In the regime of suppressed extrinsic disorder, we use
dynamic mean field methods to explain our experimental observations. The work presented in this
thesis paves the way towards a microscopic study of quantum thermalization in two-dimensional

strongly interacting disordered spin ensembles.
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(a) Simulation results with averaged experimental data (white dots). (b) y* vs average
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Measurement of central surface spin (57 (#)57(0)) autocorrelation. (a) S* autocorre-
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Introduction

1.1 MOTIVATION

Understanding and controlling dynamics of many-body quantum systems isolated from their en-
vironment enables the development of novel materials and technologies for quantum devices for
sensing, computation, communication, and modeling*>**. Such systems have been realized in a

variety of platforms: ultracold atoms®, trapped ions’, superconducting devices >4, and solid-state



qubits'>* 952203 Access to single-qubit dynamics is especially important in heterogeneous sys-
tems>*5%, where the local environment plays a vital role, and ensemble averaging can conceal fea-
tures of dynamical evolution. The interplay between the local qubit environment, interactions,
and system dimensionality has been the subject of extensive theoretical and experimental inves-

21,9,

tigations 64 These systems have served as a basis for experimental observations of nonequi-

librium quantum dynamics in strongly interacting systems such as the propagation of quantum

65,10,28,45,

correlations >#+%* nonequilibrium phases of matter 17 and relaxation or localization ef-
q

fects 20354 11,30,51,27

Quantum thermalization connects statistical physics with unitary quantum mechanics. Recent
technological developments in quantum information science have revealed a variety of novel phe-
nomena such as the role of entanglement in thermalization *”*5#5, the localization in the absence of
strong disorder*’, non-equilibrium phalses(’5’10’28’45’17’3 ', and quantum many-body scarring62’7’26.
Despite this progress, one of the open questions in this field is the nature of microscopic relaxation
dynamics in presence of dynamical disorder and long-range interactions. The majority of existing
studies focus on ensemble measurements in systems dominated by static disorder »¢35411:30:51,
However, ensemble averaging can conceal important features of microscopic dynamical evolu-
tion''4, and in many noisy real-world quantum systems disorder is dynamic, exhibiting non-trivial
time-dependence. Another important factor is system dimensionality and its interplay with the
distance scaling of interactions. The long-range 1/7 dipolar spin interaction implies that a two-
dimensional system should be localized according to the single-particle Anderson model?, but de-

64204121 Tny addition to fundamental

localized according to the many-body interacting treatment®
interest, understanding the dynamics of two-dimensional systems may lead to quantum sensing

applications, since they can be positioned in close proximity to a sensing target57>'*.



1.2 OVERVIEW OF THESIS

In this thesis, we focus on the experimental platform consisting of a single shallow nitrogen-vacancy
(NV) center qubit coupled to a system of paramagnetic spins on the diamond surface. In the re-
mainder of this chapter, we review the necessary background on NV centers in diamond before
discussing the system of electron spins on the diamond surface. We discuss the technique of corre-
lation spectroscopy where the NV center is used to probe the autocorrelation of the central surface
spin state, which is the main experimental technique we use in chapters 2 and 3.

In chapter 2, we use the framework of the correlation spectroscopy pulse sequence to probe the
local magnetic noise environment of the central surface spin. We characterize its strongest dipolar
interaction with nearby surface spins as well as measure the correlation time 7 and width 777 of the
local nuclear spin bath noise.

In chapter 3, we measure the longitudinal relaxation of the central surface spin and provide a
dynamic resonance counting theory to account for our experimental observations. We also drive
the system and show that at weak drives, the resulting relaxation is primarily due to the nuclear spin
noise. However, at strong drive, the surface spins are decoupled from extrinsic nuclear spin disorder
and instead exhibit slower dynamics than expected given the strongest dipolar interaction strength,
which we attest to the intrinsic disorder from the random positions of nearby surface spins.

In chapter 4, we explore the use of dynamic mean field methods to predict single spin longitu-
dinal and transverse autocorrelation relaxations. By using dynamic mean field models plus a few
nearby spins, we are able to model the slow timescale of the strong drive spin-lock driving measure-
ments.

In chapter s, we discuss our ability to prepare the initial state of the strongest coupled surface
spin by polarizing it using the NV center. We can then observe how resulting central surface spin

dynamics are dependent on the state of the NV center and conclude by demonstrating the stability



of the central spin under green laser illumination.
We conclude our work in chapter 6 and discuss outlooks for future research directions. The Ap-

pendices contain additional information and simulation results.

1.3 THE NITROGEN-VACANCY CENTER IN DIAMOND

We begin with a description of the nitrogen-vacancy center, a point defect in the diamond lattice
that consists of a substitutional nitrogen atom and an adjacent vacancy, fig. 1.1 (left, inset). There
are 4 possible orientations of this defect along the four crystallographic directions of the lattice.
While the NV center defect is naturally occurring in diamond, for the samples that we consider, NV

center formation is done by nitrogen ion implantation followed by higher temperature annealing.

—_— my==%1

—— o = 0

m, =+ 1

i =40

Figure 1.1: The nitrogen vacancy center in diamond. Left: a single nitrogen vacancy center in diamond with an inset
showing the defect in the diamond lattice. Right: the simplified NV center electronic level structure

While the NV center can exist in several charge states, we consider the negatively charged defect
and show its electronic level structure in fig. 1.1 (right). The ground state is a spin triplet with a
zero-field splitting of approximately 2.87 GHz between the 7z, = o and 2, = =1 magnetic sublevels.
When an external magnetic field is applied, it splits the level degeneracy of the 72, = =1 magnetic
sublevels such that transitions between 7z, = 0 and the m, = £1 states can be independently ad-

dressed.



The NV center can be optically pumped in order to initialize it into the 72, = o ground state.
From the m, = %1 excited state, there is a chance the excited electronic configuration can decay
through a set of metastable singlet states into the 7z, = o ground state. Thus, after a duration of
optical pumping, the NV center begins in the 72, = o ground state. Also, the state of the NV center
can be optically detected since population in the 72, = o excited state will decay back to the 72, = o
emitting a red photon whereas population in the 72, = =1 has a chance of decaying into the singlet
states with no visible photon emission.

In order to extract the depth of the NV centers used in this study, we placed the diamond in
protonated glycerol and performed XY radio frequency (RF) pulse sequences on the NV center to
correlate the strength of the measured proton signal to the depth of the NV center. Following the
treatment in**, when performing an XY-64 pulse sequence on one NV center, an NV center depth
of dny = (2.92 & 0.24) nm was extracted. Depth measurements on other NV centers used in this

study yielded similar results.

NV XY-64
1.2

S

o
0
-

t o4

signal contrast
o o o
N s o

o

8 8.5 9 95 10 105 11 115 12 125
total sequence time (us)

Figure 1.2: NV XY-64 measurement, with total sequence time centered around expected proton peak, performed in an
external magnetic field of 735 G. Fit (blue curve) to Eq. 1 in“®, extracting a proton B,,,s corresponding to an NV center
depth of dyj = (2.92 £ 0.24) nm.



1.4 SURFACE SPiNs IN D1aMoOND

1.4.1 INTRODUCTION

Our experimental platform is the ensemble of paramagnetic two-level systems on the surface of a

242301 These surface spins are associated with electron spin.§ = 1/2

diamond crystal, fig. 1.3 (a)
impurities that are not optically active. Their exact nature is subject to ongoing investigation, but
they are likely localized defect surface states **55. Due to faster decoherence of shallow NV cen-

ters 74639388 these surface spins have been considered to be deleterious and significant effort has
gone into treating and engineering diamond surfaces to minimize their density 18 However, with
proper quantum control, they can be turned into a useful resource. The surface spins can be coher-
ently manipulated and measured, and can be used as the so-called quantum reporters that probe and
report the local magnetic environment. For example, by addressing a single surface spin, it is possible
to detect and localize proximal single proton nuclear spins on the diamond surface under ambient
conditions 7. Recent experimental studies have shown that after certain surface treatments, some
of the surface spins may be mobile, likely changing their positions under green laser light illumina-
tion '®. We have verified that in our experiments the central surface spin remains intact when sub-
jected to green laser light illumination of up to so us. In fact, the central spin position is stable for
the experiments carried over the timescale of months. This is likely due to the combination of small
photo-ionization cross-section and steric protection by chemical surface groups *°.

The dynamics of individual surface spins are measured by a single near-surface NV center, acting
as a nanoscale sensor of magnetic fields created by the surface spins. NV centers are addressed using
a confocal microscopy setup, combined with radio frequency (RF) spin drive fields that are delivered
via a transmission line fabricated on a glass coverslip. The surface spin transitions can be addressed
with RF pulses delivered in the same manner. The 2.87 GHz zero-field splitting of the NV center

enables independent addressing of the NV spin and the surface spin transitions by using different
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Figure 1.3: Introduction to the NV center - surface spin system. (a) The experimental platform consists of a single,
shallow NV center strongly coupled to one surface electron spin S} Other electron spins and proton nuclear spins reside
on the surface of the diamond. An external magnet splits the electron and nuclear spin states and allows independent
manipulation of NV center and surface spins at their corresponding magnetic resonance frequencies. Inset: NV center
and surface spin level structure. NV center transition is addressed at angular frequency w ;- while surface spin transi-
tion is addressed at wg. (b) Experimental approach to using the NV center to probe the surface spin system.

resonant RF tones at a given bias magnetic field, aligned with the NV axis (z-axis), fig. 1.3(a), inset.
Our experiments take place at room temperature, with the bias magnetic field on the order of
1000 G. Therefore, the surface spin ensemble is effectively at infinite spin temperature. Our gener-
alized experimental approach is shown in fig. 1.3(b). First, a green laser is applied to the NV center,
initializing it into the |7, = 0) state. Next, radio frequency spin drive fields are applied to indepen-
dently drive the NV center and surface spin transitions. The final state of the NV center is read by

applying green laser and measuring the fluorescence at the end of the measurement.

1.4.2 THE DOUBLE ELECTRON-ELECTRON REsSONANCE (DEER) SEQUENCE

The magnetic dipole coupling between the NV center and the surface spin ensemble is characterized
using a double electron-electron resonance (DEER) sequence, fig. 1.4. The NV center spin-echo
decays on the time scale Tgm)), but when a z-pulse flips the surface spins simultaneously with the
NV spin, the NV spin echo collapses on a time scale that depends on the strength of the dipolar
field created by the surface spins near the NV center. Because the magnetic dipole interaction is

long-range, the NV center is, in general, coupled to multiple surface spins, with coupling strengths



dependent on locations of surface spins on the diamond surface. The oscillations present in the
data at short time (fig. 1.4 red points) indicate that there is one “central” surface spin, whose dipolar

coupling strength to the NV center £, dominates over other surface spins.
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Figure 1.4: NV center Hahn echo (blue) and double electron-electron resonance (DEER) (red) measurements. The
oscillations present in the DEER data indicate that the magnetic dipole interactions of this NV center with the surface
spin ensemble are dominated by a central surface spin with the coupling strength £,,,,. = (4.90 &£ 0.57) /,4571 (red line

fit). Inset: the DEER pulse sequence.

We can understand the results of the DEER sequence by beginning with the dipolar interaction

Hamiltonian between the NV center J and surface spins S;, which is written as

2 (S, - r
o= Y 2 s, - 50 R)Gm)) (1)

i s
where r; is the vector from the NV center to surface spin 7. When we align the external magnetic

field along the NV center axis, we can make a secular approximation and only consider terms that

commute with S5 and /%

2
Hyys=Y_ h f (1—3cos* ) = > hksSTF (1.2)

;

where ¢; is the angle the vector ry makes with the external magnetic field, and the coupling strength

is



h
k; = r}; (1 —3cos? ;). (1.3)

o

The NV center |m, = 0) state after performing the DEER sequence with total sequence time

Ny is

1
SDEER = 1+ cos(> kiSitn)]. (1.4)

After performing many averages with different initial surface spin projections, the final expected

signal 7 is

SpEER = %[1 + H COS(k,‘L‘NV/Z)]. (1.5)

z

For systems of strong coupling between the NV center and one surface electron spin, oscillations
at the largest coupling strength are present at short time. For the data presented in fig. 1.4, the NV
spin-echo decays on a time scale 73" = (2.67 % 0.13) s and has a coupling strength of £, = (4.90
+ 0.57) us! to the strongest coupled surface spin.

The double electron-electron resonance (DEER) pulse sequence measures the strength of the
dipolar interaction between the NV center and the surface spins, and this interaction strength is
dependent on both the distance between the NV center and the surface spins as well as the angle be-
tween the longitudinal quantization axis of the NV center and the surface spins. For small external
magnetic field strengths, by rotating the angle of the external magnetic field, we are able to extract
probable positions for the closest surface spins to the NV center. The dipole-dipole interaction
Hamiltonian between the NV center spin J and the surface electron spin S; is:

Hny—g = hi?[] .S — 3(]&)72(:&&)] (1.6)
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where r; is the vector from the NV center to the surface spin. The full Hamiltonian for the sys-

tem of one NV center coupled to many surface spins is given by:

122

3
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H=hAR +hyB-J+ ) (hyB-S;+ —<[J-S; -3
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where r; is the distance between the NV center and surface spin 7 and r, is the distance between
surface spins 7 and j. The NV zero-field splitting is the largest energy in the system, so we can make
the secular approximation and retain only terms that commute with /,/. The next largest term is the
surface spin Zeeman energy, so we can again make a secular approximation and retain only terms
that commute with S,, where 2 points along the direction of the external magnetic field. After

making these secular approximations, we are left with the following Hamiltonian:

2 2
H= Z hr;’f (1—3cos?6)SF" + %: hé’f (1—3cos*4,) (/f-//j]z-” - %j;‘”jj’-‘” — %jly.”]]y»”) (1.8)
- Py
where 6, is the angle the vector r; makes with the magnetic field, and & is the angle the vector

r,; makes with the magnetic field. In order to map the positions of the surface spins, we perform
DEER measurements at different magnetic field orientations, which modulates the cos? , and
cos? 8, terms of the dipolar interaction. We also fit the surface spin T, measurement in conjunction
with the DEER measurements in order to map the positions since the surface spin T measurement
depends on the locations of the proximal surface spins, fig. 1.5 (a). The surface spin T, measure-
ment was weighted equally with all DEER measurements combined when performing the fit. The

blue line in the fits are to the best fit 3 surface spin positions.
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We can create maps of surface spin positional probability by holding the positions of 2 of the sur-
face spins fixed and varying the position of the other spin, calculating the resulting ¥*. Fig. 1.5 (b) is
a probability map of the 3 surface spins (x,y) position, with a position of (o,0) corresponding to the
position of the NV center, a depth d below the surface. Each spin corresponds to a different color
and the color value at each pixel corresponds to the best fit y* divided by the y* value for a certain

surface spin at that position. The white Xs correspond to the best fit positions of the 3 surface spins.
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Figure 1.5: (a) DEER data taken at 8 different magnetic field angles (external magnetic field = 45 G). Bottom right plot is
T, data (external magnetic field =2 1343 G). Blue line corresponds to the best global fit for a system of 3 surface spins.
(b) Extracted probability map of the 3 surface spins, with each color corresponding to the inverse of the reduced;(2
value for a surface spin in that position, while the other 2 surface spins have best-fit positions.

1.4.3 THE CORRELATION SPECTROSCOPY PULSE SEQUENCE

We study the dynamics of an individual central surface spin S, by measuring its spin autocorrelation
functions. Quantum logic gates between the NV center and the central surface spin correlate the
NV and the central spin evolution, via their magnetic-dipole interaction, fig. 1.6(a) **. Each mea-
surement consists of a sequence of RF pulses, applied to the NV and surface spins, as well as NV
optical spin polarization and readout steps. The RF pulse sequences include two probe segments
(CNOT gates), in which the NV center probes the quantum state of the surface spin ensemble,

separated by a time interval, in which this state can evolve with control pulses applied to the surface



spins (grey box). The interpulse spacing #x7- of the probe segments is tuned to the timescale of the
dipolar interaction between the NV center and the central surface spin so that the final NV center
state is contingent on whether the z-projection of the central surface spin changes between the gates.
Applying this method, the NV center acts as a probe of central surface spin autocorrelation func-

. DE x4 . . C
tions <.S}x (t).S}x (0)), where the time # and the measured spin projection depend on the pulses

applied during the evolution interval (grey box).

s 7T
(a) s
T ™ ™ T
E:pﬂ—y §y E:pﬂ-y §y
NV | B N |l N
laser_[1] [
(b)
|1hs)

Figure 1.6: (a) The correlation spectroscopy pulse sequence. In our experiments the NV center interpulse spacing

is set such that the NV center is primarily sensitive to the central surface spin .S, autocorrelation. Manipulating the
surface spins during the gray shaded region allows us to measure different central surface spin correlation functions. (b)
Quantum logic gate representation of the correlation spectroscopy pulse sequence. The two CNOT gates are applied,
such that the final state of the NV center is contingent on whether the z-projection of the central surface spin changed
during the time between the gates.

To understand this sequence, we will follow the NV center phase accumulation after each set of

pulses. After the initial 22" — z0V75 — ZNV 5ylses, the NV phase accumulation ¢, due to the
2x ) 2y 1

surface spin S, state is projected along the NV z-axis. If the NV state is read out at this time, the NV

NV

population would be ~ (sin ¢, ). By applying two sequences of %fc\W - 7[}[,\[V7[SS -3

pulses,
the initial and final surface spin S, projections are converted to population along the NV z-axis, with

an amplitude related to (sin @, sin @,) where @, is the phase the NV spin acquires during the final

=NV v, SS _ zNV
Z —71';\] s ~ 2 pulses.

For all correlation spectroscopy sequences that we perform, we normalize the result by the corre-

I2



lation spectroscopy contrast. We define the contrast as the NV spin population difference between
when we run the correlation spectroscopy pulse sequence (fig. 1.6(a)) without any pulses applied
during the grey shaded region and when we run the sequence with a pi pulse applied to the surface

spins during this time. We normalize the final signal between +1 and -1, plotting 4 (S, (20 +£)S:(%0))-

13



Characterization of the Local Magnetic

Environment of the Surface Spins

Using the correlation spectroscopy pulse sequence, the NV center acts as a probe of central surface
. . . 17,2 17,2 . . .

spin autocorrelation functions (S}x e (z‘)S}x 7%(0)), where the time 7 and the measured spin projec-

tion depend on the pulses applied during the evolution interval. We characterize the central surface

spin environment for a number of systems, and in this chapter, we present the results and analysis



for one representative systern.
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Figure 2.1: Characterization of the local magnetic environment of a central surface spin. Solid lines are fits using the

model in egs. (3.1,3.2). (a) Surface spin detuned Ramsey measurement of <.S;C(t)5;“(0)> transverse central spin auto-

correlation. The Ramsey decay time is T’zk =(0.32 £+ 0.02) us. Solid lines are fits using the model in egs. (2.1,2.2). The
oscillations in the Ramsey data are due to the 9.2 MHz detuning from the surface spin Larmor frequency. (b) Surface

spin Hahn echo measurements of (Sj‘(t)S;‘(O» transverse central spin autocorrelation. The Hahn echo decay time is

15 =(1.41£0.11) us. (c) Surface spin XY-4 measurement, with oscillations due to proton nuclear spin precession. (d)
Surface spin MREV-8 measurement performed within a spin echo with oscillations due to proton nuclear spin preces-
sion.

The four main pulse sequences we apply to probe the local environment of the central surface
spin are the Ramsey, Hahn echo, XY-4, and MREV-8 sequences. The Ramsey measurement probes
fluctuations of the local magnetic field at the central surface spin site (fig. 2.1 (a)). The Hahn echo
sequence decouples the central surface spin from low-frequency fluctuations, which extends the co-
herence time to 77 (fig. 2.1 (b)). Further decoupling can be achieved with higher-order dynamical
decoupling experiments, such as XY-4 (fig. 2.1 (c)). However we observe that this does not further
increase the coherence time, indicating the presence of a separate decoherence mechanism. The

presence of dipolar interactions with other surface spins motivates the MREV-8 experiment, which

IS5



decouples dipolar interactions. Indeed, we observe that the coherence time in an MREV-8 experi-
ment is extended, compared to the Hahn echo and XY-4 (fig. 2.1 (d)), showing that the dynamics of
surface spins are strongly affected by dipolar interactions between them.

In order to understand our observations quantitatively, we consider the eftective Hamiltonian in

the rotating frame of a single surface spin S

h? 1
Hy = hy B(OS+Y f (1 =30 IS5 — (ST +57SD), ()
7 Y

where A is the reduced Planck constant, 7, = 27 x 2.80 MHz/G is the electron gyromagnetic
ratio, B} () is the fluctuating magnetic field at the site of the surface spin, 7 is the distance between
the central surface spin j and a different surface spin 7, and §;; is the angle between the direction of
the applied external magnetic field and the vector 7. In Eq. (2.1) we do not include the dipolar
interaction between the NV center and the central surface spin. By running experiments that vary
the NV center spin state during the surface spin evolution period, we find that this interaction does
not affect central surface spin evolution within our experimental uncertainty.

Let us consider the origin of the fluctuating local magnetic field B;. All measurements were pre-
formed with the diamond surface submerged in deuterated glycerol. This reduced the density of
proton nuclear spins near the surface. However, as observed in several other studies of near-surface
NV centers, an intrinsic ~ 1 nm thick layer of surface water and hydrocarbons contains a high den-
sity of proton nuclear spins $®3%'3. The periodic features that appear at odd multiples of proton
Larmor period in the spin echo, XY-4, and MREV-8 data indicate that these protons are the domi-
nant source of the local field B;. We model the dynamics of B by parametrizing its power spectrum

as a combination of two peaks:

V(w) = / h (Bz(z)BZ(o»ewdt:zVZz( : +; ‘ > (2.2)

oo 2 \@?7 +1 (w—wp)?*7? +1
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The first term, centered at zero frequency, quantifies slow fluctuations with strength /#”and corre-
lation time 7, due to proton spin projections along the bias magnetic field. The second term quan-

tifies fluctuations near the proton Larmor frequency, due to transverse proton spin projections

(fig. 2.2).
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Figure 2.2: Nuclear spin bath noise power spectrum V(w), with peaks at zero frequency and proton Larmor frequency
a@r.
2.1 DECOHERENCE DUE TO THE NUCLEAR SPIN BATH

For the pulse sequences applied to the surface spins, we calculate the expected signal from the nu-
clear spin bath with noise spectrum given by eq. (2.2). For a given sequence, the expected signal can

be written as

S(t) = 20 (2.3)

where

7T W

20 =7 [ 20 Fa (24)

where F(wt) is the filter function of the pulse sequence and # is the total sequence time. In order

to simplify calculations, we treat the peak at proton Larmor frequency wy, as a delta function

17



s W>
Vz(a)) = 272'5?

4

Nw — wr). (2.5)

We select a delta function with a factor of 27 in front so that the integral of the Lorentzian is
matched by the integral of this delta function, and we numerically verify that for our given pulse
sequences, the response due to a narrow Lorentzian is consistent with the response due to a delta
function. For the Ramsey pulse sequence with filter function Framey(w2) = 2sin(wt/2), the
expected decay due to the nuclear spin bath is
WZ

L

SRamsey(£) = e‘(Wt/ﬂ)ZgWZﬁ/(Gr)e_zi)? sin2(th/2). (2.6)

The filter function for the spin echo sequence is F,,(w¢) = 8sin*(wz/4), and the expected

signal decay due to the nuclear spin bath is

2
w3 —4OI/Z Sin4(th/4)

Sepo(t) = ¢ e ™I . (2.7)

The XY-4 pulse sequence has the filter function Fyy_4(wt) = 128 sin®(wt/16)(cos(3wz/16) +

cos(5wt/16))? and the decay due to the nuclear spin bath is given by

2
_ud 7128% sin(wr2/16)(cos(3wrz/16)+cos(5wr2/16))?
SXY_4(t) = ¢ 4500r ¢ “L . (2.8)

The MREV-8 sequence in an echo has a filter function given by

Fyrev(wt) = 16(1 + 2 cos(w2/12))?(sin(wz/12) — sin(wt/6)*(3 — 4 cos(wt/24)+

3 cos(wt/12) — 2 cos(wt/8) + cos(wt/6))
with a resulting signal of
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—log(Sprev(e)) = —oo; = +167
L

(1+ 2 cos(wrz/12))*(sin(wr2/12) — sin(wrz/6)*x

(3 — 4 cos(wrt/24) + 3 cos(wpt/12) — 2 cos(wrt/8) + cos(wrt/6)).

(2.10)

For each of the pulse sequences, the resulting signal has two components: a decay envelope due to
the noise spectrum peak at zero frequency and a modulation due to the oscillating signal at proton

Larmor frequency.

2.1.1 DEcAY DUE TO DIPOLAR INTERACTIONS

While the central surface spin Ramsey, echo, and XY measurements will be affected by the nuclear
spin bath, the dipolar interations between the central surface spin and nearby surface spins will also
cause decoherence. If there were one other surface spin in the system interacting with the central

hy

surface spin with dipolar interaction strength /.., = 3 1-3 cos” 8), the resulting signal for the

Ramsey, echo, and XY sequences would be

1
SRamsfy,XY—/},Ecbo(t) = E [COS(3]m4xt/4) + COSUmaxt/4)] . (Z'I I)

On short time scales, the central surface spin is mostly sensitive to nearest neighbor dipolar
interactions, so we approximate the decay profile as a stretched exponential with a power of 2,
S(t) = e/ with decay time 75 ~ 1//;. If we assume that the decoherence due to dipolar
interactions and the nuclear spin bath are independent processes, then we can express the over-
all Ramsey, echo, and XY-4 decoherence as the product of the stretched exponential decay due to
dipolar interactions with the decay and modulation due to the nuclear spin bath. Therefore, as an

example, the fit function for the XY-4 measurement becomes

I9



130724 SW?
Syy_a(t) = —(¢/T)? = —128
xy—4(2) = exp(—(z/T2)") exp( 45007 ) exp( 507

sin®(w72/16) x
(2.12)

[cos(3wzt/16) + cos(Swrt/16)])%)

where w is the proton Larmor frequency.
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Figure 2.3: Comparison of surface spin echo, XY-4, and MREV-8 measurements, showing the extension of coherence
time with MREV-8 and the decoupling of the central spin from homonuclear dipolar interactions with other surface
spins.

We can show that the dominant source of decoherence in the echo and XY-4 sequences comes
from dipolar interactions between surface spins by comparing the decay rate of the echo, XY-4, and
MREV-8 measurements, fig. 2.3. If the nuclear spin bath were the primary source of decoherence
for the echo or XY-4 sequences, there would be an extension of the coherence time between the
echo and XY-4 measurement results. However, the echo and XY-4 measurements decay over the
same timescale. Moreover, after applying an MREV-8 sequence, which decouples surface spins from
homonuclear dipolar interactions, the coherence time increases, suggesting that dipolar interactions
between surface spins are the primary contributor to decoherence in echo and XY-4 measurements.

Since we have shown that the surface spin echo and XY-4 measurements decay primarily due

to dipolar interactions with other surface spins, the question remains of how the decay timescale
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T, relates to the magnitude of these interactions. To address this question, we perform numeric
simulations of surface spin echo with a system of 7 surface spins, one central spin plus 6 bath spins.
The position of the central spin is fixed, but we vary the the positions of the bath spins for a range of
average separations between 4 and 12 nm between surface spins. We can then fit each resulting decay
curve to a stretched exponential, and we find that a stretched exponential with a power of 2 best fits
the initial decay of the simulation results. For each set of bath spin positions, we extract the decay
rate (1/72) and find that it best correlates with the maximum dipolar interaction strength between

the central spin and a neighbor, fig. 2.4. We find that (1/7%) = 4/,, where b = (0.501 & 0.003) and
hy;
3

Jomax is the maximum dipolar interaction strength —5= (1 — 3 cos? 6) of the central surface spin with
another surface spin.
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Figure 2.4: Spin echo decay results for 1 central spin plus 6 bath spins, measuring the central spin autocorrelation for
different bath spin positions. The extracted decay rates versus maximum interaction strength was linearly fit to find
(1/T3) = b]mx where & = (0.501 &£ 0.003). The y error bars correspond to the uncertainty in the fit to each simulation
result.

In the next chapters, we discuss the role of intrinsic disorder due the Ising component of the
dipolar Hamiltonian and define a parameter /;, quantifying the strength of this intrinsic disorder.
We approximate the intrinsic disorder as primarily coming from the strongest interacting neighbor-
ing spin to the central spin, and we can relate the magnitude of the intrinsic disorder to the maxi-

mum interaction strength as /; = % Jmax- When we fit the Ramsey, echo, and XY-4 sequences to
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the contribution coming from the dipolar interactions with other surface spins, we fit the results to

S(t) = W) — =10,

2.2 EXTRACTION OF SURFACE SPIN ON-SITE DISORDER STRENGTH W

In the previous sections, we calculated the expected signals given dipolar interactions and the nu-
clear spin bath. For the experimentally relevant regime where the nuclear spin correlation time 7 is
much longer than the sequence duration, a detuned Ramsey sequence decay is given by

2 .
(At)g*(f/Tz)zef(Wt/\/i)zte*Z% sin?(w2/2)

SRamsey(t) = €OS (2.13)

where A is the detuning between the surface spin splitting wg and the microwave drive frequency.
By fitting the echo and XY-4 measurements, 75 can be extracted, so /7 is the only free parameter in

a Ramsey fit. For the data presented in fig. 2.1 (a), W = (4.40 & 0.38) us ™! is extracted.

2.3 EXTRACTION OF PROTON NUCLEAR SPIN SIGNAL CORRELATION TIME 7

In a previous section, we found the MREV-8 decay to be given by

49W2P s W* . :
—log(Samrer(2)) = 55977 +16 97 (1+ 2 cos(wrz/12))*(sin(wzz/12) — sin(w/6)*
’

X(3 — 4cos(wrt/24) 4+ 3 cos(wpt/12) — 2 cos(wrt/8) + cos(wrt/6)).

(2.14)

Since MREV-8 decouples surface spins from dipolar interactions with other surface spins, the
decay envelope is determined by the disorder width W and the nuclear spin correlation time 7. We

extracted the disorder width from the Ramsey decay so by fitting the MREV-8 decay, we can extract
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the nuclear spin correlation time 7 = (14.6 & 4.2) us. For all central surface spin systems, we do si-
multaneously fit the Ramsey, spin echo, XY-4, and MREV-8 experimental data with /;, 17/, and 7 as

fit parameters.

2.4 EXTRACTING THE SURFACE SPIN DENSITY
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Figure 2.5: (a) Simulation results with averaged experimental data (white dots). (b);(2 Vs average separation, where an
average separation between surface spins of 8.4 &£ 1.3 nm is extracted.

We extract the average surface spin density by comparing the results of numeric simulations to
averaged experimental data, fig. 2.5. We begin by averaging all XY-4 data taken at an external mag-
netic field of 730 G and we fit the periodic features in the data, extracting a value of W of (4.13
0.24) us~ 1. Next we perform numeric simulations with a central surface spin and five neighboring
surface spins. We perform simulations for different values of average separation between spins and
average together the results for soo averages with random spin positions for each value of average
separation. We extract an average surface spin separation of (8.4 £ 1.3) nm. This corresponds to an

average interaction strength J = Jon®/? = (0.57 £ 0.25) psL
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Surface Spin Relaxation

In the previous chapter, the local environment of the central surface spin was characterized. The

effective Hamiltonian in the rotating frame of a single surface spin S; can be written as

hz
Hj:hyeb’;.(t)%?+z ﬁ?(1—3coszﬁg)[8§$§—i(5j5}_ +S,_~5}+)], (3.1)
i q




where 7 is the reduced Planck constant, y, = 27 x 2.80 MHz/G is the electron gyromagnetic ratio,
B;(#) is the fluctuating magnetic field at the site of the surface spin, 7;; is the distance between the
central surface spin j and a different surface spin 7, and t9,~j is the angle between the direction of the
applied external magnetic field and the vector 7. The nearest neighbor dipolar interaction strength
Ji, the average dipolar interaction strength /, and the width /% and correlation time 7 of B; (¢) can all
be extracted by applying different pulse sequences and measuring the decay times as demonstrated

in the previous chapter.
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Figure 3.1: Measurement of central surface spin <5}"(z‘)5}z(0)> autocorrelation. (a) S autocorrelation measurement
pulse sequence where the time between the initial and final pulse blocks is swept. A 7 pulse is applied to the surface
spins during the free precession interval half of the time. The time between NV pulses is tuned to the dipolar interaction
timescale between the NV center and the central surface spin, as calibrated using DEER and a correlation spectroscopy
NV tau sweep. (b) S% autocorrelation measurement for the central surface spin system characterized in chapter 2, with
J1=(0.71 +0.05) s}, W= (4.40 4 0.38) s, and 7 = (14.6 + 4.2) us. Blue line fit to exp (—(¢/T;)*/?) () The
full characterization of relaxation timescales for one of the central surface spin systems, including the Ramsey, XY-4,
MREV-8, and §% autocorrelation measurements.

Having characterized the local environment of the central surface spin, we study the spin flip-flop
transport dynamics in this system by measuring the autocorrelation of the spin component along
the applied magnetic field: (S7(#)S7(0)), fig. 3.1(a). The presence of the St~ flip-flop terms in the
dipolar interaction in Eq. (3.1) motivates an expectation that this single-spin autocorrelation would
decay over the time scale 77, which is on the order of 1//; = T5. In contrast, we observe remarkably
slow decay of the longitudinal correlation (fig. 3.1(b)), which persists over a time scale 7%, in this

instance ~ 30 x slower than the dipolar interaction time scale 75, fig. 3.1(c). We emphasize that
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these observations are especially unexpected for individual spin measurements, in contrast with ex-
periments probing a macroscopic spin ensemble (such as a bulk magnetic resonance measurement),

where the total spin z-projection is unaffected by flip-flops within the ensemble.

3.1 RESONANCE COUNTING THEORY

We attribute such anomalously slow relaxation dynamics to the presence of strong disorder. To
quantify its effect, we consider a theory model based on an effective single-particle resonance count-
ing with the Hamiltonian shown in Eq. (3.1). We follow the treatment presented in*°, which also

treats the case of quasi-static on-site fields.

3.1.1 DyNaMic DISORDER MODEL

In this model, each spin S; experiences a time-dependent energy shift owing to the combination of
two effective sources of disorder: i) the extrinsic on-site disordered magnetic field B; (¢) of typical
strength ~ J#7and ii) the intrinsic local field of strength ~ /; arising from the Ising component

of the dipolar interactions among surface spins. These two components have distinct correlation
times and strengths. We estimate the survival probability of a central spin based on simple resonance
counting arguments. The probability of a given spin being on resonance with the central spin is
given by %, where Jo = hy?, Jo/7 is the interaction strength of the central spin with a bath spin
adistance 7 away, IWis the disorder width, and /8 is a dimensionless parameter that characterizes the
resonance probability, of order unity. We consider the case of time-dependent disorder, where the
value of on-site detuning d; changes over time by uncorrelated jumps at a rate y = 1/7. We consider
the case where W > nJy > 1/7. As presented in*°, two spins j and 7 are “resonant” at time t if (1)

|9,(2) — 3:(2)| < BJo/ 7 at any time less than t, fig. 3.2, and (2) the interaction occurs on a time-scale

t> {W Otherwise, energy conservation blocks flip-flops.

26



Figure 3.2: A schematic of the spin hopping process in our model, showing a central surface spin .S} and another surface
spin S;. Each spin state is shifted by time-dependent on-site detuning J (blue line), due to the local dynamical disorder
created by nuclear spin bath noise and Ising dipolar interaction terms. The spins can flip-flop if their detunings differ by
less than the strength / of the dipolar interaction between them (grey band).

The probability of having a resonant pair is given by

/7t
e w oz

_ &7 (3.2)

Pu(t) =1— (-5

For a 2D spin system with density 7, we can calculate the probability of a central spin having no

resonance as

R(?)
() = exp(— / 2 nr P (1)), (3.3)

70

Note that R(2) = (Joz)'/>. When % is small (at large times), (1 — ‘%) can be rewritten as

exp(— &/r (;//V’} ) and

B/P (i'H),

Prex(t) =1l—¢ W (3'4)

We can write the probability that the central spin has no resonance as
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R() Ao
P(r) = exp(— / 2nr(l — = B g,

70

To simplify the expression, we can take the —/og of each side:

R(2) 3,
~log(P(r)) = / (1 — B ).

70

We can next perform a change of variables to evaluate the integral. We define

z:f%V/Vr%(;—i-l).

We can rewrite this in terms of r as

r= (B s

Using the fact that 27dr = d(7%), we can rewrite the expression for P(¢) in terms of z:

R(z,z) 2
—log(P(2)) = /( ) nm(1 —e—Z)d(ﬁ]%(; +1))%/3

which becomes

2(r,t)
—log(P(z)) = /( ) nw(l— e_z)(—2/3)z_5/3dz(‘%3(£ + 1))2/3.

We can then rewrite — log(P(¢)) as the product of two terms:

2.8

(3:5)

(3.8)

(3.10)



—log(P(z)) = Pi(2)Pa(2) (3.11)

z(r,t)

Pi(e) = / (1 — ) (—2/3)5 s (3.12)
Zo(r‘o,l’)

Bale) = (PR 4y 613)

In the limit 7 >> 7, P, (¢) simplifies to

327
Py(t) = (Lw‘fﬁ);)zﬁ- (3.14)
We want to understand the time dependence in P; () so we define
3
ol 8 = B e 1) G15)
R(H)3
Z(R, 1) = ]O/I/V(t)(t/f—l- 1) (3.16)

Since R(¢) = (Jor)"/?, in the limit # >> 7,2z has weak dependence on time. We can numerically
integrate P (¢) in order to understand the time dependence, and we plot P () and P, (#) for com-
parison, fig. 3.3.

For times# > 7, there is some dependence on time in P;(¢), but it is not as strong as the time

dependence in P, (z). Therefore, we can write the probability of having a resonant pair as

7l3/2@]0

P(t) = —a(—=2 (2 2/3 )

(0 = exp(—a "2 (11 2)P) .17
where « is the average value of P at times t> 7. For our parameter range, we setz = 5, and

we have numerically verified that P(¢) in Eq. 3.17 is consistent with Eq. 3.5 numerically integrated
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Figure 3.3: Plots of (a) P; (t) and (b) Pz(t) with 79 =2 nm,ﬂ =1,7=15us, W =377 ‘us_l, and Jy = 326.7 nm3//zs.
Pz(t) has a stronger dependence on time than Pl(t) for times t> 7.

for relevant parameters and this value of «. From this expression, we can see that changing 7 or 7
simply amounts to changing the timescale of the decay. For times longer than 7, this model predicts
that for a 2D dipolar spin system, the central spin autocorrelation (57 ()57 (0)) decays with an ap-

proximate functional form exp (—(z/T;)*/?), where T, = x7,W, /. The numerical constant « is

of order unity, and /is the average dipolar interaction strength over the spin ensemble.

3.1.2 Two SOURCESs oF DyNaMIC DISORDER

We must consider the combined effects of i) the extrinsic on-site disorder from the external magnetic
field B (¢), of typical strength 1% and correlation time 7, and ii) the intrinsic local field of strength

~ Ji from the Ising component of the dipolar interaction among surface spins, of approximate
timescale 7. To quantify the combined dynamical disorder, we introduce the effective disorder

strength 17, defined as

W, =\ W*+J; (3.18)

and the effective correlation time 7,, defined via
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(3.19)

. Wm +]1 V I/Tz
1/7, = 7 .

We compare the predicted central spin autocorrelation (S7(2)S7(0)) decay functional form
exp (—(¢/T,)*/?) with our experimental data by scaling the time axis of the autocorrelation data
by independently estimated 7, 17, and observe that the data sets for the 7 different NV-central spin

systems collapse towards a universal curve, fig. 3.4(b).
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Figure 3.4: Measurements of central surface spin (S7(#)S7(0)) autocorrelation. Each color represents a different
central surface spin system. (a) S¥ autocorrelation measurements for 7 different central surface spin systems. Each
measurement is fit by a stretched exponential, from which we extract the relaxation time 7. (b) S, autocorrelation
measurements with the decay time re-scaled by the product 7, J¥, of the effective disorder correlation time and disor-
der width, independently measured for each surface spin system. We observe a collapse of the 7 data sets to a universal

stretched-exponential decay curve, in agreement with our dynamical disorder model.



3.2 S, AUTOCORRELATION SCALING

Plotting the individual relaxation times 77 versus the product 7, 17, reveals the linear relationship
predicted by our resonance counting, with the best-fit value of x = (0.31 & 0.14) extracted using a

value of ] = (0.57 + 0.25) us~! from our density estimates, fig. 3.5(a). We can also study the relation-

ship between 77 and W (fig. 3.5(b)), 7% and 7 (fig. 3.5(c)), and T, and 7> (fig. 3.5(d)).
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Figure 3.5: S, autocorrelation decay time plotted as a function of different system parameters including (a) 7, I, (b) W,
(c) 7, and (d) T,. The colors correspond to the data sets represented in fig. 3.4. The black line in (a) is a linear fit.

3.3 SPIN-LOCK DRIVING MEASUREMENTS (Tlf))

To further investigate the role of disorder, we control the magnitude of the effective disorder by
spin-lock driving, on resonance with the surface spin Larmor frequency. The resonant drive along
the y-axis of the rotating frame adds to the Hamilonian (3.1) the additional term H; = hQ.S,

where Q is the drive Rabi frequency:

h* 1
H]’. = hy B (£)S; + QS]y + Z ;3 (1—3cos”6y) [$787 — Z(S;QST + ST.S}JF)] (3.20)
i g
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We measure the dynamics of the central surface spin projection S]y along the driving field, fig. 3.6.

This is equivalent to T1, measurement in NMR "33,
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Figure 3.6: Evolution of central surface spin under spin-lock driving. Measurements of <.Sj' (t).S}y(O» autocorrelation
under spin-lock driving for different drive strengths. Stronger driving results in better decoupling from the nuclear spin
bath magnetic noise and longer Tlf, relaxation time. For drive strength Q) Z SO/zs_l, relaxation rate is independent
of Q. Lines show stretched exponential decay fits. Inset: radio frequency NV and surface spin pulses; green laser
polarization and readout pulses applied before and after this sequence of RF pulses.

We consider the case of a two level system where spin operators are given by §* = %a"‘. In order
to further understand our observations, we move into a second interaction picture with respect to
H; = Q8 = 1Q#. Our spin operators are then transformed by replacing $* with U' (£)S*U(z),

where U(z) = exp(—7Qz¢? /2). Our initial spin operators are transformed as follows:

S*(¢) — cos(Qe)SY + sin(Qz)S (3.21)
() — & (3.22)
S¥(2) — cos(Qr)S — sin(Q1)S” (3.23)

where % is the spin operator in the doubly rotated frame. The resulting dipolar Hamiltonian

has half the interaction strength as in the singly rotating frame:
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h? 1 1
H]‘fld = g r;/f (1—3cos” 6;)[~ .S‘f'S]z/ +— 1/5;” fSﬁ’Sf-/]- (3.24)
PR

In the doubly rotating frame with respect to the drive, the Hamiltonian due to the on-site fields

from the nuclear spin bath becomes

H" = hy Bi(1) [cos(Qt).SJ%-’ - sin(Qt)S;“’]. (325)

In this new basis, the energy eigenstates are split by the effective Rabi frequency of the drive
Q= VO + 5% where 9 is the on-site detuning value, characterized by the power spectral density
V(w). Following the treatment in *°, the effective extrinsic disorder width at strong driving strength
scalesas W5 = f - We can numerically calculate J values from the power spectral density V1 (w)
and calculate Qup for different values of drive strength Q, verifying that at large drive strengths, the

. . . . _ W
effective on-site disorder width scales as Wz = 730"

The relaxation at small Q is dominated by the local magnetic field noise 57 (), which can flip .S;y .

We can treat the nuclear spin bath noise spectrum V() as a perturbation and directly calculate the

transition probability and relaxation rate given V(w). First, let’s assume that the nuclear spin bath

noise is monochromatic at frequency w:

H' = hy ByS® cos(wt). (3.26)

The matrix element Q,; is given by

1
Quw = —ghnBO- (3.27)

We can then calculate the transition probability as

34



_ |Qusl? sin?[(Q — w)2/2]

Pu(r) = =) (O — ) (3.28)
P =" V;f"/ : sz([ﬁf__;;?‘/ 2} (3.29)

The above expressions are all for monochromatic perturbations. In our system, B(z) is described
by a power spectrum ¥(w), so we need to take this into account. The energy density in CGS units
. . BZ . .. .1
of an electromagnetic wave is U = g%. We can then rewrite the transition probability as

in*[(Q — w)t/2]

Puy(t) = 22Uy? — -7 (3.30)

Since the central surface spin is exposed to magnetic noise at a range of frequencies, we rewrite
U as p(w)dw where p(w)dw is the energy density in the frequency range dw, and we can rewrite the
transition probability as

00 i) —w
Py = 2%73/0 pl@) 2 ([S)_ w);t/?.] dw. (3.31)

Since % is sharply peaked around Q, we can replace p(w) by p(Q) and take it outside

of the integral:

P, = 27[;/?/)((2) /000 sin ([((?_(j;zt/z] dw. (3.32)

We can solve the integral by noting that

® sin®x
/ S—dx = . (3-33)

We find that
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Py = 27yp(Q)tm /2.

We find that the transition rate (R = dP/dt) is

Rab = WZYZP(Q)

(3.34)

(3.35)

where p(Q) is the energy in the field at Q and directly corresponds to the value of the power

spectral density V() at that frequency.
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Figure 3.7: Spin-lock driving relaxation rate as a function of drive strength for 4 different surface spin systems, along
with the corresponding decay rates for Hahn echo (1/75) and S7 autocorrelation (1/7%) experiments, shown by the gray
bands. The point at 0 = 0 corresponds to the decay of the Ramsey coherence (1/75,*). The measurements performed
with drive strength below 50 /,csfl are consistent with direct relaxation due to the nuclear spin bath noise with spec-
trum V(w) (black line). Relaxation rates for drive strengths ) Z 50/,5571 are independent of () and consistently much
slower than the dipolar interaction scale 1/75.

We have performed 73, measurements for 4 different central surface spins systems at a variety of
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drive strengths Q, along with characterizing the central surface spin system by extracting /;, 17, and
7. For small Q, the relaxation rate calculated using the noise model /(w) and Eq. 3.3 is consistent
with our measurements (fig. 3.7, black line). At large drive strength Q, spin flips due to B; (¢) are
suppressed, such that the strength of the effective extrinsic disorder scales as 7?2 /(1/2Q). Con-
sequently, the disorder experienced by individual spins is dominated by the Ising component of
dipolar interactions along the dressed quantization axis S}y . The strength of the latter is reduced to

the half of the original Ising interaction along S]“ in the undriven case 3°.

2
10 T, 2
o, —

relaxation time (us)
o
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Figure 3.8: Comparison between different autocorrelation decay timescales for 4 different surface spin systems. Red
circles, labeled Tlﬁ/Z, show the decay time under spin-lock at strong driving. As the dynamical on-site disorder strength
W increases, the T, autocorrelation decay time increases compared with the autocorrelation decay at strong driving
with suppressed disorder (Tlf,/Z). Both of these decays are much slower (by a factor of &~ 30) than the dipolar interac-
tion scale, given by 7.

Thus, systematic comparisons of 71,/2 and T enable us to understand the interplay between the
extrinsic and intrinsic disorder fields. Shown in fig. 3.8, we find that the relaxation time between 71,

and T, becomes relatively faster by suppressing the extrinsic disorder when 1 is sufficiently large.

However, for samples with small or intermediate /¥, the difterence in 71, and 7 is not substantial,
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suggesting that the Ising interaction constitutes the dominant source of disorder in this regime.
Interestingly, even in this regime, the relaxation rate is approximately a factor of 20 slower than the
dipolar interaction scale /;. This implies that, even in the absence of extrinsic on-site disorder, the
intrinsic disorder associated with random positioning of spins is sufficient to strongly suppress spin
transport in a 2D spin ensemble.

A full many-body theoretical treatment of a random dipolar-interacting two-dimensional spin
ensemble may be needed to quantitatively predict the relaxation time scale in the absence of extrinsic
disorder. A mean-field approach may also provide an approximate solution**. It is natural to in-
quire if a many-body localized phase could be observed for this system. While we do not observe lo-
calization directly within the accessible parameter range, we note that theoretical analyses of localiza-
tion physics typically consider quasi-static disorder models, where the value of on-site field strength
does not change on the timescale of a single measurement. Quasi-static disorder generally slows
down relaxation as shown in our experiments, but our model demonstrates that time-dependent
disorder may speed it up, for a subset of values of /¥ and 7, by allowing previously off-resonant
spins to become resonant. Achieving finer control over disorder parameters may allow a detailed

single-spin-resolution study of various aspects of localization physics in the present system.
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Dynamic Mean Field Models

In the previous chapter, we measured the single-spin longitudinal autocorrelation when 1) the sys-
tem dynamics are governed by both dipolar interactions between surface spins and on-site local
disorder from fluctuating magnetic fields and 2) the case where central spin dynamics are only deter-
mined by dipolar interactions within the surface spin system. We introduced a dynamic resonance
counting model which was consistent with the relaxation timescales 77, and 77, extracted from ex-

periment, though the model was not predictive of the 7, relaxation timescale.



4.1 DyNamic MEAN FIELD MODELS IN THE SINGLY ROTATING FRAME

In this chapter, we present a dynamic mean-field theory for spin ensembles at infinite temperature **
and we show that we can reproduce the extension of lifetime observed during spin-lock driving
beyond that given by the dipolar interaction timescale. Let us begin by considering a system of spins
S=1/2 in alarge external magnetic field. The Hamiltonian for a system of dipolar interacting spins

in the rotating frame is given by

H 1 R An
- = EZ 4;23(1 — 3cos” 6;)[4 S — S]‘” SySy] (4.1)
i#f g

where R;; is the distance between spins 7 and j and §;; is the angle between R;; and the direction of
the externally applied magnetic field. It is assumed that on average, each spin has the same environ-
ment, so on average the spin dynamics $*(z) = (§*(#)8%(0)) are the same for each spin. Any one

spin 0 interacting with a large number of spins has dynamics governed by

%:W&g_zw_zm (42)
where
=Y L )5
= 4R30( — 3cos” 0)S; (4-3)
i#0 :
i L 60)S"
4R30( — 3.cos” 65} (4.4)
i#0 :
N 6:0)S
= 4R3.0( — 3cos? 0)S (4-5)
i#0 ?

The V-operators are sums of a large number of spin operators, and this treatment is only justi-
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fiable at large distances d away from the central spin o. Since we are working on an initially unpo-
larized spin system at infinite temperature, the expectations values of those spin operators and their
higher moments are uncorrelated at the beginning of any dynamics. The central limit theorem tells
us that the V-operators are Gaussian distributed and can be treated as classical stochastic variables of

which the distribution is determined by the first and second moments

V=0 (4.6)

VE(e)V#(0) = J58°(2) (4.7)
VE(e)V5(0) = J5S"(2) (4.8)
P (6)17(0) =/ (1) (4.9)

where /o is a dipolar coupling constant defined as

]ZQ = Z(]—O)Z(l — 3cos? fp)*. (4.10)

We assume an average homogeneous distribution of spins on the two-dimensional diamond sur-
g g p

face with density 7 in order to convert the sum in eq. 4.10 into a two-dimensional integral. We

parameterize the plane of the surface by the polar coordinates (R, @) and the external magnetic field

makes an angle of @ with the normal of the surface plane. We then have

cos f = sina cos @. (4.11)

We can then compute the integral for ]ZQ as
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Jo=16) [ (osymaar (4.12)

min 4R3
27
I(a) = / [1 — 6sin® zcos® ¢ + 9sin* a cos* pldp (4.13)
0
and we find
27
I(a) = 271 — 3sin®a + < sin* . (4.14)

In our measurements, the external magnetic field makes an angle of s 4.7 degrees with the surface

normal, so I(«) = 7. We can calculate /g as

Jo= \/[(“)”0%- (4.15)

min
We are now in a position to implement a numerical procedure by which the mean-field moments
are determined by the self-consistent equations to be evaluated **. We begin with some initial mean-
field moments and compute the autocorrelations for a single spin via the path integral and subse-
quently the mean-field moments via the self-consistent equations. These are then compared and the
initial mean-field moments are adjusted to converge iteratively to a self-consistent solution. When
applying these methods, we find that the transverse autocorrelation decays a factor of 2 faster than

the longitudinal autocorrelation.

4.1.1 EXTENSION TO INHOMOGENEOUS MAGNETIC FIELD

Now consider the case of an inhomogeneous external magnetic field where local disorder fields can
act on the spins individually. The Hamiltonian in the rotated frame with on site disorder 4, for two

spins is given by
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H _ hy?

= (1 — 3 cos? 6),)[48585 — 28585 — 28/80] + IS5 + bS5

h 4sz
If we pick one spin 0, its dynamics are given by
H, A a A an
fo = 41785 — 21785 — 2178,

where

i#0 4R’30
= j03 (1 — 3 cos? 8,08
i#0 4Rz’O
V= ]03 (1—3cos?8,)S
i#£0 4Rz’0

(4.16)

(4.17)

(4.19)

(4.20)

Note that in going from the two spin (or many spin) case to this mean field case, we lost infor-

mation about the disorder on the sites of other spins, which may affect the accuracy of this method

if there are large site-to-site variations in on-site disorder width. The on-site disorder field is Gaus-

sian distributed with mean zero and standard deviation W. We are now in a position to once again

calculate the first and second moments of the V-operators:

43



? =0 (4.21)

FOVH0) = 5.(0) + 1 W (4.22)
<(6)7*(0) = JpSi(t) (423)
PO0) = /35(0) (+24)

The same iterative approach can be applied to calculate mean-field moments, and we find that
for nonzero disorder width W, the lifetime of the longitudinal autocorrelation is greatly extended
beyond that of the transverse autocorrelation.

When applying the dynamic mean field approach to fit the transverse autocorrelation (Ramsey)
and longitudinal autocorrelation (7;) measurements consistently with fitting parameter /o, which
is related to the bath cutoff distance, we were able to achieve reasonable agreement between the
model and the experimental results. However, we discovered that the longitudinal autocorrelation
T, decay timescale is largely impacted by the timescale of the dynamic disorder and when we imple-
mented disorder with correlation time 7 in the mean field model, we did not find any difference in
final longitudinal relaxation timescale for a wide range of noise correlation times.

In the end, we did not use this model to fit the Ramsey and longitudinal autocorrelation 77, data
since the scaling observed in experiment did not agree with simulation results. We partially attribute
this discrepancy to the fact that by applying a mean field treatment, we are assuming that on average
each spin in the system has the same environment. In contrast, we observe 7, timescales which can
vary by an order of magnitude due to the large variation in correlation times of the extrinsic disor-
der.

In contrast, our measured Ty, decay timescales at strong drive vary by at most a factor of 2, so we

are in a better position to attempt mean field models to describe the relaxation timescale observed in
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Ty, than we are in 7.

4.2 DouBLY ROTATED MEAN FIELD DirOoLAR HAMILTONIAN

In our model of describing a 2 dimensional ensemble of spin-1/2 on the surface of diamond, we
applied a dynamic mean field approach to describe the eftects of dipolar interactions with a large
number of surface spins. In a singly rotated frame about the bare Larmor splitting, the Hamiltonian

for any one spin o interacting with a large number of spins has dynamics governed by (h = 1):

H = 4V°S5 — 218t — 2175, (4.25)

We may make another transformation and move into a doubly rotating frame about the drive
Q.. In doing so, we must transform both our spin operators as well as our V-operators. As a re-

minder, the V-operators are defined as:

7= J(Rio)(1 — 3cos® f)S? (4.26)
i#0

Performing the necessary operations, we find that the V-operators transform as

V< — cos(Qe) V¥ + sin(Qe) V® (4.27)
A (4.28)
V* — cos(Qe) V* — sin(Qe) 1V~ (4.29)

Plugging the transformed spin operators and V-operators into eq. 4.25 and performing a tempo-

ral average, we find that the Hamiltonian governing the mean-field description of the interaction of
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a single spin with a large number of spins becomes

H = IS5+ V*S§ — 217, (4.30)

This retains a similar form to the doubly rotated dipolar interaction Hamiltonian as its effective
interaction strength is halved. When we perform the self-consistent evaluation for a fixed /g, we find
that the longitudinal autocorrelation (§8(#)5”(0)) lives for twice as long as the transverse autocorre-
lation (5%(#)5%(0)). Note that since we have moved into a second rotating frame about a drive along
y, the longitudinal autocorrealtion is now (8 (2)5”(0)).

However, this still does not account for the extension in timescale we observe when compar-
ing the 77, decay to the dipolar interaction timescale extracted from surface spin echo or XY-4, 7.
This is due to the fact that the intrinsic disorder due to the random positions of surface spins is not
accounted for as of yet in the dynamic mean field model. In order to take into account intrinsic dis-
order, we introduce 3 spins in addition to a central spin Sy that we directly simulate, thus pushing
the cutoft distance to the bath back. We define the parameter /,,,,, to be the maximum dipolar inter-
action strength between the central spin and one of the three bath spins, and we compute (#) and
S§?(#) using the iterative approach with /g as the fit parameters.

We can fit the transverse correlation S7(#) to a stretched exponential with a power of 2 and extract
the decay timescale 75, which is plotted in fig. 4.1 (a). We see that /,,, is linearly related to 75, con-
sistent with our experimental observations from Chapter 2. We also fit the longitudinal correlation
§(2) to a stretched exponential with a floating power as well as a fixed power of 2/3 and extract the
relaxation timescale Ty, fig. 4.1 (b). For small values of /,,,., we find a linear relationship between

Jmax and Ti,, consistent with the predictions of the dynamic disorder model.
For one surface spin system where we have measured the transverse spin autocorrelation from the

surface spin echo, the longitudinal spin autocorrelation from the surface spin 7, at strong drive,
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Figure 4.1: Dynamic mean field results in the doubly rotating frame with 4 directly simulated spins. (a) Plot of relaxation

timescale 75 of transverse spin autocorrelation versus the maximum dipolar interaction strength of the central spin with
another spin /... A linear relationship between /.. and I/TZ is extracted. (b) Plot of longitudinal relaxation timescale
Tlf, versus maximum dipolar interaction strength /.., when decay is fit to a stretched exponential with a floating power
as well as a power of 2/3, as predicted from the resonance counting model.

and the positions of the nearby surface spins, we fit the echo and 73, data with /g as a fit parameter
using a central spin plus 3 bath spins and the mean fields from the surface spin bath. The fit to the
spin echo data is given in fig. 4.2 (a) and the fit to the spin-lock driving measurement at strong drive

is given in fig. 4.2 (b).
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Figure 4.2: Dynamic mean field theory results compared with experimental data. (a) Surface spin echo measurement

with dynamic mean field model result (black dashed line). (b) Surface spin le, measurement with dynamic mean field
model result (black line).

To summarize, we have shown that dynamic mean field methods can be used in conjunction with

direct simulation of a few spins to account for the slow-down in relaxation observed in spin-lock
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driving measurements at strong drive. The addition of a few bath spins allows us to include intrinsic

system disorder into the simulation.
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Surface Spin Polarization

In this chapter, we discuss the initial state preparation of the central surface spin by transferring
polarization from the NV center to the central surface spin. The basic pulse sequence and idea are
shown in fig. 5.1. The NV spin state is first initialized into the m; = o state by a green laser pulse
(not shown) and then rotated into the transverse plane by applying a 37/2 pulse. The NV spin and
the surface spins are driven at their respective Larmor frequencies by microwave drives of the same

Rabi frequency. In the doubly rotating frame with respect to the drive, flip-flop interactions can



occur between the NV spin and the surface spins when they are driven at matching drive strengths.
The drive time is determined by the interaction strength between the NV center and the strongest

coupled surface spin.

(a) (b) NV spin surface spin
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Figure 5.1: (a) RF drives of a Hartmann-Hahn spin polarization pulse sequence. A green laser pulse is applied at the

o3

beginning of the sequence to initialize the NV center spin state. (b) Flip-flop interactions between the NV spin and a
surface spin in the doubly rotated frame where Q;VV and Qj are the drive Rabi strengths applied to the NV center
and surface spins, respectively. The splitting between the eigenstates is given by the strength of the drive in the doubly
rotating frame.
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Figure 5.2: (a) Hartmann-Hahn polarization sequence, where final state of the NV center is read out by measuring
fluorescence after the polarization transfer. During this sequence, the RF power delivered to the surface spins is swept.
(b) Probability of an NV spin flip, where a value of 0.5 would correspond to maximal polarization transfer between the
NV center and the central surface spin.

When performing this polarization transfer, it is useful to first measure the NV center depolar-
ization as a function of surface spin drive Rabi QF to ensure proper calibration. Fig. 5.2 shows the
calibration of surface spin drive power when the NV drive Rabi frequency is 12.5 MHz. Fig. 5.2 (b)

shows the measured probability of an NV spin flip when the surface spin drive power Q}? is swept.
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Since the surface spins are initially unpolarized, a probability of o.5 that the NV spin flips corre-
sponds to maximal polarization transfer from the NV center to the central surface spin.

We can determine if the central surface spin is polarized by directly measuring its state using the
NV center after the Hartmann-Hahn polarization transfer. Fig. 5.3 (a) shows a typical pulse se-
quence where the final state readout of the surface spins by the NV center is done in a way similar to
a DEER sequence except either the first or last NV 7z/2 pulse is rotated in phase by 9o degrees from
the other pulses. For an unpolarized surface spin, the NV center will have an average signal of zero,
but for a polarized central surface spin with dipolar coupling &, to the NV center, the NV center will
acquire an average signal proportional to sin(k,z/2) where ¢ is the total time duration of the readout

and is selected to maximize the signal from the central surface spin.
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Figure 5.3: (a) Hartmann-Hahn spin polarization and readout pulse sequence, where the surface spin drive power Q;V
is swept. (b) Central surface spin polarization as a function of detuning from NV Rabi frequency, normalized between O

(unpolarized) and 1. A value of 1 corresponds to the maximum polarization expected from the maximal NV depolariza-
tion calibrated above.

We confirm that the NV center is measuring a polarized surface spin by controlling the final sur-
face spin state after the Hartmann-Hahn polarization transfer. After the polarization transfer, the
surface spin has some polarization along the y-axis. If we do not apply any 7/2 pulse to transfer
this polarization to along the longitudinal quantization axis, that polarization will be lost in a time
given by the surface spin 75, which is much shorter than the delay before the NV readout pulses.
We experimentally verify that when we do not apply a final /2 pulse to the surface spins after po-

larization but instead apply either a 7 pulse or no pulse, taking the difference, the NV center reads
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out no net signal. Fig. 5.3(b) shows the differential signal where the data correspond to the difter-
ence in measured signal when a /2 or -z/2 pulse is applied after the Hartmann-Hahn polarization
drive to the surface spins. The final surface spin signal is normalized by the correlation spectroscopy
contrast.

We can further observe the polarization transfer between the NV center and the strongest cou-
pled surface spin by varying the drive duration and space between readout pulses, fig. 5.4. The
maximal polarization transfer occurs at a drive duration and readout spacing consistent with the
coupling between the NV center and the strongest coupled surface spin.
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Figure 5.4: (a) Hartmann-Hahn spin polarization and readout pulse sequence where the drive duration is swept. (b) The
time to maximum polarization transfer ( 1 us) is consistent with the interaction strength between the strongest coupled
surface spin and the NV center. (c) Hartmann-Hahn spin polarization and readout pulse sequence with variable time
between readout pulses. (d) Time between readout pulses corresponding to maximal polarization transfer consistent
with the interaction strength between strongest coupled surface spin and the NV center.

5.1 DyNamics OF A POLARIZED CENTRAL SURFACE SPIN

With the ability to transfer polarization from the NV center to one surface spin, we can understand
the effect the NV center spin state has on surface spin dynamics. We can achieve this by first polar-
izing one surface spin and then preparing the NV center in a particular spin state. If the NV cen-

ter is in the m;, = o state, it will have no effect on the surface spins through the dipolar interaction.
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However, if the NV center is in either the m, = 1 or the m, = -1 state, it will affect the surface spins
through the dipolar interaction. We perform a surface spin Ramsey experiment after polarizing one
surface spin with the NV in either m; = o or m; = -1 to observe the eftect of the dipolar interaction,

fig. 5.5. Note that the drive pulses to the surface spins are detuned, which produce the oscillations.
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Figure 5.5: Surface spin detuned Ramsey measurement with the NV center in m,; = 0 or m; = -1. The oscillations are due
to detuned surface spin pulses, and we observe a difference in oscillation frequency between the red and blue curves
consistent with the dipolar interaction between the NV center and the central surface spin. Inset: pulse sequence with

Hartmann-Hahn polarization transfer followed by a surface spin Ramsey sequence and then NV center state readout
pulses.

The difference in oscillation frequency is given by the dipolar interaction strength between the
NV center and the central surface spin and acts to further detune the surface spins when the NV is
in m; = -1. We can further seek to understand the effect of the NV center spin state on surface spin
dynamics by measuring the surface spin T} of the strongest coupled surface spin after polarization
with the NV in either m; = 0 or m; = -1, fig. 5.6. The NV center spin state does not affect the surface

spin relaxation rate within the experimental uncertainty.
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Figure 5.6: Surface spin T, measurement after polarization with the NV center in either m; = 0 or m; = -1. Measurement
results indicate no difference in relaxation rate between the two cases, to within measurement uncertainty. Inset: pulse
sequence with Hartmann-Hahn spin polarization following by a swept delay time before NV pulses read out the final
surface spin state.

5.2 SURFACE SPIN STABILITY

Recent work has indicated that surface electron spins may not have stable positions but may be mo-
bile on the diamond surface, potentially during the application of green laser light '°. We directly
probe the stability of the strongest coupled surface spin by measuring its state under the application
of green laser light. First, we polarize the central surface spin by driving both the surface spins and
the NV center at the same drive strength for a time set by the dipolar interaction between the NV
center and the central surface spin. We further calibrate the Hartmann-Hahn polarization transfer
by observing maximal polarization transfer when the drive strength of the surface spins matches the
drive strength of the NV center.

To study the stability of the strongest coupled surface spin, we sweep the duration of the green
laser pulse after the polarization transfer, fig. 5.7(a). Note that this central surface spin has a longitu-
dinal correlation time 77 of ~ so us. The strongest coupled surface spin is stable under green laser

light illumination for at least so s, fig. 5.7(b).
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Figure 5.7: Surviving polarization of the central surface spin after green laser light illumination. (a) HH polarization
transfer sequence and readout of final NV center state contingent on polarization of central surface spin while green NV

repolarization laser pulse duration is swept. (b) Measurement result, normalized by the contrast of the S, autocorrela-
tion measurement of equivalent initial time delay.
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Conclusion and Outlook

In chapter 1, we introduced the experimental platform of a single, shallow NV center coupled to a
system of electronic spins on the surface of diamond. We measured the dipolar interaction strength
between the NV center and the surface spins using the double electron-electron resonance (DEER)
sequence and we presented the results of the DEER sequence of one system of strong coupling be-
tween the NV center and one central surface spin. We later introduced the correlation spectroscopy

pulse sequence where the NV center final state is contingent on the correlated phase accumulation



due to the surface spins. In the limit of a central spin, the sequence reduces to two CNOT gates
where the final state of the NV center is contingent on whether the z-projection of the central sur-
face spin state changed between the initial and final pulses.

Using the tools we introduced in chapter 1, we can propose several avenues of exploration. While
we measure spin correlations for the strongest coupled surface spin, it may be interesting to attempt
to measure spin correlations for the second or third strongest coupled surface spin by adjusting the
time between the NV center readout pulses. Also, instead of measuring (S, (zo + £)S;(z)), we could
apply another CNOT gate and measure other correlation functions such as (S, (20 + 11 + £2)S; (20 +
l‘l)Sz(to ) > .

In chapter 2, we employed the tools of correlation spectroscopy to probe the local magnetic en-
vironment of the central surface spin. We measured the dipolar interaction strength of the central
surface spin with a neighboring surface spin and characterized the magnetic noise power spectrum
from nearby proton nuclear spins. For the systems we studied, a surface spin depth of 6A and an
average proton spin separation of 3A are consistent with our observations. Having quantified the
magnitude and sources of decoherence in the system, a next step would be to better engineer pulse
sequences to extend the coherence time of the surface spins by properly accounting for the decoher-
ence due to both dipolar interactions as well as the nuclear spin bath noise.

In chapter 3, we studied the relaxation of central spin projection along the direction of the ap-
plied magnetic field and modeled the slow relaxation using a dynamic disorder resonance counting
model. We found that the rate of relaxation is strongly dependent on the fluctuation timescale of
the local disorder. We can suppress this disorder by spin-lock driving and found that at weak drives,
the relaxation rate is dependent on the nuclear spin bath noise whereas at strong drive, the relaxation
rate is constant for each system considered. The timescale of the relaxation for the spin-lock driving
measurements is still an order of magnitude slower than the dipolar interaction timescale, indicating

that the intrinsic disorder in the system from the random positions of surface spins plays a major
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role in slowing down system dynamics. While the dynamic disorder resonance counting model
is consistent with the spin-lock driving data at strong drives, it is not predictive of the relaxation
timescale.

In chapter 4, we presented a dynamic mean field theory treatment which is predictive of the re-
laxation timescales of the transverse and longitudinal spin correlations of a central spin. We were
able to extend the model to consider the spin-lock driving measurements taken at strong drive, and
we found good agreement between this model plus 3 bath spins and the experimental data.

Finally, in chapter s, we discussed our ability to polarize the central surface spin using the NV
center and Hartmann-Hahn technique. With the central surface spin polarized, we are able to mea-
sure effect of the NV center spin state on the central surface spin through the surface spin Ramsey
detuning. We also observed that the state of the NV center does not affect the surface spin longitu-
dinal relaxation timescale, possibly due to the fact that the nuclear spin disorder dominates system
dynamics in this regime. One further avenue of exploration and technical development would be
the polarization of multiple surface spins. This may be useful for explorations of system dynamics
of a cooled spin system. The polarization of multiple surface spins may also have applications in the

sensing of targets near the diamond surface and could be used to improve the sensitivity.
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Materials and Setup

A.1 DiaMOND SAMPLE

Nitrogen implantation was done on a >C enriched {oo1} diamond surface at an implantation en-
ergy of 3 keV. After annealing, the diamond was cleaned in a 3-acid mixture (equal volumes of con-
centrated H,SO4, HNO3, and HCIOj) for 3 hours. All measurements except NV center depth

measurements were performed with the diamond placed in deuterated glycerol (CDN Isotopes D-



0302) and under ambient conditions. NV center depth measurements were performed with the

diamond in protonated (undeuterated) glycerol (Sigma-Aldrich Ggo12).

A.2 OrticaL SETUP

A home built scanning confocal microscope optically addresses and reads out single NV centers.
The diamond was placed NV side down on a RF transmission line, and an inverted Nikon CFI Apo
TIRF objective (NA = 1.49) was positioned under the stripline. A piezoelectric scanner (Physik
Instrumente P-721 PIFOC) was used to control the height of the objective, and a closed-loop scan-
ning galvanometer (Thorlabs GVSo12) was used to direct the lateral position of the laser beam
focus. Optical excitation was provided by a 532 nm laser (Opto Engine MLL-FN-532-200mW)
gated by an acousto-optic modulator (Isomet 1250C) in a double pass configuration. NV center
fluorescence passes through a 842 nm short pass filter (Semrock FFo1-842/SP-25), a 594 nm long
pass filter (Semrock BLPo1-594R-25), and a 532 nm notch filter (Semrock NFo3-532E-25) be-
fore collection by a single-photon counter (Excelitas Technologies SPCM-AQRH-14-FC). The
single-photon counter and acousto-optic modulator were gated using TTL pulses produced by a
soo MHz PulseBlasterESR-PRO pulse generator from Spincore Technologies. A typical photon
counting rate of 20 kHz was observed, and a photon counter acquisition window of 9oo ns was

used.

A.3 RADIOFREQUENCY SETUP

Two Stanford Research SG384 signal generators were used to deliver RF tones to address the NV
center and surface spin transitions. IQ modulation was used to control the x and y quadrature
amplitude of the signal generator driving the NV center. The output of the signal generator driv-

ing the surface spins is fed into a 9o degree phase shifter (RF-Lambda RFHBo1Go4GVT). The

6o



two outputs of the 9o degree phase shifter were each fed into 180 degree phase shifters (Pulsar Mi-
crowave JSO-10-47/3S). Microwave switches (MiniCircuits ZASWA-2-soDR+), controlled by
TTL pulses produced by the pulse generator, gated the RF drives. The zero, 9o degree, 180 degree,
and 270 degree phase shifted RF pulses that drive the surface spins were combined using a SigaTek
SPs 1400 combiner. The RF signals were power boosted by MiniCircuits amplifiers ZHL-s W-422+,
ZHL-30W-252-S+, and ZHL-16W-43-S+, combined using MCLI PS2-13 4, and fed into a 50Q-

terminated RF transmission line with the diamond sample on top.
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Nuclear Spin Bath Noise Spectrum

The presence of a 2D layer of proton nuclear spins on the diamond surface will produce a fluctu-
ating magnetic field at the site of the surface spins B%(#) characterized by a magnetic power spectral

density V(w) where

B(e) = B () + B3 (o). (B.1)



We define the z-axis as along the direction of the externally applied magnetic field, which we align
along the NV axis. We calculate the projection of the magnetic field due to sum of nuclear spin mag-
netic moments along the direction of the applied external magnetic field. B3 (¢) is this projection
due to components of the nuclear spin magnetic moment perpendicular to the direction of the ex-
ternal magnetic field, which rotate at the nuclear Larmor frequency, and Bﬁ (¢) is the sum of the
contributions from the nuclear spin magnetic moments parallel to the direction of the external mag-
netic field. From the expression for B%(¢), the noise spectrum ¥(w) will have a low-frequency term
due to slow time dependence in Bﬁ (¢) as well as higher frequency components due to the precession
of the transverse magnetic moment, captured by 57 (z).

We can characterize the low frequency term in V(w) following the treatment in 5°. We model
the flip-flop relaxation process of the proton nuclear spins as an exponentially correlated Gaussian
fluctuating field B (¢) having correlation function ( ﬁ(l‘o + t)Bﬁ (20)) = <Bﬁﬂm> exp(—2/7) where
7 is the longitudinal correlation time of the nuclear spins and B)| ,.,,, is the rms value of the magnetic

field’s longitudinal component projected along the z-axis.

B.1 WieNErR-KHINCHIN THEOREM

Using the correlation of the magnetic noise from the fluctuating nuclear spins, we construct the
power spectrum for this noise using the Wiener-Khinchin Theorem. The Wiener-Khinchin theo-

rem states that given a random process x(#) with autocorrelation function

Cle) = (st + £)x(r0)), (B.2)

the spectral power density is the Fourier transform of the autocorrelation function

Viw) = /00 C(t)e ™ dt. (B.3)

—0o0
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For our calculations, we use the following definitions of Fourier transform and inverse Fourier

transform:

X(w) :/ x(2)e ™ dr (B.4)
x(z) = ;ﬂ/_ X(w)e™ dw (B.s)

Using the Wiener-Khinchin theorem with the above definition of Fourier transform, we calcu-
late the spectral power density for the low frequency noise associated with relaxation processes for

proton nuclear Spil’lS as

T

AETT (B6)

Vi(w) = / (B e Wi = 2B

We apply the same procedure to determine the noise spectrum V(@) due to proton nuclear
spins precessing at their Larmor frequency wy. We begin by writing the correlation of the magnetic

field noise:

(BL(to +1)BL(10)) = (B ). (B.7)

We then apply the Wiener-Khinchin formula and take the Fourier transform of (B, (¢0+2)B. (%))

in order to arrive at the power spectral density

T

e AT (B.8)

oo
@) = [ (B )= 28t
—00

We combine the contribution of the nuclear spin bath’s component at zero frequency and at

Larmor frequency to write the final nuclear spin noise power spectrum as
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T ) T

V(w) = 2(B? ———— + 2(B —_—.
(w) < >w2,z,2+1 + < J.,rm;) (a)_wL)22,2+1

|| s

(B.9)

<Bﬁﬂm> and (Bi s ar€ geometrically related and we will next derive their relationship. For all

following calculations, we use CGS units.

B.2 CALCULATE (B ) FROM LONGITUDINAL COMPONENT OF THE NUCLEAR MAG-

||, 77ms

NETIC MOMENT

We now calculate the magnetic field at the site of surface spins from nuclear spins in the system and
follow the treatment presented in *°. An external field along the NV symmetry axis sets the longi-
tudinal quantization axis ¢. The system is comprised of shallow electronic spins near the surface of
diamond with proton nuclear spins on the diamond surface. All nuclear spins are unpolarized and
produce a fluctuating magnetic field at the site of each surface spin, and we are interested in calcu-
lating the RMS amplitude of the component of this magnetic field along the quantization axis ¢ of
the surface spins. We begin by considering the longitudinal component of the magnetic moment
of nuclear spins. The component of magnetic field along q from a single nuclear spin parallel or

anti-parallel to q is

(71, - &) — 72y

3(0-9)* —1
3 — (B.10)

B(r)=q-B=q >

where r is the vector from the nuclear spin to the surface electron spin and 7z, is the magnetic

moment of the nuclear spin. The mean square field from a collection of spins is

Bl s = (1D B (r)]?). (B.11)

By expanding the sum, we get
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Bﬁ:”’“ - <Z By (r) By (ry) + ZBg(ri»- (B.12)
i# i

Since the nuclear spins are random and uncorrelated, this reduces to

Bf e = ZB;(ri). (B.13)

We can convert the sum to an integral by including the nuclear spin density o, :

Bf s = P /V [B,(r)]*dV. (B.14)

We can define q as the unit vector along the [1,1,1] axis and define £ in terms of its spherical coor-

dinates:

q=[1,1,1/V3 (B.15)

£ = [sin() cos(p), sin(§) sin(p), cos(6)] (B.16)

where & is the polar angle measured from the normal of the diamond surface, and @ is the ax-
imuthal angle.

When the diamond is immersed in deutarated glycerol, the simplest assumption to make is that
the proton nuclear spins from the diamond lattice termination form a 2D layer at the diamond sur-
face 53413, Thus, for the case of surface spins which reside a depth d below the 2D layer of proton
nuclear spins, we can relate the distance from the surface spins to a nuclear spin plane through the

depth d and polar angle ¢
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cosd = d (B.17)
r

A2
sind = l_ﬁ (B.18)

The rms magnetic field can be calculated using

H,VWLI -

27 oo(,/l—d—zcos —|—\/1—d—zsin —|—d/r)2—l
B} mfuon/ / [ it Gt 12rdrdg (B.19)
0 d »
5 37

2
BHij = mnpn@ (B.ZO)

However, one must be careful when calculating the magnetic moment. The magnetic moment is

defined as

n :gx“z\l§ (B.21)

where g is the effective g-factor and «,, is the nuclear magneton. We can define

(m) = gup(S) (B.22)

m = gua\/S(S+1) =y, h/S(S+1) (B.23)

where y, is the nuclear spin gyromagnetic ratio.
For proton nuclear spins in the 2D plane of the diamod surface, the rms magnetic field on the

surface spin z-axis from the longitudinal component of the magnetic field is given by
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3
B 1 = o1 V/SE+ D) (Bad)

for surface spins with depth d below the proton layer.
When we perform depth measurements, we place the diamond in undeuterated glycerol. For pro-
ton nuclear spins in the half space above the diamond surface, we can calculate the RMS magnetic

field from the component of the magnetic moment paralel or antiparallel to §:

B — mip /”/2/"0 /2”[(sin€cosg0—|—sin€singo—1—0085)2—l]zrzﬂ,nedgpdm,e (B.25)
o *Jo d/cos8Jo 7

where d is the depth of the surface spin. Solving this integral yields

2
2 Wmﬂpn
B = o (B.26)

Using the expression for magnetic moment, this becomes

7
B, = 2 (/S + D)’ (B.27)

2
1, rms

B.3 CALCULATE (B% , ) FROM TRANSVERSE COMPONENT OF THE NUCLEAR MAGNETIC

MOMENT

The magnetic field due to the transverse component of the magnetic moment 7z is given by

j A0 ';_ 7). (B.28)
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The external magnetic field is applied along the (1,1,1) direction of the crystal. We can rewrite the

classical magnetic moment as m(m., m,, m.). We can then write 7 as

. L om-(L11)
m = m—
+ 3
my + m, + m
= — L *(1,1,1)
3
m' m'
= m(mx ?a my ?7 mz
where
m/:mx—l—my—l—mz.
‘We can define
o o)
r
Then,
m / !
il 5= 2= 2w+ (= )+ O
where
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= m 3m m m m
B= *[7(%)’&) - (mx My ) Mg 7)]
P 3 3 3 (B.36)
_ m(3mg m' 3ml) m' 3m. n m’) '
TRVA TR T T T e TRy

Now compute the external magnetic field along the direction of the NV quantization axis:

3. (L1,1)  m [3m”(x+y+z)
ViV R

— (my + my + m,) + ']

(B-37)
= \/:;Smm”(x +y+2)
We can calculate the rms magnetic field as the following:
) av
B = 5= [ 8 (B3%)
spins r
where
2 3m* 11\2 2
Bo—ﬂ—o(m)(x—i-y—i-z) (B-39)
Then,
2 3m2 2 11\2
(Bo)m = W(x +y+2)((m") ") (B.40)
1
! — 5[(27}’% —my — me)x + (Zm}, — My — mz)y + (2m, — my — m},)z]
(B.41)

= %[(Zx—y—z)mx—l— (2y —x—2)my + (22 — x — y)m,]
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(m"?) = %[(Zx —y =27 + (2 —x—2)"(my) + (22 — x — y) (m7)] (B.42)

since (mym,,) = 0. Use (m2) = (m2) = (m2) = 1. Then,

(%) = S [(26 =y = 2 + (2y = x = 2 + (28— x = )] (B.43)
= %(xz + 92+ 25 — xy — yz — x2) (B.44)
Then,
m2
(BY),, = ngg(x—i—y—i—z)z(rz—xy—yz—xz) (B.4s)

We can calculate the rms magnetic field from the transverse component of the magnetic moment

of proton nuclear spins in the half space above the diamond surface:

J_,ms —ﬁ/ dx/ dy/ dz(B3) (B.46)

2 2 o0 o) — .
_ m”ﬁ / i / " e (x+y+42)2(* — xy — yz — x2) (B47)
3 —00 —00 d ( +}’ +2z )
2 _ 57507”31
BJ_,rmJ - 7243 (B48)

Using the definition of magnetic moment defined above, we have found the rms magnetic field

due to the transverse magnetic moment to be
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S
Bl = 5 @ /S + 1) (B.49)

which agrees with the resultin +3.
Using this technique, we can calculate the rms magnetic field from a 2D layer of proton spins on

the diamond surface:

2m: [ ® (v +y+d)>(P —xy— ya— xa)
2 _ n
BL,rm:_ 3 Jo/oodx/oody (xz +}/2+d2)5 (B.SO)
SWmip
2 —
Lrms — 2444 (BSI)

Using the definition of magnetic moment defined above, the rms magnetic field from the trans-

verse component of the magnetic moment for a 2d layer of spins is
ST,
BY e = 5y @t V/SS 1)) (B.52)

We find that the projection of the rms magnetic field from the longitudinal component of the
magnetic moment on the surface spin z-axis is 3/1/5 times larger than the projection from the trans-
verse component of the nuclear spin magnetic moment for both nuclear spins in the 2D plane as

well as nuclear spins in the half space.

B.4 NoIsE SPECTRUM EQUATION

Using the relationship previously derived between the transverse and longitudinal (B2, ) for the

given geometry, we can write the expression for the nuclear spin bath noise spectrum as
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T ) T

S S S— B.
a)272—|—1++9(a)—a)L)272+1) (B:53)

where

3
B e = 5328 @ /SS D)’ (B.54)

for a system with proton nuclear spins residing on the 2D surface of the diamond and surface
spins a depth d below. We can make one further step and rewrite the power spectral density replac-
ing <Bﬁ,rms> with W2, which are related by 57, the electron gyromagnetic ratio. We recover the ex-
pression for the nuclear spin bath noise spectrum that we use in the main text:

w2 T S T

V(@) :273(50272—1—1 ++§ (w—a)L)ZTZ-l-l). (B.s5)
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Simulation Procedure

In this appendix, we describe the procedure for simulating the autocorrelation of the central sur-
face spin state after the application of the various pulse sequences described in the main text with
dynamical evolution due to the nuclear spin bath as well as dipolar interactions with nearby surface
spins. For the steps detailed below, we consider a system of one central surface and 2 nearby surface
spins.

The step-by-step simulation procedure is the following:



1. We begin by defining the initial density matrix p, of the three surface spin system we are nu-
merically simulating. For measurements performed at room temperature on unpolarized
surface spins, all surface spins have an equal chance of being measured in either spin projec-
tion along z, the direction of the externally applied magnetic field. For the central surface
spin most strongly coupled to the NV center, we can define two possible initial states corre-

sponding to the two spin projections along z

7,1 1
lvi) = (C.1)

0

7,1 0
lv5) = (C.2)

1

We can then write the two initial density matrices for this first surface spin:

i 1 0
P = (C.3)

0 0

7,1 0 0
P2 = (C.4)

0 1

We can also write the initial density matrices for the other two surface spins beginning in a

mixed state:
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; 111 O
=3 (Cs)
0 1
11 O
_/?173 = 5 (CG)
0 1

The total two initial density matrices are given by the Kronecker product of the initial den-

sity matrices for the first, second, and third surface spin:

A=A @ ep (C7)

ﬁlz :ﬁzz,l ®ﬁz‘,2 ®Joi,3 (CS)

which results in the following initial density matrices:

A (C.9)
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ﬁ; = (C.10)

2. Next we define our spin operators /%. To do so, we first define our spin operators for a spin-

1/2:

1(0 1
=35 (C.11)
1 0
1 0 1
5= (C.12)
"\-1 0
1(1 O
Sy = 5 (CI})
0 -1

Then we define each individual spin operator /7 as the Kronecker product between the spin

operator s, and identity matrices. For example, we can define /i as the following:

=131 (C.14)
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We can similarly define ]é as the following:

h=10s®1 (C.15)

. Next we encode our Hamiltonian using the spin operators defined above.

. Next we evolve our system according to the given pulse sequence. We take into account evo-
lution under the full Hamiltonian in between pulses as well as during pulses. When a pulse is
being applied, we need to add the drive Hamiltonian to the one defined during the previous

step. We define our drive Hamiltonian about the x- and y-axis to be

Hdrz've,x = hQ ijx (CIG)

Hdrz'vf,y = hQ Zfz (C'I7)

We perform evolution under the Hamiltonian for short (typically 2 ns) time steps, and for

each time step, we calculate the unitary evolution operator

U(t)) = ¢~ He)de/h (C.18)

Then we calculate the new density matrix at the end of each time step

Pyt = Up,Uf (C.19)

Since there are two initial density matrices, we perform these steps beginning with each ini-

tial density matrix until we have run through all of the time steps in our sequence.
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5. Once we have evolved over all of the time steps (the sequence duration), we can read out the
final spin projection along z of the strongest coupled surface spin to the NV center by taking

a trace:

5 = Tr[pf]ﬂ (C.20)

We do this for both final density matrices and calculate the final surface spin state by sub-

tracting the two final states, effectively measuring an autocorrelation of central spin state.

6. We repeat steps 3-5 if we want to average over different parameters such as bath surface spin
positions or nuclear spin signal. This corresponds to calculating a new Hamiltonian and
performing the unitary evolution for the new Hamiltonian and the sequence pulses for each

average. The final measured spin projection will then be averaged over many different runs.

We use simulation to calculate the average density of surface spins as well as understand how the

surface spin echo signal relates to the strongest dipolar interaction strength.

C.1  ErFecTs oF FINITE PULSE DURATION

surface spin state

~—Finite pulses
—infinitely fast pulse

0 1 2 3 4 5
total evolution time (us)

Figure C.1: Simulation results for finite pulses versus infinitely fast pulses. For infinitely fast pulses, the x-axis is given by
the total free precession time and for finite pulses, the x-axis corresponds to the free precession time between pulses
plus the finite duration of the pulses.
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In all measurements, pulses are applied with a 12.5 MHz drive strength, corresponding to a 40
ns 7 pulse. The total drive duration for the Ramsey (o.04 us), echo (0.08 us), and XY-4 (0.2 us) se-
quences are significantly shorter than the timescale of the decay, but for the MREV-8 sequence (0.4
us), we consider the effects of the finite duration of the drive on the decay. We do this by compar-
ing the numeric simulation results of the MREV-8 pulse sequence with a nuclear spin bath for the
case of finite pulse duration and infinitely fast pulses. We plot on the x-axis the total evolution time,
which includes the evolution time during the pulses for the case of finite pulse duration. We can

account for the finite pulse duration by adding the time of the drive to the total free precession time.
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Decoherence due to the Nuclear Spin Bath

In this appendix, we explore the responses of the Ramsey, echo, XY-4, and MREV-8 pulse sequences
to various magnetic field noise spectra. We directly calculate the response and provide comparisons

of theory to simulation. For a given pulse sequence, the resulting signal can be written as

S(t) = 20 (D.1)



where

20 =72 [ 27 (D2)

27 w?

where Vg(w) = [ dte™ (B(£)B(0)) is the classical field spectrum, and F(wt) = %ZUF(@) |*isa
filter function with flw) = [ dt“'Az).

In this note, we consider a noise spectrum from a classical bath of nuclear spins. Following the
treatment in °°, we model the flip-flop relaxation processes of nuclear spins as an exponentially cor-
related Gaussian fluctuating field B(¢) having correlation function (B(¢)B(¢')) = (B*) exp(—|t —
?|/7), where 7 s the correlation time of the nuclear spins. We can relate the noise correlation func-

tion to a noise power spectrum V() through V(w) = [ dte®*(B(¢)B(0)). For our given noise

correlation function, we can calculate the resulting power spectral density

T

V(w) = 2<B12>m~

(D-3)

In addition to a peak with full width at half maximum 2/¢ centered at zero frequency, we ex-
pect the noise spectrum to contain a peak centered at the nuclear spin Larmor frequency wy. Due
to challenges associated with calculating the signal decay due to a Lorentzian noise spectrum at

nonzero frequency, we model this as a harmonic field spectrum with

Vy(w) = 27(B3)d(w — wy). (D.4)

The overall signal of a sequence will be given by its response to V(w) = Vi(w) + Va(w).
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D.1 RAMSEY

The Ramsey pulse sequence is given by 75’ —t— %’ The filter function of the Ramsey pulse sequence

is given by

Flwt) = 2sin®(wt/2). (D.s)

D.1.1 RESPONSE TO LORENTZIAN PEAK V(@)

The signal decay during a Ramsey sequence is given by ¢72() where

20 =7, [ 27 R (D.6)

27w

and where F(wt) is the filter function for the corresponding pulse sequence. We use the spectrum

V1(w) with F(wt) = 2 sin?(wt/2) to compute the expected signal dephasing.

2 sin®(wz/2) (D.7)

2/00 do 2(B})r

Z([) :75 0027M)21+&)2'2'2

42(Bf) [ dwsin®(wt/2
z(t)z}; 1/ 21(/2) (D.8)
T 0 W (; + w?)
We can solve this integral by using the solution
* sin?(ax)dx 4 1 2ab
S L (oa——(1—e D.
| S = e j0-c) (Do)

fora > 0and & > 0. Comparing this integral to the above expression, we find x = w,a = #/2,

and b = 1/7. We then find
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20 = ZEN T ey, (D.10)

If we make the assumption that the correlation time of the noise is much longer than the time of

a single experiment, we can Taylor expand the exponent.

Ol I (LN L L)) ©:1)
20 =215 1)) D.12)
20 =2 - L0 0.13)

20 =25 -5 0.9

Using this expression for y(#), we find that our Ramsey signal decay is described by

() = e~ 0Bt/ V2)? (yB1)*F [ (67)) (D.15)

which is in agreement with simulation results. Note that the decay is dominated by exp(—(y,B12/v/2)?).

D.1.2  REsPONSE ToO HARMONIC FIELD SPECTRUM V5 (w)

For the noise spectrum V5 () = 27(B3)d(w — wr), we can calculate y(#) as

72 (B3)

2(t) =272 sin? (w;2/2). (D.16)
“L

We can verify using simulation that this is correct.
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Ramsey (B, =0.25G) (b) Ramsey (B, = 0.25 G)

~——Numeric Result 1
~ -Analytic Result

o
®

T T
206 2 2. 2
s x £x 506
@ || | | 7]
w
= S S
%0 4 —t—> S04
02 02
——Numeric Result
- = =Analytic Result
° =
0
0 02 0.4 06 08 1 12 14 0 02 0.4 0.6 0.8 1 1.2 14
free precession time (us) free precession time (ys)

Figure D.1: Numeric verification of expected Ramsey decay. (a) Expected decay from /] (a)) with £ = 8 us. Inset:
Ramsey pulse sequence. (b) Expected decay from 1 (a))

D... EcHo
The echo pulse sequence is given by 7 — % -7 — é — 7 foratotal sequence time of z. The filter
function of the echo pulse sequence is given by

Flwt) = 8sin*(wt/4) (D.17)

D.2.1  RESPONSE TO LORENTZIAN PEAK V(@)

The signal decay during an echo sequence is given by ¢ ™% () where

27 w?

20 =7, [ 222 Ha (D.15)

and where F(wt) is the filter function for the corresponding pulse sequence. We use the spectrum
V1(w) with F(wt) = 8sin*(wt/4) = 8(sin(wt/4) — sin®(wt/2)/4 to compute the expected signal

dephasing.

x(t) = A /OO dw sin®(wt/4) — sin®(w2/2) /4

277 o @? w? +1/72

We can solve this integral by using the solution

8s



> sin?(ax)dx 4 1 2ab
o\ T (1= 2a
/0 AR+ a2 0=

fora > 0and & > 0.

)= TN R e TR )
2O =2 -0 L LD L)
)
PR AR SN

0 =82l — L

487
2
)((t) — 7/f<Bl>

The expected signal from the spin echo sequence is

REHS

S(t) =e¢  or

D.2.2  REsPONSE ToO HARMONIC FIELD SPECTRUM V5 (w)

For the noise spectrum V5 () = 27(B3)d(w — w;), we can calculate y(#) as

2
x() = 8y§<52> sin®(wzz/4).
“L

We can verify using simulation that this is correct.
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a Echo (B, =0.25G, 7= 8 s) b Echo (B, = 0.25 G)
1 2

—Simulation Result 1
- -Analytic Result
0.8
3 \ \

.6

spin state
)

Fk
spin state

o
IS

o
[N

—Simulation Result
- -Analytic Result

o

o
o
o

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 1 1.5 2 25 3 35 4
total sequence time (us) total sequence time (us)

Figure D.2: Numeric verification of expected Hahn echo decay. (a) Expected decay from Vl(a)) with £ = 8 us. Inset:
Hahn echo pulse sequence. (b) Expected decay from 1, (a))

D.3 XY-4
The XY-4 pulse sequence is given by % — é — T — % — Ty — LT — - Ty — é — 5= for a total

sequence time #. The filter function of the XY-4 pulse sequence is given by

Flwt) = 128 sin®(wt/16)(cos(3wz/16) + cos(51/16))>. (D.29)

D.3.1  RESPONSE TO LORENTZIAN PEAK V(@)

The signal decay during an XY-4 sequence is given by ¢ (") where

@) =7, / e V(f)F(wt) (D.30)

27w

and where F(wt) is the filter function for the corresponding pulse sequence. We use the spec-
trum Vy(w) with F(wt) = 128 sin®(wt/16)(cos(3wz/16) + cos(5wt/16))? = 8sin?(wt/16) +
24 sin?(wt/8)—8 sin® (3wt /16) —16 sin® (wt/4)+8 sin® (Swt/16)+8 sin (3wt /8) — 8 sin? (7wt /16 ) +

2 sin?(wt/2) to compute the expected signal dephasing.
p p g p g

x(2)

Fwt) (D.31)

_ 2B /°° de

277 J_o 0 (0* +1/7%)
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We can solve this integral by using the solution

00 12 A 1
/0 m = e g=) (D:32)
fora > 0and b > 0.
29*(B?) 2
)((l‘) = 737r<Tl> %[8(% — 7(1 _ e*t/Sr)) + 24(2 _ T(l _ eft/ln))
_8(% _ T(l _ 6*31‘/87’)) _ 16(% — T(l _ 6*1/‘/27)) + 8(% - ’Z‘(l - 6751‘/87)) (D.33)

+8(3Zf e 8(% (1= 7)) 2t — (1 — )]

We can further simplify by making the assumption that the correlation time 7 is much longer

than the sequence time and expand the exponential, retaining terms up to £.

10 = 0 s L) 2+ S
el + 55 g5 5 3G L)

e+ 350~ ) s 50 )

a2 2y par-L S - 20

~

—_~
o

»

>

Further simplifying, we get
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7> (Bl 13 72

X)) = T[Zt— 2t + @?] (D.35)
ROA:
x(t) = 95007 (D.36)

D.3.2  REsPONSE ToO HARMONIC FIELD SPECTRUM V()

For the noise spectrum V3 () = 27(B5)d(w — wr), we can calculate y(#) as

2(0) = 128y€2<7§2> sin®(wz2/16)(cos(3wr£/16) + cos(5wr2/16))>. (D.37)
@y

We can verify using simulation that this is correct.

(a) XY-4 (B, =0.25G, 7 =8 us) (b) XY-4 (B, =0.1G)
—Simulation Result 1
- -Analytic Result

spin state
spin state

s I

0.4 0.4 = =
2, My Ty Ty Ty 24y
0.2 0.2 Wg i Simulation Result
- -Analytic Result
r°——==== 0
0 1 2 3 4 5 6 7 0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
total sequence time (ys) total sequence time (us)

Figure D.3: Numeric verification of expected XY-4 decay. (a) Expected decay from V; (a)) with £ = 8 us. (b) Expected
decay from Vz(a)). Inset: XY-4 pulse sequence.

D.4 XY-8

The XY-8 pulse sequenceis givenby 5 — e — 7 — g — 7y — g — @ — g — 7 — g — 7 — § —

T — é — 7y — é — Ty — ﬁ — % for a total sequence time #. The filter function of the XY-8 pulse

sequence is given by
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Flwt) = 128 sin®(wt/32)(cos(3wr/32) +cos(5wt/32) +cos(1lwe/32) +cos(13wz/32) ). (D.38)

D.4.1 RESPONSE TO LORENTZIAN PEAK V(@)

The signal decay during an XY-8 sequence is given by ¢ % ) where

20 =7, [ 27 ) D39)

and where F(wt) is the filter function for the corresponding pulse sequence. We use the spec-
trum V() with Flwr) = 128 sin®(wt/32)(cos(3wz/32) + cos(5wt/32) + cos(llwt/32) +
cos(13wt/32))? = 8sin?(wt/32) + 56sin*(wt/16) — 8sin®(3wz/32) — 48sin?(wt/8) +
8sin®(Swt/32) + 40sin®(3wt/16) — 8sin?(7wt/32) — 32sin®(wt/4) + 8sin®(9wr/32) +
24sin?(Swt/16) — 8sin?(1lwt/32) — 16sin*(3wz/8) + 8sin®(13wr/32) + 8sin?(7wt/16) —

8 sin®(15wz/32) + 2 sin®(wt/2) to compute the expected signal dephasing.

20 = 27555'1> /o; a)z(a)zd-idf 1/72)F(a)t) (D40)

We can solve this integral by using the solution

 sin®(ax)dx 4 1 oy
/0 AR+ e (D41)

fora > 0and b > 0. I will spare the details of the calculation, but the final result is

B)P
x(t) = 7/37<6éz (D.42)
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D.4.2 REsPONSE To HARMONIC FIELD SPECTRUM V5 (w)

For the noise spectrum V5 () = 27(B3)d(w — wr), we can calculate y(#) as

(1) = 1287/?5)12)%> sin®(wr2/32)(cos(3wrt/32) + cos(Swrt/32) + cos(1lwrz/32)

L (D.43)
+ cos(13wr2/32))>.

We can verify using simulation that this is correct.

(a) XY-8 (B1 =0.25G, o= 8 us) (b) XY-8 (B2 =0.05G)
1 ~—Simulation Result 1
- -Analytic Result
08 .
2o, o6
: k7] n x
c ) x
é ; S04 2, Tx My My My My My My My 2
Ws — t —_—
02 —Simulation Result
- -Analytic Result
. 0
15 0 0.5 1 15 2 25 3 3.5
total sequence time (us) total sequence time (us)

Figure D.4: Numeric verification of expected XY-8 decay. (a) Expected decay from V; (w) with £ = 8 us. (b) Expected
decay from Vz(w). Inset: XY-8 pulse sequence.

D.s MREV-8

Figure D.5: MREV-8 pulse sequence, applied during the free precession intervals of a spin echo sequence.

We include a picture above of the MREV-8 in echo pulse sequence. Unlike the previous pulse

sequences, the time # is now the spacing between the closest pulses (the interpulse spacing is either

91



or 2¢). The total sequence time is 24z. The filter function of the MREV-8 in echo pulse sequence is

given by

Flwt) = 16(1+2 cos(2wt) )?(sin (2wr) —sin(4wr)* (3—4 cos(wr)+3 cos(2wt) —2 cos(3wt)+cos(4wt))

(D.44)
D.s.1  RESPONSE TO LORENTZIAN PEAK Vi (w)
The signal decay during an MREV-8 in echo sequence is given by ¢ (") where
dow V(w)
= — F D.
20 =7, [ 5205 R D.45)

and where F(wt) is the filter function for the corresponding pulse sequence. We use the spectrum
V1(w) with F(ot) = 16(1 + 2 cos(2wt))?(sin(2wt) — sin(4wt)*(3 — 4 cos(wt) + 3 cos(2wt) —
2 cos(3wt) + cos(4wt)) = 12sin?(wt/2) + 10sin?(wt) + 10 sin®(2wz) — 12sin?(Swt/2) —
8sin?(3wr) + 12 sin?(7wt/2) — 2sin?(4wt) — 2sin?(Swr) — 12 sin*(1lwr/2) + 24 sin? (6wr) —
4sin*(13wz/2) — 6sin*(7wt) — 6sin®(8wt) + 4sin?(17wt/2) + 8sin?(wt) — 4 sin®(19wz/2) —
2sin?(10wt) — 2sin®(1lwe) + 4sin?(23w2/2) — 2 sin®(12w¢) to compute the expected signal

dephasing.

R Ly LR (D.46)

277 J_o @ (0? +1/7%)
We can solve this integral by using the solution
 sin®(ax)dx 4 1 oy
P e ) (D.47)
0

X2 (0% + %) 4b? b
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fora > 0and b > 0. It would be tedious to write all of this out, but we followed the same

procedure as before, expanding the exponential and collecting terms. The result is

261.33y2(B})P

D.48
x(2) . (D.48)
D.s.2  REsPONSE To HARMONIC FIELD SPECTRUM V5 (w)
For the noise spectrum V5 () = 27(B3)d(w — wr), we can calculate y(#) as
_ B 2 . i
x(2) =16~ (1 + 2 cos(2wz))"(sin(2wr¢) — sin(4wrz)* (3 — 4 cos(wr?)
“1 (D.49)

+3 cos(2wrt) — 2 cos(3wrt) + cos(4wit)).

We can verify using simulation that this is correct.

(a) MREV-8 (B1 =0.25G, Tc=8}IS) MREV-8 (BZ=O.1 G)

1 —Simulation Result 1

X - -Analytic Result
N
° 0.8 N 0.8 by
s N S
®
£086 N §06 7
5 \ K
N
04 N =
k| . 204
Boz R
AN 02 — Simulation Result
0 S~ o - -Analytic Result
0
0 1 2 3 4 5 6 7 8 0 05 1 15 2 25 3 35

free precession time (us) free precession time (is)

Figure D.6: Numeric verification of expected MREV-8 decay. (a) Expected decay from V; (a.)) with # = 8 us. (b) Expected
decay from 7, (w).

D.6 FINAL FIT FUNCTIONS

In this section we will list the fit functions for the main pulse sequences that are performed in Chap-

ter 1. ¢is the total sequence time. The Ramsey sequence can be fit by
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¢

—16

7 (B3)
(£) = cos(ar)e= /Tl =Bt/ VP 808 [(65)) 2

sin?(w.2/2)

SRa msey

where Jis the frequency of the drive detuning. The spin echo sequence is fit by

2 /p2
(B3) . 4
2 2hA 812 int(w;1/4)
Secho(t) = e_([/TZ) e e *z

The XY-4 sequence is fit with

2 /2
Syralt) = T 22 —1287%2) in6 (w;1/16) (cos (3w1£/16) +cos(5w1t/16))?
xy—4(2) =€ e 25007 ¢ “L

The MREV-8 in echo sequence is fit with

SMREV—8echo(2) = €

7/2
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Al
25927 X

%? (142 cos(wr2/12))? (sin(wrt/12) —sin(wrt/6)* (3—4 cos(wrt/24)+3 cos(wrt/12)—2 cos(wrt/8)+cos(wrt/6))
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