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Abstract

Nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR)
are essential tools for both the physical and life sciences, but have been limited to
the detection of large ensembles of spins due to their low sensitivity and the macro-
scopic nature of the sensors. Over the past several decades, significant efforts have
been directed toward pushing this sensitivity to its ultimate physical limit, the de-
tection of individual electronic and nuclear spin signals localized in a small volume.
Our approach to nanoscale sensing achieves this goal by utilizing spin qubit sensors
associated with individual nitrogen vacancy (NV) color centers in diamond.

In this thesis we develop new techniques and applications of nanoscale magnetic
resonance spectroscopy. We begin with a brief review of several relevant properties
of the NV center. In particular we discuss its level structure, the manipulation of its
spin state via application of control fields and the various interactions with the local
environment that lead to decoherence and relaxation of its spin state. We discuss the
use of NV centers as nanoscale magnetic sensors and present a demonstration of the
first magnetic resonance detection and spectroscopy of individual proteins using an
approach based on quantum logic. We then demonstrate the use of NV-based nuclear

quadrupole resonance (NQR) spectroscopy to probe the structure and spin dynamics
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Abstract

of a two-dimensional material. This is followed by the first experimental realization
of all-optical detection of a single electronic spin. Finally, we end this thesis with
the first demonstration of the detection of a single nuclear spin at room temperature
using a technique based on utilizing a network of electronic spin-1/2 qubit sensors on

the diamond surface.
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Chapter 1

Introduction

1.1 Background

Precision magnetic sensing is essential to a wide array of technologies, with im-
portant applications in both the physical and life sciences. In particular, in biology
and medicine, nuclear magnetic resonance (NMR) has been a leading technology for
investigating the structure and motional properties of proteins [1, 2, 3, 4, 5] and other
biomolecules [6], while functional magnetic resonance imaging (fMRI) has emerged
as a primary workhorse for obtaining key physiological and pathological information
(such as blood and tissue oxygen level and redox status [7, 8, 9]) noninvasively. De-
veloping nanoscale magnetic sensing applicable to individual molecules could enable
revolutionary advances in the physical, biological, and medical sciences. Examples
include determining the structure of single proteins and other biomolecules as well as
in vivo measurements of small concentrations of reactive oxygen species that could

lead to insights into cellular signaling, aging, mutations, and cancer [10, 11, 12]. The
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practical realization of these ideas is extremely challenging, however, as it requires
sensitive detection of weak magnetic fields associated with individual electronic or
nuclear spins at nanometer scale resolution, often under ambient, room-temperature
conditions.

Many state-of-the-art magnetic sensors, including superconducting quantum in-
terference devices (SQUIDs) [13], semiconductor Hall effect sensors [14], and spin ex-
change relaxation-free atomic magnetometers [15], offer outstanding sensitivity, but
their macroscopic nature precludes individual spin sensing. Sensing ensembles of
paramagnetic molecules in biological and medical systems is currently performed us-
ing bulk electron paramagnetic resonance (EPR), which has a limit of approximately
107 electron-spins [16]. Bulk NMR is typically limited to macroscopic sample quan-
tities and often requires high magnetic fields [17]. Microcoil NMR detectors have
recently been used to detect micron-sized nuclear spin samples, although further im-
provements in spatial resolution of this technique are challenging [18, 19]. Magnetic
resonance force microscopy (MRFM) has been used to detect a (4 nm)? voxel of hydro-
gen nuclear spins as well as individual electronic spins, but at cryogenic, milliKelvin
temperature under high vacuum [20, 21].

The nitrogen-vacancy (NV) color center in diamond has recently emerged as a
promising precision magnetic field sensor with nanoscale resolution [22, 23]. Ensem-
bles of NV centers in bulk diamond have been used to sense paramagnetic molecules
in solution [24], with sensitivity of 102 statistically polarized electronic spins and spa-
tial resolution of approximately 450 nm, and NV centers in nanodiamonds have been

used to sense paramagnetic ions covering the nanodiamond surface [25] and in a lipid
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bilayer formed around the nanodiamond surface [26]. Shallow NV centers have also

been used to detect nanoscale ensembles of nuclear spins, covering the surface of a

bulk diamond crystal [27, 28].

1.2 Overview of Thesis

In this dissertation we develop new techniques and applications for nanoscale mag-
netic sensing using individual NV centers, although many of the techniques presented
can readily be applied to NV ensembles as well as to other types of atomic-sized sen-
sors. In the remainder of Chapter 1, we provide a brief introduction to the structure
of the NV center and discuss its many remarkable properties. The remaining chap-
ters present experimental demonstrations of various nanoscale sensing applications.
In Chapter 2 we demonstrate the magnetic resonance detection and spectroscopy of
individual protein molecules using a readout scheme based on quantum logic. In
Chapter 3 we use nuclear quadrupole resonance (NQR) spectroscopy to study the
structure and nuclear spin dynamics in a two-dimensional (2D) material. In Chap-
ter 4 we use a technique based on relaxometry to demonstrate the room-temperature
detection of individual electronic spins and in Chapter 5 we use a network of electronic
spin defects on the diamond surface to demonstrate sensing of an individual nuclear

spin. A brief summary as well as an outlook on future applications in provided in

Chapter 6.
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1.3 The Nitrogen Vacancy Color Center

1.3.1 Introduction

The NV center is a point defect in the diamond lattice that consists of a substitu-
tional nitrogen atom and an adjacent carbon vacancy [29, 30]. The structure of this
defect defines a symmetry axis (henceforth referred to as the NV axis) that can be
oriented along the four crystallographic directions in the diamond lattice (Fig. 1.1A).
This color center is often found in natural diamond but can also be incorporated via
implantation of nitrogen ions, followed by a vacuum anneal at high temperature or by
introducing nitrogen impurities during the chemical vapor deposition (CVD) growth
process. For all the work presented in this thesis, we use electronic-grade, CVD-grown
diamond with NV centers implanted several nanometers below the surface (see, for

example, Section A.3 for details).

E E 0/ \"‘< ; i ms =0
BN ./'\ . i States
W
] ® 1;.\. m=k1"" =~ 300 ns
i 7T r ¢l
./ ______ Y _ & / — /1287GHz
m=0

Figure 1.1: The nitrogen vacancy (NV) color center in diamond. (A) The NV defect
in the diamond lattice. (B) Simplified level structure of the NV center.

The NV center can exist in several charge states [29]. In this work, we exclusively

4
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consider the negatively charged defect, which we henceforth refer to simply as the NV
center. The NV center incorporates six electrons; three are associated with dangling
bonds from the proximal carbon atoms, two come from the nitrogen atom and one
is captured from a nearby donor [29]. The ground state of the NV center is a spin
triplet, characterized by the my; = 0 and the m, = +1 magnetic sublevels. For
simplicity, we refer to these states as |0) and |+1). In the absence of an external
applied magnetic field, the states |+1) are degenerate, while |0) is separated by the
zero-field splitting of approximately 2.87 GHz [29]. Applying an external magnetic
field lifts the degeneracy of the |£1) states and shifts the levels via the Zeeman effect.
Applying a microwave field resonant with the |0) — |£1) transition induces coherent
population transfer between the magnetic sublevels.

As shown in Fig. 1.1B, the ground and excited states of the NV center are sepa-
rated by approximately 637 nm (add this to figure). When the NV is optically pumped
using above-band excitation, phonon relaxation brings the NV into one of the excited
states. At room temperature, the NV primarily fluoresces into the broad phonon
sideband (640-800 nm), with only ~4 % of the emission going into the zero-phonon
line [30]. The dipole transition between the ground and excited states is primarily
spin conserving. However, experiments and calculations have shown [30, 31] that the
|£1) states in the excited electronic configuration can also decay, with lower prob-
ability, through a set of metastable singlet states into the |0) magnetic sublevel of
the ground state electronic configuration. This mechanism allows the NV center to
be optically pumped into the |0) state. Additionally, the reduction of fluorescence

intensity due to the non-radiative decay of the NV through the metastable singlet
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states allows us to distinguish the populations of the |0) and |£1) states. In practice,

this reduction in fluorescence intensity is approximately 30-40%.

1.3.2 Decoherence of NV Centers

Most N'V-based sensing applications require that the NV spin be well-isolated from
unwanted sources of noise in its environment. In practice, the NV spin coherence is
typically limited by interactions with impurities in the diamond lattice. The most
common of these are *C nuclear spins (I = 1/2), which comprise 1.1% of the carbon
in natural-abundance diamond. Indeed, it has been observed that enriching the dia-
mond with the spinless isotope ?C dramatically reduces the effects of dephasing and
decoherence (the timescales associated with these processes are commonly referred to
as 1/Ty and 1/T5, respectively) for NV centers deep within the bulk of the diamond
crystal [32]. For NV centers formed within a few nanometers of the diamond surface,
additional sources of noise (likely caused by electronic spin defects associated with
the surface) further limit the NV spin coherence [33].

Typically, the spin dephasing time T is measured via a Ramsey experiment [30].
The T3 time is typically limited by inhomogeneities in the local magnetic field, which
can be partially cancelled by applying a rephasing 7-pulse in the middle of the free
evolution interval [30]. This type of measurement, referred to as a spin-echo exper-
iment, typically extends the spin coherence time, which in this context is typically
referred to as the Ty time. Applying additional w-pulses during the free evolution
interval, often referred to as pulsed dynamical decoupling, can further extend the T3

time [34]. The extension of the spin coherence time with the application of multiple
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m-pulses can be understood in terms of cancelling out progressively higher frequencies

of the environmental magnetic noise spectrum [35].

1.3.3 Population Relaxation of NV Centers

The NV spin also interacts with lattice phonons, which typically lead to spin-
lattice relaxation on a timescale characterized by 77. This mechanism is highly tem-
perature dependent and typically results in population relaxation times of ~10 ms at
room temperature [36]. It has been shown that shallow NV centers, and particularly
NV centers in nanodiamonds can have additional sources of population relaxation,
likely associated with surface defects [26, 25]. Typically, the population relaxation
time 77 is measured simply by optically initializing the NV spin state, waiting a

variable duration of time and finally measuring the state.

1.3.4 NV-Based Magnetometry

It has been demonstrated [23, 22] that NV centers in both bulk and nanocrystal
diamond can be used as nanoscale magnetic field sensors. Various types of NV-based
sensing protocols have by now been demonstrated, each of which is optimized for
different applications. For example, sensing of DC fields is typically accomplished by
monitoring the frequency of the ESR transition [37] or via Ramsey interferometry [22],
where (in the rotating frame) the superposition of the |0) and |1) states accumulates
a phase proportional to the local magnetic field. A spin echo experiment is no longer
sensitive to the DC component of the magnetic field, but instead can be used for

AC magnetometry, as described in [23]. Applying additional 7-pulses (for example,
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as in CPMG or XY8) [38, 27] further narrows the range of frequencies the NV is
sensitive to, while at the same time increasing the spin coherence time. The continuum
limit of pulsed dynamical decoupling, often referred to as spin-locking, has also been
demonstrated for NV-based magnetic sensing [39].

When the spectral density of the target field is very broad (for example in the case
of Gd spins fluctuating at ~10 GHz frequencies, see Chapter 4), dynamical decoupling
techniques are no longer applicable. In such cases it is nevertheless still possible to
detect the field by monitoring the population relaxation of the NV spin state, which
is sensitive to the Fourier component of the fluctuating field at the sensor frequency
(2.87 GHz when no external magnetic field is applied). Variation of the applied field
allows probing of different frequency components of the noise spectrum.

In this thesis we discuss using shallow NV centers to sense magnetic fields created
by electronic and nuclear spins positioned on the diamond surface. In all cases that
we consider, the target spins that we sense are unpolarized (the magnetic field created
by the nuclear spins, averaged over many iterations of the experiment, is zero). The
variance of the magnetic field, however, is non-zero and consequently, our protocols are
optimized to detect this variance. Sensing variance allows us to work at low magnetic
fields (where thermal polarization is negligible) but has the disadvantage of being only
quadratically sensitive to small fields (see Section A.6). We discuss improvements to
our technique which would allow us to be linearly, rather than quadratically, sensitive

in Chapters 2 and 3.



Chapter 2

Nuclear Magnetic Resonance
Detection and Spectroscopy of
Single Proteins Using Quantum

Logic

2.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for the struc-
tural analysis of organic compounds and biomolecules. Conventional NMR spec-
troscopy, however, relies on detecting the weak magnetization of a thermally polarized
ensemble of nuclear spins and therefore typically requires high magnetic fields and
macroscopic sample quantities [17]. We utilize a sensor, consisting of two quantum

bits corresponding to an electronic spin of an NV center and an ancillary nuclear spin,
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to demonstrate room temperature magnetic resonance detection and spectroscopy of
multiple nuclear species within individual ubiquitin proteins attached to the diamond
surface. Using quantum logic to improve readout fidelity and a surface treatment
technique to extend the spin coherence time of shallow NV centers, we demonstrate
magnetic field sensitivity sufficient to detect individual proton spins within one second
of integration. This gain in sensitivity enables high-confidence detection of individual
proteins and allows us to observe spectral features that reveal information about their

chemical composition.

2.2 Measurement Scheme

In our approach (Fig. 2.1), we measure individual Fourier components of the time-
varying magnetic field created by a statistically polarized subset of proximal nuclear
spins contained within a protein. The transverse magnetization of the spin ensemble
undergoes precession at the nuclear Larmor frequency with a phase and amplitude
that vary stochastically with every repetition of the sequence. Averaging over many
iterations yields a zero mean magnetization but a nonzero variance, resulting in a
measurable magnetic resonance signal. In order to use the NV center as a sensor, its
spin state is manipulated with a series of periodic microwave (MW) pulses separated
by free evolution intervals of length 7 (Fig. 2.1B). This periodic modulation of the NV
center spin creates a narrow band-pass frequency filter, allowing phase accumulation
when the modulation frequency, defined as 1/7, is close to twice the nuclear Larmor
frequency [22, 38]. Varying the spacing between the m-pulses yields a frequency

spectrum which encodes information about the nuclear spins within the protein.
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Figure 2.1: Experimental setup and magnetometry with repetitive readout. (A) Schematic
of experimental setup. Ubiquitin proteins attached to the diamond surface are probed using a proximal
quantum sensor consisting of a NV center electronic spin and its associated '°N nuclear spin. Image of
ubiquitin was taken from Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB
ID: 1UBQ) [40] (B) Quantum circuit diagram and experimental magnetometry pulse sequence. Here the
NMR signal is measured using a modified XY8-k dynamical decoupling sequence (Appendix A) and detected
using repetitive readout of the electronic spin state. (C) Measured gain in the readout fidelity F as a function
of repetitive readout cycles. The dashed blue line indicates the measured fidelity using conventional readout.
The readout fidelity is measured by detecting the average number of photons scattered from the NV center
after preparing it in the ms = 0 or ms = 1 sublevel and applying Eq. 9 (Appendix A).
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2.3 Sensitivity

Assuming that the spins are situated on the diamond surface at distance d di-
rectly above the NV center, the optimal sensitivity of this technique, defined by the
minimum number N of nuclear spins detectable after one second of integration, is
achieved when the pulse sequence duration is approximately equal to the coherence

time Ty of the NV electronic spin [22], and is given by (see Appendix A)

167T4d6 vV TQ + TR

~ 2.1
(:U“Uhrk%z)?f T22 ( )

Here, v, = 1.76x10" s7! T~! and ~, are the electron and nuclear gyromagnetic
ratios (for proton spins 7, = 2.68x10% s7' T~!), d is the NV center depth, g is

the vacuum permeability and Tx is the readout time. The readout fidelity F =

1

[1 +2(ap + 1) /(g — a1)2] * is determined by the mean number of photons aq, a;
detected, per shot, from the my; = 0 and m, = 1 spin sublevels of the NV center,
respectively. The readout fidelity encapsulates the effect of photon shot noise and

approaches unity for an ideal, projection noise-limited measurement.

2.3.1 Quanum Logic-Based Readout of the Spin State

One limitation to the sensitivity is due to the imperfect readout of the NV cen-
ter. For typical fluorescence collection efficiencies, F =~ 0.03 (Section A.6). Thus
~ 102 repetitions of the experiment are required to distinguish the fluorescence of
the my = 0 and m,; = +1 sublevels. To circumvent this imperfection, we utilize a
two-qubit quantum system consisting of an NV center electronic spin and its asso-

ciated 1°N nuclear spin, such that after the sensing sequence, the resulting NV spin
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can be repeatedly probed without resetting its state via optical pumping [41, 42]. We
use quantum logic (Fig. 2.1B) to manipulate the two coupled qubits and to improve
readout fidelity (see Appendix A for details). The experimentally measured gain in
the readout fidelity as a function of readout cycles (Fig. 2.1C, red points) demon-
strates an almost 10-fold improvement for several hundred repetitions as compared
to conventional readout (dashed blue line). We note that although repetitive readout
of the electronic spin state leads to an increase in the readout time T (Appendix A),
the sensitivity is only weakly dependent on this variable. Therefore, in the regime

where T is on the order of T5, we achieve a significant gain in sensitivity.

2.3.2 Reduction of Decoherence Rate via Oxygen Termina-
tion

Another key limitation to the sensitivity is due to the decoherence of near-surface
NV centers [33] (i.e. with small d). To quantify the effect of the surface on the NV
spin coherence, the decoherence rates (1/75) and depths (Appendix A) were measured
for a large number of NV centers created by implantation of 2 keV 1°N ions. As shown
in Table S1, the depths and decoherence rates of shallow NV centers are inversely
correlated. To improve the coherence properties, we use wet oxidative chemistry
combined with a 465 °C anneal [43, 44] in a dry oxygen environment (Appendix A).
This procedure etches away the diamond surface, while improving the coherence times
by more than an order of magnitude. This increase in 75, when combined with the
10-fold improvement in readout fidelity resulting from quantum logic-based readout,

yields shallow (3 - 6 nm) NV centers with an overall sensitivity gain of more than
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a factor of 500 (Fig. 2.2A), exceeding sensitivities reported in previous experiments
(Appendix A). The resulting sensitivity is sufficient to detect a single proton spin or

approximately 10 statistically polarized *C or 2H spins after one second of integration

(see Fig. 2.2A and (Appendix A).

Figure 2.2: Surface preparation of diamond samples and single protein attachment. (A)
Measured depths and sensitivities (*H and B spins) for a representative sample of NV centers before
(blue) and after (red) oxygen surface treatment and quantum logic-based readout. See Table S1 for numerical
values of measured depths and decoherence rates. (B) Attachment protocol using carbodiimide crosslinker
chemistry (see Appendix A). (C) AFM height image of diamond surface after protein attachment. Color
bar indicates height values. (D) Histograms of heights and radii of circular features in a 1x1 ym AFM image
(see Appendix A).
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2.4 Protein Sample Preparation

We use our enhanced sensitivity to probe ubiquitin, a small regulatory protein
consisting of 76 residues that is found in almost all eukaryotic cells [45]. The size
of this protein [40] is on the order of the NV detection area/volume (Appendix A),
determined by the NV center depth for d ~ 3 —5 nm. Thus, any observed NMR sig-
nals can be attributed to individual or small aggregates of proteins. We immobilize
the proteins on the diamond surface using carbodiimide crosslinker chemistry [46, 47]
(see Fig. 2.2B and Appendix A). An atomic force microscope (AFM) is used to
characterize the topography of the diamond surface after protein attachment (Ap-
pendix A). The AFM images (Fig. 2.2C) exhibit circular features with heights and
radii (Fig. 2.2D) that are consistent with the known size of the protein. We observe
almost no features with height larger than 5 nm, suggesting that our attachment
protocol does not lead to aggregation. The resolution in the lateral dimensions is
consistent with the limit imposed by the radius of the AFM probe (9 + 2 nm). We
confirm that individual spots in Fig. 2.2C mostly correspond to individual proteins
by conjugating the proteins to Cy3 fluorophores and comparing the resulting mean
fluorescence rate with that of optically-resolved Cy3+ubiquitin complexes and indi-
vidual Cy3 dye molecules (Appendix A). We find that the mean protein spacing as
extracted from optical measurements (20.9 £+ 1.4 nm) is in excellent agreement with
that based on AFM measurements (21.6 + 0.4 nm). Importantly, these measurements
show that the mean spacing of the proteins is much greater than the typical NV cen-
ter depth (d ~ 4 nm) and the protein size. Due to the strong ~ 1/r® dependence of

the NMR contrast on the NV-protein separation r (Appendix A), the NMR signal
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is negligible for proteins located far outside the NV detection area. Therefore, with
our protein density, we expect approximately 10% of NV centers to contain a single
protein within their detection areas. The statistical probability of detecting two or
more proteins using a single NV center is about 1% (Appendix A).

In order to spectrally differentiate the magnetic fields produced by protein nuclear
spins from background sources, such as 'H spins on the diamond surface [48] and
13C spins in the diamond lattice, we use diamond samples enriched in 2C (99.999%
abundance) and proteins enriched in the rare isotopes *?H and *C (both at > 98%

abundance).

2.5 NMR of Individual Ubiquitin Proteins

We first carried out NMR measurements on 20 shallow NV centers, with iso-
topically enriched ubiquitin proteins attached to the diamond surface. Three of the
NV probes exhibited NMR signals at both the 2H and '*C Larmor frequencies (Ap-
pendix A). No instances occurred in which only one of these nuclear species was
detected. Representative spectra (Figs. 2.3A,B) were obtained by varying the spac-
ing of the periodic 7m-pulses. Here the data were normalized to subtract the effect of
NV decoherence (Appendix A). The *H and '3C spectra were acquired using XY8-
507 and XY8-1011 pulse sequences (Appendix A), respectively, and measured via 500
repetitive readout cycles. The identities of the nuclear species were verified by observ-
ing the linear scalings of the nuclear Larmor frequencies with the applied magnetic
field (Fig. 2.3C - blue and red points).

The spectral resolution Av of the present method is Fourier-limited by the total
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Figure 2.3: NMR detection and spectroscopy of individual Ubiquitin proteins. (A) *H NMR
spectrum at B = 2473 G using XY8-507 sequence with 500 repetitive readout cycles (red points) and fit (black
solid line). The spectrum consists of the NV optical signal, normalized by the Rabi contrast and corrected
for the reduced contrast caused by decoherence (Appendix A). (B) Analogous *C NMR spectrum at B =
2457 G using XY8-1011 sequence with 500 repetitive readout cycles (red points) and fit (black solid line).
(C) Scalings of resonance frequencies with applied magnetic field. Red and blue indicate the deuterium and
13C resonances, respectively (see Appendix A). The expected scalings based on the known gyromagnetic
ratios are indicated with dashed lines. Error bars are approximately on the scale of the marker sizes.
(D) Measured spectral resolution (blue points) as a function of number of m-pulses. Dashed black line
indicates theoretical limit imposed by the detector filter function (Appendix A). A 2.63 MHz RF waveform,
corresponding to 7 = 190 ns, applied using an external coil, was used as the calibration signal and the
resulting NMR signal was measured using an XY8 sequence. (E) H and *C NMR linewidths (red points)
measured on deuterated (top and middle panel) and non-deuterated (bottom panel) ubiquitin proteins. B =
2422 G (top), 2402 G (middle), 2455 G (bottom). In (a), (b), and (e), fitted curves are gaussian functions,
convolved with the detector filter function. Green shaded regions correspond to the spectral resolution
(Appendix A). (F) The average spectral widths from several independent measurements of ?H and '*C
NMR spectra (Appendix A). Here the observed spectra have been deconvolved from the detector filter
function to yield the true linewidths (as extracted from fits presented in Appendix A). The error bars
correspond to the standard errors of the mean of the spectral widths, for each of the three categories of
spectra. For all 1*C spectra of non-deuterated proteins, we verified that the 13C signal disappears when the
proteins are removed from the diamond (Appendix A).
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duration of the coherent evolution of the quantum spin sensor (Fig. 2.3D). Note that
the 10-fold increase in the coherence time T, demonstrated in Fig. 2.2A directly yields
a corresponding 10-fold improvement in spectral resolution (Appendix A), allowing us
to resolve features in the protein spectra and revealing information about its chemical
composition.

Figure 2.3E shows the 2H and *C NMR spectra (top two panels), corresponding
to ubiquitin proteins enriched with 2H and '3C, performed on another NV center.
Consistent with the results of Figs. 2.3A,B for the first NV center, we find that the
deuterium spectrum exhibits an extremely broad lineshape while the 3C spectral
width is considerably narrower and is consistent with the Fourier limit. The bottom
panel in Fig. 2.3E shows the 3C NMR spectrum after attaching ubiquitin proteins
enriched only in ¥C. We observe a *C lineshape that is significantly broader (~ 20
kHz) than that of the deuterated proteins. The spectral resolution, determined by
the external magnetic field and the number of applied w-pulses, is indicated by the
shaded green regions. Figure 2.3F shows the average deconvolved spectral widths
of 2H and '3C, as observed in independent measurements of three NV centers with
deuterated proteins and three NV centers with non-deuterated proteins.

Previous studies [49] have shown that solid-state 2H NMR spectra typically exhibit
line broadening due to the inhomogeneous distribution of quadrupole shifts within
the protein [50] (see also Fig. 2.4A). The broadening of our *H spectra is consistent
with this effect. Our 2H NMR signals are likely dominated by the deuterons in methyl
groups, which rotate rapidly at room temperature about the methyl group symmetry

axis. The remaining (non-averaged) quadrupolar shifts are on the order of 30 kHz [49]
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(the deuterons in other chemical groups, such as methylene or aromatic, give rise to
much broader spectral features and hence smaller signals). The '*C linewidths are
consistent with the expected broadening created by dipolar interactions with proximal
’H (in deuterated proteins) and 'H (in non-deuterated proteins) spins [49], with 'H
giving rise to broader linewidths due to its larger gyromagnetic ratio.

Our method can be extended in a number of ways. The sensitivity can be fur-
ther improved by utilizing spin-to-charge readout [51] or the use of more advanced
pulse sequences that could extend the coherence time to the limit imposed by the
population relaxation time 7 (see for example Appendix A, where we demonstrate
coherent spin locking for up to 1 ms). Nuclear hyperpolarization (Appendix A), such
as Hartmann-Hahn double resonance [39], can also be used to improve sensitivity
by directly detecting nuclear magnetic moments, rather than their variances. Alter-
natively, reporter spin-based sensing can be used to reach single spin sensitivity by
resolving individual nuclear spins in a field gradient created by an electronic reporter
spin [52]. Similarly, if background protons can be removed from the diamond surface
(protons in liquid water diffuse quickly and do not contribute to the NMR signal [53])
by deuterating the surface [27], 'H spins, with their large gyromagnetic ratio, can be
used for indirect detection of nuclei with low magnetic moments [54]. In addition, the
coupling to a long-lived quantum memory associated with an ancillary nuclear spin
qubit and the use of new pulse sequences [52, 55] should allow further improvement in
spectral resolution to the limit determined by the lifetime of the nuclear spin ancilla,
which could be less than 10 mHz [56]. Independently from the NV and nuclear spin

manipulation, the detection sensitivity and utility of the method can be significantly
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enhanced by deterministically positioning the molecules in close proximity to an NV
center; e. g. by activating local chemical sites using super-resolution microscopy [57]
or by placing them with a magnetized AFM tip [20, 21]. While at present the inability
to position the protein over a desired NV center resulted in long required integration
times (Appendix A), deterministic placement, combined with a factor of ~3 improve-
ment in coherence time would enable detection of an individual deuteron after several

seconds of integration (see Appendix A).

2.6 Quadrupolar Spectroscopy for Single Molecule

Structure Determination

The demonstrated technique, along with these potential improvements, may en-
able applications for probing the structure and dynamics of biological systems at the
single-molecule level. For example, the single molecule NMR method using quadrupo-
lar nuclei with I > 1/2, can be used to study conformations and electrostatic environ-
ments within individual molecules. One can use the dependence of the nuclear spin
level structure on the orientation of its quadrupolar axes with respect to the applied
magnetic field to determine the spin’s electrostatic environment (quadrupole coupling
constant () and asymmetry parameter) as well as the orientation of its molecular axes
(Fig. 2.4A) [49]. While in our experiments (Fig. 2.3E) these quadrupolar shifts re-
sult in broadening of the observed spectral line, if the number of nuclear spins in
the molecule N,, is such that Q/(N,,Av) > 1, a condition which ensures that the

spectral range ~ () is not over-crowded with resonances, the spectral lines associated
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with individual nuclei can be resolved and analyzed. As an example, Fig. 2.4B shows
the simulated 2H and “N quadrupolar spectra of a single phenylalanine molecule for
two orthogonal orientations (top and second panels) and for two distinct conforma-
tions (second and third panels). These orientation-dependent shifts wash out in bulk
NMR measurements (lower panel). Unlike in bulk NMR with crystallized samples,
the weights of the various single molecule NMR resonances in a finite magnetic field
(Fig. 2.4C) encode information about the positions of the spins within the molecule,
thus allowing structural information to be deduced (Appendix A) irrespective of the

location of the target molecule.

2.7 Outlook

Our approach provides a set of tools, complementary to conventional NMR, that
can be used to probe the structure and dynamics of biological and chemical sys-
tems at the single-molecule level and reveal properties normally obscured in ensemble
measurements. With additional improvements in sensitivity these (Appendix A) can
potentially be useful for NMR-based label-free single molecule detection and analy-
sis, for characterizing the structure and conformational changes in systems not easily
accessible by conventional techniques and for studies of dynamic phenomena such as

protein folding [58] and enzyme-substrate interactions at the single-molecule level [59].
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Figure 2.4: Proposed Analysis of Individual Molecules (A) Orientation-dependent level structure
of quadrupolar nuclear spins in an external magnetic field. The two spin-1 nuclei shown are interacting with
a proximal NV center through magnetic dipole-dipole interactions. The major axes of the ellipses denote
the orientation of the molecular axis. The quantization axis in each case is indicated by the dashed line.
The effect of a non-zero asymmetry parameter is neglected. Allowed transitions (v+ and vp) are indicated
by arrows (Appendix A). (B) Simulated quadrupolar ?H and '*N spectra of deuterated Phenylalanine
in two orthogonal orientations relative to the diamond surface (top and second panels), two distinct con-
formations (second and third panels) and the simulated bulk spectra (bottom panels), where all possible
orientations contribute equally to the spectrum. Images of Phenylalanine are taken from the Research Col-
laboratory for Structural Bioinformatics Protein Data Bank (PDB ID: PHE) and visualized using Jmol:
http://www.jmol.org/. For the case of H, only the spectral lines corresponding to v+ (Appendix A) are
shown. We assume that a magnetic field of 0.5 T is applied along the NV symmetry axis. (C) Magnetic
field dependence of ?H spectrum corresponding to panel 3 in (b) at low magnetic field. Color bar represents
NMR contrast.
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Magnetic Resonance Spectroscopy
of an Atomically Thin Material

Using a Single Spin Qubit

3.1 Introduction

Two-dimensional (2D) materials offer a promising platform for exploring con-
densed matter phenomena and developing technological applications. However, the
reduction of material dimensions to the atomic scale poses a challenge for traditional
measurement and interfacing techniques that typically couple to macroscopic observ-
ables. We demonstrate a method for probing the properties of 2D materials via
nanometer-scale nuclear quadrupole resonance (NQR) spectroscopy using individual
atom-like impurities in diamond. Coherent manipulation of shallow nitrogen-vacancy

(NV) color centers enables the probing of nanoscale ensembles down to ~30 nuclear
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spins in atomically thin hexagonal boron nitride (h-BN). The characterization of low-
dimensional nanoscale materials could enable the development of new quantum hybrid
systems, combining atom-like systems coherently coupled with individual atoms in

2D materials.

3.2 Hexagonal Boron Nitride

Hexagonal boron nitride (h-BN) is an insulating material consisting of equal con-
centrations of boron (80% 'B, 20% '°B) and nitrogen (close to 100% “N) in a
honeycomb layered structure [60]. The individual atomic layers of h-BN are held to-
gether by weak van der Waals interactions, allowing the preparation of samples with
varying numbers of layers via mechanical exfoliation (Appendix B). Nanometer-thick
h-BN flakes are being extensively used as dielectric spacers and passivation layers for
graphene and transition metal dichalcognides [60, 61]. Recent studies have shown that
atomically thin h-BN can be the host for interesting quantum defects [62]. We inves-
tigate both the electron density distribution and spin-spin interactions in nanoscale
h-BN volumes by analyzing the magnetic fields produced by 'B, B and N spins

using nanoscale nuclear quadrupole resonance (NQR) spectroscopy [27, 28].

3.3 Principles of NQR Spectroscopy

Conventional NQR spectroscopy is a powerful tool for chemical analysis that relies
on detecting the bulk magnetization of quadrupolar (I > 1/2) nuclear spins in a weak

magnetic field [50, 49]. The NQR spectrum is determined by the interaction between
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the nuclear electric quadrupole moments and the local electric field gradients [63],
and is thus dependent upon the electrostatic environment of the measured spins. In
the case when the target material is axially symmetric and no external magnetic field
is applied, the quadrupolar interaction defines a principal axis for the nuclear spins.
For the special case of I = 3/2, application of a small magnetic field yields a set of
perturbed spin eigenstates with energies that depend on the orientation of the applied
field with respect to the principal axis (Fig. 3.1B). NQR spectroscopy yields the
transition frequencies and relaxation/decoherence rates, which in turn can be related
to various material properties [64, 65] (e.g. chemical composition, bond lengths and
angles). However, conventional magnetic resonance methods require macroscopic

samples [17] and are not suitable for experiments with atomically thin layers.

3.4 NV-based NQR Spectroscopy of h-BN

In our approach, individual NV centers in diamond are used as sensitive, atomic-
scale magnetic field sensors to probe nanoscale h-BN samples under ambient con-
ditions [23, 27, 28, 66]. Formed using ion implantation within several nanometers
from the diamond surface, NV centers can have sensing volumes that are many or-
ders of magnitude smaller than most conventional magnetic sensing techniques [67]
(Appendix B). In our experiments, a target h-BN flake is transferred onto the surface
of a diamond (Appendix B) and a proximal NV center is used to detect NQR signals
from small ensembles of nuclear spins within the h-BN crystal (Fig. 3.1A). Impor-
tantly, the coherence properties of the NV spin are not affected by the presence of the

h-BN flake, indicating that the generation of a new quantum interface between a 2D
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Figure 3.1: Experimental setup and sensing scheme (A), Schematic of experimental setup. The
h-BN flake (structure shown on top) is transferred onto a diamond surface. A proximal shallow NV center
is used to detect nuclear spins within the h-BN crystal. (B), The dependence of the level structure of a
quadrupolar nuclear spin on a small applied magnetic field. The three configurations shown correspond a
spin-3/2 object where the external magnetic field is applied parallel, at a 54.7 degree angle and perpendicular
to the principal axis. The central transitions are shown by blue arrows. In the middle configuration, the
center transitions are degenerate (indicated by *). As a specific example, these configurations are illustrated
for the case of a ''B spin in h-BN, surrounded by its nearest five nitrogen atoms. (C), NV center is subject
to modified XY8-k pulse sequence used to measure the NQR spectrum. The unit indicated by dashed box is
repeated (Appendix B). APD denotes the photodetector measurement window. The magnetic field created
by target nuclear spins, containing several Fourier components, is shown at the bottom.
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material and diamond is feasible. In order to use the NV center as a nanoscale NQR
spectrometer, the NV electronic spin state is prepared in a coherent superposition
of the magnetic sublevels my; = 0 and m, = 1 and is periodically modulated with k
microwave (MW) m-pulses using modified XY8-k pulse sequence (see Fig. 3.1C and
Appendix B). When the local magnetic field spectrum contains a Fourier compo-
nent near half the modulation frequency, the NV spin state accumulates a net phase
(resulting in a measurable population signal) while components at other frequencies
are efficiently cancelled [35]. Repetition of this sequence at different modulation fre-
quencies yields the NQR spectrum. While conventional NQR spectroscopy suffers
from poor sensitivity due to low thermal polarization under small magnetic field [64],
our method relies on measuring the statistical fluctuations of the spin polarization
(proportional to V'N, where N is the number of nuclear spins in the sensing volume),
which is independent of the applied field. In the limit of small N, the statistical
polarization can be much larger than the thermal polarization, resulting in effective
polarizations as high as ~ 3%.

In the "B (I = 3/2) NQR spectrum of a ~30 nm thick h-BN flake, measured
using an XY8-371 sequence (Fig. 3.2A), the resonance frequencies are determined by
the quadrupole coupling constant @, which is the product of the scalar nuclear elec-
tric quadrupole moment and the largest eigenvalue of the local electric field gradient
tensor[63]. The extracted @ = 2.922140.0006 MHz is in excellent agreement with val-
ues measured in macroscopic NQR experiments (2.96 +0.10 MHz) [68]. The effective
sensing volume is determined by the depth of the NV center (6.84+0.1 nm) and corre-

sponds to approximately 20 atomic layers of h-BN material (Appendix B). The exter-
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nal magnetic field (~ 30 G) is applied parallel to the NV symmetry axis, which forms
a b4.7 degree angle with the surface normal. In this configuration (Fig. 3.1B), the fre-
quencies of the central transitions (|m; = +£1/2) — |£3/2)) are degenerate whereas
the satellite peaks, corresponding to dipole forbidden |F1/2) — |£3/2) transitions,
become weakly allowed due to mixing by the magnetic field component perpendicular
to the h-BN principal axis. Rotation of the polar angle of the magnetic field away from
the NV axis lifts the degeneracy of the central transitions (Fig. 3.2D), in excellent
agreement with theoretical prediction (Fig. 3.2E). Figures 3.2B and 3.2C show that
when the magnetic field is increased so that the Zeeman and quadrupolar interactions
are of the same order, the NQR spectrum becomes very sensitive to the magnetic field
angle (sensitivity is ~80 kHz/degree at ~1700 G), enabling precise measurement of
the h-BN crystal orientation (in our case perpendicular to the interface).
Measurement of the spectral shifts and linewidths sheds light on the dynamics and
interactions governing the nuclear spins. Figure 3.3A shows the |[+1/2) — |-3/2)
B NQR resonance alongside an externally applied calibration signal (indicated by
the black arrow) whose width corresponds to the Fourier limit, determined by the
spin coherence time 75 of the NV sensor. Deconvolution of this calibration signal
from the ''B resonance gives the natural NQR linewidth. A similar procedure yields
the linewidth of B (I = 3) where the observed doublet (Fig. 3.3B) corresponds
to two sets of triply degenerate transitions. Figure 3.3C shows the N spectrum
measured at ~2000 G, where the quadrupolar interaction is manifested as a small
shift from the nuclear Larmor frequency (Appendix B). The resonance frequencies

and decoherence of NQR lines can also be measured directly (without deconvolution)
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Figure 3.2: 'B NQR spectroscopy of multi-layer h-BN flakes (A), NQR spectrum of '*B using
XY8-371 with magnetic field (30 G) aligned (approximately) to the angle at which the central transitions
become degenerate. The NMR contrast corresponds to the fluorescence difference of the ms =0 and ms =1
magnetic sublevels of the NV center. The experimental data (as well as all subsequent spectra presented
in this work) are fit to a theoretical model consisting of the local magnetic spectral density convolved with
the detector filter function (Appendix B). (B,C), Spectra of ''B using XY8-251 at ~1700 G taken at two
different angles of the magnetic field. Here the Larmor frequency is indicated by the vertical dashed lines.
(D), Dependence of the spectrum at 30 G on the magnetic field angle. Here the spectrum was measured in
the region denoted by the dotted rectangle in (A). The angle at which the central transitions are degenerate
is indicated by horizontal dashed line. (E), Simulation of magnetic field angle dependence shown in (D).

29



Chapter 3: Magnetic Resonance Spectroscopy of an Atomically Thin Material Using
a Single Spin Qubit

in the time domain using correlation spectroscopy [53] (Fig. 3.3D (top)). Here we
apply two identical pulse sequences (similar to XY8-k) separated by a variable free
evolution interval 7', which can be longer than the coherence time T3 of the NV
sensor and is limited only by the NV population relaxation time 77. As a result, this
technique yields improved spectral resolution at the expense of sensitivity (due to
the additional free precession interval T'). Figure 3.3D (bottom) shows the resulting
1B time evolution, where the envelope (consistent with the linewidth measured in
Fig. 3.3A, here modeled using a Gaussian decay) is modulated by fast oscillations
(corresponding to Q).

Figure 3.3E shows the measured ''B, B and N linewidths (blue bars) and the
corresponding simulated linewidths (orange bars), where we assumed that the spins
interact only via magnetic dipole-dipole coupling (Appendix B). The simulated val-
ues are in excellent agreement with our measurements, demonstrating that nanoscale
volumes of h-BN constitute nearly ideal, dipolar-coupled spin systems. Figure 3.3F
shows the measured values of @ for ' B, 1°B and N (blue bars), along with calculated
values (orange bars) based on density functional theory (DFT) simulations. Here we
used an all-electron model (see Appendix B for details) in the local density approxi-
mation (LDA), which yields the calculated quadrupole coupling constants within 2%

of the measured values.

3.5 Measurements of Atomically Thin h-BN

Figure 3.4A shows the ''B NQR spectrum of a h-BN monolayer as compared to

that of a thick (> 50 nm) flake. The monolayer was characterized using Raman spec-
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Figure 3.3: NQR linewidth and quadrupole coupling constant measurements (A), NQR spec-
trum of |[+1/2) — |—3/2) transition of ''B using XY8-371 at 30 G. A calibration signal (indicated by black
arrow) is applied at frequency 1.567 MHz using an external coil. Spectral resolution of NQR signal shown
by shaded region. (B), B NQR spectrum using XY8-371 at 30 G. The observed spectrum corresponds
(approximately) to the degenerate |0) — |£1), |£1) — |£2) and |£2) — |+3) transitions. (C), N spec-
trum using XY8-187 taken at approximately 2000 G with the field aligned to the NV symmetry axis. At
this special angle the |0) — |£1) transitions are degenerate. The quadrupole interaction is manifested as a
small shift of the "N resonance (indicated by dashed red line) relative to the Larmor frequency (indicated
by dashed blue line, with uncertainty shown by blue band). (D), Pulse sequence used for time-domain mea-
surement of linewidth (top). The result of this measurement for ''B is shown at the bottom. The time-trace
is the free induction decay of the boron-11 spin, where the slow decay envelope (corresponding to the nuclear
spin decoherence) is modulated by fast oscillations (corresponding to the ~2.9 MHz quadrupole coupling
constant). (E), Linewidths, measured in Figs. 3.3A-D, of ''B, '°B and N (blue bars) along with simulated
values (orange bars) based on dipolar coupling model (Appendix B). Error bars are 1-sigma uncertainties.
(F), Measured quadrupole coupling constants of !B, '°B and "N (blue bars) along with theoretical values
(orange bars) based on DFT. The 1-sigma errors corresponding to ''B, '°B and '*N are 370 Hz, 1.4 kHz
and 5.9 kHz, respectively and are too small to be visualized on the scale of this plot.
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troscopy, atomic force microscopy (AFM) and second harmonic generation microscopy
(see Appendix B). This monolayer signal corresponds to approximately VN = 30
polarized "B spins and exhibits a 17 4 3 kHz shift of @ relative to the bulk value.
Figure 3.4B shows the shifts of @ and the corresponding linewidths for measurements
for several NV centers under a monolayer flake (red) and a bilayer flake (green), as
compared to measurements on several thick layers (blue). We find that the bilayer
shifts are in between the monolayer and bulk values and the signals for all the NV
centers in both the monolayer and bilayer configurations shift in a consistent manner.

The origin of the @ shifts can be understood qualitatively by considering the re-
duction of the dimensionality of the h-BN crystal. As the number of layers in the
crystal is reduced we expect that the electric field gradient experienced by a nuclear
spin will deviate from its bulk value. A toy model in which in-plane sp? bonding elec-
trons are modeled as point charges placed at interstitial sites between the boron and
nitrogen ions yields an electric field gradient shift in the correct direction, although
the magnitude is a factor of ~20 smaller than the observed value (Appendix B). In
order to study this effect quantitatively, we performed DFT simulations of the electric
field gradient in the monolayer, bilayer and bulk configurations (Appendix B). These
simulations indeed show that reducing the number of layers in the crystal shifts Q to
lower frequencies. We find that the calculated shifts (—15 kHz for bilayer; —25 kHz
for monolayer) are within 50% of the measured values. Remarkably, DFT calcula-
tions show that the contribution to the electric field gradient shift resulting from the
removal of the outer layers (and their associated charges) accounts for only ~20% of

the shift. The dominant contribution arises from a partial redistribution of the elec-
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Figure 3.4: NQR spectroscopy of a h-BN monolayer and bilayer (A), "'B NQR spectrum using
XY8-187 of thick (greater than 50 nm) h-BN flake (blue) as compared to a monolayer (red). Magnetic field
is aligned with respect to NV symmetry axis. Spectra have been normalized so that the resonances have the
same magnitude, for comparison. The integration time for the monolayer data was approximately one day,
or one hour per datapoint. (B), Values of the shift of Q and deconvolved linewidths for several NV centers
under a monolayer flake (red), a bilayer flake (green) and five bulk flakes (blue). Error bars correspond
to 1-sigma uncertainties. (C), Visualization of electron density for two layers of bulk h-BN, as calculated
with DFT. A single contour, corresponding to a density of ~1 A~3 is shown. Boron and nitrogen sites are
indicated in the schematic of atomic structure (top) (D), Left panel: visualization of the excess electron
caps in the X/Y plane (0.8 A above the atom plane). A single unit cell is shown. The image corresponds to
the difference between the monolayer and bulk electron densities. Right panel: visualization of the excess
electron caps in the X/Z plane (Y value indicated by dashed line in left panel). Projected positions of boron
and nitrogen ions indicated.
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tron density (at the level of 107 of an elementary charge) from its bulk configuration
(see Fig. 3.4C) into a pair of negative charge ”caps” above and below boron in the
monolayer configuration (Fig. 3.4D). The additional broadening observed in some of
the monolayer and bilayer spectra is likely due to dipolar interactions with proximal
'H spins contained within the polycarbonate stamp as well as in the ubiquitous pro-
ton layer at the diamond surface, associated with adsorbed hydrocarbons (see [69]
and Appendix B), where we probe this layer directly via "H NMR). Note that in ad-
dition to changes in the electrostatic and magnetic environment due to the reduction
in layers, differences in lattice strain between the bulk and 2D configurations or the
presence of the diamond and polycarbonate substrates may also contribute to shifts

and broadening.

3.6 Outlook

These observations provide new insight into the local properties of two-dimensional
materials. The sensitivity and spectral resolution can be improved using spin-to-
charge conversion readout [51] and advanced photonic structures for improved collec-
tion efficiency. With these improvements individual !B spins can be detected within
one second of integration time (Appendix B). The use of correlation spectroscopy
(Fig. 3.3D) provides a way of extending the sensing time beyond the coherence time
of the NV center. Combined with advanced nuclear decoupling pulse sequences [32]
and modest cooling of the diamond samples to ~100 K [36] this method can be used
to improve the spectral resolution down to the level of ~1 Hz. Scanning diamond

tips[70] or optical super-resolution techniques [57] can be used for nanoscale imag-
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ing of local strain fields, localized defects, piezoelectric properties and crystallinity in
nanoscale materials [71, 61, 72].

In addition to providing a new sensing modality, our approach can be used to
observe and coherently control dynamics of individual nuclear spins in 2D materials.
In particular, NV centers can be used as actuators to coherently control nuclear
spins in 2D materials [73, 74, 38]. Nuclear spin polarization and control can be
achieved by selectively pumping individual quanta of polarization from the NV center
to the desired nuclear spin via Hartmann-Hahn Double Resonance [73, 39], while
interactions among nuclear spins can be engineered via pulsed RF control [74]. Our
experiments show that nuclear dynamics in 2D materials can be limited by dipole-
dipole interactions (the additional broadening observed in some of our measurements
can likely be controlled by removing proton spins from the diamond surface [27]).
Such a coherently coupled system can be used as a novel hybrid platform for quantum
information processing [74] and for studying quantum dynamics of isolated strongly

interacting nuclear spin systems [75].
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Chapter 4

All-Optical Sensing of a

Single-Molecule Electron Spin

4.1 Introduction

We demonstrate an all-optical method for magnetic sensing of individual molecules
in ambient conditions at room temperature. Our approach is based on shallow
nitrogen-vacancy (NV) centers near the surface of a diamond crystal, which we use
to detect single paramagnetic molecules covalently attached to the diamond surface.
The manipulation and readout of the NV centers is all-optical and provides a sen-
sitive probe of the magnetic field fluctuations stemming from the dynamics of the
electronic spins of the attached molecules. As a specific example, we demonstrate
detection of a single paramagnetic molecule containing a gadolinium (Gd**) ion. We
confirm single-molecule resolution using optical fluorescence and atomic force mi-

croscopy to co-localize one NV center and one Gd**-containing molecule. Possible
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applications include nanoscale and in vivo magnetic spectroscopy and imaging of
individual molecules.

In our approach the target molecules are covalently attached to the diamond sur-
face, and magnetic sensing of these molecules is performed under ambient conditions
using a single shallow NV center as an all-optical nanoscale magnetometer (Fig. 4.1A).
Importantly, the shallow NV center is close enough to the surface that it can detect
the fluctuating magnetic field produced by the electronic spin of a single paramagnetic
molecule, while maintaining good NV center spin coherence and optical properties.
We apply this technique to detect a single paramagnetic molecule composed of a
gadolinium ion (Gd*") chelated by an amine-terminated organic ligand (abbreviated
as Gd** molecule below). Single-molecule sensing is confirmed by identifying NV cen-
ters that have only a single target molecule within the sensing area on the diamond

surface.

4.2 Sample Preparation

Our scheme for covalently attaching molecules to the diamond surface relies on the
coupling of the amine-functionalized Gd3* molecule to the carboxylic group on the
diamond surface: in order to improve this coupling efficiency, we activated the surface
carboxylic group using a water-soluble mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-hydroxysulfosuccinimide (NHS) (Fig. 4.1B). This method yielded uni-
form surface coverage of molecules, with little clumping (see Appendix C), and the
surface density of molecules could be controlled by varying the concentration of the

Gd3* molecules during the reaction. This procedure can be used to covalently at-
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Figure 4.1: Schematic of measurement setup and sample preparation. (A) Single-molecule
electron spin detection using a single shallow NV center in bulk diamond. Gd*" molecules are attached to
the surface of a bulk diamond crystal with widely separated NV centers located at a nominal depth of 6
nm below the diamond surface. NV center optical pumping and fluorescence detection is performed using
a confocal microscope (objective shown). (B) Chemical procedure for attaching Gd*T molecules to the
diamond surface. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide
(NHS) are used to activate carboxyl groups on the diamond surface so that they react readily with Gd3*
molecules functionalized with amine groups.

tach any water-soluble amine-terminated molecule to the diamond surface, with con-
trolled surface coverage. Since covalent attachment utilizes diamond surface car-
boxylic groups, the resulting molecular surface density was always less than a mono-
layer.

In our experiments, we used atomic force microscopy (AFM) to quantify the sur-
face density of these molecules, and to identify their proximity to a given shallow NV
center. AFM measurements show that a clean diamond surface exhibits atomically-
smooth regions of typically a few square micrometers. When the Gd3T molecules
were attached, we observed circular features with mean height of 8 A in the AFM
scans. The heights, radii, and density of these features were consistent with single

Gd*" molecules covalently attached to the diamond surface (molecular dimensions
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were estimated from bond lengths and angles, see Appendix C). As an independent
check of the surface molecule density, we added a single Cy3 dye molecule to each
Gd3* molecule, and then attached the resulting molecule to the diamond surface us-
ing the same chemical procedure as before. We then performed surface fluorescence
measurements to deduce the Cy3 surface density, and compared the result to the den-
sity of the surface molecules measured using AFM. The results of these independent
measurements were consistent with each other, providing strong evidence that the 8
A-high AFM features are indeed single molecules (see Appendix C).

In order to determine the proximity of Gd** molecules to a given shallow NV cen-
ter with nanoscale precision, we performed a three-step co-localization experiment
(Fig. 4.2). First, we coated the diamond surface (via electrostatic attachment) with
100 nm-diameter gold nanoparticles that fluoresce in the same spectral region as the
NV centers and are optically resolvable individually. Second, we performed a fluores-
cence scan to determine the locations of individual NV centers and gold nanoparticles
optically (Fig. 4.2A). Finally, we performed AFM topography measurements to de-
termine the locations of gold nanoparticles and Gd*T molecules (Fig. 4.2B). Because
the nanoparticles appear in both optical and AFM images, we can use the locations
of nanoparticles to combine the fluorescence and AFM measurements and deduce
the lateral positions of Gd3* molecules relative to an NV center, with uncertainty of
approximately 15 nm (see Appendix C). Figure 4.2C shows an example of this co-
localization experiment: an AFM image of Gd3* molecules together with the position
of a single shallow NV center, marked by a cross (the circle shows the NV center posi-

tion uncertainty at one standard deviation). When the Gd** molecules were removed
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Figure 4.2: Co-localization of a single shallow NV center and a Gd*' molecule. (A) Fluores-
cence image of a 7.5 um x 7.5 pum area of the diamond crystal, showing several gold nanoparticles (bright
spots), and NV centers (less intense spots). Location of a single NV center, marked by a red square, was
determined in relation to the gold nanoparticles. (B) AFM image of the same region of the diamond surface,
showing gold nanoparticles (red dots). The red cross marks the location of the NV center, deduced from
the fluorescence image. (C) AFM image of the 100 nm x 100 nm region of the diamond surface centered at
the location of the NV center (marked by a black cross). The black circle shows the one standard deviation
uncertainty in the NV center position, with a single Gd*T molecule present within the circle (bright spot).
(D) AFM image of the same area as in (C), after Gd*" molecules were removed from the diamond surface.
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from the diamond surface, the AFM scan of the same region showed the absence of 8

A-high features, confirming the successful removal of molecules (Fig. 4.2D).

4.3 All-Optical Sensing of Gd Spins

Once we located a single Gd®** molecule with a nearby NV center, we performed
all-optical magnetic sensing of this molecule. At room temperature the S = 7/2
electron spin of the Gd*" ion fluctuates with a relaxation rate (ygg) on the order
of 10 GHz [76, 77]. These spin-flips give rise to a fluctuating magnetic field at the
location of the NV center, with a Fourier spectrum of width ~ ~44. The Fourier
component of this fluctuating magnetic field at the frequency corresponding to the
zero-field splitting of the NV center ground state spin manifold (S = 1) drives magnetic
dipole transitions between these sublevels (Fig. 4.3A). We detected these transitions
by first optically pumping the NV center into the m; = 0 sublevel, and then measuring
its spin-state-dependent fluorescence after a variable delay time 7 (Fig. 4.3B, inset).
In the absence of Gd** molecules, the NV spin-state population difference decayed
with rate I';,¢imsie due to spin-lattice relaxation. However, when the NV center was in
proximity to a Gd** molecule, the measured NV population relaxation rate increased
t0 Tiotar = Lintrinsic + Dinducea (Se€ Appendix C), which constitutes magnetic sensing
of single-molecule electron spin. For example, the red circles in Fig. 4.3B show the
result of the NV spin-state relaxation measurements for the NV-Gd** molecule pair
displayed in Fig. 4.2C (the red line is an exponential fit); the blue squares in Fig. 4.3B
illustrate the spin-state relaxation rate of the same NV center prior to attachment of

the Gd®* molecule. The comparison of these measurements clearly shows a dramatic
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Figure 4.3: Measurement of magnetic noise from a single Gd®*' molecule attached to a
diamond surface using a single shallow NV center. (A) Schematic power spectrum of the fluctuating
magnetic field due to relaxation of the Gd** electronic spin (inset: NV-center electronic excited and ground
states, with ground-state spin sublevels). Fourier components of this spectrum near the frequency resonant
with the NV center zero-magnetic-field splitting lead to an increase in the NV center spin-state population
relaxation rate. (B) Demonstration of NV magnetic sensing of a single Gd** molecule on the surface of bulk
diamond. Measurements of the NV center spin-state population difference relaxation and exponential fits.
Clean diamond surface: blue squares and blue line. Gd** molecules attached to the diamond surface: red
circles and red line. Re-cleaned diamond surface: green triangles and green line. The AFM image for this
NV center is shown in Fig. 4.2C, where it is demonstrated that it is in proximity to a single Gd3T molecule.
The scatter of the experimental data points is consistent with photon shot noise, with total averaging time
on the order of an hour (not including the time needed to correct for setup drifts). Inset: Pulse measurement
scheme for measuring the NV center spin-state relaxation rate. An avalanche photodiode (APD) was used

for NV-center red fluorescence detection.
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increase of the relaxation rate in presence of a single Gd** molecule. Once the
molecule was removed (Fig. 4.2D), the relaxation returned to the intrinsic rate (green
triangles in Fig. 4.3B).

The inset of Figure 4.4 summarizes the measured Gd-induced relaxation rates of
for multiple NV-Gd** molecule pairs, with varying NV-molecule separations. We per-
formed a total of 23 co-localization experiments, together with population relaxation
measurements of the corresponding NV centers. In 14 of the 23 co-localization exper-
iments, we could reliably identify single Gd** molecules and extract the separation
between an NV center and a Gd** molecule; while in the remaining 9 experiments,
we could not do so because of finite AFM tip resolution or rough surface topography.
Seven of the data points exhibit a significant (greater than two standard deviation)
increase in NV spin relaxation, and the corresponding co-localization measurements
show the presence of a single Gd3* molecule near the NV center position. As noted
above, removal of the Gd** molecules from the diamond surface resulted in the re-
laxation rate returning to its intrinsic value in all cases.

A comparison of these data with Monte Carlo simulations (shown as background
color plot in the inset of Fig. 4.4) provides further evidence of NV magnetic detec-
tion of a single-molecule electron spin. In the simulation, we calculated the proba-
bility density of obtaining a particular NV spin relaxation rate for a given NV-Gd3*
molecule separation (see Appendix C) within experimental uncertainties. We used an
NV center depth of 6 nm, derived from calculations for 3 keV nitrogen ion implanta-
tion energy; a mean Gd3* molecule spacing of 20 nm, derived from the AFM and Cy3

measurements described above; and a Gd*' spin-relaxation rate of 10 GHz [76, 77].
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Figure 4.4: Magnetic noise measurements in the single Gd®T molecule sensing regime. Results
of 85 Gd-induced NV center spin-state relaxation rate measurements, along with a Monte-Carlo simulation
band. The experimental data are grouped into five bins, with the error bars calculated by combining
bin sampling uncertainty and relaxation rate fitting uncertainty (see Appendix C)). The theoretical band
was obtained from Monte Carlo simulations of the experiment, with parameters given in the text. Inset:
results of 14 co-localization and NV center spin-state relaxation rate measurements in which a single Gd3*
molecule was identified near a single shallow NV center. The background displays the results of Monte
Carlo simulations of the experiment, with the color scale indicating the probability density of obtaining
a particular NV center spin-state relaxation rate for a given separation between the NV center and the
proximal Gd®** molecule. The simulation was performed for 20 nm separation between Gd** molecules, and
NV center co-localization uncertainty of 15 nm. For a quantitative comparison, we performed a two-variable
Kolmogorov-Smirnov statistical test, resulting in the Z-statistic value of 1.1, which indicates that the data
points are consistent with the simulated distribution (see Appendix C).
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As seen in the inset of Fig. 4.4, the experimental data points are consistent with the
simulated probabilities (see Appendix C).

Additional evidence for magnetic detection of single-molecule electron spins is
provided by an independent set of 85 spin relaxation rate measurements that we
performed on 26 shallow NV-centers over several cycles of Gd3* molecule attachment
and removal. As shown in the main plot of Fig. 4.4, the resulting data are grouped
into five bins, with the error bars calculated by combining the bin sampling and
relaxation rate fitting uncertainties (see Appendix C). Also shown in this figure is
a band of theoretically calculated NV spin relaxation rates, which we obtained from
Monte Carlo simulations of the experiment, with the NV center depth of 6 nm, Gd3*
spin-flip rate varying in the range 10 to 20 GHz, and mean Gd3" surface density

varying in the range 1/(20 nm)? to 1/(25 nm)?.

These parameters yield simulated
NV-center spin relaxation rate distributions that are consistent with experimental
data, again confirming that the observed NV spin relaxation rate increase is due to
the proximity of a single-molecule electron spin. While other sets of model parameters
can, in principle, be fit to the experimental data, all realistic model fit parameters
correspond to regimes in which only a single Gd3* spin contributes to increased
NV center spin-state relaxation rate (see Appendix C). The “sensing radius” of an
NV-center (defined as the NV-Gd3** molecule separation for which the change in NV-
center spin relaxation rate is equal to the measurement uncertainty) is determined to
be approximately 12 nm. This means that, with probability over 80%, only a single

Gd3** molecule can substantially contribute to the induced NV-center spin relaxation

rate even for highest Gd®*" molecule densities used.
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4.4 Outlook

The detection sensitivity of our experiment is limited by photon shot noise. By
monitoring NV-center fluorescence after optical pumping and a relaxation-in-the-dark
period of ~ 2 ms, chosen to be on the order of the NV-center intrinsic 77 time, a
single Gd3* molecule spin at a distance of 10 nm can be detected after approximately
five minutes of averaging (see Supporting Information). The sensitivity to other
paramagnetic species depends on their magnetic moments and the magnitude of their
fluctuating magnetic fields at the frequency corresponding to the my =0 — m, = £1
transition (see Supporting Information), which can be varied by applying a constant
magnetic field. In order to detect radicals with long relaxation times, such as some
nitroxides, NV spin coherence relaxation (affecting the measured T3 time) may be
most suitable [78].

Our method for all-optical magnetic sensing of single paramagnetic molecules us-
ing shallow NV centers in diamond has potential implications to studies of a wide
range of bio-chemical molecules and processes. Together with recent experiments
demonstrating NV magnetic sensing of nanoscale ensembles of nuclear spins [28, 27],
the combination of single-molecule covalent attachment, co-localization, and magnetic
sensing techniques is an important step towards magnetic imaging measurements on
individual biological molecules attached to the diamond surface [79]. Our magnetic
measurement, scheme directly detects the magnetic field created by a paramagnetic
molecule, without the need for fluorescent tagging, and can be applied to detect and
study small molecules without suffering from blinking or photo-bleaching [80]. Since

NV center-based magnetometry was recently shown to be bio-compatible [81], our

46



Chapter 4: All-Optical Sensing of a Single-Molecule Electron Spin

approach can also be used for in vivo magnetic sensing with single-molecule sensitiv-
ity. Specifically, our covalent attachment scheme can be extended to nanodiamonds,
functionalizing them to target certain cellular organelles, as well as functionalizing
with chemical species (spin traps) that react with short-lived free radicals to pro-
duce persistent paramagnetic molecules, which can then be magnetically detected.
Since radicals are thought to play a key role in biochemical processes such as cellular
signaling, aging, mutations, and death [10, 11, 12, 82|, the ability to detect small
concentrations (approaching 100 uM, corresponding to mean separation of approxi-
mately 25 nm) of short-lived radicals inside living cells could be a powerful tool in
studying these processes, with possible applications for disease detection and drug
development. Finally, our methods could also find applications in nanoscale and ma-
terials science, for example in studies of molecular magnets on a diamond surface,
and, when combined with the recently demonstrated scanning probe techniques [83],
they could enable imaging of rapidly fluctuating magnetic fields near the surfaces
of materials such as superconductors [84], topological insulators [85, 13|, and others

(ferromagnets, multiferroics, etc).
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Magnetic Resonance Detection of
Individual Proton Spins Using

Quantum Reporters

5.1 Introduction

We demonstrate a method of magnetic resonance imaging with single nuclear-
spin sensitivity under ambient conditions. Our method employs isolated electronic-
spin quantum bits (qubits) as magnetic resonance “reporters” on the surface of high
purity diamond. These spin qubits are localized with nanometer-scale uncertainty,
and their quantum state is coherently manipulated and measured optically via a
proximal nitrogen-vacancy (NV) color center located a few nanometers below the
diamond surface. This system is then used for sensing, coherent coupling and imaging

of individual proton spins on the diamond surface with angstrom resolution. Our
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approach may enable direct structural imaging of complex molecules that cannot be
accessed from bulk studies. It realizes a new platform for probing novel materials,
monitoring chemical reactions, and manipulation of complex systems on surfaces at

a quantum level.

5.2 Reporter Spins on Diamond Surface

5.2.1 Background

Our approach to magnetic sensing and imaging makes use of electronic spin-1/2
qubits on the surface of a high purity diamond crystal, coupled to a nearby single
nitrogen vacancy (NV) color center a few nanometers below the diamond surface
(Fig. 5.1A) [86]. Clean (100) diamond surfaces in ambient conditions are known to
host stable electron spins with S = 1/2 and g-factor of 2 [87, 88]. These spins have
been considered to be deleterious because they are thought to cause decoherence of
NV electronic spins within a few nanometers of the diamond surface [89, 90]. However,
with proper quantum control, the surface electron spins can be turned into a useful
resource. They can be coherently manipulated and measured, thereby serving as a
network of quantum “reporters” [91, 92] that probe and “report” the local magnetic
environment. The key advantage of such surface spins is their proximity to sensing
targets in samples placed on or near the diamond surface. As suggested in recent
theoretical work [86], surface electron spins coupled to NV centers can also effectively
“amplify” small magnetic field signals, allowing for sub-nanometer localization of

individual nuclear spins.
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5.2.2 Manipulation and Readout of Reporter Spins

To read out the quantum states of surface electron reporter spins through the NV-
reporter magnetic dipole interaction, the nearby shallow NV center is initialized into
the mg, = 0 sublevel using an optical pumping laser pulse at 532 nm; the spin states of
the NV center and of the reporter spins are independently manipulated using pulsed
magnetic resonance sequences; and the final quantum state of the NV center is read
out using its spin-state-dependent fluorescence (Fig. 5.1B). The m; =0 <> my = —1
NV spin transition is addressed at the angular frequency w,, = A — 7.B, and the
ms = +1/2 <» mg = —1/2 surface reporter spin transition is driven at frequency
ws = vY.B. Here A = 27 x 2.87 GHz is the NV zero-field splitting, B is the magnitude
of the static magnetic field applied along the NV axis, and 7, = 27 x 2.8 MHz/G is
the electron gyromagnetic ratio (Figs. 5.1C and 5.1D).

The magnetic dipole coupling between the NV center and the surface electron
reporter spins is characterized using a generalized spin-echo (double electron-electron
resonance or DEER) sequence, shown in Fig. 5.1B. Figure 5.1E shows that for one
typical shallow NV center (NV A) the measured spin-echo signal decays on a time
scale TQ(M) ~ 5 us (Fig. 5.1E). However when a m-pulse flips the surface reporter spin
population simultaneously with the NV-center m-pulse, the NV-reporter magnetic
dipole interaction causes more rapid NV spin echo collapse (Fig. 5.1E, red circles),
with a form that depends on the locations of the surface electron spins around the
NV center. Because the magnetic dipole interaction is long-range, the NV center
can be coupled to multiple surface reporter spins, with the coupling strengths depen-

dent on their positions on the diamond surface. When we treat the diamond with a
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strongly-oxidizing reflux mixture of concentrated nitric, sulfuric, and perchloric acids
(Appendix D) and repeat the DEER experiment on the same NV center, the DEER
signal is clearly modified (Fig. 5.1E, blue triangles), suggesting that this surface treat-
ment “re-sets” the positions of the electron reporter spins and confirming that they

indeed reside on the diamond surface.
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Figure 9.1: Characterization of surface reporter spins using a shallow NV center. (A),
Schematic of a network of reporter electron spins, s, on the surface of a diamond crystal, that can be used to
detect and localize surface proton spins, p. (B), DEER pulse sequence. (C), Measured DEER signal as a
function of reporter spin frequency (ws/2m) for fixed ¢n.. (D), Measured and calculated Zeeman shifts of NV
(blue) and reporter (red) spin states. (E), Results of DEER experiment with varying echo delay time tp,.
Green squares and line: NV center spin echo decay data and fit. Red circles: DEER measurements. Blue
triangles: DEER measurements after oxidizing acid treatment. Red and blue lines are fits using a model with
positions of reporter spins on the diamond surface as fitting parameters. In this and subsequent figures, spin
state populations are scaled to range between -1 and +1. (F'), Probability density map for surface reporter
spins near NV A (depth (3.3 £ 0.2) nm), marked by red dot. Arrows mark diamond crystallographic axes;
NV center is aligned along (111).

To determine the reporter spin positions, we repeat the DEER measurements
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while changing the direction of the applied magnetic field B. The magnetic dipole
interaction between the NV center and a surface spin depends on their separation
and the angle that the vector between them makes with the vector B. By rotating
B, we change this angle, and thus the strength of this interaction (similar methods
have been employed to localize 13C spins and other NV centers inside the diamond
lattice [93, 94]). By combining the results of the DEER experiments at 7 different
magnetic field angles, we reconstruct the positions of 4 reporter spins, constrained to
be on the diamond surface, that are nearby to NV A. The positions of these 4 reporter
spins relative to NV A are shown in Fig. 5.1F, where the color scale represents the
reporter spin position probability density (normalized to unity), corresponding to the
best-fit chi-squared statistic, performed with each reporter spin position fixed at the
associated map coordinate (Appendix D). In particular, the surface reporter spin

closest to the NV center can be localized with nanometer-level uncertainty.

5.2.3 The Reporter Pulse Sequence

The DEER pulse sequence is a useful tool for characterizing the surface reporter
spins on the diamond surface, but it is limited by the decoherence time of the shallow
NV center, T2(m), which is usually on the order of several microseconds. In order
to manipulate and probe the reporter spins on time scales longer than TQ("U), we
implement a new “reporter pulse sequence”, shown in Fig. 5.2A, inset. This protocol,
inspired by Ramsey interferometry in atomic physics [95], consists of two “probe”
segments, in which the NV center probes the quantum state of the reporter spin

network, separated by an “evolution” segment, in which this state can be manipulated.
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In essence, this protocol enables the comparison of the reporter-spin quantum states
before and after the evolution segment. Importantly, the duration of the evolution
segment is limited by the NV center Tl(m) time (typically milliseconds), rather than
its Tz(m’), thereby extending the evolution timescale by orders of magnitude [96]. In
the measurements described below, the duration of the probe segments is kept short
(=~ 0.9 us) to ensure that the NV readout signal is dominated by the coupling to the

proximal (most strongly coupled) reporter spin (Appendix D).
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Figure 5.2: Manipulation and interrogation of the surface reporter spin network with a
“reporter” pulse sequence. (A), Coherent control of reporter spins. Rabi oscillations between spin
states with a variable-width pulse (red points) with an exponentially-damped fit (blue line). Inset: RF pulse
sequence. (B), Population relaxation dynamics of the reporter spins (red points) with an exponential-decay
fit (blue line). Inset: RF pulse sequence.

To demonstrate coherent control of the surface reporter spins, we vary the length
of the radiofrequency (RF) pulse applied at the reporter spin resonance frequency, as
shown in Fig. 5.2A. We observe Rabi oscillations with decay time of =~ 1 us, which
is much longer than the reporter-spin Rabi period, indicating that the pulses can be
used for coherent control of the reporter spins. Next, the population relaxation time

T 1(8) of the surface spin network is measured by varying the delay time ¢, between
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the two probe segments in the pulse sequence, Fig. 5.2B. The extracted value of
Tl(s) = (29.4 + 2.3) ps can be used to place a lower limit of ~ 5 nm on the mean
separation between surface reporter spins: if they were closer together, their mutual
magnetic dipole flip-flop interaction would give rise to a shorter population relaxation
time (Appendix D). Note that this observation is consistent with the reconstructed

spin locations shown in Fig. 5.1F.

5.3 Magnetometry Using Reporter Spins

We next use the reporter electron spins to perform measurements of the magnetic
fields on the diamond surface, using the RF pulse sequence shown in Fig. 5.3A. The
time-varying magnetic field at the site of a reporter spin gives rise to a phase shift
during its spin-echo precession time ¢4, which is converted to a change in its spin
state population, and is then detected by the NV center. By varying the time ¢, we
implement a frequency filter, whereby the measurement is sensitive to magnetic-field
Fourier components at angular frequencies w on the order of 27 /t;, which show up
as reporter spin echo collapses at delay times t, = 27k/w, where k = 1,3,... [22].
The experimental data exhibit collapses and revivals characteristic of a time-varying
magnetic field created by nuclear spins on the diamond surface, precessing in the
applied magnetic field B with Larmor frequency w, = v,B, where 7, is the nuclear
spin gyromagnetic ratio. Figure 5.3A shows example results for a particular NV center
(NV A), and the data are consistent with the reporter spin coupled to an oscillating
magnetic field created by surface protons with root-mean-squared amplitude of B, =

0.3 G and angular frequency of w, = 10.6 us™.
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Figure 5.3: Detection of the magnetic field created by protons, using the surface electron
reporter spins. (A), Measurement with NV A of the reporter spin echo modulation at B = 383 G (red

points), fit with a model for echo modulation of a reporter spin coupled to a nuclear spin bath (Appendix D)

(fit shown by blue line, reduced chi-squared is 1.2). The error bars on this and subsequent plots show

standard deviations of the data points obtained from averaging approximately 5 million repetitions of the

pulse sequence, and are consistent with photon shot noise.
Measured values for w, at 5 different settings of the applied static magnetic field (blue points), consistent
with the proton gyromagnetic ratio of 27 x 4.26 kHz/G (blue line). The red points mark the wy, w™, and

+

w™ oscillation frequencies, see text.
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5.4 Detection of Single Proton Spins

In order to determine the nature of these nuclear spins, we repeat the measure-
ments and analysis at several magnetic fields, and find that the reporter spin echo
modulation frequency scales with the applied magnetic field in agreement with the
proton gyromagnetic ratio of 27 x 4.26 kHz/G (Fig. 5.3B, blue points).

Remarkably, however, this simple scaling is not observed at all values of the mag-
netic field. For example, the data taken with NV A at the magnetic field of 619 G
show modulation at frequencies very different from the Larmor frequency expected
for the coupling of the reporter spin with a semiclassical proton spin bath (Fig. 5.3B,
red points). This high-frequency modulation, seen in the data plotted in Fig. 5.4A,
indicates the presence of coherent dynamics between the reporter and proximal proton
spins. In order to reproduce and further explore this coherent coupling, another NV
center (NV B) is studied at a similar magnetic field. The experimental points, shown
in Fig. 5.4B, again display strong modulation, crossing the abscissa axis. This signals
coherent population transfer between the proton spin states, mediated by the interac-
tion with a single reporter spin, which cannot occur in the absence of reporter/proton
entanglement.

To understand these observations, we analyze the coherent dynamics of a re-
porter electron spin interacting with proximal proton spins on the diamond sur-
face. The hyperfine interaction between them can be described by the Hamiltonian
H = haJ,l,+hbJ,I,, where J is the spin operator of the reporter spin, [ is the nuclear
spin operator, and the z-axis is along the applied magnetic field [97] (Appendix D).

This Hamiltonian can be interpreted as an effective hyperfine field, created by the
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reporter spin at the site of the proton spin (Fig. 5.4C), which in turn gives rise to

splitting of the reporter electron spin states, w* = /(£a/2 — w,)? + b?/4, as shown
in Fig. 5.4D. This level splitting causes reporter spin echo modulation at frequencies
wt and w™, with the modulation depth scaling as 2bw,, /wTw™ [97]. When the pro-
ton Larmor frequency w, is close to half of the hyperfine interaction strength, the
reporter spin echo signal is strongly modulated at w' and w™, whereas the signal
modulation decreases when w,, is substantially different from a,b. Data taken at such
off-resonance magnetic fields can, within their signal-to-noise ratio, be successfully
described with a semiclassical nuclear spin bath model (Appendix D).

To analyze the experimental data quantitatively, we compare our measurements
with a model that includes coherent hyperfine coupling of a reporter electron spin
with a proximal proton, as well as the semiclassical spin bath of protons on the
diamond surface (Appendix D). For NV A, the fit to the experimental data shown
in Fig. 5.4A yields spin echo modulation frequencies of w™ = 30 us™! and w™ =
59 us~t, shown as red squares in Fig. 5.3B, from which we extract hyperfine coupling
parameters a = (66+18) us™' and b = (524+20) us~'. Both the point magnetic dipole
interaction and the contact hyperfine interaction contribute to the parameters a and
b: a = ag + (hyeyn/rd) (1 —3cos?6,,), and b = (hy.y,/r2) (3cos b, sinb,), where ag
is the contact hyperfine interaction, r, is the separation between the reporter spin
and the proton spin, 6, is the angle that the vector between them makes with the
applied magnetic field (Appendix D). The low chemical reactivity of the reporter
spins (see discussion below) suggests that direct overlap between the reporter spin

wavefunction and a surface proton is likely minimal, implying that the magnitude of
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ag is small. If we neglect ag, the position of the proximal proton with respect to the
reporter spin most strongly coupled to NV A is r,, = (2.24:0.2) A and 6,, = (26+15)°,
with the azimuthal angle not quantified by the data. The data for NV B (Fig. 5.4B)
are consistent with the presence of two proximal protons, coherently coupled to the
reporter spin: their best-fit positions are 7 = (2.6 £0.2) A, o) = (47 £ 3)° and
r = (3.240.2) A, oY = (19 £ 4)°, as shown in Fig. 5.4E in a probability density
map. In order to quantify the uncertainty in the proton positions due to our lack of
information about the magnitude of the contact interaction, we use 40 us~' as the
range of possible values for ag, since this is the measured contact hyperfine interaction
with the OH-group proton in a hydroxylated carbon-centered radical [98], similar to
our presumed bonding configuration (see below). For this range of ag, the locations
of the detected protons are constrained to be within the contours shown in Fig. 5.4E.
We note that in diamond ag is likely be much smaller due to positive electron affinity
of the oxidized diamond surface.

While the origin of the reporter spins cannot be unambiguously determined from
this study alone, they are likely unsaturated (or “dangling”) bonds, localized near
the top two carbon atom layers. We observe that they are stable in ambient condi-
tions over time scales of many days, which indicates that they are sterically protected
from direct chemical reactions with species outside the diamond lattice. Neverthe-
less, the reporter spins are close to the surface, since they experience strong hyper-
fine coupling with surface protons, and their positions change when exposed to the
strongly-oxidizing 3-acid mixture (this surface treatment also modifies the results of

the reporter echo experiments, see Appendix D). Furthermore they are absent from
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Figure 5.4: Coherent dynamics between individual surface electron and proton spins. (A),
Reporter spin echo modulation for NV A at B = 619 G (red points), and fit using a model with the
reporter qubit, proximal to the NV center, coupled to one proton spin (blue line). (B), Reporter spin echo
modulation with NV B at B = 665 G (red points). The best-fit (blue line, reduced chi-squared value of
1.1) corresponds to a model with the reporter qubit, proximal to the NV center, coupled to two proton
spins. (C), Schematic illustrating hyperfine coupling between the reporter electron spin, s, and the proton
spins (gold arrows). The weakly-coupled protons far from the reporter spin precess in the applied magnetic
field B at the Larmor frequency. The proximal proton spin, p, experiences the vector sum of B and the
effective hyperfine fields +a/2v,, and +b/2v,, whose signs depend on the reporter spin state. (D), Energy
level diagram for the coupled system of the reporter spin and proximal proton spin. (E), Localization of the
two proximal proton spins (p1 and p2) relative to the reporter spin, s, that is most strongly coupled to NV
B. The color scale shows the probability density for each proton location, extracted from a fit to the data
shown in (B) (Appendix D).
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the diamond surface (no DEER signals) after the diamond is annealed at 465°C in an
Oy atmosphere [43] (Appendix D). The detected protons are likely from covalently-
bound hydroxyl (OH) or carboxyl (COOH) groups terminating the clean diamond
surface under ambient conditions [99]. Their relative locations are consistent with
density-functional-theory calculations of these groups on an oxidized diamond sur-

face [100].

5.5 Outlook

NV centers in diamond have emerged as a nanoscale magnetic-field sensor with
exquisite sensitivity under ambient conditions [22, 23, 37], enabling magnetic sensing
and imaging of single electron spins [101, 102, 24] and nanoscale ensembles of nuclear
spins [27, 28, 69, 103]. Our method extends these recent advances into a new domain,
enabling magnetic resonance detection and imaging on surfaces with single nuclear
spin resolution. Several paths towards further improving the sensitivity and the broad
applicability of our approach should be noted. It may be possible to extend the elec-
tron reporter spin coherence times using decoupling pulse sequences, together with
dilution of the proton magnetic moments on the diamond surface, e.g. by deuteration.
Individual addressing of the reporter spins may be achievable with a careful choice of
the duration of the “reporter pulse sequence” readout intervals, as described above, or
via frequency separation of different reporter qubits using a practical magnetic field
gradient (less than 1 G/nm) [88]. Polarization transfer from the NV center to the
reporter spins [104], and possibly to strongly coupled surface nuclear spins, may allow

initialization and entanglement of the surface spin network [105] and hyperpolariza-
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tion of target nuclei. The hyperfine field gradient, produced by the reporter spins,
may also be used to encode spatial information for magnetic imaging. Finally, other
reporter spin candidates, such as stable nitroxide radicals, can be explored, possibly
providing a more flexible route for sensing applications because they can be directly
attached to a reactive site of interest on a molecule under study.

Our approach, with improvements in the coherence properties and robust control
of the reporter spins, can enable a number of unique applications. NMR and MRI
of individual molecules and proteins under ambient conditions is one direction that
can be pursued. Reporter-based sensing may also find applications in measurements
of magnetic fields near complex materials, such as superconductors and topological
insulators. Beyond applications in sensing and imaging, our approach provides a
powerful new platform for coherent manipulation of coupled electronic and nuclear
spins on surfaces or in 2D materials, which can be used to realize and explore new

classes of self-assembled quantum systems [74].
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Conclusions and Outlook

Extending the functionality of conventional magnetic sensing methods to the
nanoscale is an interesting and important challenge in science and technology. Our
approach provides a set of techniques, complementary to conventional NMR and EPR,
that can be used to achieve this goal. These tools open the door to many unique and
exciting applications.

In Chapter 2 we showed that shallow NV centers can be used to probe individual
ubiquitin protein molecules attached to the proximal diamond surface. While such
shallow NV centers have been shown to have poor coherence properties [33], as com-
pared to bulk NV centers, we showed that a novel surface termination technique as
well as a readout scheme based on quantum-logic can be used to dramatically re-
duce the decoherence rates of these NVs and therefore improve their sensitivities. In
fact we demonstrated sensitivities sufficient to detect a single proton spin within one
second of integration time. As shown in Section 2.6, this technique can potentially

be used to probe the structure and conformational dynamics of complex biological
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molecules at the single-spin level.

In Chapter 3 we demonstrated the first magnetic resonance spectroscopy of an
atomically thin material. This experiment made use of NV-based NQR to extract
information about the electric field gradients, bond orientations and nuclear spin
dephasing rates at various atomic sites within the target crystal of hexagonal boron
nitride. We also showed that the NQR spectrum is modified as the number of layers in
the crystal approaches the monolayer limit and concluded that this shift is likely the
result of a rearrangement of the electron density into lobes of negative charge around
the boron sites. Our technique can potentially used to characterize systems not
easily accessible via conventional measurement and interfacing techniques. With some
modest improvements in sensitivity and spectral resolution, as outlined in Section 3.6,
our technique can be used to realize a hybrid quantum system, consisting of a 2D
material interfaced with a single-spin defect in diamond, that could potentially be
used for quantum information processing and quantum simulation.

Chapter 4 reports on the realization of all-optical, room-temperature detection of
an individual electronic spin. Specifically, we showed that by monitoring the popula-
tion relaxation rate of a shallow NV center, we can detect the magnetic noise created
by the fluctuations of an individual proximal Gd spin. Our method allows the direct
detection of paramagnetic ions or molecules without the need for fluorescent labelling.
This technique can be used to study fast spin motion associated with conformational
changes in biomolecules. By utilizing shallow NV centers in diamond nanocrystals,
our technique could potentially be used to detect short-lived free radicals in living

cells.
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Finally, in Chapter 5, we demonstrated the ultimate limit of magnetic resonance
sensitivity - namely, the detection of a single nuclear spin at room temperature. Here
we made use of a network of stable spin defects associated with the diamond surface
to amplify dipolar interactions with proximal nuclear spins. An individual shallow
NV center was then used to readout the state of this reporter spin network. In this
work, we demonstrated the detection of individual proton spins with sub-angstrom
resolution.

Despite these demonstrations, there is still much that remains unknown about the
properties of these systems. For example, the interactions of shallow NV centers with
sources of magnetic noise associated with the diamond surface, as well as methods
to remove these noise sources, remain poorly understood. An additional source of
uncertainty is the chemical environment of the diamond surface, which needs to be
understood and well-controlled before the most exciting applications outlined above
can be realized. Nevertheless, our experiments provide compelling evidence that NV
centers can be used to realize novel applications in nanoscale sensing as well as provide

a powerful new solid-state platform for quantum information processing.
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Supporting material for Chapter 2

A.1 Chemical Attachment of Ubiquitin Proteins

Ubiquitin proteins (human, recombinant) labelled with 2H and 13C were pur-
chased from Giotto Biotech (GO3UBQO1). Ubiquitin proteins labelled with 13C were
purchased from Medical Isotopes, Inc (C3225). Unlabelled Ubiquitin was purchased
from Sigma-Aldrich (709417). The reagents 1-ethyl-3-(-3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and ethylenediamine
were purchased from Sigma-Aldrich (E6383, 130672 and E26266, respectively).

We use carbodiimide crosslinker chemistry to attach ubiquitin proteins to the dia-
mond surface. This procedure is designed so that any carboxylic acids terminating the
diamond are conjugated to the linker molecule ethylenediamine, which is subsequently
attached to the C-terminus of the protein. Conjugation of primary amines with car-
boxylic acids is achieved by crosslinking with the carbodiimide compound 1-ethyl-3-

(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). N-hydroxysuccinimide
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(NHS) is included in the reaction mixture to improve coupling efficiency.

A.2 NMR Sensing Area

For an NV center with depth d and a uniform, two-dimensional distribution of
spins on the diamond surface, we determine that more than 70% of the NMR signal
comes from a region of area 7d? directly above the NV center. We denote this region
as the sensing area.

For typical NV depths (d ~ 4 nm) and the measured protein spacing (~21 nm),
we expect to observe a 2H NMR signal with amplitude of ; 1% in approximately 10%
of NV centers. Of these detection events, more then 90% are expected to be due to
an individual protein. Here, detection of an individual protein is defined as the case

in which more than 70% of the observed signal is created by a single protein.

A.3 Diamond Sample Processing

All experiments presented in this work were performed using two (100)-oriented,
unpolished, electronic-grade diamond samples (henceforth referred to as samples A
and B), consisting of a 50 pum 2C-enriched (99.999% abundance) layer epitaxially-
grown using plasma-enhanced chemical vapor deposition on a natural-abundance di-
amond substrate (Element Six). The concentrations of substitutional nitrogen and
boron impurities were less than 5 parts per billion (ppb) and 1 ppb respectively. Sam-
ple A was implanted using a '>N* dosage of 10° cm~2 and an implantation energy of

2.0 keV. It was annealed in vacuum using the following procedure: (a) 6 hour ramp
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to 400°C, (b) 6 hours at 400°C, (c) 6 hour ramp to 800°C, (d) 8 hours at 800°C and
(e) 6 hour ramp to room temperature. Sample B was implanted using a >Nt dosage
of 10'° cm~? and an implantation energy of 1.6 keV. It was annealed in vacuum using
the following procedure: (a) 2 hours at 200°C, (b) 1 hour ramp to 800°C, (c) 1.5
hours at 800°C and (d) 2 hour ramp to room temperature.

After vacuum annealing, the samples were cleaned in a boiling 3-acid mixture
(equal volumes of HySO4, HNOj3, and HCIO,) for three hours. In order to reduce
the decoherence rates of shallow NV centers, the samples were annealed in an oxygen
environment (Tystar, Mini Tytan 4600) for 4 hours at 465°C. The oxygen anneal
followed the following procedure: (a) ramp to 465°C for 2 hours, (b) anneal at 465°C
for 4 hours, (e) ramp down to 250°C for 2 hours. The samples were placed in a
Piranha solution (2:1 mixture of concentrated HoSO4 and 30% hydrogen peroxide)

immediately before and after the anneal.

A.4 Optical Setup

We used a home-built, inverted confocal microscope to address individual NV
centers. Here optical excitation was performed using a 532 nm diode-pumped solid-
state (DPSS) laser (Information Unlimited, MLLII1532-200-1) modulated with an
acousto-optic modulator (Isomet Corporation, 1250C-974) in a double-pass config-
uration. NV center fluorescence was separated from the reflected excitation beam
using a dichroic beamsplitter, filtered using 532 nm notch and 633 nm long-pass fil-
ters and collected using a fiber-coupled single-photon counting module (PerkinElmer,

SPCM-AQRH-14-FC). A Nikon Plan Fluor 100x oil immersion objective (NA = 1.3)
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was positioned under a microwave-frequency coplanar waveguide, used to hold the
diamond sample. A layer of objective immersion oil (Micro Video Instruments, Inc,
MVA22024) was placed between the waveguide and the sample to reduce aberrations
and increase collection efficiency. Lateral steering of the laser beam was performed
using a closed-loop scanning galvanometer (Thorlabs GVS012) while the vertical posi-
tion of the focus was controlled with a with a piezoelectric stage (Physik Instrumente
P-721 PIFOC). The acousto-optic modulator and the single-photon counting module
were gated using TTL pulses produced by a 500 MHz PulseBlasterESR-PRO pulse

generator from Spincore Technologies.

A.5 Coherent Control of Two-Qubit Register

A.5.1 Manipulation of Electronic Spin Qubit

We apply microwave-frequency (MW) drive fields using a coplanar waveguide fab-
ricated on a silicate glass substrate (Ted-Pella, Inc, #260320). Here we use a Sharon
Thermal Evaporator to deposit a three-layer metal structure consisting of a 50 nm
titanium adhesion layer, 1000 nm of of copper and 300 nm of gold. The metal surface
is then coated with Shipley S1813 positive photoresist and a coplanar transmission
line structure is generated using optical lithography (SUSS MicroTec MJB4). The
resist is developed using Microposit MF CD-26 developer and the exposed metal is
removed using Au etch and hydrofluoric acid (HF). The unexposed resist is removed
with acetone and the finished waveguide is cleaned using Buffered Oxide Etch (7:1).

In order to prevent the diamond sample from coming into direct contact with the
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metal, the waveguide is coated with a 20 nm film of aluminum oxide (AlyO3) using
Atomic Layer Deposition (Cambridge NanoTech, S200).

2= B — A in order to rotate

We apply strong MW pulses at the carrier frequency ¢

the electronic spin irrespective of the °N spin state (Hadamard, Pauli-X and Pauli-Y
gates). Here A = 2.87 GHz is the NV center zero-field splitting, 7, = 1.76x10'!
s7! T~ is the electron gyromagnetic ratio and B is the magnitude of the external
magnetic field applied along the NV symmetry axis. For all measurements presented
in this work, strong MW pulses are 12-25 ns in duration. The MW signal is gener-
ated by a Stanford Research Systems SG384 signal generator where the built-in 1Q
modulation inputs are used to control the x and y quadrature amplitudes of the out-
put signal. The MW pulses are gated by a dual-output Tektronix 3052C Arbitrary
Function Generator (AFG), which is in turn triggered by TTL pulses. A second AFG
controls the 1QQ modulation of the output signal.

We apply a weak MW m-pulse resonant with one of the N hyperfine transitions

to implement the C-NOT gate (henceforth referred to as C-NOT,,)

04) = [040),[14) = [14),101) = [11),[11) = [01), (A.1)

where the electronic spin is flipped conditioned on the nuclear spin state. Here the
carrier frequency of the tone is set to 3B — A — A/2, where A ~ 3.05 MHz is the
hyperfine coupling between the NV center electronic spin and the N nuclear spin.
The MW signal is synthesized using a Rhode&Schwarz SMC100A signal generator,
frequency-doubled with a Mini-Circuits ZX90-2-36-S+ multiplier and power boosted
with a Mini-Circuits ZHL-16W-43-S+ amplifier. Setting the duration of the 7-pulse

to ~280 ns yields a frequency profile with a zero at the detuning that corresponds
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to the other ®N hyperfine line, effectively applying a 2m-pulse to the off-resonant
transition.
An external static magnetic field was applied using a permanent neodymium mag-

net on a goniometric stage (Edmund Optics, #66-532).

A.5.2 DModified XY8-k£ Sequence

We optically-polarize the NV center electronic spin into the state |0) and apply
a Hadamard gate to create the superposition state (|0) + [1))/v/2. The spin then
undergoes k periodic m-phase rotations separated by intervals of free evolution, after
which a final Hadamard gate converts any accumulated phase into a measurable
population difference. In contrast to the canonical XY8-k sequence, the k + 2 spin
rotations are implemented using a train of identically-spaced MW pulses where the
amplitudes are controlled via IQQ modulation. The phases of the m-pulses follow the

pattern
(XN Y o[ X]3[Y]a[Y]5[X6[Y]7[X]s - - - [X]h—a[Y k-1 [X], (A.2)

where [X] and [Y] correspond to Pauli-X and Pauli-Y gates, respectively. In order
to cancel the DC component of the magnetic field noise spectrum we require an odd
number of m-pulses. As an illustration, an XY8-11 sequence in this scheme would

have the form
(X2 X [V [ X [V [Y ]2 [ X[V ]2 [ X [ X2 [Y ]2 [ X2 [X] 2, (A.3)

with each pulse separated by time interval 7.
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A.5.3 Manipulation of Nuclear Spin Qubit

A radio-frequency (RF) drive field is delivered through a copper coil positioned
above the diamond sample. We use a high-purity alumina rod as the inductor core
in order to efficiently dissipate heat created by the high power RF pulses.

The RF tone at the carrier frequency A — ¥ B, where vy is the 15N gyromagnetic

ratio, is used to implement the C-NOT gate (henceforth referred to as C-NOT,,.)

04) = 100,101 = [01), 1)) =11, [11) = [11). (A.4)

Here the signal is synthesized using a second Rhode&Schwarz SMC100A generator
and amplified using a ENI A-500 RF amplifier. For all measurements presented in

this work the RF pulses are 50-60 ps in duration.

A.5.4 SWAP Operation

A SWAP operation, which interchanges the nuclear and electronic spin states,
is equivalent to the sequence C-NOT,, — C-NOT, . — C-NOT,,. For repetitive
readout of the electronic spin populations, where the coherence of the final state is

irrelevant, the last C-NOT,),, gate is not strictly necessary.

A.5.5 Quantum Logic-based Readout

The inefficiency of optical readout of NV centers is due to the fact that the optical
excitation used for readout also re-polarizes the NV center spin before enough photons
can be detected to accurately determine its state. In order to improve the readout

fidelity, we utilize a two-qubit quantum register, consisting of an NV center electronic
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spin and its proximal °N nuclear spin. Here, the nuclear and electronic qubits are
coupled through the hyperfine interaction, resulting in the level structure shown in
Fig. A.1, where the |0) and |1) correspond to the ms; = 0 and ms; = 1 magnetic
sublevels of the NV electronic spin, respectively, while the states |]) and [1) denote
the eigenstates of the 1°N nuclear spin ancilla. As shown in Fig. 2.1B of the main text,
by applying a SWAP quantum gate followed by an electronic repumping operation, an
arbitrary electronic spin state a [0)4 3 |1) is stored in the ancilla qubit, resulting in the
state |0) @ (a |4) + 5 |T)), irrespective of the initial nuclear spin state. Subsequently, a
controlled-NOT (C-NOT) gate, implemented using a weak MW pulse resonant with
one of the ®N hyperfine transitions (blue arrow in Fig. A.1), creates the entangled
state a |0 L)+ |1 1). An optical measurement (of duration 800 ns) then projects this
state into either |0 ) or |1 1) and re-polarizes the electronic spin. The sequence of
C-NOT and optical readout is then repeated with each additional cycle (of duration
1.1 ps) yielding more information about the initial spin populations.

In all measurements employing repetitive readout, the transition frequency of the
ms = 0 and my = 1 magnetic sublevels of the NV center is tuned as far as possible
from the excited state level anti-crossing [42]. This ensures that the effect of the
depolarization of the N nuclear spin mediated by hyperfine coupling in the excited
state of the NV center is minimized.

In order to reduce the effect of spurious noise (e. g. slow drift of the ESR line),
the repetitive readout sequence is repeated twice. The first run includes the magnetic
signal acquisition while the second run includes instead a single strong MW pulse,

used for normalization. For all NMR measurements presented in this work, where
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Figure A.1: The level structure of the two-qubit register consisting of a NV center electronic
spin and its associated °N nuclear spin. The driving fields used for coherent control of the register are
indicated. Here A = 3.05 MHz is the splitting of the nitrogen hyperfine levels, v~ is the N gyromagnetic
ratio and B is the magnitude of the external magnetic field applied along the NV symmetry axis.

repetitive readout is utilized, we use 500 readout cycles.

A.6 Theoretical Model of NMR Spectrum

Application of the modified XY8-k pulse sequence with free evolution interval 7
leads to a population signal of the form S(7) = %(1 — cos QS), where ¢ is the total
accumulated phase at the end of the pulse sequence. Averaging over many realizations
of the experiment and assuming that the accumulated phase is Gaussian-distributed

with zero mean, the signal becomes

S(r) = %(1 - e—<¢2>/2> (A.5)

Here the phase variance (¢?) is given by [35]

@)= 2 [~ awssloenr (A9

21 J_
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where 7, is the electron gyromagnetic ratio, Sg(w) is the double-sided magnetic
spectral density and |g(w)|? is the detector filter function. For the modified XY8-k

sequence, the filter function is given by [106]

|g(wT)|? = 2sin® (W) tan? (%), (A7)

where we have neglected evolution during the spin rotations. As shown in [35], the

spectral density for a uniform spin distribution of thickness h is given by the expression

Sp() = 0p(H0T) (Puf™ () + B, f0(w)), (A8)

where p is the spin density, pg is the vacuum permeability, A is the reduced Planck’s
constant and +, is the gyromagnetic ratio of the target nuclear spin species. The
geometrical factors T, and fy depend on the NV depth d and the angle o of the NV

symmetry axis relative to the surface normal and are given by the expressions

- 7w 3cos(4a) —35) | 1 1

Fa(@) = _§< 768 ) [ﬁ  (d+h)3 (A.9)
- _ m(3cos(2a) +5) | 1 1
Fyla) = §( 192 ) @ (d+h)3| (4.10)

For the special case of a [100]-oriented diamond, where the NV symmetry axis makes

a ~54.7° angle relative to the surface normal, these expressions reduce to

~ |1 1
A A1l
Y432 [d?’ (d+ h)3 ( )
~ T |1 1
A (. A12
Y144 [d?’ (d+ h)3 ( )
The transverse correlation functions f** and f¥Y are given by
e 2 I 25 A Al
P70 = gy 2o | (el Fe ) [ (8 =) (A.13)
2 2
Y (w) = I A — A.14
P = g |zl 2y ) | 6 (A — ). (A14)
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where T'r(1) denotes the trace of the identity operator for the target nuclear spin, I
= {I,,I,, 1.} are the generalized spin matrices, and the indices n and m correspond
to the complete set of spin eigenstates of the nuclear spin where the energy difference
of the states is given by w;, . Note that each pair of eigenstates corresponds to two

spectral lines, one at a positive and one at a negative frequency.

A.6.1 NV Center Depth and Decoherence Rate Measure-

ments

In this work the depths of NV centers are measured by immersing the sample
into microscope objective immersion oil and detecting the amplitude of the 'H NMR
signal created at the NV center by the proximal proton spins. For the special case of

protons (I = 1/2), the spectral density in Eq. A.8 corresponds to the expression
Sp(w) = 7(B*)d(w — wp) + T({B*)d(w + wp). (A.15)

where the magnetic field variance (B?) is given by the expression

SPHGHN T,

B?) = :
) = T536ra

(A.16)

Here p is the proton density, pg is the vacuum permeability, py is the nuclear mag-
neton, g, ~ 5.59 is the proton g-factor and d is the NV center depth. In order to
take into account the dephasing and motional effects of the proton bath, we replace
the delta functions above with Lorentzian functions, parameterized by the width ~.

With this substitution, the spectral density becomes.

_ (B (B?)y
P+ (w—wo)?® 7+ (w+wo)?

I6)
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We fit the measured 'H NMR spectrum to the expressions given in Eq. A.5 using the
field spectrum from the expression above. The fitting parameters v and d yield the
coherence timescale of the proton bath and the depth of the NV center, respectively.
A more complete treatment of this topic is provided in [35].

The decoherence rates of NV centers are estimated by sampling the amplitude of
the magnetic field noise spectrum Sp(w) at different frequencies. Here we sweep the
free evolution interval 7 between m-pulses in the XY8-k sequence. The data is fit to
the expression [33]

D(r) = %(1 — exp [—(rf)p]), (A.18)

where I' is the NV center decoherence rate and p is a value ranging from 1-3. All
NMR measurements presented in this work are processed by subtracting the observed
NMR signal from D and dividing by 1 — 2D to reflect the reduced contrast created
by NV decoherence. Here the levels of 0 and 1 correspond to the fluorescence rates

of the my = 1 and my = 0 magnetic sublevels of the NV center, respectively.

A.6.2 Detector Sensitivity and Spectral Resolution

In order to characterize the sensitivity we consider a monochromatic signal with

random phase at frequency 27mwq, corresponding to the field spectrum
Sp(w) = 7(B*)d(w — wy) + T(B*)6(w + wp). (A.19)

The maximum of the NMR signal at this frequency occurs at 79 = 7/wp and is given

by the expression

S(r) = Z—WBQ)T(?(I{ 1) (A.20)
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Here we have made the small signal approximation e~(?*)/2 ~ 1 — (¢?)/2. The max-
imum signal is achieved when the total sequence duration m9(k + 1) is chosen to be
approximately equal to the decoherence time T5. Given a total averaging time T
and a readout time Tx, T'/(T; + Tr) measurements can be performed, yielding the

minimum detectable magnetic field variance § B2, given by

2 Ty +Tg
SB2 e — |2 . A21
wIZV T (4.21)

While this field variance is limited by spin projection noise, the dominant source of

noise in our experiment is photon shot noise, which can be parameterized by the the

NV center fluorescence readout fidelity [22]

N

F = 1—{—2(0&0—{—0&1)/(&0 —a1)2 . (AQQ)

We define the sensitivity figure of merit of our nuclear spin sensing experiment as
the number N of 'H spins, situated on the diamond surface directly above the NV
center, that can be detected with unity signal-to-noise ratio after 7' = 1 second of
integration. The magnetic field variance of a single 'H spin in this configuration is

given by

2 (M0h7p)2
B, ~ 16245 (A.23)

where 7, = 2.68x10% s™* T~! is the proton gyromagnetic ratio, d is the NV center
depth and i is the vacuum permeability. Thus, the sensitivity is given by

1 6B2
N~ (A.24)
F B2

which yields Eq. 1 of the main text.
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Due to the dependence of S(7) on the variance of the magnetic field, the NMR
signal created by a single nuclear spin depends on the NV-spin separation r approxi-
mately as 1/r%. For an extended structure (e. g. an isotropic volume of protons, see
below) the scaling could be significantly weaker. When the dimension of the struc-
ture is smaller than 7, as is the case for the small protein considered in this work, the
scaling is not appreciably different from that of a single nuclear spin.

The spectral resolution I' is given by the linewidth of the filter function and is fun-

damentally limited by the decoherence rate 1/75. In the small signal approximation

the FWHM linewidth W of the filter function in Eq. A.7 is given by

0.886

Wr™ o

(A.25)

As illustrated in Fig. 2.2A of the main text, the oxygen surface treatment com-
bined with quantum logic-based readout yields shallow NV centers with sensitivities
improved by more than a factor of 500 as compared to the same NV centers before
surface treatment and using conventional readout. In Fig. A.2A we compare the sen-
sitivity gain to a selection of previous work reported in the literature [27, 48, 89, 33].
Only studies where the NV depths were measured directly [35], as opposed to esti-
mated from ion implantation simulations, are considered. Here the bars represent the
mean values of the measured NV center sensitivities. The error bars correspond to
75% quantiles for cases when more than a single NV center was measured. We use
a readout fidelity F = 0.2 for the present case when quantum logic-based readout is
used (as shown in Fig. 2.1C). A value of F = 0.03, corresponding to a typical fluo-
rescence rate of 100 kCts/s, a detection window of 250 ns and a fluorescence contrast

of 35% between the m, = 0 and the m, = +1 states of the NV center, is assumed
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for all other cases. In all cases presented here, the coherence time was measured with
an XY8-k pulse sequence with k between 64 and 448. In cases where the coherence
time was measured using more than one value of k, we chose the maximum reported

coherence time for the present analysis.
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Figure A .2: Minimum detectable number of 'H and *C spins as measured in our experiments,
and compared with previous work reported in the literature. (A) The bars represent the following:
1). Measurements presented in Fig. 2.2A of the main text before surface treatment and quantum logic-based
readout (blue points) and after surface treatment and employing quantum logic-based readout (red points).
2). Staudacher et al., Science 339, 561563 (2013), 3). Loretz et al., Applied Physics Letters 104, 033102
(2014), 4). Myers et al., Physical Review Letters 113, 027602 (2014), 5). Romach et al., Physical Review
Letters 114, 017601 (2015) with additional NV centers measured by Ulm and Harvard groups on a nominally-
identical sample. (B) Measurement of 7% using spin lock sequence using an NV center with depth 8.3 + 1.1
nm. Here an initial 7/2 pulse creates a coherent superposition of the ms = 0 and ms = 1 NV sublevels and
a continuous microwave spin lock pulse, with an orthogonal phase, is applied. Subsequently, a second /2
pulse converts the signal into a measurable population difference. Here, the spin lock frequency (6 MHz) is
held constant while the duration of the spin lock pulse is swept. An exponential fit allows us to extract a
1/T? rate of 887 £ 136 s~'. Inset, Measurements of XY8-32, XY8-64 and XY8-128 decoherence rates for
this NV center (blue points) and fit to ~ k?/3 function. The measured value of 1/T7 is indicated by dashed
black line.

The sensitivity can be further improved through several proposed routes. Em-
ploying Hartmann-Hahn double resonance (HHDR), the NMR sequence acquisition

time can be increased from Ty to TY, the longitudinal relaxation time in the rotating
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frame [39]. As shown in Fig. A.2B, we measure coherent spin locking times 77 up
to ~1 ms, more than a factor of 10 longer than 75 with ~100 7-pulses, which could
translate to almost two orders of magnitude of additional increase in sensitivity. Fur-
thermore, HHDR allows nuclear spins to be hyperpolarized, as demonstrated in [39].
This scheme yields a sensitivity figure-of-merit that is linearly, rather than quadrati-
cally, dependent on the nuclear magnetic moment [22], yielding a 10-fold improvement
in detection sensitivity when the nuclear spin relaxation time 77" is longer than the
signal acquisition time. If background protons can be removed from the diamond by
deuterating the surface [27], 'H spins can be used for indirect detection of nuclei with
low magnetic moments [54]. In the specific case 2H or '*C sensing demonstrated here,

this proton-assisted scheme would yield a 16-fold increase in sensitivity.

A.7 Characterization of Protein Attachment

A.7.1 Surface Topography Characterization using AFM

An Asylum MFP-3D Atomic Force Microscope (AFM) is used to characterize the
surface topography of our diamond samples. We operate the AFM in tapping mode
using Olympus AC240TS probes (tip radius 9 + 2 nm, resonance frequency ~70
kHz). The samples are mounted onto glass microscope slides using nonconductive
double-sided adhesive discs. The microscope is calibrated using a 1.5 nm SiC step
calibration sample (Ted Pella 629-90AFM).

After attaching ubiquitin proteins to the diamond surface, we characterize the

resultant topographic features in AFM (Fig. 2.2C) by fitting a Gaussian surface to
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each feature. We define the height and radius of each feature (Fig. 2.2D) as the
maximum and the half-width, half-maximum of the Gaussian surface, respectively.
The zero of height corresponds to the diamond surface and was determined by fitting
several well-resolved features in the four corners of the image where the baseline offset
was left as a free parameter. To determine which features to include in the histograms,
we smooth the raw image with a Gaussian filter with standard deviation of 1 pixel and
define the peaks as all pixels with a higher value than its eight immediate neighbors.
Features with height lower than the diamond surface, likely corresponding to spurious
noise peaks, as well as edge features are neglected. Using four large (1 x 1 pm) AFM
scans, corresponding to three different diamond samples and three instances of the
chemical attachment procedure, we extract a mean spacing of 25.8 4+ 0.4 nm for the
observed topographic features.

Assuming a randomly distributed ensemble of proteins (an assumption validated
by experiments described below), we expect a fraction to be unresolved due to the
resolution limit imposed by the size of the AFM probe. Thus the mean spacing of
observed spots, as extracted using the method described above, underestimates the
number of proteins on the surface. Accounting for this effect, we extract a corrected
mean protein spacing of 21.6 + 0.4 nm.

The proteins can be removed from the diamond surface by repeating the cleaning

procedure outlined in Section A.3, as shown in Fig. A.3.
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Figure A.3: AFM characterization of clean diamond surface. AFM height image of clean diamond
surface acquired using a AC240TS probe. The diamond was cleaned using procedure described in Section A.3.

A.7.2 Protein Density Calibration using Cy3 Fluorophores

In order to independently calibrate the surface density of attached proteins, we
conjugate Cy3 dye molecules to ubiquitin proteins using a commercial conjugation
kit (Abcam ab188287) and attach the resulting complex to the diamond surface using
the chemistry procedure described in Section A.1. The fluorophores are imaged using

the confocal microscope setup described in Section A.4. Here, we use a 2 uW, 532
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nm laser for excitation and detect the dye fluorescence using a 532 notch and a 633
shortpass filter. As shown in Fig. A.4A, the surface yields uniform fluorescence and
the dye can be readily photobleached using continuous laser excitation (Fig. A.4B),
where we observe the expected stretched exponential decay resulting from the range
of photobleaching timescales of fluorophores located in different points within the
Gaussian point spread function. The optical fluorescence spectrum of the surface
(Fig. A.4C) shows the characteristic double-peaked structure of the Cy3 dye spectrum

with a maximum at ~570 nm.
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Figure A.4: Protein density calibration using fluorophores. (A) High concentration of
Cy3-+ubiquitin on diamond surface. (B) Photobleaching timetrace of high density Cy3-+ubiquitin on dia-
mond surface. (C) Fluorescence spectrum of high density Cy3+ubiquitin on diamond surface (D) Low con-
centration of Cy3+ubiquitin on diamond surface. (E) Photobleaching timetrace of a resolved Cy3+ubiquitin
spot. (F) Bare Cy3 dye (no ubiquitin attached) photobleaching step.

We extract the surface protein density in two independent ways. First, we dilute
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our Cy3+ubiquitin solution so that the resulting surface coverage yields well-resolved
spots (Fig. A.4D) and find that the spots fluoresce significantly more below 633 nm
than above this wavelength, consistent with the Cy3 spectrum measured at high
concentration. Fig. A.4E shows a representative photobleaching timetrace of an in-
dividual spot. We image a large number of resolved spots and fit each one with a
Gaussian surface function, extracting a mean fluorescence amplitude of 9.3 £+ 1.1
kCts/s. Here, we acquire three consecutive images of the diamond surface. Only
spots that appear in all three images and those that yield fits with amplitudes higher
than one standard deviation above the background fluorescence level are chosen for
analysis. The maximum fluorescence level of each spot is extracted from an average
of the three images.

Assuming that the observed spots are individual Cy3+ubiquitin complexes, the
mean fluorescence at low concentration allows us to extract a mean protein spacing
at high concentration of 20.9 + 1.4 nm, consistent with that measured in AFM.
Here the error bar corresponds to the uncertainties in the mean fluorescence rate of
individual Cy3+ubiquitin complexes as well as the mean surface fluorescence rate of
Cy3+ubiquitin at high concentration (Fig. A.4A).

As an independent verification, we attach to the diamond surface a dilute con-
centration of bare Cy3 dye molecules and observe their characteristic photobleaching
behavior (Fig. A.4F). From measurements of many such timetraces we extract a mean
fluorescence rate of 1.5 + 0.2 kCts/s. The performed conjugation chemistry described
above is expected to attach a dye molecule to every exposed amine group with high

probability. Assuming that all seven of the exposed Lysine residues in ubiquitin, as
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well as its N-terminus are conjugated with Cy3, we extract a mean protein spac-
ing at high concentration of 23.8 = 1.6 nm, again consistent with that measured in
AFM. Here the error bar corresponds to the uncertainties in the mean fluorescence
rate of individual Cy3 dye molecules as well as the mean surface fluorescence rate of

Cy34-ubiquitin at high concentration (Fig. A.4A).

A.8 NMR of ubiquitin proteins

A.8.1 Protein Samples

Ubiquitin proteins (human, recombinant) labelled with ?H and '3C were purchased
from Giotto Biotech (GO3UBQO1). Ubiquitin proteins labelled with *C were pur-
chased from Medical Isotopes, Inc (C3225). Unlabelled Ubiquitin was purchased from
Sigma-Aldrich (709417). The reagents 1-ethyl-3-(-3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and ethylenediamine were

purchased from Sigma-Aldrich (E6383, 130672 and E26266, respectively).

A.8.2 NV-based *H and *C NMR of ubiquitin proteins

Fig. A.5 shows ?H and *C NMR spectra of ubiquitin proteins, enriched with
deuterium and carbon-13, as measured on three NV centers (NV A, NV B and NV
C, with corresponding depths of 2.9 + 0.2 nm, 3.8 £ 0.1 nm and 3.8 + 0.2 nm,
respectively).

Fig. A.6 (panels A,C and E) shows *C NMR spectra of ubiquitin proteins, en-

riched only with carbon-13, as measured on three NV centers (NV D, NV E and
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Figure A.5: 2H and '*C NMR of deuterated ubiquitin proteins. (A,C,E) 2H NMR spectra of
deuterated ubiquitin performed on three NV centers. (B,D,F), **C NMR spectra of deuterated ubiquitin
performed on the same three NV centers. All spectra are fit with gaussian functions, convolved with the
detector filter function. The filter function is determined by the spectral resolution, shown by green shaded
regions.

NV F with corresponding depths of 3.8 + 0.4 nm, 6.5 £ 0.6 nm and 3.6 + 0.5 nm,
respectively). Panels B, D and F show the NMR spectra (in the 3C spectral range)
measured on the same three NV centers after the proteins have been removed from
the surface. The lineshapes for both the 2H and '*C NMR spectra are approximated
by gaussian functions and convolved with the detector filter function. The shaded
green regions denote the spectral resolution.

Fig. A.7 shows several examples of NMR spectra measured on NV centers where
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Figure A.6: *C NMR of non-deuterated ubiquitin proteins. (A,C,E), "*C NMR spectra of
non-deuterated ubiquitin performed on three NV centers. (B,D,F), *C NMR spectra of the same three
NV centers after proteins have been removed. All spectra are fit with gaussian functions, convolved with the
detector filter function. The filter function is determined by the spectral resolution, shown by green shaded
regions.

no proximal protein was detected. Panels A, C and E show ?H NMR spectra measured
on three NV centers (with depths of 4.7 + 0.3 nm, 4.8 £ 0.4 nm and 4.1 + 0.2 nm,
respectively) after attaching deuterated ubiquitin proteins to the diamond surface.
Here, twenty NV centers were studied in total. Panels B, D and F show 3C NMR
spectra measured on three NV centers (with depths of 4.2 + 0.1 nm, 4.7 + 0.3 nm
and 3.7 + 1.1 nm, respectively) after attaching non-deuterated ubiquitin proteins to

the diamond surface. Here, ten NV centers were studied in total. The shaded green
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regions denote the spectral resolution.
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Figure A.7: ?H and '*C NMR spectra measured on NV centers with no proximal proteins.
(A,C,E), ?H NMR. spectra measured on several NV centers after attachment of deuterated ubiquitin.
(B,D,F), 13C NMR spectra measured on several NV centers after attachment of non-deuterated ubiquitin.

The magnetic field for each measurement is indicated. The microwave frequency

can be determined by multiplying the magnetic field by the appropriate gyromagnetic

ratio (1070.5 Hz/G for 3C and 653.6 Hz/G for 2H). All spectra presented here were

acquired using integration times of approximately one to three days.
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A.8.3 Characterization of Ubiquitin Proteins Using Conven-

tional NMR

We verify the deuteration of the proteins by comparing the 'H NMR spectrum of
?H-labeled ubiquitin proteins to that of the unlabelled protein (Figs. A.8A and A.8B).
Here the samples are suspended at 2 mg/ml in 90% Hy0, 10% D0. We use an
Agilent DD2 600 MHz spectrometer and implement a Double Pulsed Field Gradient
Spin Echo (DPFGSE) pulse sequence to suppress the background solvent signal. The
deuterated-Ubiquitin spectrum is dominated by the NMR-active amide-protons in
the protein backbone while the vast majority of deuterons are not solvent-accessible

and therefore do not contribute to the *H spectrum.

A B

NMR signal [a. u.]
NMR signal [a. u.]

_Mwlwf |

6 4 2 0
chemical shift [ppm]

10 8 6 a 2 0 10 8
chemical shift [ppm]
Figure A.8: Conventional NMR spectra of ubiquitin. (A), Liquid-state *H NMR spectrum of

unlabelled ubiquitin. Here the Double Pulse Field Gradient Spin Echo (DPFGSE) pulse sequence was used
for solvent suppression. (B), Analogous 'H NMR spectrum of deuterated ubiquitin.
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A.9 The Spurious 2/13 Harmonic of 'H

As shown in [107], the spurious 2/13 harmonic of 'H (which is within 0.3% of
the 2H Larmor frequency) can be present in XY8k NMR spectra when coherent
evolution during the m-pulses cannot be neglected. In order to rule out the presence
of this harmonic, we apply an external calibration signal at frequency 10.312 MHz
(simulating a large 'H NMR signal) and measure the NMR spectrum in the vicinity of
the 2/13 harmonic (1.587 MHz). We observe that in addition to the 2/13 harmonic,
the simulated signal produces additional 4/25 and 4/27 harmonics with amplitude
larger than the 2/13 harmonic (Fig. A.9). Due to the absence of these additional
harmonics in our 2H NMR spectra, we rule out that the observed deuterium signals
arise from background hydrogen. We additionally note that the observed deuterium
linewidths are a factor of ~10 larger than that measured on the spurious hydrogen
harmonic, providing additional verification that our signals cannot be attributed to

background hydrogen.

A.10 NYV-based Quadrupolar Spectroscopy of In-

dividual Molecules

A.10.1 Physical Principles of Single Molecule Quadrupolar
Spectroscopy

In this section, we outline the method for determining the structure of a molecule

using quadrupolar spectroscopy. As is well-known from conventional Nuclear Quadrupole
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Figure A.9: The spurious harmonics of hydrogen. Measurement of spurious 4/25, 2/13 and 4/27
harmonics of XY8-k measured using external calibration signal at frequency 10.312 MHz.

Resonance (NQR) [50], a nuclear spin with I > 1/2 possesses an electric quadrupole

moment (). In the absence of a magnetic field, the Hamiltonian of such a spin with
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I =1 (e.g. 2H or N) is given by

e*qQ
Hy=—,

(352 +n (52 —S2)] (A.26)

where e is the electric charge quantum, S, are spin vector operators in direction /i,
and the parameters ¢ and 7 are determined by the local electric field gradient (EFG)
at the position of the nucleus in its principal coordinate system {a’,/, 2/} [108]. The
quantities e2¢gQ and n are conventionally known as the quadrupole coupling constant
(QCC) and the asymmetry parameter (AP), respectively and are typically determined
experimentally for each compound of interest. Defining Q = e2qQ, the eigenvalues of

this Hamiltonian can be computed and are given by

(1£n)
4

1 _
EO - _§Q7E:|:1 = Q7 (A27)

up to a constant shift, with corresponding eigenstates |ms; = 0),|£) = (|ms = 1) +
Ims = —1))/v/2. In general, all three transitions between any two of these eigenstates

have a non-zero matrix element for a spin vector operator, thereby creating magnetic

field noise at the frequencies

vy =310, (A.28)
120 = g@, <A29)

thus allowing both @Q and 7 to be extracted for the zero-field spectrum.

When an external magnetic field is applied, the Zeeman coupling H, = —g,uBg .
B modifies the eigenvalues of the spin states, leading to a change in the magnetic
field noise spectrum. We note that this modification is strongly dependent on the

orientation of the external magnetic field with respect to the spin axes defined by
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Z, 37 and 2. Therefore, by measuring the noise spectrum at various magnetic fields,
one can infer the orientation of the spin relative to the external magnetic field. As
an example, in the limit of small magnetic field B < 7Q/ugg, the second order

correction to the spectral peak positions are given by:

2 (B2, 2B?, B
Av, = 4(%9) (2; + 2 + ﬁ) (A.30)
2 _B2/ BQ,/ 2B2’
AI/_ — 4(#59) (2_; + B—i + 3_%) (A?)].)
Ay =Avy — Av_, (A.32)

from which one can obtain the value of sin? (3 — 1 cos (2¢)), where § and ¢ are polar
and azimuthal angles of B in the principal coordinate system. Complete information
of the orientation can be obtained by varying the orientation of the external magnetic
field.

In contrast to conventional NMR spectroscopy with crystallized samples, the posi-
tion of each spin can also be identified. When the detector is itself a nanoscale object
located in close proximity to the target molecule, the amplitude of each spectral line
depends sensitively on the position of the corresponding nuclear spin relative to the
detector. This spatial dependence arises from the radial and angular dependence of
the magnetic dipole interaction of each nuclear spin with the nanoscale probe. This
effect is illustrated in Fig. A.10A and A.10B, where the magnetic noise spectrum of
a single spin is computed for different positions (S1 and S2) and orientations (S2 and
S3). In general, for given values of the QCC and AP, the 1-dimensional quadrupolar
spectrum is a function of 7, B and principal coordinates 27, v/, /. Therefore, measure-
ment of the spectrum in several external magnetic field (amplitudes and orientations)

yields information about the molecular structure (Fig A.10C). This extraction of spa-
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Figure A.10: Principles of quadrupolar spectroscopy with NV centers. (A), Various positions
and orientations for spins with quadrupolar moments. The axes with #’, 7', 2’ denotes the principal axes for
each spin’s quadrupolar interaction. (B), Three spectral peaks appear for each spin-1. While the resonance
frequencies are determined by the orientation of the principal coordinate system relative to the external
magnetic field B (here chosen such that gusB = 0.5Q), the weights of the resonances depend on the
positions of the spins (S1 and S2). A different orientation at the same position gives a distinct set of spectral
peaks (S2 and S3). We assume a value of 7 = 0.35 for these simulations. (C), Magnetic field dependence of

the three spectral lines shown in (B), blue curve.

tial coordinates of target spins based on magnetic-field dependent spectra is similar
to the procedure used in [52], where the positions of several electronic spins were ex-
tracted based on their orientation-dependent interaction with a proximal NV center.

A typical biomolecule (e.g. amino acid, protein) may contain many inequivalent

quadrupolar nuclei, each with a different principal coordinate system and each pos-
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sessing its own characteristic QCC and AP. In a high-field bulk spectrum, containing
a macroscopic number of randomly-oriented molecules, these orientation dependent
shifts yield a characteristic Pake doublet spectrum [49] for each equivalent (possess-
ing the same QCC and AP) nuclear spin (see Fig. 2.4B, bottom panels). In the limit
when only a single molecule contributes to the observed spectrum, however, the Pake
doublets break up into potentially resolvable lines, with each nuclear spin contribut-
ing three spectral lines. Therefore, the problem of determining the structure of a
molecule, assuming that it is fully determined by the positions of the quadrupolar
nuclei (as in 2H spectra of deuterated proteins), effectively reduces to finding sets of
three spectral peaks corresponding to each nuclear spin and identifying its position
and orientation. We note that this task is essentially equivalent to a pattern match-
ing problem since each spin-1 with a given QCC, AP, position and orientation has
a well-defined dependence on the external magnetic field (as shown in Fig. A.10C
and Fig. 2.4C). We also emphasize that the computational cost of this task is greatly
reduced in case there are known constrains on the structure of a molecule (e.g. the
sequence of amino acid in a protein). The details of this technique will be described

in a forthcoming publication.

A.10.2 Simulations of Quadrupolar Spectra

We illustrate the physics of quadrupolar spectroscopy by considering the model
system deuterated Phenylalanine, one of the essential amino acids that make up
proteins.

In order to simulate the ?H quadrupolar spectrum, we model Phenylalanine as
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an interacting system of deuterons in the C-D, C-D, and aromatic groups of the
amino acid. We neglect deuterons in the amine and carboxylic groups, which readily
exchange with hydrogen in the environment. We assume typical [49, 109] QCC values
of 120 kHz, 110 kHz and 130 kHz for deuterons in the C-D, C-D, and aromatic groups,
respectively. The effects of APs, which tend to be very small for systems of this type
(on the order of ~0.05), are neglected [110]. We assume the quadrupolar axis to be
oriented along the C-D bond in all cases. In order to simulate the *N spectrum, we
use the known values of Q = 1.354 MHz and n = 0.63 [111]. In our simulations the
amino acid is fixed on the diamond surface in one of three configurations (Fig. 2.4B
- top three panels) and an NV center 4 nm below the (100)-oriented surface is used
to probe the variance of the magnetic field fluctuations along its axis. We simulate
applying an XY8-1299 sequence, resulting in a mean spectral resolution of ~5 kHz,
corresponding to a Ty of 200 us. Because of the large quadrupole moment of “N,
the spectral resolution is variable if the number of m-pulses is kept constant during
spectrum acquisition. Consequently, if the optimal spectral resolution is to be used
in all parts of the spectrum, the number of 7-pulses would need to be adjusted
dynamically. In our simulations we assume a constant spectral resolution of ~5 kHz.
We assume an additional 4 kHz broadening arising from the dipolar coupling of each
14N to its nearest 'H spin.

The change in orientation or conformation of an individual Phenylalanine amino
acid, measured by monitoring the amplitude of a single resonance in Fig. 2.4B, can be
detected in approximately ~3 seconds using the techniques outlined in Section A.6.2.

For this estimate, we assume that the target molecule can deterministically be placed
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above a 3 nm deep NV center and that the coherence time can be improved by a

factor of ~3 beyond what was demonstrated in this work.

depth [nm| 1/T5 [kHz| depth [nm] 1/7% [kHz]
NV 1 5.3 £0.1 53.1+46 3.1+£01 13.0+£1.1
NV 2 6.5 £0.1 499 £ 1.5 5.1 0.2 99 +£1.1
NV 3 5.1 +£01 674+£0.7 484+02 594+04
NV 4 5.0£ 0.1 976 £ 238 4001 6908
NV 5 5.6 £0.1 59.2+1.9 53+01 48+04
NV 6 51 +£01 648 £1.0 494+01 79+1.1
NV 7 73£01 330438 6.2+03 50=x06

Table A.1: Experimental measurements of NV depth and XY8-187 decoherence rates 1/75 for several NV
centers before (columns 1 and 2) and after (columns 3 and 4) oxygen anneal. Errors indicate 68% confidence
intervals.
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B.1 Theoretical Model of NQR Spectrum

Here we use the model developed in Section A.6. Diagonalization of the nuclear

Hamiltonian

Q

Hop=—"
@411 — 1)

[313 — P4 (2= 12| + hy1-B, (B.1)

where B is the external applied magnetic field, yields a set of energy eigenvalues
and eigenstates which can be used to evaluate the correlation functions in Eqs. A.13
and A.14. The quantity n, is known as the asymmetry parameter and is related to
the degree of deviation from axial symmetry in a material (for the case of h-BN,
n = 0) [112]. In the absence of an applied magnetic field the eigenstates of Hg define
a principal axis coordinate system. In axially symmetric materials, this coordinate
system is parametrized by a single axis.

In the preceding analysis, we have implicitly assumed that the nuclear spins are

non-interacting. In order to (approximately) capture the effects of interactions we
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replace the delta-function resonances in the magnetic spectral density with Gaussian

functions of width ~:

1 —(w — Awpm)?
§(Awpm — w) — Norse exp [ 57 ] . (B.2)

All NQR spectra presented in this work are evaluated using this model. After nor-
malization (see Section A.6.1), the data are fit using the expression in Eq. A.5, where
the fit parameters correspond to the depth of the NV sensor d, the applied external
magnetic field, the quadrupole coupling constant of the target nuclear spins and the

spectral linewidth ~.

B.2 NMR Sensing Area and Volume

For a two-dimensional distribution of nuclear spins on the diamond surface, the
amplitude of the magnetic field variance signal depends on the depth d of the proximal
NV sensor. In the limit when d is much larger than the typical distance between the
target nuclear spins (so that the sample can be considered a continuous spin density)
approximately 75% of the NQR signal comes from within a circular region of area
7d? on the diamond surface, directly above the NV center. In this work, we define
this region to be the sensing area.

For a three-dimensional spin density, a similar analysis shows that approximately
50% of the signal comes from a half-sphere of volume %Wd3 on the diamond surface,

directly above the NV center. We define this region to be the sensing volume.
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B.3 Number of Detectable Spins

The optimal sensitivity yields the minimum number of detectable spins per unit

averaging time

167T4d6 vV T2 + TR

Nmin ~ 9
(/JJOh’Ye’yn)%F T22

(B.3)

where we assume that the spins are situated on the diamond surface immediately
above the NV sensor [66]. Here Tk corresponds to the readout time and F is the
readout fidelity (see SI). Taking a typical readout fidelity of 0.03, a separation of 4
nm between NV and h-BN flake and the measured corresponding NV coherence time
(~ 150us), we estimate that a single '' B nuclear spin can be detected in approximately
one minute of integration time.

It has been demonstrated [51] that with the use of spin-to-charge conversion read-
out, F can be dramatically increased at the cost of a modest increase in Tg. Using
this technique, we estimate that our sensitivity can be improved to allow detection
of an individual 'B spin, placed directly above the NV sensor, after one second of
integration time. In this estimate we again assume a coherence time of 150 us and
an NV depth of 4 nm. The readout fidelity F = 0.2 and the readout time of 100 us

were taken from experimental data presented in [51].

B.4 Model of Dipolar Interactions

Our model for simulating the nuclear spin linewidths, as presented in Fig. 3.3E,
assumes that the spins within the h-BN crystal (1!B, 1°B and N) interact only via

dipole-dipole coupling. We first consider the case of two nuclear spins. We first
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consider the simple case in which the NV sensor is used to probe a single nuclear
spin (henceforth denoted by subscript 1) while it is being subjected to the magnetic
field corresponding to fluctuations of a nearby nuclear spin (denoted by subscript 2).
These magnetic fluctuations increase the linewidth of the spin being probed, where
the linewidth is given by the root-mean-square (RMS) lineshift and corresponds to

the expression

Ay = [ (02,0,) = Tr(p20%,,), (B4)

where ps is the density operator corresponding corresponding to the spin that creates

the magnetic fluctuations and &2, \n, 18 the lineshift variance, given by the expression

52— [ | Hiy [mr) — (ma] Hone |n1)]2/(27rh)2. (B.5)

mini

Here |m;) and |n;) are the spin eigenstates (determined by diagonalizing H) cor-

responding to the transition being probed and Hj;,; is the dipole-dipole interaction

Hamiltonian
2
iy = 20502 (31 ) (I - 1yz) = Ty - I (B.6)
— 1eleanz | [1B, 4+ VB, + 3B, (B.7)

where the magnetic field operators are defined by the expressions

B, = I — 3(r15 - %) [(r12 R)IE  (r1g - )Y+ (ra - 2)15} (B.8)
B, = I} = 3(ri2-9)|(ri2 - KI5 + (2 - 5)1 + (x12 - )15 (B.9)
B, =I; — 3(r1s - 2) [(r12 CR)IE 4 (tra - §)IY A+ (1o - 2)15]. (B.10)

Here 7, 1 and 7, 2 are the gyromagnetic ratios of the nuclear spins, rys is the separation

vector between the two spins and X,y,Z are unit vectors corresponding to the chosen
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coordinate system.
When more than two spins are included in the analysis the lineshift variances cor-

responding to each spin can be added independently, resulting in the total linewidth

Av = \/Z Tr(pid2, ,,)- (B.11)

All measurements presented in this work are performed at room temperature, where

the spin eigenstates can be assumed to be equally populated. Consequently, the
density operator of all spins corresponds to a fully unpolarized mixture of spin eigen-

states.

B.5 Sample Preparation

B.5.1 Diamond Samples

All measurements reported in this work were performed using three (henceforth
referred to as samples A, B and C) [100]-cut, electronic-grade diamond crystals
(Element Six). The samples consisted of a 50 pm '2C-enriched (99.999% abun-
dance, epitaxially-grown using plasma-enhanced chemical vapor deposition) layer on
a natural-abundance diamond substrate. The isotopically-enriched surfaces of sam-
ples A and C were polished while sample B was left unpolished. Substitutional N and
B concentrations were less than 5 and 1 ppb, respectively. Samples A, B and C were
implanted (Innovion) with a N dose of 10° cm™2] tilt angle of 0° and ion beam
energies of 3 keV, 2 keV and 3 keV, respectively.

After implantation the samples were cleaned in a boiling mixture (1:1:1) of nitric,

sulfuric and perchloric acids. The diamonds were then annealed in vacuum using the
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following procedure: (a) 6 hour ramp to 400°C, (b) 6 hours at 400°C, (c) 6 hour ramp
to 800°C, (d) 8 hours at 800°C and (e) 6 hour ramp to room temperature. After a
second 3-acid clean, the samples were annealed in a dry oxygen environment (Tystar,
Mini Tytan 4600) using the following procedure: (a) ramp to 465°C for 2 hours, (b)
anneal at 465°C for 4 hours, (e) ramp down to 250°C for 2 hours. The samples were
cleaned in a Piranha solution (2:1 mixture of concentrated HySO4 and 30% hydrogen
peroxide) immediately before and after the oxygen anneal. This treatment has been

shown to reduce the decoherence rates of near-surface NV centers [66].

B.5.2 Hexagonal Boron Nitride Samples

Hexagonal boron nitride flakes were produced by mechanical exfoliation of single
crystals grown by a high-pressure and high-temperature process [113, 114]. The flakes
were first exfoliated using wafer tape (Ultron Systems 1007R) onto a Si substrate
with 90 nm of thermally grown SiO, (NOVA Wafer). This thickness of SiOs on
Si has previously been demonstrated to maximize the optical contrast of monolayer
h-BN flakes [115]. To remove tape residue from the exfoliation process, the chip
was vacuum annealed for 30 minutes at 300°C in a rapid thermal annealer. Thin
flakes were identified using an optical microscope and then characterized by atomic
force microscopy, Raman spectroscopy, and optical measurements of second harmonic
generation (see section on identifying h-BN layer thickness).

The thin flakes of h-BN were transferred from the Si/SiOs chip onto a diamond
chip with implanted NV centers by the same dry polymer transfer process used to

create van der Waals heterostructures [116, 61]. First, h-BN flakes were peeled off from
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the SiO4 surface by sequentially pressing a polymer stamp made of polycarbonate to
the surface of the chip, heating to 90°C, cooling to room temperature, and peeling off
the stamp. The picked-up flakes on the polymer stamp were then brought in contact
with the diamond surface while heating to 160°C, causing the polymer stamp and the
h-BN flakes to adhere to the diamond surface. We did not remove the polycarbonate
layer using annealing, as is commonly done, since shallow NV centers are susceptible
to degradation if exposed to the type of vacuum annealing commonly used by the 2D
material community:.

When the h-BN flakes are transferred onto the diamond surface, they become
weakly fluorescent (see Fig. B.1B) and can be colocalized with shallow NV centers.
The h-BN fluorescence can then be readily photobleached by applying a 532 nm laser

for several seconds.

B.6 Experimental Setup

B.6.1 Optical Setup

All NMR and NQR experiments presented in this work were carried out using a
home-built scanning confocal microscope (Fig. B.1A). Optical excitation of individual
NV centers was performed using a 532 nm laser (Coherent, Compass 315M-100) while
the NV fluorescence was detected with a fiber-coupled single-photon counting module
(PerkinElmer, SPCM-AQRH-14-FC). The microscope used a Nikon Plan Fluor 100x
oil immersion objective (NA = 1.3) in an inverted configuration. Lateral steering of

the laser beam was accomplished using a galvanometer (Thorlabs GVS012) while the
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Figure B.1: Schematic of experimental setup. (A) Shallow NV centers are excited with a 532 nm
laser while the NV fluorescence is split from the excitation beam with a beam-splitter and collected using
a photodetector. The surface of the diamond contains a 1-2 nm native layer of water or hydrocarbons
(see Section B.12) while the h-BN flake is protected on the backside by a thick polycarbonate layer. A
layer of immersion oil is added between the glass coverslip (containing the coplanar waveguide used to drive
MW fields) and the polycarbonate stamp in order to increase collection efficiency. (B) Fluorescence image
(excitation at 532 nm, collection using 637 longpass filter) of an h-BN monolayer (indicated with dashed
white outline) and a thick (greater than 50 nm) flake on the diamond surface. While the flakes are weakly
fluorescent, this fluorescence can be readily photobleached by applying a 532 laser for several seconds.

vertical position was controlled with a piezoelectric stage (Physik Instrumente P-721
PIFOC). Pulses of laser light were gated using an acousto-optic modulator, which
was controlled through TTL pulses delivered using a pulse generator (Spincore Tech-
nologies 500 MHz PulseBlasterESR-PRO). Additional details on this optical setup

can be found in [66].

B.6.2 Microwave Setup

We apply microwave (MW) drive fields to the NV sensor using a Stanford Research

Systems SG384 signal generator. Here the phase of the waveform is modulated us-
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ing a built-in 1) modulator, which is triggered using a two-output Tektronix 3052C
Arbitrary Function Generator (AFG). The MW pulses are gated with a Mini-Circuts
switch (ZASWA-2-50DR+), which is controlled using a second Tektronix 3052C AFG.
The gated signal is amplified using a Mini-Circuits ZHL-16 W-43-S+ amplifier and de-
livered to the NV center via a home-built coplanar waveguide. Here we deposit layers
of Ti (50 nm), Cu (1000 nm) and Au (300 nm) on a glass coverslip (Ted-Pella, Inc,
#260320). A transmission line pattern is created using photolithography (SUSS Mi-
croTec MJB4) where the exposed metal is removed using Au etch (Cu and Au) and
dilute hydrofluoric acid (Ti). Additional details on our microwave setup can be found

in [66].

B.7 Modified XY8-k Pulse Sequence

All NQR measurements presented in this work utilize a modified XY8-k pulse
sequence. Here the NV electronic spin state is optically polarized [31] and prepared
in a superposition of the magnetic sublevels m; = 0 and m, = 1. The state is then
periodically flipped with k m-pulses, applied at frequency f (not to be confused with
the carrier frequency of the MW field, which is close to the NV zero-field splitting
of ~2.87 GHz [29]). The spin evolution during the control sequence is governed
by the time-dependent components of the local magnetic field (which may include
contributions from proximal nuclear spins). Any accumulated phase at the end of the
control sequence can be converted to a measurable population signal with a final /2
pulse and measured via spin-dependent fluorescence under optical pumping [31].

In contrast to the more canonical XY8 sequence [27, 38, 69], in which the free
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evolution intervals immediately after the initial /2-pulse and immediately before the
final 7 /2-pulse are half as long as those between subsequent m-pulses, the k+ 2 pulses
comprising our modified sequence are separated by identical free evolution intervals.
The amplitudes of the m and 7/2 pulses are controlled through 1Q modulation. The

phases of the pulses are applied using the following pattern:
(X [Y [ X]s[Ya[Y]5 [ X]6[Y]7[X]s - - [Xo—2[Y 1 [X]k, (B.12)

where [X] and [Y] correspond to rotations about the x and y axis, respectively. In
order to cancel the DC component of the magnetic noise spectrum, an odd number

of m-pulses is required. As a specific example, an XY8-11 sequence has the form
(X2 XY [ [ X]n [V [Y [ X2 [V ] [X ][ X2 [V ] [X ][ X 2, (B.13)

where each pulse is separated by free evolution interval 7. The modulation frequency

is defined as the inverse of this free evolution interval, so that f = 1/7.

B.8 NV Magnetic Sensitivity

As shown in [66], the optimal magnetic sensitivity, defined as the minimum vari-

2

ance signal 0B, detectable in time ¢, is achieved when the total sequence duration

is approximately equal to the spin coherence time 75 of the NV sensor and is given

by the expression

\/¥N 7T2 \/T2+TR.

S B2 ~
wF T3

min

(B.14)

Here Tk is the readout time (which is negligible for the conventional optical readout
1

used in this work) and F = [1+2(a0+a1)/(a0 —ay)? % is the readout fidelity, where
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ap and a; are the average number of photons detected, per measurement, from the
ms = 0 and m, = 1 spin sublevels of the NV center, respectively. For typical readout
fidelities of ~0.03, the control sequence must be repeated many times (>1000) in
order for the flourescence of the my = 0 and mg = 1 sublevels to be distinguished.
As can be seen from Eq. XX, the sensitivity depends strongly on the coherence
time 75, which in turn depends on the number of applied pulses k in the XY8-k
sequence and the details of the interaction between between the sensing qubit and
its environment. In most cases of interest, the coherence time tends to increase with
increasing k. As a specific example, for a Lorentzian noise bath in the limit of long
correlation time [117] the coherence time increases as Ty, = Ty k%3 where TyF is
the spin echo (single m-pulse) coherence time. In this case the optimal sensitivity

becomes (neglecting Tg)

1

where f = 1/7 is the modulation frequency. As can be seen from Eq. XX, the sen-
sitivity becomes dramatically worse for low-frequency signals. This effect illustrates
the reasoning behind detecting N at high magnetic field (see Fig. 3.3C).

The intrinsic NV decoherence manifests itself as an additional exponential decay

factor in the population signal [33]:
1 p
S(r) = 5(1 _ (¢l )2-n) ) (B.16)

where I' = 1/T5 is the NV decoherence rate and p is a parameter that varies between
1 and 3. In all figures presented in this work, the intrinsic decoherence is normalized

out.
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B.9 Density Functional Theory Simulations

Historically, the nuclear quadrupole splitting was detected by experiments such as
Mossbauer spectroscopy, and is caused by the coupling between the nuclear quadrupole
moment and the local electric field gradient that arises from the nearby electronic
charge density. Advances in understanding of this effect have been significantly aided
by the development of first-principles density functional theory (DFT), a method for
obtaining accurate electronic charge densities in the ground state. Excellent agree-
ment between DFT results and experiment in what concerns the nuclear quadrupole
splitting has been demonstrated for various materials, for example Fe [118]. This
is evidence that DF'T describes accurately the electric field gradient, which depends
sensitively on the electron density near the nucleus [119].

We employ an all-electron full-potential linearised augmented-plane wave (FP-
LAPW) DFT calculation, implemented in the ELK code [120]. The core states near
the nucleus, included in this all-electron formalism, are crucial for accurate electric
field gradient (EFG) tensor evaluations. The local density approximation (LDA) [121]
exchange-correlation functional is used with a reciprocal k-grid size of 13x13x5 for
bulk h-BN and 13x13x1 for the bilayer and monolayer h-BN crystals. In the all-
electron code, the wave function behaves differently near the atomic cores and in
the interstitial space between the cores, which are divided by a muffin-tin radius
Ryt = 0.61a. The maximum angular momentum used for the augmented-plane wave
is 10 and the plane wave basis for the interstitial region has a cutoff 8 Ry;;.. We obtain
the EFG tensor at the nuclear sites from the converged ground state electron density

at the in-plane lattice constant determined by total-energy minimization.
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We further investigate the effects of strain on the electric field gradient at the
nucleus. We numerically calculate the response of the EFG to variations in the inter-
layer spacing (Fig. B.2A). Here the EFG approaches the monolayer value for spacing
higher than ~5 4. If the strain is assumed to be in-plane it can be described by the
displacement field @ = (u,, u,). Locally, the strain field is characterized by w;; = O;u;
with ¢ = 2,y and u,, = Oyuy + Oyu,. Assuming a slowly varying DC strain field
in space, the changes in the local electric field gradient tensor at the nucleus can be

expanded up to the linear leading order of u;; as:
Mgpc ~ Mgpg + t (e + Uyy) My + o[ (Uae — tyy) Mo + gy Ms] (B.17)

with unperturbed electric field gradient tensor Mg = AgM; and the 3 x 3 matrices

M; whose form is constrained by the Ds;, group theory representation for the h-BN

crystal:
~1 0 0 1 0 0 010
Mi=1|0 -1 0o|l.Ma=10 -1 o|.Ms=1{1 0 0}, (B.18)
0 0 2 0 0 0 000

For the bulk h-BN crystal, the DFT estimates are: A\g = —1519.5 V/nm?, ¢; = 1210.5
V/nm? and t, = —3921.1 V/nm? at in-plane lattice constant ¢ = 2.50 a and c-
axis 3.33 & for the boron sites. In the case of in-plane isotropic strain, the lattice
constant to a + da with u,, = uy, = da/a, uyy = 0, 0Mgre = 2t1Mi0a/a which
gives 0V., = 4t10a/a (see Fig. B.2B). This dependence of the EFG on the in-plane
lattice constant implies that lattice constant changes as small as ~50 femtometers

(corresponding to 1 kHz shift in @) can be detected using our technique.
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Figure B.2: Sensitivity of EFG to changes in lattice constants. (A) Variations of bulk EFG as
a function of inter-layer spacing (blue). The curve approaches the monolayer value (red) when the layers
are far apart. Dashed black line indicates bulk h-BN layer spacing of 3.33 A. (B) Variation of bulk EFG
as a function of in-plane lattice constant. Blue and red curves denote the bulk and monolayer variations,
respectively.

B.10 Point Charge Model of EFG Shift

In order to qualitatively understand the origin of the observed EFG shift in the
monolayer and bilayer configurations we consider a simple toy model in which the in-
plane sp? electrons are modeled as classical point charges at interstitial sites between
the boron and nitrogen ions. In order to preserve charge neutrality we assign a
charge of —8/3e to the valence electrons and +3e and +5e to the boron and nitrogen
ions, respectively. Here e is the elementary charge. The EFG at the boron site
is calculated by summing up the proximal point charges in the monolayer, bilayer
and bulk configurations. We find that the fractional EFG shift (relative to bulk) is

—0.015% and —0.03% in the bilayer and monolayer configurations, respectively.
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B.11 Determination of h-BN Thickness

To identify monolayer and bilayer h-BN flakes we use three techniques: relative
intensity of the h-BN Raman peak at 1366 cm ™!, relative intensity of second harmonic
generation (SHG), and atomic force microscope (AFM) height measurements.

First, thin flakes are identified in an optical microscope under white illumination,
where candidate monolayer and bilayer flakes have the faintest optical contrast. To
determine the specific number of layers in a flake, we measure the intensity of the
characteristic h-BN Raman line near 1366 cm~!, which scales with the layer thick-
ness [115]. Fig. B.3A shows the background-subtracted Raman spectra for a series of
flakes of different thicknesses. The spectra clearly separate into discrete groups and
are differentiated by a well-defined intensity step. We find that the Raman signal
intensity accurately identifies monolayer and bilayer flakes, while Raman frequency
shifts varies sample to sample, possibly due to the variations in strain. We verify that
the discrete intensity steps correspond to thickness changes of a single monolayer by
AFM height measurements at step interfaces within the flakes (Fig. B.3B). Given the
regularity of the intensity change with layer number, we conclude that the flakes in
the group with the smallest Raman intensity must be monolayers.

As a final confirmation, we compare optical SHG for different numbers of layers.
SHG should only occur in h-BN flakes with an odd number of layers due to a lack of
inversion symmetry [122]. Figure B.3C (bottom) shows the result of a SHG measure-
ment (excitation with 880 nm light and collection at 440 nm), where the flake region
identified by Raman spectroscopy to be a monolayer exhibits a strong SHG signal

while the adjacent bilayer region shows no SHG signal.
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Figure B.3: Identification of monolayer and bilayer flakes of h-BN. (A) Raman spectroscopy of
thin h-BN flakes. Intensity of the E2g Raman peak is proportional to the number of layers. (B) Atomic
force microscope height image (top) of the interface between a monolayer and bilayer flake showing a step
height of ~0.4 nm. Bottom plot shows a cross-section of the step. (C) White light reflection image of the
same h-BN flake (top). The monolayer and bilayer regions are labeled by numbers 1 and 2. Middle panel
shows a scanning confocal laser image of same flake with excitation and collection at 440 nm. Bilayer region
shows greater reflection. Bottom panel shows SHG contrast measured by exciting with 880 nm light and
collecting at 440 nm. The monolayer region shows strong SHG signal due to broken inversion symmetry,
while the bilayer region shows no SHG signal.

B.12 Measurements of 'H NMR

It has been shown that diamond samples exposed to ambient laboratory con-
ditions, even briefly, contain a 1 to 2 nm layer of adsorbed water or adventitious
hydrocarbons [69, 48] on their surfaces. We use 'H NMR to probe this layer.

As in our NQR experiments, a modified XY8-%k pulse sequence (see above) is
used to collect information about various Fourier components of the local magnetic
noise spectrum. The magnetic field is aligned with the NV symmetry axis and the
magnitude of the field is tuned such that the 'H resonance (which coincides with the

Larmor frequency for a spin-1/2) is at some specified modulation frequency.
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Figure B.4A shows a typical 'H NMR signal at 163 G. Here the NV center is
located under a h-BN bilayer and also exhibits a !B NQR resonance. The data is
fit to a model function, similar to that discussed in Section A.6 (see [35]). Based
on the depth of this NV center extracted from the ''B NQR spectrum (5.0 & 0.1
nm) — or more precisely, the distance of the NV center from the h-BN flake — the
amplitude of the 'H signal is far larger than would be expected for a 1 nm layer of
water or hydrocarbons. Indeed, in our experiments the h-BN flake is protected on
the backside (see Fig. B.1A) by a thick (greater than 1 um) layer of Poly(Bisphenol
A carbonate), containing 40 protons per nm?. This large 'H signal (effectively from a
proton halfspace) allows us an independent estimation of the NV depth. As shown in
Fig. B.4B for three representative NV centers, the depths extracted from 'H NMR are
smaller than those extracted from !B NQR by 1 to 2 nm. This result is in excellent
agreement with literature values reported previously [69]. In our estimation of the
depth from the 'H signal, we assume that the proton density in the adsorbed surface
layer is the same as that in the polycarbonate film.

The presence of proximal proton spins on both sides of the h-BN flake also pro-
vides a possible mechanism for explaining the NQR line broadening observed in some
monolayer and bilayer spectra (Fig. 3.4B). Here we estimate the presence of a single
'H spin, separated from a ''B spin by 2 4, would increase the linewidth to ~22 kHz.
An additional mechanism that could potentially account for broadening of NQR lines
is local strain, which would lead to an inhomogeneous distribution of ) and non-zero
asymmetry parameters 7.

Surprisingly we found that while some NV centers under a monolayer h-BN flake
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were shallow enough (based on their 'H signal) to yield a NQR signal, they showed
no obvious ''B signal. A possible explanation of this effect is hydrocarbon bubbles
that have been shown to form under h-BN flakes [123]. In this case, for some NV

centers the flake is simply too far away to be detectable via NQR.
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Figure B.4: Probing the native layer of water or adventitious hydrocarbons on the diamond
surface. (A) Typical 'H NMR signal taken on shallow NV (under an h-BN bilayer) using a XY8-11 pulse
sequence. Magnetic field is 163 G. (B) The extracted depths for three representative NV centers using 'H
NMR, (blue) and **B NQR (green). Error bars are 1-sigma uncertainties.
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C.1 Materials and Methods

C.1.1 Diamond Samples

The samples used in this work were polished, single-crystal electronic grade di-
amonds grown by chemical vapor deposition (Element Six). The diamonds were
{100}-cut, and contained substitutional nitrogen and boron in concentrations less
than 5 parts per billion (ppb) and 1 ppb respectively. Prior to implantation, the
diamond surface was etched approximately 1 pm, using an Ar-Cly plasma etch (25
sccm Ar, 40 sccm Cly, ICP RF 400 W, bias RF 250 W, duration 150 s), followed
by an O, plasma etch (30 sccm Oq, ICP RF 700 W, bias RF 100 W, duration 150
s). Nitrogen implantation was done by INNOViON Corporation using a >NT dosage
of 102 ecm™2 and an implantation energy of 3 keV, corresponding to a SRIM calcu-

lated depth of (5.3 £ 2.2) nm. The implanted diamonds were annealed in vacuum
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using the following procedure: (a) 2 hour ramp to 400°C, (b) 4 hours at 400°C, (c)
2 hour ramp to 800°C, (d) 8 hours at 800°C and (e) 4 hour ramp to room tempera-
ture. After annealing, the diamonds were cleaned in a 3-acid mixture (equal volumes
of concentrated HySOy, concentrated HNO3, and 1 M HCIOy4) for two hours under

reflux conditions, followed by air annealing for 10 hours at 420°C.

C.1.2 Optical Setup

We used a home-built scanning confocal microscope to optically address and read
out single NV centers. The diamond was placed with NV-side down on top of a
No. 0 glass coverslip. The inverted Nikon Plan Fluor 100x oil immersion objective
(NA = 1.3) was positioned under the coverslip. Its vertical position is controlled
with a piezoelectric scanner (Physik Instrumente P-721 PIFOC) and the lateral posi-
tion of the laser beam focus was controlled with a closed-loop scanning galvanometer
(Thorlabs GVS012). Optical excitation was performed with a 532 nm laser (Infor-
mation Unlimited, MLLIII532-200-1) modulated with an acousto-optic modulator
(Isomet Corporation, 1250C-974) in a double-pass configuration. NV center fluores-
cence was filtered with a 532 nm notch filter (Semrock, NF03-532E) and a 633 nm
long-pass filter (Semorck, LP02-633RU) and collected using an avalanche photodiode
(PerkinElmer, SPCM-AQRH-14-FC). The TTL voltage pulses used in our measure-
ments were produced using a 400 MHz PulseBlasterESR-PRO pulse generator from

Spincore Technologies.
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C.2 Sample Preparation

C.2.1 Diamond Surface Cleaning Procedure

The diamond cleaning procedure was optimized to minimize background fluores-
cence and to ensure that the surface was terminated with carboxyl groups. The
samples were cleaned in a 3-acid mixture (equal volumes of concentrated HySOy, con-
centrated HNOj3, and 1 M HCIO,) for 4 hours under reflux conditions, followed by
concentrated ultrapure (99.999%) HNOj3 at 90°C for 1 hour, 1.0 M of NaOH at 90°C
for one hour and 1.0 M of HCI at 90°C for one hour. The diamonds were washed

with ultrapure water after each step.

C.2.2 Gd?t-Molecule Attachment Procedure

Gd*T molecules were synthesized and purified using methods discussed in [124].
To activate the surface carboxyl groups, the diamonds were treated in a solution of 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 100 uM) and N-hydroxysuccinimide
(NHS; 100 pM) at room temperature for 12 hours. After rinsing with ultrapure water,
the diamonds were placed in a 1 mM Gd3**-molecule solution and reacted at room
temperature for 2 hours. The diamonds were then rinsed with ultrapure water. The
surface density of attached molecules could be decreased by diluting the Gd-ligand

solution.
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C.2.3 Gd?t-Molecule Removal Procedure

We repeated the cleaning procedure described above to hydrolyze the peptide

bonds and remove the Gd?t molecules from the diamond surface.

C.3 Determination of Gd**-Molecule Surface Den-
sity

C.3.1 Atomic Force Microscopy

We used an Asylum MFP-3D atomic force microscope (AFM) in AC mode to
image the surfaces of our diamond samples, in air. The probes (Nanosensors SSM-
FMR) had a spike radius of (3 + 2) nm and a resonant frequency between 45 and
115 Hz. Samples were mounted onto cover slides using SPI die-cut nonconductive
double-sided adhesive discs. The AFM trace and retrace data were averaged together
linearly.

A typical AFM height image of a diamond surface after Gd** molecule attach-
ment is shown in Fig. C.1A. We determined the mean separation between the surface
molecules to be in the range 20 nm to 25 nm. The radii of the circular features
(see Fig. C.1C) are consistent with the lateral resolution limit imposed by the AFM
tip while the height (see Fig. C.1B) is consistent with that expected for single Gd>*
molecules, estimated from bond lengths and angles. The orientation of the molecules
on the surface in ambient conditions is unknown, and the variation of orientations

likely contributes to the range of AFM spot heights.
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Figure C.1: Determination of the size of a single Gd** molecule. (A) 350 nm x 350 nm AFM
height image of a diamond surface with Gd®*T molecules attached. (B) Histogram of the heights of the
circular features in an larger AFM image, of approximate size 3 pm x 3 pm. The mean height of a single
Gd** molecule is determined to be (8 #+ 3) A. (C) Histogram of the radii of these features. The mean radius
of a feature that corresponds to a single Gd** molecule is found to be (7 + 2) nm.

To confirm that these surface features are indeed single Gd** molecules, we at-
tached to each molecule a single Cy3 fluorescent dye, attached the resulting Cy3-Gd3*
molecule to the diamond surface, and correlated the Cy3 fluorescence rate observed
in our confocal microscope with the surface density observed in the AFM images.
We calibrated the fluorescence rate of a single Cy3-Gd®** molecule by attaching an
optically resolvable concentration (achieved by diluting the stock ligand solution) of
these molecules to the diamond surface and monitoring the fluorescence rate in the
542 - 633 nm band, filtering out fluorescence from NV centers (Fig. C.2A). A typical
fluorescence time trace of a single Cy3-Gd** molecule under CW 532 nm illumination
(2 puW) is shown in Fig. C.2B and displays a photo-bleaching pattern characteristic
of a single-molecule emitter. We detected a mean fluorescence rate of 1200 pho-
tons/second from a single fluorescent Cy3-Gd>* molecule. At high concentration, the

surface molecules were no longer optically-resolvable (Fig. C.2C) but the fluorescence
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rate in a diffraction-limited focal spot suggested a mean surface density in the range
1/(20 nm)? to 1/(25 nm)?, consistent with that obtained in AFM measurements de-
scribed above. Finally, inspection of this area of the surface in the AFM revealed
circular features with height, radius and density that were in good agreement with

those found after attaching Gd®*™ molecules (see Fig. C.2D).
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Figure C.2: Determination of Gd*" molecule surface density. (A) 20 um x 20 pm fluorescence
image of single Cy3-ligand molecules. (B) Photobleaching of a single Cy3-ligand molecule under CW 532
nm laser illumination (2 pW). (C) 3 pm x 3 pm fluorescence image of a diamond surface saturated with
Cy3-ligand molecules. (D) 1 pm x 1 pm AFM height image of the same diamond surface as in Fig. C.2C.

We conclude that the observed features are indeed single Gd®* molecules. We note

121



Appendiz C: Supporting material for Chapter /

that the surface concentration could be controlled by diluting the ligand solution and
our attachment procedure resulted in a uniform distribution of molecules, with little
aggregation.

These molecules are attached to the diamond via the surface carboxylic groups.
Some surface carboxylic groups may be chemically unreactive (due, for example, to
steric hindrance by neighboring surface groups, or other surface structure considera-
tions [125, 126, 127]) and do not attach the Gd** molecules. From our measurements
we conclude that the surface density of the “reactive” carboxylic groups is in the

range 1/(20 nm)? to 1/(25 nm)?.

C.4 Co-localization Procedure

C.4.1 AFM Drift Correction

It took on the order of an hour to acquire each of the AFM scans used in our
measurements. During that time, the AFM image underwent lateral drift, with typical
magnitude of 10 nm per hour to 100 nm per hour. This introduced a shift in the
relative positions of the features at the top of an AFM image, taken near the beginning
of a scan, relative to the features at the bottom of an AFM image, taken near the
end of the scan. In order to correct for the drift, we always acquired two consecutive
AFM scans of the same area of the diamond surface, and, using numerical image
processing, extracted the magnitude of the drift. We then corrected each of the two

images for this drift, and averaged them together.
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C.4.2 Co-Localization Steps

We determined the separation between an NV centre and the nearest Gd3™ molecule
in a three-step co-localization procedure. First, the diamond surface was coated (via
electrostatic attachment) with an optically resolvable density of 100 nm-diameter gold
nanoparticles. These nanoparticles fluoresce in the same spectral region as the NV
centers, and thus could be observed simultaneously with NV centers in our scanning
confocal microscope. We compiled a map of the surface positions of these nanopar-
ticles, together with a map of the NV centers in the same region (Fig. 4.2A). In the
second step, the surface topography of this diamond was measured using the AFM
(Fig. 4.2B). The gold nanoparticles could be clearly seen, together with a number of
topographic features (pits and scratches) in the diamond surface, thus enabling us
to compile a map of the positions of these surface features relative to the nanopar-
ticles. Finally, after cleaning off the nanoparticles, we attached Gd** molecules to
the diamond surface, and the diamond surface topography was measured using the
AFM, yielding a map of the positions of the Gd3** molecules in relation to the surface
features. We used these three maps to deduce the positions of the Gd*T molecules

relative to the NV centers (Fig. 4.2C).

C.4.3 Co-Localization Uncertainty

The uncertainty in the position of an NV center relative to the Gd3* molecules
on the diamond surface was estimated by combining the uncertainties in each of the
co-localization steps in quadrature. The dominant uncertainty, on the order of 10

nm, arose when matching the fluorescence and AFM maps of the nanoparticle posi-
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tions. We used between 9 and 15 nanoparticles in this step. Their coordinates were
extracted from Gaussian fits to the fluorescent spots in the confocal scan, and from
spherical-dome fits to the corresponding features in the AFM scan. We deduced the
position of the NV center in the AFM image by finding the transformation (scal-
ing + rotation) that most accurately maps the fluorescence-scan coordinates of the
nanoparticles to their coordinates in the AFM image and applying this transformation
to the NV center fluorescence-scan coordinates. In order to estimate the associated
uncertainty in the NV center AFM-scan coordinates, we ran Monte Carlo simulations
that shifted each of the nanoparticles by a randomly-oriented normally distributed
vector with a standard deviation equal to the mean distance between the transformed
fluorescence-scan coordinates and the AFM-scan coordinates of the nanospheres, and
then calculated the resultant NV center AFM positions. We set the uncertainty in
the NV center AFM coordinates to be equal to the standard deviation of the result-
ing Gaussian distribution of the NV positions, see Fig. C.3. A similar procedure was
implemented to estimate the uncertainties arising from the other two co-localization

steps. The resulting total uncertainty was typically 15 nm.

C.5 Derivation of [';,j,ccd

We describe an NV center interacting with a bath of Gd*™ molecules by the

Hamiltonian (h = 1)

A 1
H = 5 9= + 5 IHB [B:(t)oe + By(t)o,] (C.1)
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Figure C.3: Determination of co-localization uncertainty. (A) The transformed fluorescence image
coordinates of an NV center (red circle with a cross) and the gold nanoparticles (all the other red crosses)
overlayed on the AFM image coordinates of the same gold nanoparticles (blue crosses). (B) Monte Carlo
simulation used to determine the error on the NV center position in Fig. C.3A. The red circle with a cross
shows the most probable position of the NV center (normalized to the origin) while the blue dots show
the distribution of possible positions that arise from the imperfect overlap of the fluorescence and AFM
coordinates in Fig. C.3A. We take the standard deviation of the distribution of these positions to be the
co-localization uncertainty. For the NV center shown this is approximately 10 nm, and the average value
for all the NV centers is 15 nm.

where A ~ 2.87 GHz is the zero-field splitting of the NV center, g &~ 2 is the electron
g-factor, p1p is the Bohr magneton, o, . are the Pauli spin operators, and B, ,(t) are
the transverse components of the fluctuating magnetic field created at the NV center
by the proximal Gd3* spins. Here we consider the dynamics within the two-level
subspace spanned by the states |0) and |1) of the NV center ground state triplet and
treat B(t) as a classical variable. The z-axis is chosen to be along the symmetry axis
of the NV center and we ignore the term %gu sB.(t)o, since its effect is suppressed

by the large zero-field splitting. We take the state of the effective two-level system to
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be

[9(t)) = a(8)[0) + B(#)[1). (C.2)

For an NV center initially prepared in the |0) state, first-order time-dependent per-

turbation theory in the interaction pictures gives [128]

80 = Srans [ drl(a 0 Butr) + (o (0B = Shans [ e B (o)

(C.3)
for the amplitude of state |1). Here B is the transverse component of the fluctuating
magnetic field. Averaging over the classical variable B, (1), the transition probability

is given by

Py(t) = B(t)] = EQQH%/O dﬁ/o dre” 2B (11) BL(T)). (C.4)

Using the Wiener-Khinchin theorem, the transition rate becomes

1
Los1 = 192MZBSB(_A>7 (C.5)

where Sp(—A) is the power spectral density of By (7). Similarly, if we start with the

NV center in state |1), the transition rate is given by

1
[0 = ZQQ#QBSB(A) (C.6)

Treating the fluctuating field as a classical variable imposes the condition that (B, (7)B,(0))
is real and thus I'1_,o = I'g_,; = I'. For the specific case of the NV center interacting

with a fluctuating Gd3* spin, we assume a telegraph noise spectrum given by

SB(A) - ”)/2—|-A2

(C.7)
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where (B?) is the time-averaged magnetic field component, perpendicular to the NV
axis, produced at the NV center by the Gd** spin and v = 1/T'%? is the characteristic
spectral width (see Fig. 4.3A of the main text) given by the Gd*' relaxation rate.
To calculate the induced relaxation rate in our experiment we must account for
the 3-level structure of the NV center and consider the transition rates between levels
|0) and | — 1) of the ground state manifold. Because our measurements of the relax-
ation rates are done in earth magnetic field, levels |1) and | — 1) are approximately

degenerate and we assume that
F0_>_1 ~ F0_>1 =T. (08)

Accounting for the 3-level structure, the |0) state population evolves in time according
to

2 1 2
PO(t) = -+ 56_3” = -+ Z ¢~ Vinduceal (C,Q)

where the effective induced relaxation rate is I';,guceq = 31

A single fluctuating Gd** magnetic dipole moment p a distance r away from the
NV center creates the magnetic field (B?) = 4u?/3r®. For a Gd*" ion with spin
S = 7/2, the dipole moment is p = g,uB\/m.

Combining the above expressions, we obtain the scaling of the NV-center sublevel

population relaxation rate induced by a single fluctuating Gd** ion a distance r away:

S(S+g'uy v
7«6 ,}/2_|_A2'

Finduced =2 (ClO)

The NV-center sublevel population relaxation rate induced by other paramagnetic

species (such as other lanthanide ions) can also be calculated using this expression.
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C.6 Co-localization Simulation

The Monte-Carlo simulations of the experiment, shown in Fig. 4.4, were performed
as follows. For a random distribution of Gd** molecules on the diamond surface, the
separation between the NV center and the proximal Gd*T molecule was computed,
together with the induced NV center relaxation rate. The mean spacing between Gd3*
molecules was taken to be 20 nm, to be consistent with the AFM measurements, and
the AFM co-localization uncertainty was taken to be 15 nm. The Gd3* electron-spin
relaxation rate has been measured in a number of MRI contrast agents [77], and
depends on several factors, such as the local crystal field environment of the Gd3*
ion, and the rotational correlation time for solution-phase measurements. Given the
range of values quoted in Ref. [77], this relaxation rate in our experiments is likely
to be between 1 and 100 GHz . For the Monte-Carlo simulations we took a value
of 10 GHz, which produced the best agreement between the simulation and the data
points, as measured by the Kolmogorov-Smirnov Z-statistic test (see below). The
simulations contain 10° realizations of the experiment. The color scale in Fig. 4.4
(inset) shows the probability density of obtaining a particular NV center relaxation
rate for a given measured separation between the NV center and the proximal Gd3*
molecule.

In order to quantify the agreement between the experimental data points and
the expected Gd**-induced NV center relaxation, we calculated reduced chi-squared
statistic for the experimental data and the model presented in Section C.5: 2 = 0.8.
The agreement between the data points and the Monte-Carlo simulations is hard to

quantify rigorously. A commonly used nonparametric technique is the Kolmogorov-
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Smirnov test, which quantifies the discrepancy between two statistical distributions [129].
Whereas this test is not distribution-independent for multivariate datasets, it is still a
useful measure of the goodness-of-fit [130]. The value of the two-variable Kolmogorov-
Smirnov Z-statistic for the data shown in Fig. 4.4 (inset) is 1.1, which indicates that
the data points are consistent with the simulated distribution. The agreement deteri-
orated when the simulation was done for other values of NV depth, Gd3* relaxation
rate, Gd** molecule spacing, and co-localization uncertainty. We note that the aver-
age NV center depth has the largest effect on the simulation results at small radial

separations between the NV center and the Gd*T position (< 10 nm).

C.7 Detecting Gd**-Molecules by Measuring NV-

center Relaxation

C.7.1 Range of Parameters Consistent with Experimental

Data

The binned experimental data presented in Fig. 4.4 of the main text were consis-
tent with a range of parameters (average NV-center depth, Gd*T relaxation rate, and
Gd3* molecule surface concentration). These parameters were strongly constrained
by the experimental data in the inset in Fig. 4.4. However, we can argue that the NV-
center interacts, on average, with a single Gd®* molecule, based solely on the binned
data presented in Fig. 4.4. For each NV-center depth, Monte-Carlo simulations were

performed to determine which values of the Gd3" relaxation rate and surface con-
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centration resulted in the best least-squares fit to the data shown in Fig. 4.4. These

best-fit values are shown as blue points in Fig. C.4.
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Figure C.4: The range of experimental parameters that are consistent with the data. The
points show parameter combinations that are consistent with the measured distribution of Gd**-induced

NV-center relaxation rates shown in Fig. 4.4. All the parameter combinations shown by the points result in
2
Xr < 0.7.

For NV depths greater than approximately 8 nm, all sets of parameters resulted

in chi-squared values greater 5 and are therefore inconsistent with the experimental
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data. NV-center depths less than 4 nm required a Gd** relaxation rate above 1 THz,
well outside the range of values for this rate found in literature. We note that every
suitable combination of parameters (every point on the plot) corresponds to a regime
where the induced relaxation rate of the NV center is caused by interaction with a
single Gd*" spin (the NV center depth is smaller than the mean spacing between the

Gd*" molecules).

C.7.2 Experimental Data Uncertainty Analysis

For the binned experimental data shown in Fig. 4.4, the uncertainties were de-
termined by adding in quadrature the uncertainties resulting from the experimental
fitting errors and the bin sampling uncertainties. Each of the 85 measurements (see
Fig. 4.3C) was fit with an exponential decay model, yielding the most likely relaxation
rate and a one sigma error bar. These errors allow us to determine the probability
that a particular measurement lies in a particular histogram bin. We considered all
possible ways the 85 measurements can be distributed among the five bins and as-
sign probability values to each distribution. This procedure yielded the most likely
number of measurements in each bin and the associated one sigma error bar. Addi-
tionally, the probability of getting a particular number of measurements in any bin
was related to the stochastic distribution of Gd3* molecules on the diamond surface
and was binomially distributed. In particular, given a total of N measurements of the

relaxation rate, a bin containing n points would have an associated variance given by

n(l —n/N).
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C.7.3 Photon Shot Noise-Limited Detection Sensitivity

A possible paramagnetic molecule detection strategy would be to monitor NV-
center fluorescence after optical pumping into the mg, = 0 sublevel and a relaxation-
in-the-dark period of approximately 2 ms, chosen to be approximately equal to the
NV-center intrinsic 77 time, which we assume to be 5 ms. The photon count rate
from a single NV center is typically 5 x 10* s7*. With the 300 ns-long APD photon
acquisition window, in such an experiment we can detect approximately 8 photons
per second. Given the 30% contrast between the “bright” m, = 0 state, and the
“dark” mg = £1 states, a 300 Hz change in NV relaxation rate (which corresponds
to detecting a single Gd** molecule spin at a distance of 10 nm) would result in a
photon “signal” of approximately 0.06.V,, while the “noise” is approximately \/ﬁp,
where N, is the detected number of photons. In order to detect this change in NV-
center relaxation rate at 3o confidence level, we need NV, ~ 2500 detected photons,

which takes approximately five minutes of averaging.

C.8 Control Experiments with La*"-Containing Molecules

and Bare Ligand Molecules

In order to demonstrate that the surface chemistry had negligible effect on the
relaxation rate of the NV center, we attached bare ligand molecules to the diamond
surface. We used the same procedure as for the Gd*" molecules [124], except in
this case we never included gadolinium into the 1 mM solution of ligand molecules.

After attaching the bare ligand molecules to the diamond surface, it was clear that no
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Figure C.5: Control experiments with bare ligand and La" molecules. Experimental results of
16 NV center relaxation rate measurements with bare ligand molecules covalently attached to the diamond
surface (red) and 8 NV center relaxation rate measurements with La®" molecules covalently attached to the
diamond surface (blue). Within statistical error, the results are consistent with I'ingucea = 0.

significant increase in relaxation rate was observed for the 16 relaxation measurements
taken, as expected (Figure C.5). Additionally, we attached La®"-containing molecules
to the surface of the diamond. We created La®*-containing molecules in the same way
we made Gd*T molecules [124], but instead replaced Gd** with La" to create a 1
mM solution of La**-containing molecules. La3" is chemically identical to Gd3*, but
it has no unpaired electron spins and thus we expect to see no enhanced relaxation
rate. Indeed, we observed no enhanced relaxation rate for the 8 NV center relaxation

measurements taken (Figure C.5).
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D.1 Materials and Measurement Apparatus

D.1.1 Diamond Sample

The sample used in this work is a polished, single-crystal electronic grade diamond
grown by chemical vapor deposition (Element Six), containing substitutional nitrogen
and boron in concentrations less than 5 parts per billion (ppb) and 1 ppb respectively.
Prior to implantation, the {100} diamond surface was etched approximately 2 pm,
using an Ar-Cly plasma etch (25 scem Ar, 40 sccm Cly, ICP RF 400 W, bias RF 250
W, duration 150 s), followed by an Og plasma etch (30 sccm Oo, ICP RF 700 W,
bias RF 100 W, duration 150 s). Nitrogen implantation was done by INNOViON
Corporation using a N dosage of 10° cm~2 and an implantation energy of 2.5 keV.
The implanted diamond was annealed in vacuum using the following procedure: (a)

6 hour ramp to 400°C, (b) 6 hours at 400°C, (c) 6 hour ramp to 800°C, (d) 8 hours
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at 800°C and (e) 6 hour ramp to room temperature. After annealing, the diamond
was cleaned in a 3-acid mixture (equal volumes of concentrated HoSO4, HNOj, and
HCIO,) for two hours under reflux conditions. The same cleaning procedure was used

to re-set the locations of the reporter spins on the diamond surface.

D.1.2 Optical Setup

A home-built scanning confocal microscope was used to optically address and read
out single NV centers. An RF transmission line was fabricated on the surface of a glass
coverslip, and the diamond was placed NV-side down on top of this coverslip. The
inverted Nikon Plan Fluor 100x oil immersion objective (NA = 1.3) was positioned
under the coverslip. Its vertical position was controlled with a piezoelectric scanner
(Physik Instrumente P-721 PIFOC) and the lateral position of the laser beam focus
was controlled with a closed-loop scanning galvanometer (Thorlabs GVS012). Optical
excitation was performed with a 532 nm laser (Information Unlimited, MLLIII532-
200-1) modulated with an acousto-optic modulator (Isomet Corporation, 1250C-974)
in a double-pass configuration. NV center fluorescence was filtered with a 532 nm
notch filter (Semrock, NF03-532E) and a 633 nm long-pass filter (Semorck, LP02-
633RU) and collected using a single-photon counting module (PerkinElmer, SPCM-
AQRH-14-FC). The acousto-optic modulator and the single-photon counting module
were gated using TTL pulses produced by a 500 MHz PulseBlasterESR-PRO pulse
generator from Spincore Technologies. Typical NV center fluorescence count rate
was 20 kHz, and photon counter acquisition window for each sequence repetition was

500 ns.
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D.1.3 RF Setup

The RF tones, used to address the NV centers and the surface reporter spins, were
generated by two Stanford Research SG384 signal generators. The I modulation
inputs were used to control the xz and y quadrature amplitudes of the generator
that addressed the NV center. The RF pulses in each channel were generated by
the switches (MiniCircuits ZASWA-2-50DR+), controlled by the TTL pulses from
the PulseBlasterESR-PRO, and power boosted by an amplifier (three amplifiers were
used, depending on the frequency: MiniCircuits ZHL-20W-13+, ZHL-30W-252-S+,
and ZHL-16W-43-S+). The two RF channels were combined using an MCLI PS2-109
power splitter, and coupled into the 50 2-terminated RF transmission line with the

diamond sample on top.

D.2 NV Centers and Depth Measurements

The DEER experiments were performed on a total of 16 NV centers. 12/16 showed
clear DEER collapse due to reporter spins, on the time scale shorter than their T2(m),
2/16 showed DEER collapse on the order of TQ(M), and 2/16 showed no DEER collapse.
NVs A and B were selected for their fastest DEER collapse, which likely means they
are among the most shallow of the NV centers. Reporter sequence experiments were
performed only with NVs A and B.

The depths of each of these two NV centers were determined by covering the dia-
mond surface with immersion oil, and measuring the amplitude of the magnetic field

created at the location of the NV center by the immersion oil proton magnetic mo-
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ments, precessing at the Larmor frequency. The dynamical decoupling XY-k sequence
was used to perform this ac magnetometry experiment, see data shown in Fig. D.1.
The details of the fitting procedure are described in Section A.6. This method yielded

the following depths: NV A — (3.3 £0.2) nm, and NV B — (3.6 £ 0.3) nm.

0.6 . |

NV spin state

300 350 400 450
Free precession time (ns)

Figure D.1: The results of dynamical decoupling experiment (XY-16 pulse sequence) on NV
A, from which we extract its depth.

When a separate diamond sample, with an unpolished surface, implanted and
annealed with the same parameters as the one used in our work, was treated at 465°C
in an Oy atmosphere [43], we found that the DEER signals were absent for 11 out of
the 12 NV centers for which measurements were taken, and one NV center showed
a “weak” DEER signal with the DEER collapse on the order of NV decoherence
time T. 2(7“’). We concluded that this treatment removed the reporter spins from the

diamond surface.
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D.3 Localizing Reporter Spins on the Diamond

Surface

D.3.1 The Double Electron-Electron Resonance Experiment

The strength of the magnetic dipole coupling between the NV center and the
surface spin network was characterized using the double electron-electron resonance
(DEER) pulse sequence.

The dipole-dipole interaction Hamiltonian between the NV center spin S and the

surface reporter spin J is:

2.2 . .
=" g g g (D.1)
TS TS

where 7, is the vector from the NV center to the reporter spin. When the magnetic
field B is aligned with the NV center axis, we can neglect all non-secular terms, and

consider only the terms that commute with S, and J.:

hZ”)/Q
H,; = = (1 — 3cos? 95) S.J, = hk,S.J,, (D.2)

3
Ts

where 6, is the angle that vector ry makes with the magnetic field, and the coupling

strength is

2

3
rs

ks

(1 —3cos®b,). (D.3)

The NV center |m; = 0) state population after the DEER sequence with duration

tny 18 given by

= % [0+ cos(ksutn)] = % 1+ cos(kso™t/2)] (D.4)
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where 0% = 41 denotes the sign of the initial projection of the reporter spin.
We have to trace over all the reporter spin projections, and, for several reporter

spins, we have to add up the contributions, resulting in
1
§= 51+ {cosen)), (D.5)

where () denotes averaging over many runs of the experiment (reporter spin projec-

tions), and the phase in each run is given by the sum over all reporter spins:

tm} z
b1 =D ko (D.6)

To perform this average, we use (0Z) = 0, (070%) = 0w s # 5, ((07)?) = 1, which

yields

S =3 [1+TI, cos(kstn,/2)] - (D.7)

D.3.2 Localizing the Reporter Spins with DEER at Several

Magnetic Field Directions

In order to map the locations of the surface reporter spins, we performed DEER ex-
periments with varying orientation of the magnetic field, using the cos? # dependence
of the dipole interaction. The full Hamiltonian for the system of NV spin-reporter

spin coupled via the magnetic dipole interaction is given by:

h2y? S -r)(J -7,
H:hAsf,+h%B.s+h%B-J+r—3% 5.7-3 ’“ig LN B

where A = 27 x 2.87 GHz is the zero-field splitting, and the z’-axis points along the

NV center symmetry axis.
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The zero-field splitting is the largest energy in the problem, therefore we can
make the secular approximation, retaining only the terms that commute with S./.
This amounts to fixing the direction of the vector S to be along the NV center
symmetry axis. The next-largest energy term is the reporter-spin Zeeman energy
hy.B - J. Once again we make the secular approximation, retaining only the terms
that commute with .J,~, where z” points along the direction of the magnetic field. This
amounts to fixing the direction of the vector J to be along the static magnetic field.
The magnetic dipole interaction can now be calculated for an abritrary magnetic field
angle.

We define the coordinate axes with the z-axis pointing normal to the diamond
surface, and the x axis chosen so that the NV symmetry axis is in the x-z plane. Thus
the unit vector along the NV axis is (v/2,0,1)/v/3. In order to map the location of the
surface reporter spins, we perform DEER experiments for magnetic field B rotating
in the x-y plane by angle ¢, relative to the “aligned” direction. Thus the unit vector
along the magnetic field is (\/§ cos ¢, /2 sin ¢, 1)/\/§ The vector from the NV to the
reporter spin is r = (x,y, z), where z is the depth of the NV center, measured as
described above.

We can now evaluate the terms in the dipole interaction Hamiltonian in eqn. (D.8):

S-J = 2005081 G T, (D.9)

S-rs = (x\/g+ z\/g) S, (D.10)
J-r, = <x\/§cos¢—l—y\/gsin¢+ z\/§> S, (D.11)
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Figure D.2: DEER data taken at 7 different magnetic field angles, indicated in each plot.
The magnetic field magnitude was ~ 37 G.

and the dipole interaction Hamiltonian:

(z\/§+z) (x 2 cos p+yv/2 sin ¢+z)

h2~2 2 cos ¢p+1
Hy = =3¢ - 221 y2 122

r3 3

S (D.12)

Therefore, for a number of reporter spins located at positions (zs,ys) on the
diamond surface, the NV center spin-state population after a DEER pulse sequence

is given by eq. (D.7), with the coupling strengths

_ hy?

. 2008¢+1_(ms\/§+z) ($s\/§cos¢+ys\/§sinq§+z)

3 w2 4 y2 + 22

(D.13)

3
Ts

The DEER experimental data at 7 different magnetic field angles ¢ are shown
in Fig. D.2. These data were used to produce the probability density map, shown
in Fig. 5.1F of the main text, for the positions of 4 proximal reporter spins on the

diamond surface near NV A.
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D.3.3 Limits on the Separation Between Surface Reporter
Spins from Their Population Relaxation

We can use the reporter-spin population relaxation measurements (Fig. 5.2B) to
confirm that the reporter spins are well separated on the diamond surface. The rate of

flip-flops between neighbor spins, due to magnetic dipole interaction, is given by [131]

hry? 1
w R -
453 4’

(D.14)

where s is the separation between them, and we approximate the angular factor,
that depends of the magnetic field direction, by unity. For random reporter spin
positions there is likely to be a single closest neighbor that dominates the magnetic
dipole interaction. If the depth of the NV center z < s, then the NV center interacts
the strongest with a single proximal reporter spin, and the measured population
relaxation time 7} 1(8) corresponds to the time scale for a single spin flip of this proximal
reporter:

g3

T ~ 27w ~ 32 et

(D.15)

) ~ 30 ps is caused by the magnetic dipole inter-

If the experimentally-measured Tl(S
action between surface reporter spins, then their separation is s &~ 5 nm. If another
relaxation process limits Tl(s), then s > 5 nm.

Another possibility is z > s, so that the NV center is coupled to many reporter
spins. In this case we have to consider spin diffusion, and the population relaxation

time Tl(s), as measured by the NV center, would correspond to the time scale for spin

diffusion over distance ~ z. This can be estimated as follows. The time scale for
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a single spin flip-flop is given by eq. (D.15), thus the time scale for diffusion over
distance z is:

22 53

(8) ~

If the experimentally-measured T 1(5) ~ 30 us were caused by spin diffusion in a bath
of closely-spaced reporter spins, then, from eq. (D.16), we extract their spacing to
be s ~ 10 nm. However, for the ~ 3.5 nm deep NV centers that we study, this is
inconsistent with the assumption z > s, and we conclude that in our experiments

z < s, and s 2 5 nm, as estimated above.

D.4 The Reporter Pulse Sequence

In order to manipulate and probe the reporter spin network we use a “reporter”
pulse sequence, inspired by Ramsey interferometry in atomic physics, Fig. D.3. The
pulse sequence is separated into two parts: the initial state readout, and the final
state readout. During the initial state readout, the phase acquired by the NV center
due to the surface sensor spins is ¢, and during the final state readout this phase is
¢o. Note that these phases flip sign during the first and second halves of the NV echos,
since we apply a m-pulse to the surface sensor spins simultaneously with the m-pulse
on the NV. During the period between the initial and the final readout intervals,
the NV acquires a phase x, but, if we keep this time interval longer than NV T3,
then (y) = (siny) = 0, and x does not, on average, affect the NV population. The

population readout of the NV center at the end of the pulse sequence is then given
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by
S = 2(2+ cos(¢1 + ¢2) — cos(dp1 — ¢)) (D.17)
=1 (1 —sing; singy). (D.18)
initial evolution readout
T T
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Figure D.3: Pulse sequence for NV readout of surface sensors.

Let us assume that the spin projection of a surface sensor spin s at the start of
the sequence is o2, and the coupling to the NV center is k,, as given in eq. (D.3).

Then the NV phase ¢, is given by the sum over all surface sensor spins:

tm) P
¢1 = > Z ksos. (D.19)

where ¢, is the duration of the echo.
During the surface sensor spin evolution, the projection of the surface sensor spin
(1) 2

changes: 0 — vs’0Z, where, for each run ¢ of the experiment o = 41 (since the

spin projection can only take values +1/2). After averaging over many experimental
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runs, we can average v, = <v§i)). For example, if we apply a m-pulse to all surface
sensor spins, all vgi) = —1, and vy = —1. The NV phase ¢, is given by

¢ .
oy =D vkl (D.20)

s

In this way the NV readout provides information about the surface sensor spin evo-
lution v,. Note that we have to average the NV population signal over all projections
o’ of the surface spin sensors.

We perform this average by using
(67)y =0, (670%) =0 s #£ 8, (69} =1, vy = <U(i)>, (D.21)
to obtain

11 . o Kstny
SZE—Z];[USSIH — (D.22)

D.5 Sensing Nuclear Spins Using the Reporter Echo

Sequence

D.5.1 Semiclassical Spin Bath

In order to measure the surface sensor coupling to proton spins, we use the pulse
sequence shown in Fig. 5.3A, with the surface reporter spin echo. A surface reporter
spin may be strongly coupled some proximal protons, and weakly coupled to many
other protons that are present on the diamond surface. We describe these weakly-
coupled protons as a semiclassical spin bath, whose magnetic moment precesses at the

proton Larmor frequency w,, = v, B, where v, = g,un/h is the nuclear gyromagnetic
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ratio. The magnetic moments create a fluctuating magnetic field at the location of
the surface sensor spin, and the reporter spin echo modulation due to this fluctuating

field is described by the factor
vs(ts) = exp [=8(v2 B2 Jw?) sin' (wyts/4)] (D.23)

where B,, is the root-mean-squared amplitude of this magnetic field [93, 28, 27].
The extracted magnitude of B, is 0.3 G, which is consistent with the magnitude
of the fluctuating magnetic field created by a bath of proton spins, randomly-located
on the diamond surface, with mean separation of ~ 5.5 A. The separation between
surface OH groups for a (001)-(2x1) hydroxylated diamond surface is predicted to be
approximately 2.6 A [100], therefore our measurements are consistent with approxi-

mately 1/4 of the surface sites filled with protons.

D.5.2 Coherent Hyperfine Coupling to Individual Nuclear
Spins
The hyperfine interaction between a reporter electronic spin and a proton spin

can be described by the Hamiltonian

e vn J.I_B(J'rn)(I-rn)

3 2 ?
L ™

where J is the spin operator of the reporter qubit, I is the proton spin operator, r,
is the separation between the surface sensor spin and the nuclear spin, and ag is the
contact hyperfine interaction. In the secular approximation the oscillating terms with

J, and J, can be neglected, and the Hamiltonian reduces to H = haJ.I, + hbJ.1,,
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where

a =ag+ 1 (1—3cos?d,), (D.25)
b = f”r% (3cos b, sinb,), (D.26)

where 0, is the angle between the vector between them and the applied magnetic field
B. The spin projection of the reporter spin s, coupled to a nuclear spin n, after the

echo sequence is described by the expression [97]:

Vsn(ts) =1—2 (wliw:_) sin(w't,/4) sin?(w™t,/4), (D.27)
where
wt = /(Fa/2 — w,)? + b2/4. (D.28)

If the surface sensor is coupled to several proximal nuclear spins, as well as the

weakly-coupled nuclear spin bath, then

vs(ts) = exp [—8(72 B2 Jwy) sin® (wyts/4)] Hvs,n(ts). (D.29)

D.5.3 Fitting Experimental Data

In addition to the interaction with nuclear spins, the reporter spin decoherence
rate [y is a fitting parameter. The final expression used for fitting surface spin sensor
echo modulation is:

vs(ts) = e exp [—8(v2 B Jwl) sin (wats/4)] [ [ ven(ts), (D.30)

n

where the product is over the strongly-coupled nuclear spins.
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Finally, if the NV center is coupled to several surface sensor spins,

11 . o Kstny
SZE—ZHvssm 5 (D.31)

as in eq. (D.22).

The fits shown in Fig. 5.4A and 5.4B were performed by first using the DEER data
to extract the magnetic dipole coupling constant k4 of the NV center to the proximal
reporter spin, and fitting the reporter spin echo data using eqn. (D.30), with one or
two coherently-coupled protons, and a proton spin bath, see Table D.1 for relevant
best-fit parameters for the fits shown Fig. 5.3A and Fig. 5.4A B of main text.

In order to calibrate the reporter spin state, we performed two measurements
using the reporter sequence: (i) with no pulse in the evolution segment, and (ii) with
a m-pulse in the evolution segment. These were taken to correspond to (i) no reporter
spin state change — +1, and (ii) reporter spin flip — —1. The reporter sequence
measurements in this work were done in pairs, with the reporter evolution sequences
differing by a reporter w-pulse. For example, the reporter echo measurement was done
first with the reporter pulses 7/2-m-7/2, immediately followed by a sequence 7 /2-7-
37/2. We confirmed that these measurements resulted in opposite final reporter spin

populations.

D.6 Control Experiment: Acid-Cleaning the Dia-

mond Surface

Treatment of the diamond crystal surface with the strongly-oxidizing 3-acid mix-

ture (equal volumes of concentrated HySO,4, HNO3, and HC1O,) for two hours re-sets
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Reporter spin state

=
o

o

NV center | magnetic field | parameter | best-fit value

NV A 383 G kg 1.6 pust
I, 1.3 pus™!
Wn, 10.6 pus™!

reduced y? 1.2
NV A 619 G ks 1.6 s !
I 1.8 us™t
Wn, 19 pst

reduced x> 1.3
NV B 665 G ks 1.4 pst
T, 1.3 pst
Wn, 17.1 pst

reduced y? 1.1

Table D.1: Best-fit parameters.

0

0.2
Reporter spin echo time t_(us)

0.4

0.6

0.8

Figure D.4: The NV A reporter spin echo measurement after 3-acid surface treatment. The
best-fit curve for the measurement before the surface treatment is shown as a dashed magenta line (see also
Fig. 5.4A of main text).
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the locations of the surface reporter qubits (Fig. 5.1E of main text). We also repeated
the reporter spin echo experiment on NV A after this surface treatment, see Fig. D.4.
The data are clearly modified, indicating that this measurement is sensitive to the
interaction between the reporter spin at a new, post-clean, location, with protons in

its vicinity on the diamond surface.
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