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Abstract

Nitrogen-vacancy (NV) color centers in diamond constitute a leading quantum sensing
platform, with particularly diverse applications in magnetometry. The negatively-
charged NV center (NV~) exhibits a long-lived electronic spin-triplet ground state with
magnetically sensitive sublevels under ambient conditions. The NV~ spin state can be
prepared optically and readout via spin-state-dependent fluorescence. Additionally,
it is possible to engineer ensembles of NV~ at suitably high densities in favorable
geometries. Together, these properties make NV~ ensembles particularly advantageous
for magnetic sensing and imaging applications spanning condensed matter physics, the
life sciences, nuclear magnetic resonance, Earth and planetary science, and magnetic
navigation and mapping. Despite the broad range of demonstrated applications, the
magnetic sensitivities achieved using NV~ ensemble magnetometers remain orders of
magnitudes from fundamental limits. Optical readout fidelities much less than unity,
typical ensemble dephasing times over two orders of magnitude shorter than the spin

lifetime, and ionization under strong optical illumination all contribute to limiting

il



the NV~ ensemble magnetic sensitivity. Furthermore, the strength of NV~ centers as
multi-modal sensors of magnetic and electric fields, temperature, crystal stress, and
external pressure can become a vulnerability, resulting in poor magnetic specificity
(the ability to isolate magnetic signals from non-magnetic sources) and inhibiting the
scalable production of diamond material with reproducible properties.

This work pursues two complementary avenues towards improved NV-ensemble
magnetic sensitivity and specificity. First, the development of a characterization
toolbox using NV~ centers as probes of their local environment provides feedback
and informed metrics for the production of synthetic diamond material tailored to
NV~ ensemble applications. This work is conducted in close collaboration with dia-
mond manufacturers. Sources of heterogeneity are of particular concern; for example,
the introduction of non-uniform crystal stress during synthesis results in pernicious
NV~ ensemble dephasing. This crystal stress heterogeneity varies dramatically within
and between samples, preventing the scalable production of material with consistent
properties. Iterative efforts to characterize NV-diamond material and feedback on
the synthesis methods provides a path toward improved NV~ ensemble magnetometer
performance via material engineering. Second, this thesis reports the experimental re-
alization of measurement protocols designed to simultaneously ameliorate the deficits
of existing diamond material and relax requirements on diamond material under de-
velopment. Double quantum coherence magnetometry is employed to mitigate the
consequences of crystal stress inhomogeneity as well as temperature drift. Meanwhile,
NV~ ensemble dephasing induced by dipolar interactions between the paramagnetic

diamond spin bath and NV~ sensor spins is suppressed using resonant control of the
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constituent bath spins. These techniques provide improved magnetic sensitivity and
specificity, including the demonstration of record volume-normalized magnetic sensi-

tivity for a wide-field quantum diamond microscope (QDM).
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List of Figures

1.1

Crystal Structure and Energy Diagram. (a) Model of the carbon
diamond lattice with a subsitutional nitrogen adjacent to a vacancy in
the lattice. The NV symmetry axis is aligned with the crystallographic
axis. (b) Energy level diagram for the negatively-charged NV center.
The ground state 3A, spin triplet exhibits a zero field splitting between
the ms = 0 (]0)) and mgs = £1 (|]£1)) of approximately 2.87 GHz. Op-
tical illumination (<637 nm, green arrows) excites NV~ into the first
excited state 3E from which the defect can radiatively decays back to
the ground state in a largely spin-conserving process that emits flu-
orescence in the 650-800 nm band (red arrows) at room temperature.
NV~ in m, = 41 can also decay to 3A, from ®E through an alter-
native pathway (A; —'E, black dashed arrows) via a spin-selective
inter-system-crossing (ISC) which does not fluorescence in the visible
(fluorescence in the IR is produced, brown arrow). Expanded view:
3A, sublevels with the |0) split from |£1) states splitting by a zero-
field-splitting D. Meanwhile the |+1) sublevels also exhibit a Zeeman
splitting proportional to the projection of the bias magnetic field onto
the NV-axis, B.. . . . . . . . . . . . .
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List of Figures

1.2

1.3

1.4

Example DC Magnetometry Protocols (a) CW-ODMR mea-
surement protocol in which the optical (green) and MW fields (blue)
are applied simultaneously. Acquisitions without MW control applied
are used as reference such that the measurement contrast is given by
C = sig/ref. (b) Pulsed-ODMR measurement protocol in which a MW
7 pulse is applied before optical readout. Again, acquisitions without
MW control applied are used as reference such that the measurement
contrast is given by C' = sig/ref. (c) Ramsey measurement protocol
consisting of two consecutive Ramsey sequences. For optimal sensitiv-
ity, the free precession interval, 7, is typically ~ T;. Alternating the
phase of the final 7/2 pulse in successive sequences is used to modulate
the NV~ fluorescence and cancel low-frequency noise, such as 1/ f noise.
The measurement contrast is calculated as C' = (sig; —sig,)/(sig; +sig,)
where sig; and sig, both contain information about the magnetic field
sensed. . ... e
Ramsey Free Induction Decay and Magnetometry Curve (a)
Ramsey signal as a function of free precession interval, 7. Ramsey
fringes oscillate as a result of a detuning between the NV~ spin reso-
nances and applied MW pulse. The Ramsey fringes decay on the char-
acteristic timescale Ty (when the signal amplitude is ~ 1/e of its initial
amplitude). (b) Ramsey signal as a function of a change in magnetic
field magnitude, which results in a shift in the NV- spin resonance(s),
commonly referred to as a DC magnetometry curve. For this mea-
surement, the free precession interval remains fixed with 7 ~ T3. The
red circle indicates the point of maximum slope of optimal magnetic
sensitivity. For small field changes, the NV response can be linearized
about this point (black, dashed line). Note that a 27 phase ambiguity
complicates magnetic sensing in the presence of large field changes.

Example Hahn Echo Measurement Protocol (a) Each Hahn echo
sequence includes a refocusing w-pulse, enabling phase-sensitive mea-
surements of narrowband, AC magnetic signal. Alternating the phase
of the final 7/2 pulse in successive sequences is used to modulate the
NV~ fluorescence and cancel low-frequency noise, such as 1/f noise.
The measurement contrast is calculated as C' = (sig; — sig,)/(sig, +
sig,). When the phases of the final 7/2 pulse are chosen to be {x, -x}
({y, -v}), the response to magnetic field amplitude changes is quadratic
(linear). The full evolution period 7 is chosen to match the period of
the narrow-band, AC magnetic signal to be sensed. . . . . . . .. ..

16

18



List of Figures

1.5

2.1

2.2

2.3

Avenues Toward Improved NV-based Magnetometry. Four di-
rections are highlighted to enable improved magnetic sensitivity, mag-
netic specificity, and scalability for NV ensemble measurements based
on Eqn. 1.8: material engineering, double quantum coherence mag-
netometry, spin bath control, and experimental design considerations.
These directions are inter-related and work together synergistically.
For example, spin bath driving while using the double quantum co-
herence can significantly extend the dephasing time 735 by mitigating
multiple sources of dephasing simultaneously. . . . .. .. ... ...

Substitutional nitrogen spin-bath contribution to 7 and 75.
(a) Measured spin-bath contribution to T3 versus nitrogen concentra-
tion as measured using secondary ion mass spectroscopy (SIMS). Fit
yields Ayo = 101(12) ms~'ppm~'. Gray band indicates 95% confidence
interval for fit. (b) Measured Hahn Echo 75 for 25 diamond samples.
The linear contribution to the fit yields Byo = 6.25(47) ms™'ppm™".
Gray band indicates 95% confidence interval for fit. The nitrogen-
independent contribution to the fit is 694(82)us. . . . . .. ... ..
Comparison of 75 and 7} before and after electron irradia-
tion and annealing. (a) 7, measurements of as-grown diamond
material shown in Fig. 2.1(a) are reproduced (blue, filled points) along
with 735 measurements of electron-irradiated and annealed diamond
material (red, open points). (b) Samples from Fig. 2.1(b) for which
nitrogen-bath-limited 73 measurements also exist. (c) Comparison of
T, /T ratio for as-grown material with low-NV concentration (75 /T3 ~
16(3)) and post-treatment material with increased NV concentration
(To/T5 < 10). « o
13C spins in diamond material. (a) Double-quantum (DQ) Ramsey
free induction decay for Sample 2A with natural abundance 3C. As-
sociated fit (red line) yields T5{DQ} = 0.445(30) us. With the known
nitrogen contribution (|[N]~0.5ppm) subtracted, these data provide
an estimate of Aisc ~ 0.100ms™'ppm~'. (b) Fourier transform of the
Ramsey FID signal. The three peaks arise from hyperfine interactions
with the "N nuclear spin (I = 1) with inter-peak spacing double that
of an equivalent single quantum Ramsey measurement (=~ 2 x 2.2 MHz)
(C) Secondary ion mass spectroscopy (SIMS) measurements of [*C]
in diamond samples grown with methane gas of varying isotopic purity
(distinguished by the blue, red, and grey bars). The reported isotopic
purity of the methane source gas used during growth is indicated within
parentheses below the sample labels (i-vi) along the x-axis. . . . . .
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2.5

2.6

Comparison of birefringence and NV-based stress imaging.
(a) Birefringence measurement using the Metripol method for an ex-
ample region of a 25-ppm-nitrogen CVD layer grown on top of a low-
nitrogen substrate (Sample 2B). A diagonal, stripe-like feature due to
plastic deformation dominates the upper left-hand portion of the field
of view. Additional, few-micron scale, petal-type stress features are
poorly visible. (b) NV-based measurement of the axial-stress-induced,
M., shifts for the same field of view as (a). The petal-type features are
clearly visible. The plastic deformation feature appears qualitatively
different due to the 7/2 phase ambiguity which occurs for birefrin-
gence measurements in high-stress regions. The NV-based measure-
ment is physically accurate. (c) ODMR spectra from selected pixels
in (b) as indicated by black boxes and numbering. Pixel (1) exhibits
excessive stress-induced broadening which is sufficient to degrade the
ODMR contrast compared to low-stress-gradient pixels (2) and (3).
The ODMR resonance features in pixel (2) and (3) are shifted by ap-
proximately 200 kHz with respect to each other. . . . . . . . . .. ..
Impact of stress on NV~ spin properties (a) Non-Metripol-based
birefringence measurements of a dislocation bundle in an nitrogen-
doped, layer grown on top of an ultra-pure substrate (Sample 2C).
Brighter regions correspond to higher crystal stress. (b) QDM image
of the T} extracted from a single quantum Ramsey free induction decay
(FID) across the same field of view as (a). In pixels with large-stress
gradients, 75 decreases by about an order of magnitude compared
to low stress-gradient pixels. The regions of shortened T correlate
strongly with features in the birefringence image. (c¢) ODMR-based
measurements (via QDM image) of the axial-stress-induced M, shifts
across the same field of view. Peak shift magnitudes are comparable to
the NV~ spin resonance linewidth. (d) Image of the ODMR resonance
linewidths, which vary by about an order of magnitude within the field
of view and are also highly correlated with features in (a) and (b) as
expected. . . ...
PL-based NV~ charge fraction and ODMR contrast measure-
ments (a) Example PL spectrum collected from a 10-ppm-nitrogen
diamond sample after irradiation and annealing to increase [NV] (Sam-
ple 2D). The PL spectrum is decomposed into NV~ (purple) and NV?
(orange) contributions. (b) Measurement of NV~ charge fraction as a
function of optical illumination intensity for Sample 2D. (c) Measure-
ment of the pulsed-ODMR contrast as a function of laser intensity for
the same experimental conditions as (b). A strong m-pulse with a du-
ration of < 50ns was applied resonant with the |0) — |+1) transition
to ensure high fidelity control of hyperfine-split populations. . . . . .
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List of Figures

3.1

3.2

3.3

Energy Level Diagram and Experimental Apparatus. Energy
level diagram for the negatively-charged nitrogen vacancy (NV-) in
diamond with zero field splitting D between the ground state spin
levels |ms;=0) and |ms; ==1). The expanded views depict single (SQ)
and double quantum (DQ) coherences. The zero-field-splitting, D, and
axial crystal stress, M, shift the |+1) sublevels in common-mode with
respect to the |0) sublevel. Axial magnetic fields, B,, and transverse
crystal stress, M, shift the the |£1) sublevels differentially, increasing
the |£1) splitting. . . . . . .. ...
SQ and DQ pulses for Ramsey experiments.(a) Depiction of a
single-tone MW pulse with frequency f; resonant with the |0) — |+1)
transition and Rabi frequency Qgq in the {|0),|+1),|—1)} spin ba-
sis. The applied pulse, with duration 7gq, creates an equal super-
position of the |0) and |+1) sublevels. (b) Depiction of a dual-tone
MW pulse with frequencies fi; and f_; resonant with the |0) — |+1)
and |0) — [+1) transitions in the {|0),[+1),|—1)} spin basis. Both
transitions are driven with Rabi frequency (lsq. The applied pulse,
with duration mq = \/§TSQ, creates an equal superposition of the
|—1) and |+1) sublevels. (c) Depiction of a dual-tone MW pulse in
the {|0),|+DQ),|-DQ)} basis with duration 7pq = 7/Qpq (where
|+£DQ) = (]+1) +|—1))/v/2). In this basis, the applied pulse behaves
like a m-pulse transferring population from |0) into [+DQ) . . . . . .
DQ Microwave Control. (a) Illustration of a DQ Ramsey pulse
sequence with dual-tone MW pulses used to apply unitary spin-1 DQ
rotations Us—;(7/2). In a Ramsey free induction decay measurement,
the duration between the MW pulses, 7 is swept. An AOM is used to
apply optical pulses for readout and re-initialization. The rising edge
of the readout pulse triggers a DAQ to read the voltage from a photodi-
ode or acquires from other hardware such as a camera. (b) Microwave
generation and delivery schematic. For NV spin state control: Single
and two-tone signals can be generated using two signal generators (e.g.,
SRS384). Both channels include 1Q mixers to manipulate the phases
of the synthesized signals. Minicircuits ZASWA-2-50DR+ switches
are used to generate the NV control pulses before amplification with a
Minicircuits ZHL-16W-43 amplifier. The NV control fields are deliv-
ered to the diamond sample using a fabricated microwave wave-guide
(500 pm diameter). . . . . ..o
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3.4

3.5

3.6

MW Amplitude Calibration Procedure. (a) Pulse sequence used
to measure the SQ Rabi oscillation on the MW1 channel which is res-
onant with the |0) — |+1) transition as a function of the MW2 pulse
amplitude AMW2 AMWL ig fixed throughout. (b) Example data pro-
duced using the pulse sequence depicted in (a). The Rabi contrast
decreases with in increasing AMW2. (c) Pulse sequence used to mea-
sure the SQ Rabi oscillation on the MW2 channel which is resonant
with the |0) — |—1) transition as a function of AMW2. (d) Example
data produced using the pulse sequence depicted in (c¢). The measured
SQ Rabi contrast and frequency increases with increasing AMW2. (e)
The Rabi contrast values extracted from the measurements in (b,d)
are shown as a function of AMW2. The black arrow indicates the in-
tersection at AMW2 = _5.6dBm which corresponds to the amplitude
required for the populations in |—1) and |—1) to be equivalent after
the dual-tone pulse in (a,c) is applied. Note that the amplitude AMW?2
depends in the initial choice for AMW!,
DQ Rabi Oscillations. (a) DQ Rabi oscillation measured by sweep-
ing the duration of the dual-tone MW pulse. The applied MW tones
are detuned symmetrically from both hyperfine populations in the N-
enriched diamond sample (|A;| = |Az| &~ 1.55MHz). The red line is
a fit to the data using Eqn. 3.17 with an additional exponential decay
envelope and overall scaling factor. (b) Similar to (a), but with an
additional differential detuning of 3.5 MHz such that the detunings for
both hyperfine populations are non-degenerate (|A;| # |As|). The red
line is a fit to the data using Eqn. 3.17 with an additional exponential
decay envelope and overall scaling factor. . . . . ... ... .. ...
4-Ramsey Measurement Protocol. (a) Representation of the DQ
4-Ramsey measurement protocol to cancel residual single quantum
(SQ) signals resulting from MW pulse errors. The two-tone DQ pulses
applied during each Ramsey sequence are depicted above the DC mag-
netometry curve associated with that choice of phases. The net DQ
magnetometry signal Syg is shown on the right. (b) The applied MW
pulses are decomposed into effective SQ rotations for each pseudo-two-
level system. The resultant DC magnetometry signals for each Ramsey
sequence are depicted and shown to produce no net SQ signal under
Eqn. 3.20. . . ..o
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3.8

3.9

Experimental demonstration of the 4-Ramsey protocol using
Sample 3A. (a) Apparatus overview including 532nm excitation of
a micron-scale layer of NV centers in a macroscopic diamond chip,
using a 20x objective and epi-illumination configuration. NV fluores-
cence is collected using the same objective onto a photodiode. 647 nm
and 532nm long-pass (LP) optical filters partially isolate NV~ fluo-
rescence from NV background fluorescence. MW control fields are
synthesized using two signal generators with phase control on both
tones and applied via a millimeter-scale shorted coaxial loop. A bias
magnetic field of 5mT is aligned with NV centers oriented along a
single crystallographic axis. (b) The applied two-tone MW field fre-
quencies are detuned from the NV~ resonances in common-mode by ¢y,
to emulate stress- and temperature-induced shifts. (c) Single-channel
(photodiode) measurements of the NV- response to common shifts of
the |0) — |+1) and |0) — |—1) spin resonances. For each sensing pro-
tocol, .y = 0 indicates the point of maximum slope after calibration
(see Appendix A). The DQ 4-Ramsey response to common shifts is
suppressed by 96x compared to the SQ 2-Ramsey response. (d) The
applied two-tone MW field frequencies are detuned from the NV~ res-
onances differentially by +dq4;¢ to emulate axial-magnetic-field induced
shifts. (e) Single-channel measurements of the NV~ response to differ-
ential shifts of the |0) — |4+1) and |0) — |—1) spin resonances. For
each measurement protocol, dg;¢ = 0 indicates the point of maximum
slope after calibration, which determines the optimal magnetometer
sensitivity. . . . ..o
SQ and DQ Ramsey free induction decay for Sample 3B. Com-
parison of Ramsey fringe measurements for Sample 3B (|N]< 0.05 ppm)
in the SQ (red) and DQ (blue) sensing bases for a single location on
the diamond sample. Inset: Zoomed view of the time-domain signals.
Applied bias magnetic field is aligned with a single NV~ orientation
(B,=2mT). . ...
SQ and DQ Ramsey free induction decay for Samples 3C and
3D. (a) Comparison of Ramsey fringe measurements for Sample 3C
([IN]= 0.75 ppm) using the SQ (red) and DQ (blue) sensing bases for
a single location on the diamond sample. Inset: Fourier transform
of time-domain signals. The doubled *NV hyperfine splitting in the
DQ data is due to the effectively doubled gyromagnetic ratio. The
applied bias magnetic field is aligned with a single NV orientation
(By = 8.5mT). (b) Comparison of measurements for Sample 3D (|N]=
10ppm) for the SQ (red) and DQ (blue) sensing bases for a single
location on the diamond sample. The applied bias magnetic field is
aligned with a single NV orientation (By = 85mT). . ... ... ..
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4.1

4.2

Experimental Apparatus and Rabi Imaging. (a) Apparatus
overview including 532nm excitation of a micron-scale layer of NV
centers in a macroscopic diamond chip, using total internal reflection
(TIR). Fluorescence is collected using a 20x objective onto a cam-
era or photodiode. 647nm and 532nm long-pass (LP) optical filters
partially isolate NV~ fluorescence from background NV? fluorescence.
MW control fields are synthesized using two signal generators with
phase control on both tones and applied via a millimeter-scale shorted
coaxial loop. A bias magnetic field of 5mT is aligned with NV centers
oriented along a single crystallographic axis. (c) Image of the typical
NV~ Rabi frequency variation across the 1251m x 125pm field of view in
this work. The effect of inhomogeneous, stress-induced NV~ resonance
shifts on the Rabi frequency are visible in addition to a quasi-linear
Rabi gradient due to spatial variation in the MW amplitude. . . . . .
Schematic of the DQ 4-Ramsey protocol synchronized with the
heliCam C3 lock-in camera. Two 4-Ramsey protocols (orange and pur-
ple pulses) are interwoven to generate images on the I and ) channels.
The camera exposures (shaded regions on the I and Q channels) are
chosen to be blind to fluorescence from the optical initialization pulses.
The free precession interval duration is chosen to be approximately
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4.4

Imaging NV~ Ensemble Spin Properties. (a) Image of the single
quantum (SQ) T3 extracted by fitting the SQ 2-Ramsey fringe decay to
Eqn. 4.2. Spatial variations in T5{SQ} are due to stress-induced broad-
ening of the NV~ resonances within the 3-dimensional volume imaged
onto a pixel. (b) Image of 75 {DQ} measured using the DQ 4-Ramsey
protocol across the same field of view as shown in (a). In pixels with
minimal stress-gradients, the 75 {DQ} is half the 75 {SQ} as expected.
(c) Histogram of T3{SQ} and T5{DQ} values from the pixels in (a)
and (b). (d) Image of the relative SQ resonance shifts d,,{SQ} from
the median SQ Ramsey fringe frequency. Variations in §,{SQ} are
attributed to axial-stress-induced shifts of the NV~ resonance frequen-
cies between pixels. (e) Image of the relative DQ detuning 6,{DQ}
across the same field of view as (a, b, d). The axial-stress-induced
shifts apparent in (c) are mitigated. Inhomogeneity in the magnitude
of the applied bias magnetic field By results in a residual gradient of
less than 40kHz. (f) Histogram of the extracted SQ and DQ d,¢ values
from the pixels in (d) and (e). The distribution of DQ 6,¢ values with
the setup-specific By-gradient contribution corrected is shown in grey.
(g) Image of the SQ Ramsey fringe amplitude Ao{SQ} corresponding
to the spin transition associated with the m; =0 nuclear spin state in
digital units (d.u.) as reported by the heliCam. (h) Image of the DQ
Ramsey fringe amplitude Ap{DQ} corresponding to the spin transition
associated with the m; = 0 nuclear spin state in digital units (d.u.) as
reported by the heliCam. (i) Histogram of the extracted SQ and DQ
Ramsey fringe amplitudes from the pixels in (g) and (h). . . . .. ..
Imaging DC Magnetic Sensitivity. (a) Data acquired with SQ
2-Ramsey protocol when operating at an applied MW field fac and
free precession interval 7 that optimize the median per-pixel magnetic
sensitivity. (b) Data acquired with DQ 4-Ramsey protocol with opti-
mal f/~ and 7, across the same field of view as (a). A few isolated,
defective pixels with degraded sensitivity are visible. (c) Histogram of
the relative sensitivity improvement nsq/mpq per pixel. . . . . .. ..
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4.6

5.1

5.2

Ramsey magnetometry curves and Allan deviations for 50
randomly selected pixels. (a) SQ Ramsey magnetometry curves
for each of the 50 pixels selected. The applied MW pulse frequency
was detuned to mimic a magnetic-field-induced shift in the NV- res-
onance frequency. The variations pixel-to-pixel are a consequence of
stress-gradient-induced resonance broadening and shifts. b DQ Ram-
sey magnetometry curves for each of the 50 pixels selected. The applied
MW pulse frequencies were detuned differentially to mimic a magnetic-
field-induced shift in the NV- resonance frequencies. (c) Plot of the
Allan deviations calculated using a SQ 2-Ramsey sensing protocol for
50 randomly pixels across the same field of view as (a). (d) Plot of the
Allan deviations calculated using the DQ 4-Ramsey sensing protocol
for the same 50 pixels as depicted in (a). The free precession inter-
val and detuning are optimized for each sensing basis to minimize the
median per-pixel magnetic sensitivity. Dashed grey lines indicated a
power law scaling proportional to 7-/? as a guide to the eye.

Averaged SQ and DQ images. (a) Averaged SQ 2-Ramsey and
DQ 4-Ramsey images when operating at optimal sensing conditions
across the same field of view as shown in Fig. 4.3 and 4.5. (a) SQ
image exhibiting 10pT-scale spatial variations due to stress-induced
NV resonance shifts. (b) DQ image with reduced spatial variations
due to insensitivity to non-magnetic sources. (c) Same data as (b) but
with a 10x reduced magnetic field scale to highlight residual spatial
variation predominantly correlated with the bias magnetic field, which
is aligned along one NV~ axis at an angle of 54.7° relative to the normal
to the image plane. The images in (a-c) were produced by averaging
lsof acquired data. . . . . . . . .. ... ... ...

N energy level diagrams. (a) Energy level diagram for N defects
with electronic spin S = 1/2 and nuclear spin I = 1. Dipole-allowed
electronic transitions (Am, = =+1) are indicated by red, solid ar-
rows. The dashed grey and blue arrows depict the first order forbidden
(Amg = £1, Am; = F1) and nuclear spin transitions (Am; = £1),
respectively. (b) Same as (a) but for N? defects with I = 1/2.

DEER ODMR pulse protocol. (a) Depiction of the double electron
electron resonance ODMR protocol. The frequency of the bath 7w-pulse
(red) is swept while an echo sequence is applied to the NV~ sensor spins.
The total free precession interval is chosen to be approximately the
NV~ Hahn echo coherence time, T5. (b) Cartoon of the NV signal as
a function of free precession interval. When the bath pulse is resonant
with a bath-spin transition, the measured NV contrast decreases as a
result of the reduced NV decoherence time, T5. . . . . . . . . .. ...
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UNY and "N? DEER ODMR spectra (a) Simulated (red) and
measured (blue) DEER spectrum for Sample 3C with natural abun-
dance N. Allowed electronic transitions (Am, = +1) are labeled 1-6.
Smaller amplitude peaks corresponding to first-order forbidden transi-
tions (Am; # 0) are visible. Frequencies are simulated using Eqn. 5.3
and displayed as Lorentzian resonance features with widths and ampli-
tudes chosen to reflect the experimental data. The Larmor frequency
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15N-enriched, Sample 3D. Electronic transitions due to ~6% residual
1N incorporated during growth are also visible. . . . . . . ... ...
®N-enriched DEER spectrum without residual "*N’. Simulated
15NY (red) and "N? (blue) DEER spectra shown alongside experimen-
tal data for a »N-enriched diamond material (Sample 5A) without
observable N contamination. The expected frequencies for the 4NY
resonances are enclosed by dashed, black boxes. . . . . . .. ... ..
DEER spectra at different treatment stages. (a) DEER spectra
for the same sample (Sample 5B) at three stages: as-grown (orange),
after electron irradiation with a dose of 3 x 10%¥e /cm? at 1 MeV to
introduce vacancies (green), and after subsequent annealing at 800°C
for 12 hours to mobilize vacancies and produce NV~ centers (purple).
Experimental spectra were collected at a nominal bias magnetic field
of 10 mT with bath pulse calibrated to a duration of 1 us. An artificial
offset of unity is added to separate the normalized data. The simulated
N related spectra is included for reference. (b) Expanded view of the
spectral region around the bare electron Larmor frequency ("g=2",
dashed black line). . . . ... ...
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Comparison of NV- and NY linewidths. (a) DEER spectrum
for Sample 3C with the spectral groups associated with the electronic
Amg = +1 transitions labeled 1-6. Groups 6 consists of a single res-
onance, while Group 5 corresponds to three, degenerate resonances.
(b) DEER spectra for Group 1 in Sample 3C with three different bath
m-pulse durations. The minimum extracted linewidth of 26.8 kHz is
indicated. (c) DEER spectra for Group 5 in Sample 3C with three
different bath m-pulse durations. For the longest pulses, it is pos-
sible to distinguish one imperfectly overlapped resonance from the
other two resonances. (d) NV~ (black, circles) and N? (red, squares)
linewidths approaching their respective natural linewidths. The natu-
ral linewidth is extract by fitting to the function form, y = A/z + B,
where B is the saturation linewidth. While the NV~ linewidth becomes
stress-gradient-limited, the NY linewidth is immune and saturates at
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to (d), but for Sample 3D which contains an order of magnitude higher
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such that the NV~ and N? linewidths converge. . . .. ... ... ..
Spin Bath Decoupling Protocols. (a) Depiction of continuous-
wave (CW) spin bath decoupling during a DQ or SQ Ramsey sequence.
The bath control field typically contains multiple tones resonant with
the spin bath resonances to be controlled. The i** driven bath spec-
tral group oscillates with Rabi frequency €2;. (b) Pulsed spin bath
decoupling applies m-pulses resonantly with the bath spin resonances
midway through the Ramsey free precession interval. . . . . . . . ..
Microwave synthesis and delivery schematic. For NV spin state
control: Single and two-tone signals are generated using a dual chan-
nel Windfreak Technology Synth HD signal generator. One channel
includes a Marki 1Q-1545 mixer to manipulate the relative phase be-
tween both channels. A single Minicircuits ZASWA-2-50DR+ switch
is used to generate the NV control pulses before amplification with a
Minicircuits ZHL-16W-43 amplifer. The NV control fields are deliv-
ered to the diamond sample using a fabricated microwave waveguide
(diameter 500m). For spin bath control: Up to eight single chan-
nel Windfreak Technology Synth NV signal generators are combined
before passing through a switch and a Minicircuits ZHL-100W-52 am-
plifier. The amplified field is delivered via a grounded cooper loop (1
mm diameter). . . ... Lo
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CW spin bath decoupling in the SQ and DQ bases. (a)
NV Ramsey free induction decay (FID) measurements for Sample 3C
(By = 8.5mT). Comparison of time-domain data and resulting fit val-
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text for details). (c) Same as (b) but for Sample 3D (By = 10.3mT).
Ramsey decay shape with spin bath decoupling. (a) T; ex-
tracted from NV Ramsey FID data (Sample 3D) as a function of av-
erage spin bath Rabi frequency. The extracted 73 values, when the
decay shape parameter p is included in the fit as a free parameter, are
shown in blue. The resulting 73 when p is fixed to p = 1 are shown in
orange. (b) Extracted decay shape parameter p as a function of the
average spin bath Rabi frequency when included as a free parameter
in model. With increasing bath Rabi frequency, p decreases from unity
towards a minimum of p ~ 0.5 before increasing back to p ~ 1 for spin
bath Rabi frequencies exceeding 1MHz. . . . . ... ... ... ...
Comparison of CW and pulsed spin bath decoupling exper-
iments using Sample 3C. (a) Measured Ty as a function of bath
Rabi frequency for DQ CW (red squares) and DQ pulsed (blue circles)
spin bath decoupling, with the SQ CW results (black diamonds) again
included for reference. (b) Measured Ramsey FID decay in the DQ
sensing basis for CW and pulsed driving (Qyo = 1.5 MHz). The decay
for CW driving in the SQ basis is included for reference. . . . . . ..
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DC magnetic field sensing and Allan deviation. (a) DC mag-
netometry curves for SQ, DQ, and DQ with spin bath decoupling in
Sample 3C, produced by sweeping the magnitude of a coil-generated
applied magnetic field (in addition to the fixed bias field) while the free
precession interval is set to 7sq = 1.308 us (blue, top), Thq = 6.436 ps
(black, middle), and mqcw = 23.990 us (red, bottom). The ampli-
tude for the DQ+CW decoupling data (red) decays with increasing
applied magnetic field Bpc because the spin bath transitions shift out
of resonance with the control fields and Ty decreases. (b) Allan devia-
tion using the same fixed values from (a) for measurements using SQ
(blue), DQ (black), and DQ with CW decoupling (red). The external
field strength was tuned to sit on a zero crossing of the respective DC
magnetometry curves in (a) for sine magnetometry. The black dashed
line is a guide to the eye indicating 7~'/? scaling where T is the total
measurement time. . . . . ... ..o
Spin bath control in an NV-rich sample. (a) Schematic repre-
sentation of CW NY bath decoupling. (b) Schematic representation
of CW N? bath decoupling in addition to CW driving of one of the
N\/:f spectral groups not used for sensing. (c) Left to right: T ex-
tracted from Sample 5C without any spin bath control, with N? bath
decoupling, and with N? bath decoupling as well as control of the NV%
population. (d) Comparison of the measured 75{DQ} with bath con-
trol to the model presented in Eqn. 5.12. The solid red and grey lines
depict the estimate T;{DQ} without NV}, driving, ¢y = ¢ = 0.7, and
¢y = 0.3 (¢; = 0.7). The dashed red and grey lines depict the estimate
T3{DQ} with NV} driving such that 4 = 0.5. Solid lines indicate the
estimated Ty {DQ} including dephasing contributions from the *C spin
bath and residual magnetic field gradient. Dashed lines indicate the
estimated 73 {DQ} including an additional unknown dephasing source
of &~ 0.1 us™. The dashed vertical blue line indicates [NV] =2.8 ppm.

Material development procedure. Schematic summarising the
development of a process for producing diamond material for NV-
ensemble magnetometry. Evolution of sample color from a dull brown
or yellow to an intense, uniform purple color after irradiation and an-

nealing is a result of high [NV~| with minimal unwanted other defects.

Motivating the choice of [Ng] and ['*C] for NV~ ensemble di-
amond material. (a) Expected dependence of ensemble NV~ T¥
with varying |[N&] and ['*C], according to equation 6.4. (b) Product of
[Ng] and Ty as a function of [NZ]. The [N3] ~10-15ppm regime, the
focus of the present chapter, is indicated by the dashed, black lines.
Measurements from Chapter 2 are included for reference. . . . . ..
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Relationships between the Ng charge fraction and [Ng], [N2],
sample color (lightness), and UV-Vis absorption bands. (a)
The sample lightness (evaluated as L*) for all material produced in this
study is shown as function of neutral substitutional nitrogen concen-
tration, [N2]. (b) Plot constructed using the same data set as (a), but
as a function of total [Ng] (summing [N] and [N{d]) and (c) L* against
the ratio of [N§| to [Ng| (denoted by x in the text). (d) Plot of the
relationship between the charge fraction |[N3]/[Ng] (denoted by x in
the text) and the strength of the 520 nm absorption band observed in
UV-Vis measurements. (e) Similar to (d) but for the the 360 nm ab-
sorption band observed in UV-Vis measurements. The linear fits serve

as a guide to the eye to illustrate the link between the two parameters. 173
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(a) Photograph of six process Pz samples (0.005% '*C) with approx-
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[NV]~ 3.8 ppm. (b) Birefringence images of the plates in (a) as mea-
sured on a Metripol microscope. (c) Map of extracted strain-induced
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duced from a thicker original process P53 sample (Sample 6C). (d) Map
of extracted strain-induced NV resonance shifts for a second freestand-
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NV pulsed-ODMR contrast measurements of Samples 6E and
6C grown with processes P; and P3, respectively. (a) Schematic
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Chapter 1

Introduction

Quantum sensing is an emergent pillar of quantum science and technology research
which employs quantum mechanical systems as probes of physical quantities such as
magnetic and electric fields, temperature, pressure, and rotation in real-world applica-
tions [1]. Current quantum sensing research builds upon many decades of work span-
ning atomic physics and magnetic resonance, including nuclear magnetic resonance
(NMR), atomic clocks, atomic vapor magnetometers, and superconducting quantum
interference devices (SQUID). In recent decades neutral atoms, trapped ions, super-
conducting circuits, and, more recently, solid state defects have emerged as promising
platforms for quantum sensing. Solid state defects, in particular nitrogen-vacancy
(NV) centers in diamond, offer key technological advantages, such as operation under
ambient conditions, which make them well suited for real-world applications [2].
The NV center in diamond consists of a substitutional nitrogen adjacent to a
vacancy in the carbon lattice. Although NV centers can exist in three charge states

(NV-, NV NV), only the negatively-charge state, NV-, with two unpaired elec-
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trons, is conventionally used for sensing. Well protected inside the diamond lattice,
NV~ centers possess a spin triplet (S=1) electronic ground state with millisecond
long spin lifetimes at room temperature and sublevels which sensitive to magnetic
fields, electric fields, temperature, and pressure. Crucially, the NV~ spin state can
be optically initialized and readout via a spin-dependent inter-system crossing (ISC)
and primarily non-radiative decay pathway. Additionally, the spin state can be co-
herently manipulated by applying resonant GHz-scale microwave fields. NV -based
sensors offer these attractive attributes while also not requiring bulky cryogenics,
vacuum equipment, or large, Tesla-scale bias magnetic fields - a key advantage over
many competing platforms [3]. Room-temperature operation makes them well suited
for integration into compact, robust devices and enables the standoff distance between
a source of interest and the sensor to be dramatically reduced (down to nanometer
length-scales for single NV measurements) [4].

Quantum sensors using NV~ centers are particularly promising as magnetome-
ters. Although the optically-active NV center had been characterized in diamond for
multiple decades [5-8], single NV~ centers as well as NV~ ensembles were first pro-
posed [9,10] and demonstrated as magnetic field sensors around 2008 [11-13|. Since
then, research in this direction has expanded rapidly, leading to applications in the
life sciences [14, 15|, Earth and planetary science [16], condensed matter systems [4],
nuclear magnetic resonance [15|, magnetic navigation and communication [3], and
integrated circuits [17].

Experiments employing single NV centers have leveraged the angstrom-scale of

the defect for high-resolution spectroscopy, including, for example, demonstrations of
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Figure 1.1: Crystal Structure and Energy Diagram. (a) Model of the
carbon diamond lattice with a subsitutional nitrogen adjacent to a vacancy
in the lattice. The NV symmetry axis is aligned with the crystallographic
axis. (b) Energy level diagram for the negatively-charged NV center. The
ground state 3A, spin triplet exhibits a zero field splitting between the m, = 0
(10)) and ms = £1 (|£1)) of approximately 2.87 GHz. Optical illumination
(<637nm, green arrows) excites NV~ into the first excited state E from
which the defect can radiatively decays back to the ground state in a largely
spin-conserving process that emits fluorescence in the 650-800 nm band (red
arrows) at room temperature. NV~ in m, = 41 can also decay to >A, from
3E through an alternative pathway (*A; —'E, black dashed arrows) via a
spin-selective inter-system-crossing (ISC) which does not fluorescence in the
visible (fluorescence in the IR is produced, brown arrow). Expanded view:
3A, sublevels with the |0) split from |£1) states splitting by a zero-field-
splitting D. Meanwhile the |+1) sublevels also exhibit a Zeeman splitting
proportional to the projection of the bias magnetic field onto the NV-axis,
B..
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single protein NMR [18] and magnetic imaging of condensed matter systems using
AFM-like scanning tip techniques [4]. Ensembles of NV~ centers have also found
a wide range of applications which are amenable to trading spatial resolution for
improved sensitivity (by virtue of averaging over many sensor spins) [2]. NV~ ensemble
experiments can be broadly categorized by their fluorescence collection modality:
single-channel versus multi-channel. Single-channel sensors, such as photodiodes,
integrate the fluorescence from a micron to millimeter scale ensemble. Demonstrations
include sensing the magnetic field produced by a firing neuron action potential [19],
NV-NMR of pico-liter volumes with Hertz-scale linewidths [20, 21], and magnetic
navigation using variations in the Earth’s magnetic field [3,22,23].

Meanwhile, the second set of applications focus on magnetic microscopy, collect-
ing fluorescence from a dense layer of NV centers onto a camera or similar device [24].
This modality, referred to as a quantum diamond microscope (QDM), enables imag-
ing of magnetic sources with potentially diffraction-limited spatial resolution and
millimeter-scale fields of view. QDM applications to-date include imaging magnetic
fields from remnant magnetization in geological specimens [16], domains in mag-
netic memory [25|, iron mineralization in chiton teeth [26], current flow in graphene
devices [27,28| and integrated circuits [17], populations of living magnetotactic bacte-
ria [29], and cultures of immunomagnetically labeled tumor cells [30]. QDMs take full
advantage of the room-temperature operation and high spatial resolution provided by
NV-based measurements.

In addition, both single-channel and imaging applications commonly utilize the

full vector magnetometry capabilities of NV~ ensemble-based sensors to provide three
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dimensional magnetic field reconstruction [31-33]. Typical NV~ ensemble diamond
material contains NV~ centers with quantization axes (defined by the line between
the substitutional nitrogen and vacancy) distributed along all four tetrahedral crys-
tallographic axes of the diamond lattice. Thus, each class of NV~ centers, with a fixed
orientation in the diamond lattice, is sensitive to a different projection of the applied
magnetic field. In comparison, other vector magnetometers such as SQUID, Hall
probes, and flux-gate magnetometers are only sensitive to a single projection of the
magnetic field. While multiple single-axis vector magnetometers can be assembled
together, this approach commonly suffers from heading errors and dead zones [34,35],
which do not occur for NV-based magnetometers.

Despite the demonstrated utility of NV~ ensembles for magnetometry, many
envisioned applications, such as imaging dynamic, natural magnetic activity in net-
works of mammalian cells, remain out of reach due to the magnetic sensitivity limits
of current experiments [2,19]. State-of-the-art NV~ ensemble experiments achieve
sensitivities ~pT Hz~'/2 [2,20], whereas established magnetometer technologies such
as SQUID and spin-exchange relaxation-free atomic magnetometers provide magnetic
sensitivities of ~fT Hz~'/2 or better [36] for a similar sensor size ~ 1 mm. Though
these other magnetometers cannot provide the combination of high-resolution and
wide-field imaging of the QDM, the 1000-fold poorer volume-normalized NV-diamond
sensitivity corresponds to a million times longer averaging time for the same signal-
to-noise ratio (SNR). However, a number to comments are in order: (1) The readout
fidelity F' of current NV~ ensemble experiments (F' ~ 0.01) are a factor of about

100 from the spin projection limit such that significant improvements are likely pos-
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sible [2]; (2) similarly, typical NV ensemble dephasing times Ty of approximately
1 pus are over 100x shorter than the longest single NV T3 reported [37] and far from
the theoretical maximum of twice the electronic spin state lifetime, 277 [2]. As we
will develop further in the following sections, a primary focus of this dissertation is
identifying and then experimentally implementing the most promising routes toward
improved NV- ensemble magnetometer sensitivity, especially when sensing broadband
or static magnetic signals which account for a majority of demonstrated applications
in recent years.

Beyond magnetic sensitivity, magnetic specificity and scalability are also criti-
cal metrics for NV~ ensemble magnetometry. Here, magnetic specificity refers to the
ability to isolate the desired magnetic signals from other non-magnetic shifts in the
electronic spin energy levels. In this regard, the potential of NV~ centers as multi-
modal sensors of electric fields, temperature, crystal stress, and pressure in addition
to magnetic fields becomes a weakness - temperature drifts and stress-induced de-
phasing and resonance shifts are particularly harmful. Fortunately, proper choice of
the sublevels (ms; = {+1,0, —1}) used for sensing provides opportunities to suppress
vulnerability to non-magnetic sources as will be discussed further in Sec. 1.4 and
Chapter 3.

Scalability refers to achieving consistent performance independent of a specific
diamond sample or location on a sample by controlling heterogeneities in the diamond
material, in particular crystal strain and defect density. For example, spatial vari-
ations in the stress environment across an interrogated volume of NV~ sensor spins

to due crystal strain heterogeneity degrades the ensemble dephasing time 735 and
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reduces magnetic sensitivity inhomogeneously across a diamond. The magnitude of
stress-gradient-induced dephasing in NV-diamond material is often comparable to or
dominates other dephasing mechanisms and may vary dramatically between locations
on the same diamond as well as between diamonds. Variations in the density of nitro-
gen incorporated during growth or NV centers themselves present similar challenges.
As a consequence, small changes in the region used for measurements (or exchanging
one diamond for another) can result in order of magnitude differences in the achieved
magnetic sensitivity [38]. This reality makes producing NV-based devices at scale
an outstanding challenge for the community [39]. However, exciting recent progress
toward this goal is summarized in Chapter 6.

This dissertation will describe efforts to improve all three of these criteria: mag-
netic sensitivity, magnetic specificity, and scalabiltity (or reproducibility) - by pursu-
ing two related research directions. First, much of the work presented in the following
chapters contributes to an NV-diamond characterization toolbox. The goal of these
efforts is to provide feedback and informed metrics to diamond growers, aiding in the
development of diamond material tailored for NV ensemble applications. In parallel,
measurement techniques that ameliorate the deficits of existing diamond material are
implemented in order to enable immediate progress and relax requirements on the

underlying diamond material.

1.1 NV~ Center Physics

The NV~ electronic ground state is an 3 A, spin triplet state with quantum number S =

1, C5, point-group symmetry, and a quantization axis defined along the N-V axis and
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co-linear with the associated crystallographic axis [40]. The optical transition between
the NV- 34, ground state and the first excited state, >E, which is also a spin triplet,
can be excited non-resonantly using wavelengths shorter than the NV~ center’s 637 nm
zero-phonon-line due to the phonon-side-band at room temperature [40]. Irradiation
with 532 nm laser light, which is commonly employed due to commercial availability,
produces fluorescence in the 650-800 nm band when the excited population decays
directly back to the ground state (see Fig. 1.1).

However, the excited state is also coupled to a spin-selective, alternative decay
pathway which does not produce fluorescence in the 650-800 nm band. NV~ centers
in the excited triplet state my; = +1 sublevels can also decay back to the ground state
via a spin-selective inter-system-crossing (ISC), passing through an excited singlet
state and a lower meta-stable singlet state before finally decaying back to the 3A,
ground state via a lower ISC [41,42]. While the upper ISC is highly spin-selective,
population traversing the lower ISC decays roughly equally into the my = 0 and
ms = £1 sublevels [43] (see fig. 1.1). Nonetheless, this spin-selective process results
in the accumulation of population in the m, = 0 ground state sublevel, crucial for
optical initialization. Additionally, since this alternative pathway does not fluoresce in
the 650-800 nm band, NV~ centers in the ground state m, = £1 sublevels will produce
less fluorescence than those in the my; = 0 upon optical excitation. This spin-state
dependent fluorescence forms the basis of conventional optical NV~ spin-readout.

The ground state %A, Hamiltonian exhibits fine, hyperfine, and quadrupolar
structure,

Hes/h=5-D-S+S5S-A-I1+1-Q, (1.1)
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where h is Planck’s constant and S = {S,,S,, S.} and I = {I,,I,, I.} are the dimen-
sionless electronic and nitrogen nuclear spin operators. The first, second, and third
terms correspond to the electron spin-spin interaction with fine structure tensor D,
the electron-nuclear interaction with hyperfine tensor A, and nuclear electric quadru-
ple interaction with quadrupole tensor Q (relevant to the 4N isotope with I = 1 and
thus having an electric quadrupole moment). The tensors D, A, Q are diagonal as
a result of the NV Czv symmetry such that the ground state Hamiltonian can be

expressed as,

Hy/h = D(T)S? + AyS.I. + AL (S, I, + S,I,) + PI? (1.2)

where the mg = 0 (|0)) ground state magnetic sublevel is separated from the mg = +1
(|£1)) sublevels by the zero-field-splitting D(T') approx 2.87 GHz with temperature
dependence dD/dT = —74kHz/C [44]. The electronic states exhibit an additional
splitting A5, I, due to the hyperfine interaction between the NV electronic spin and
the nitrogen nuclear spin (I = 1, 4 ~ —2.14MHz for “N and I = 1/2, A ~
3.03 MHz for 'N) [45,46|. The transverse hyperfine couplings A4, for N and °N
are similar in magnitude with A, = —2.70 MHz and A, = 3.65 MHz, respectively.
While "N has an axial quadrupole coupling P = —5.01 MHz, the "N isotope does
not [45,46].

In an external magnetic field B = {B., B,, By}, the ground state |£1) sublevels

are split via a Zeeman interaction term in the NV Hamiltonian,

Hyeo/h = ge}’;B (B.S. + B,S, + B,S,) (1.3)
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where g, ~ 2.003 is the NV- electronic g-factor and pup = 9.24 x 0724 J /T is the Bohr
magneton, leading to an NV~ gyromagnetic ratio 7 = 28.04 GHz/T. Electric fields
(E = {E., E,, E,} and crystal stress also contribute to the electronic ground state
Hamiltonian with terms,

Hstress/h :MZSZQ + Mx(sg - S;) + My(SISy + SZJS?C) ( )
1.4

+ No(S.S. + 5.5,) + N, (S, S, + S.S,),

and

Helec/h = d||EzS§ - dJ_E:c(Sg - S;) + dJ_Ey(SxSy + Sny), (15)

where M., M,, M,, N,, and N, are spin-strain coupling parameters, d = 3.5 x
1073 Hz/(V/m) is the axial electric dipole moment, and d; = 0.17Hz/(V/m) is the
transverse electric dipole moment [47-50].

Expressing these contributions to the ground state Hamiltonian together yields,

Hioia1/h ~ D(T)S?

+ AyS.L 4 AL (Sp L, + S,1,) + PI?

+ﬂf%&&+&&+@%)

(1.6)
+ M.S? + M, (S2 — 52) + M, (S5, + 5,5:)
+ N, (5.5, + 5.5:) + Ny, (5,5, + 5.5,)

+ Ay ELS? — 1 E,(S? — S2) + dL Ey(S.S, + 5,5.).

As discussed in detail in Chapter 3, the transverse magnetic coupling terms (x B, B,)

as well as the spin-strain coupling terms (o< N,, N,) are suppressed by D and typically

10
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negligible. Furthermore, when an external bias magnetic field Bis applied with a non-
zero projection along the NV axis, shifts in the ground state energy levels related to
the transverse electric field components (E,,E,) and spin-strain parameters (M, M,)
are suppressed proportional to the projection B,. The transitions between the |0) and
|£1) sublevels of this simplified Hamiltonian (additionally dropping the hyperfine and

quadrupole structure) become,

fe = |Bar) = |Eo) = (D(T) + M. + 4 E.) = =2 B., (1.7)

where |E,,.) are the energy eigenstates of the |mg) sublevels. The |+1) sublevels are
split in common (o< S?%) from |0) by the zero-field-splitting as well as axial crystal
stress and electric fields. Meanwhile, the Zeeman term shifts the |£1) sublevels
differentially (in opposite directions). As a consequence, axial stress and electric
field induced shifts in the transitions can be deconvolved from magnetic-field-induced
shifts either by making separate measurements of the |0) — |+1) and |0) — |—1)
transitions or in a single measurement using multi-tone driving techniques such as
double quantum magnetometry (see Chapter 3).

Finally, the NV ground state spin can be coherently manipulated using mi-
crowave (MW) irradiation resonant with the fi transitions which are non-degenerate
when B, # 0. Application of resonant or near-resonant MW control fields in combi-
nation with continuous wave or pulsed optical excitation forms the basis of NV-based
multi-modal quantum sensing: shifts in the NV ground state spin resonances, f., will
result in changes in the detected NV fluorescence. For small changes (relative to the

dynamic range of the measurement), the shift in fy with respect to the frequency of

11
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the applied MW control field can be linearly mapped to changes in magnetic field,

electric field, crystal stress, or temperature.

1.2 Production of Synthetic NV-Diamond Material

Fabricated diamonds used for NV experiments can be produced using two methods:
high pressure and high temperature (HPHT) synthesis [51] and plasma-enhanced
chemical vapor deposition (PE-CVD or simply CVD) [52]. HPHT synthesis mimics
the formation of natural diamond by compressing and heating a carbon source mate-
rial. In addition to a diamond seed crystal, metal solvents are added to increase the
growth rate and decrease the required temperature and pressure [51]. The density of
incorporated nitrogen can be controlled (from ~100 parts-per-million (ppm) down to
a few parts-per-billion (ppb)) by tailoring the composition of the metal solvent [51,53].

In CVD synthesis, single-crystal diamond is grown on top of a diamond seed
crystal using a hydrocarbon plasma. Methane is introduced as a carbon source. The
addition of nitrogen both increases the growth rate and incorporates into the diamond
lattice, replacing a carbon. The total nitrogen concentration [N] in CVD diamonds
can be finely controlled and ranges from a few ppb up to tens of ppm. CVD synthesis
upon a high-purity substrate (few ppb [N]) lends itself to producing the nitrogen-
rich layers desired for many NV experiments including wide-field magnetic imaging
applications, e.g., using a QDM [54,55|. Typical layer thicknesses for such samples
span from a few nanometers to tens of microns.

However, CVD synthesis suffers two primary deficiencies. First, the incorpora-

tion of unwanted vacancy-related defects, especially vacancy clusters and chains, is

12
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common in many CVD diamonds [56-59]. These defect can act as charge acceptors
and may decrease the optically detected measurement contrast by degrading the NV
charge fraction [NV-|/[NV?+NV-| (see Chapter 6 for further discussion) [39]. These
vacancy-related defects are also typically paramagnetic and therefore may contribute
to NV ensemble dephasing [60]. Second, CVD diamonds often display crystal strain
inhomogeneities which induce NV ground state spin resonance shifts on the order of
typical NV ensemble linewidths (0.01-1 MHz) [38]. Exhibiting a diverse zoology, strain
inhomogeneity may be present across a broad range of length-scales (sub-microns to
millimeters) and is unique to each diamond [38|. The quality of the underlying di-
amond substrate used, especially any imperfections in the substrate surface, plays a
major role in the resulting strain inhomogeneity [61,62].

While diamond material produced using HPHT synthesis offers low crystal
strain inhomogeneity and minimal incorporation of vacancy-related defects compared
to most CVD diamonds [63], HPHT diamonds suffer several disadvantages for NV-
based applications. First, single crystal HPHT diamond has different sectors with
varying nitrogen incorporation. As a result, HPHT diamonds must first be processed
into plates containing a single sector and it is not practical to produce the NV-rich,
micron-scale surface layers favored for many NV applications [64]. Second, it remains
to be demonstrated if the composition of HPHT diamond can be sufficiently well-
controlled: attaining reproducible nitrogen densities, limiting the incorporation of
ferromagnetic metal solvents (Fe, Co, Ni), and isotopically enriching the solid carbon
and nitrogen sources similar to the purity available with the gaseous sources used

in CVD synthesis. For example, isotopically purified methane with >99.995% 2C is
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common and favorable compared to natural abundance carbon sources which have
1.1% 3C with nuclear spin I = 1/2 (**C has nuclear spin I = 0).

Independent of the fabrication method, the concentration of NV defects in
nitrogen-doped diamonds can be increased by irradiating the material (typically with
electrons) to produce vacancies and annealing above 800°C such that the vacan-
cies becomes mobile and migrate to form NV [2|. The conversion efficiency Econy of
N — NV is used to indicate the fraction of [N| converted into [NVi|. In as-grown
CVD diamonds (before irradiation and annealing), there exists approximately one
NV for every three hundred nitrogen (300:1 [N]:[NV]) [65]. After irradiation and
annealing (often referred to as post-treatment), conversion efficiencies ranging from
Econv ~ 1 — 30% have been reported [2]. The increased density of sensor spins is
generally favorable for NV- ensemble measurements (see Sec. 1.4).

For the work presented in this dissertation, nitrogen-doped, CVD-grown dia-
mond material is used exclusively and both as-grown and post-treatment material is
studied. While Chapters 2-5 describe, at least in part, techniques to characterize NV~
ensemble properties in CVD-grown material and improve NV-based magnetometer
performance, Chapter 6 summarizes recent progress addressing the remaining weak-
nesses of CVD material (strain inhomogeneity and vacancy incorporation) achieved

in collaboration with Element Six, Ltd.

1.3 Magnetic Sensing using NV" Centers

The diverse set of magnetic sources studied using NV-based magnetometers can be di-

vided into three regimes based on the signal’s characteristic time-scale. In this section,
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two of these three regimes are described along with the associated NV measurement
protocols: static or broadband magnetic signals (DC-100kHz) and narrowband, os-
cillating magnetic signals (1kHz—10MHz). For a review of techniques to measure

GHz-scale magnetic signals, the reader is referred to Refs. [2,24].

1.3.1 Static or broadband signals: DC—100kHz

Three protocols are conventionally used to sense static, slowly-varying, or broadband
magnetic signals using NV ensembles: continuous-wave optically detected magnetic
resonance (CW-ODMR), pulsed-ODMR, and Ramsey magnetometry. The temporal
characteristics of the magnetic signals that can be sensed using these protocols vary
dramatically. Static signals, such as those produced by magnetic grains in geological
samples [16,66], domains in magnetic hard-disk memory [25], or the ferritin nanopar-
ticles found in fixed magnetotactic bacteria [30] typically do not change on an exper-
imentally relevant timescales and are amenable to signal averaging. In contrast, the
broadband, millisecond-duration magnetic pulses produced by firing neurons require
rapid measurements of the magnetic field, reconstructing the time-domain magnetic
signals analogous to an oscilloscope. Meanwhile, magnetic navigation applications,
which record slow changes in Earth’s magnetic field while traveling relative to the
Earth’s surface, fall between these two timescales.

The technical simplicity of CW-ODMR has lead to it’s broad implementation by
the NV community. In a CW-ODMR protocol, the NV ensemble is optical illuminated
while simultaneously applying microwave fields (as depicted in Fig. 1.2). A decrease

in NV fluorescence is observed when the MW control field is resonant or near-resonant
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(b) (c)
CW-ODMR Protocol Pulsed-ODMR Protocol Ramsey Protocol
n (2), (W2),, (m2), W2,
mw [T vw W i MW I I
532nm 532nm | 532nm
Read H sig " Read H sig H ref Read H sig, H si0,

Figure 1.2: Example DC Magnetometry Protocols (a) CW-ODMR
measurement protocol in which the optical (green) and MW fields (blue) are
applied simultaneously. Acquisitions without MW control applied are used
as reference such that the measurement contrast is given by C' = sig/ref.
(b) Pulsed-ODMR measurement protocol in which a MW 7 pulse is ap-
plied before optical readout. Again, acquisitions without MW control ap-
plied are used as reference such that the measurement contrast is given by
C = sig/ref. (c) Ramsey measurement protocol consisting of two consecu-
tive Ramsey sequences. For optimal sensitivity, the free precession interval,
T, is typically ~ T5. Alternating the phase of the final 7/2 pulse in suc-
cessive sequences is used to modulate the NV~ fluorescence and cancel low-
frequency noise, such as 1/f noise. The measurement contrast is calculated
as C' = (sig; —sig,)/(sig; +sig,) where sig; and sig, both contain information
about the magnetic field sensed.

and drives population from the |0) to |41) sublevels, which is then pumped back into
the |0) sublevel by the optical field. By sweeping the frequency of the applied MW
control fields, an ODMR spectrum is produced exhibiting resonance features with
line-centers dependent upon the external magnetic field, among other sources. For
optimal sensitivity and temporal resolution, the NV~ fluorescence is monitored while
applying a MW field composed of a single or few frequencies at the point or point(s)
of maximum slope for the resonance feature(s). Multi-frequency control can be used
to operate on the point of maximum slope for each of the hyperfine-split resonances
simultaneously and recover the "full" ODMR contrast and isolate resonance shifts
from broadening or temperature drifts [19,67,68|.

Despite the wide adoption of CW-ODMR techniques, their sensitivity is im-
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paired by competing effects of the optical and microwave (MW) control fields applied
during the sensing interval, leading to resonance broadening and a reduction in the
maximum slope. Pulsed-ODMR techniques partially address this limitation by ap-
plying the optical and MW field sequentially [69]. After an optical pulse initializes
the spin state into |0), a MW m-pulse transfers the population from |0) to either
of the |£1) sublevels. The spin state is then readout and re-initialized via another
optical pulse. If the NV spin resonances shift with respect to the frequency of the
applied MW pulse, then the MW pulse will no longer completely transfer popula-
tion to the |£1) sublevels as it would on resonance and results in a change in the
NV fluorescence. Although an improvement compared to CW-ODMR, the observed
resonance linewidth in pulsed-ODMR protocols remains a product of both the nat-
ural, 75 -limited linewidth and the NV spin’s response to the fixed-duration MW
pulse. Under optimal conditions for magnetic sensitivity, these two contributions are
approximately equivalent.

Ramsey-based magnetometry protocols offer superior magnetic sensitivity com-
pared to CW and pulsed-ODMR protocols by temporally separating the sensing in-
terval from both the optical and MW pulses [70]. Among other advantages, Ramsey
sequences enable increased optical intensity and MW field amplitude, yielding more
photons per readout and sensing interval limited solely by the ensemble dephasing
time 7. In a Ramsey sequence, a MW pulse creates a superposition state of two
sublevels which, in the simplest case, accumulate relative phase ¢ = 27y|Am|B,
while evolving in the presence of a magnetic field for free precession interval, 7. Note

that Am accounts for the difference between the sublevels in the superposition state
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Figure 1.3: Ramsey Free Induction Decay and Magnetometry Curve
(a) Ramsey signal as a function of free precession interval, 7. Ramsey fringes
oscillate as a result of a detuning between the NV~ spin resonances and ap-
plied MW pulse. The Ramsey fringes decay on the characteristic timescale
T3 (when the signal amplitude is ~ 1/e of its initial amplitude). (b) Ramsey
signal as a function of a change in magnetic field magnitude, which results
in a shift in the NV- spin resonance(s), commonly referred to as a DC mag-
netometry curve. For this measurement, the free precession interval remains
fixed with 7 ~ T5. The red circle indicates the point of maximum slope
of optimal magnetic sensitivity. For small field changes, the NV response
can be linearized about this point (black, dashed line). Note that a 27 phase
ambiguity complicates magnetic sensing in the presence of large field changes.
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(|JAm| = 2 for a double quantum superposition of |+1) and |—1)). Finally, a second
MW pulse is applied to map the accumulated phase information into the relative
populations of |0) and |£1), which is subsequently readout using an optical pulse.
Sweeping the duration of the free precession interval produces Ramsey fringes
which oscillate at a frequency determined by the detuning between the NV resonance
and applied MW pulse and decay with a characteristic timescale T (~1/e of the
initial amplitude). This dephasing time 73 is related to the natural linewidth I by
Ty = (n[')~!, assuming a Lorentzian lineshape. In a magnetometry measurement,
the duration of the free precession interval, 7, is typically fixed to be approximately
Ty for optimal magnetic sensitivity. With fixed 7, changes in the magnetic field,
produce an oscillating response in the detected NV~ fluorescence referred to as a DC
magnetometry curve. The point of maximum slope is indicated by the red point in
Fig. 1.3. The calibration of a Ramsey-based magnetometer accounting for the impact
of the NV hyperfine splitting and other factors is presented in Appendix A. Similar
to sweeping the frequency in CW or pulsed-ODMR, Ramsey magnetometry protocols
can also offer increased dynamic range at the cost of sensitivity by varying 7. The
relevant parameters effecting the sensitivity of a Ramsey-based NV magnetometer

are discussed in detail in the following section (Sec. 1.4).

1.3.2 Narrowband, AC magnetic signals: 1kHz—10MHZ

A prototypical example of an AC magnetic signal in NV applications is the NMR
magnetic field produced by a thermally polarized nuclear spin ensemble precessing in

an external, static magnetic field [18,20]. The Hahn echo sequence depicted in Fig. 1.4
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builds upon the Ramsey sequence by adding an additional 7-pulse in the middle of
the free precession interval to refocus NV~ ensemble dephasing, while making the
sequence sensitive to narrow-band, oscillating (AC) magnetic fields (see Fig. 1.4).
The MW pulses act as a narrow-band filter in frequency space with width given by
the filter response function [71|. The rotation axes of the final 7/2 pulses are chosen
such that the sequence is either linearly sensitive to the magnetic field amplitude
({y,-y} in Fig. 1.4) or quadratically sensitive to magnetic noise with zero mean, but
non-zero variance (corresponding to {x,-x}).

Hahn Echo Protocol

(v2), (M,  (2),, (), (@, (wv2),,

we MmN mE
532nm
Read H5i91 HSigz

Figure 1.4: Example Hahn Echo Measurement Protocol (a) Each
Hahn echo sequence includes a refocusing m-pulse, enabling phase-sensitive
measurements of narrowband, AC magnetic signal. Alternating the phase
of the final 7/2 pulse in successive sequences is used to modulate the NV-
fluorescence and cancel low-frequency noise, such as 1/f noise. The mea-
surement contrast is calculated as C' = (sig; — sig,)/(sig; + sigy). When the
phases of the final 7/2 pulse are chosen to be {x, -x} ({y, -y}), the response
to magnetic field amplitude changes is quadratic (linear). The full evolution
period 7 is chosen to match the period of the narrow-band, AC magnetic
signal to be sensed.

Since the heterogeneous phase accumulated due to a stress-gradient or dipolar
interactions with the diamond spin bath is cancelled by the Hahn echo sequence,
the relevant timescale becomes the decoherence time, 7,. This decoherence time is
typically at least an order of magnitude longer than 75 and determined by dynamic

changes in the local magnetic environment of each NV~ sensor spin, predominantly
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arising from intra-bath interactions (see Chapter 2 and Ref. [72]). For optimal sen-
sitivity, the total free precession interval 7 (the time between 7/2 pulses) should be
~ Ty. However, this condition is not typically satisfied for Hahn echo sequences since
the duration between pulses (7/2) must be matched to the period of the AC magnetic
field [9]. Multiple refocusing pulses (dynamical decoupling) can be employed to ex-
tend the decoherence time by narrowing the filter response function and subsequently
increasing the duration of the total free precession. A wide range of dynamical decou-
pling sequences developed for NMR, such as CPMG-n and XY8-n, have been adopted
for NV applications [71].

In this dissertation, AC magnetometry protocols are primarily used for char-
acterization. For example, comparison of the ratio between the ensemble dephasing
time 735 and Hahn echo decoherence time 75 is a useful metric for elucidating un-
derlying dephasing mechanisms. Additionally, the double electron electron resonance
(DEER) spectroscopy techniques employed in Chapter 5 to study the diamond spin
bath apply Hahn echo sequences to the NV ensemble while manipulating the bath

spins [73].

1.4 Sensitivity of a Ramsey-based Magnetometer

Ramsey measurement protocols are anticipated to be favored over CW and pulsed-
ODMR protocols for applications demanding the utmost magnetic sensitivity possi-
ble. In addition, unlike ODMR-based protocols, Ramsey sensing is compatible with
techniques such as double quantum magnetometry (see Chapter 3). As discussed in

Refs. |2], the magnetic field sensitivity of a Ramsey-based NV ensemble magnetometer
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including spin projection noise and photon shot noise is:

h 1 1 / 1 [T+ 1lo
TNramsey = (/TP 1+ (18)
y Gelln \<Ams‘/N7') (e (t/T5) ), CQnanj T

h Overhead Time

Vv
Spin Projection Noise Dephasing Readout

where N is the number of non-interacting N'Vs, 7 is the free precession interval between
MW pulses, Amg accounts for the difference in my states used for sensing (at most
Amg = 2), Ty is the ensemble dephasing time, p is the decay shape parameter (p = 1
for exponential decay), C' is the measurement contrast, n., is the average number
of photons collected per readout, and ty is the measurement overhead time including
the durations of the optical initialization, readout, and MW pulses.

As depicted in Eqn. 1.8, the ensemble magnetic sensitivity 7amsey contains
contributions related to spin projection noise, imperfect readout fidelity, ensem-
ble dephasing, and measurement overhead time (any time not spent accumulating
phase). However, NV~ ensemble-based magnetometers are not typically limited by
spin-projection-noise since instead of measuring S, directly, the conventional NV~
optical readout method indirectly probes the spin state by monitoring NV~ fluores-
cence. As a consequence, photon shot noise on the measured fluorescence must also
be incorporated into the sensitivity.

In Eqn. 1.8, the "readout" term, denoted og hereafter, accounts for the addition

of photon-shot-noise:
1

OR — 1+m’

(1.9)

and is the inverse of the measurement fidelity, F' = 1/og. In Eqn. 1.9, the measure-

ment contrast is defined using the fringe visibility C' = (a — b)/(a + b) where a (b)
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is the number of photons collected when all NV~ sensor spins are in the |0) sublevel
(|£1) sublevels). The parameter og is a useful metric for quantifying how far the
sensitivity is from the standard quantum limit: as the measurement contrast C' or
average number of photons n,,, increases, the contribution of photon-shot-noise de-
creases and approaches or &~ 1 (the standard quantum limit or spin-projection-noise
limit). However, this regime is uncommon for NV~ ensemble magnetometers due to
the limited measurement contrast of between the |0) and |£1) spin sublevels (typically
< 15%) and number of photons collected per NV~ (typically n,,, < 1). As a result,
the product C*n,y, is usually much less than one and photon-shot-noise dominates.

The dephasing and measurement-overhead-related contributions to Eqn. 1.8 im-
pact both the photon-shot-noise and spin-projection-noise sensitivities. The dephas-
ing term accounts for the Ramsey fringe amplitude decay with increasing 7 char-
acterized by the ensemble dephasing time, 75 and decay profile parameter, p. An
exponential decay profile, p = 1, is expected when dephasing is dominated by dipolar
interactions with the diamond spin bath [74]. The measurement overhead time factor
accounts for the fraction of each acquisition spent on optical initialization, optical
readout, and MW control. Assuming M measurements, each with a free precession

interval 7, are collected for a total measurement time of ¢, the sensitivity factor is

V1/M = /(7 +t0) /tmeas- The relative durations of to and Ty impact the optimal
free precession interval 7 in a Ramsey sequence. When measurement overhead time
to is negligible compared to Ty, the optimal duration for 7 corresponds to 7 = T3 /2.
However, for typical NV~ ensemble dephasing times (75 =~ 1lus), the measurement

overhead time dominates (to 2 5us) such that the optimal free precession interval is
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Figure 1.5: Avenues Toward Improved NV-based Magnetometry.
Four directions are highlighted to enable improved magnetic sensitivity, mag-
netic specificity, and scalability for NV ensemble measurements based on
Eqn. 1.8: material engineering, double quantum coherence magnetometry,
spin bath control, and experimental design considerations. These directions
are inter-related and work together synergistically. For example, spin bath
driving while using the double quantum coherence can significantly extend
the dephasing time 7% by mitigating multiple sources of dephasing simulta-
neously.

Inspecting Eqn. 1.8, it becomes apparent that increasing the measurement con-
trast C, the free precession interval 7, the dephasing time 7%, the number of NV~
sensor spins N, and average number of photons n,y,) are all favorable for magnetic
sensitivity (reducing 7amsey). However, in practice, the inter-dependence of these
quantities complicates efforts and requires considering the impact of changing any

one parameter on the others. Addressing this challenge, the following discussion
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introduces four promising avenues towards successfully improving the sensitivity of
Ramsey magnetometry: material engineering, double quantum coherence magnetom-
etry, spin bath control, and experimental design. Comments on the benefits of these
directions for scalability and magnetic specificity are also included.

Of the parameters relevant for magnetic sensitivity, measurement contrast and
dephasing time are particularly crucial to consider. The magnetic sensitivity scales
inverse linearly with measurement contrast, such that improving contrast (or harm-
ing it while increasing other parameters) has a significant impact. Less obviously, in
the experimentally common limit where the measurement overhead time exceeds 75,
changes in the dephasing time also scales near inverse-linearly with magnetic sensitiv-
ity [2]. Extending the dephasing time T3 is also promising because typical values for
ensemble dephasing times reported in the literature are order of magnitudes shorter
than both 75 and T}, suggesting significant improvements may be possible. With
sufficient extensions in T3 (= 20us), alternative readout techniques, which come with
an additional overhead time penalty, such as repetitive ancilla-assisted readout or
charge-state readout could yield further sensitivity improvements (see Ref. |2,75] for
further discussion).

Material Engineering — While tailoring NV-rich diamond material properties is
application dependent, several guiding principles can be established here, with exten-
sive further discussion in Chapters 2 and 6. In the context of increasing 77, reducing
the density of the 13C (I = 1/2) nuclear spin bath and resulting NV-'*C dipolar inter-
actions is broadly advantageous. In material with a natural abundance of '3C nuclear

spins (1.1% or 10700 ppm), the NV~ ensemble T3 is limited to approximately 1us;
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similar to the electron spin bath contribution from =~ 10 ppm of nitrogen. However,
CVD synthesis using isotopically purified methane (>99.995% '2C purity is available)
largely mitigates dephasing due to the nuclear spin bath, as *?C has I = 0, without
negatively impacting any other parameters - making this a straightforward win when
working with material with <100 ppm of nitrogen [39].

Reducing the magnitude of stress inhomogeneity is also commonly beneficial
for T as well as measurement contrast, especially with decreasing concentrations
of incorporated nitrogen and '2C isotopic purification. Conversely, while increasing
the concentration of incorporated nitrogen, [N| ultimately increases the number of
NV sensor spins and average number of photons per readout, often this approach
degrades T3 , which scales inverse-linearly with [N| (see Chapter 2). Instead, it is
more rewarding to increase the conversion efficiency of incorporated nitrogen into NV-,
which is beneficial for NV, n,., and 75. The creation of NV~ is typically assumed to
consume two substitutional nitrogen defects (S=1/2) for every NV~ created, reducing
the effective spin bath density. Furthermore, NV~ centers not actively employed for
sensing, such as those oriented along the other crystal axes, are initialized into mgs = 0
and do not contribute to dephasing [40, 76].

Meanwhile, the measurement contrast, number of sensor spins, and average
number of detected photons are also intimately related to the NV charge fraction,

NV

o= m, (1.10)

which can vary dramatically with sample properties, but typically degrades with

increasing optical illumination intensity [77,78]. Beyond the direct impact of the
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NV charge fraction on the number of sensor spins and amount of NV~ fluorescence
(N and ngyy), NV centers in the neutral charge state (NV°) do not exhibit spin-
state-dependent optical properties; thus they are not used in conventional NV-based
magnetic sensing or optical readout and merely contribute background fluorescence,
which decreases measurement contrast. As highlighted in Chapter 6, methods to
improve the NV charge fraction via material engineering include reducing the den-
sity of vacancy-related defects incorporated during growth, which can act as charge
acceptors.

Double Quantum Magnetometry — Coherent superpositions of the |£1) sub-
levels (referred to as the double quantum or DQ coherence) during the sensing in-
terval of a Ramsey sequence are immune to sources which shift the |£1) sublevels
in common-mode such as crystal stress and temperature drift, while also effectively
doubling the NV~ gyromagnetic ratio (Amg = 2 in Eqn. 1.8) [73,79-81]. When stress-
gradients dominate the ensemble dephasing, DQ Ramsey measurements can lead to
extensions in 75 as well as suppress stress-gradient-induced 77, variations across a
diamond sample or between samples.

In the absence of stress inhomogeneity, the DQ basis is twice as vulnerable to
magnetic spin bath induced dephasing such that 75 {SQ} ~ Ty {DQ}/2. Nonetheless,
even in this regime, magnetic sensitivity can be improved by using the DQ sensing
basis. The effectively doubled gyromagnetic ratio of the D(Q sensing basis accumu-
lates magnetic phase twice as rapidly such that the same amount of phase can be
accumulated in half the free precession interval compared to a SQ measurement. In

the limit of negligible overhead, this doubles the measurement bandwidth and im-
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proves magnetic sensitivity by a factor of /2. Additionally, as will be emphasized in
Chapters 3, 4 and 6, the robustness of DQ measurements to common-mode shifts is
also critical for magnetic specificity and scalability.

Spin Bath Control — After mitigating dephasing due to the *C nuclear spin
bath and stress-gradients, the DQ 7% is typically limited by static dipolar interactions
with the electronic spin bath. AC magnetometry protocols decouple the NV~ sensor
spins from the electronic spin bath (predominantly neutral substitutional nitrogen
[N?]) by applying MW m-pulses resonant with the NV sensor spins to refocus spin-
bath-induced dephasing. However, this approach is incompatible with sensing static
or broadband magnetic signals. Instead, resonant MW control of the bath spins can
be used to decouple the bath from the NV~ sensor spins, while retaining sensitivity
to static or broadband magnetic signals [73,82,83|. In low-|NV"], as-grown material,
spin bath decoupling enables order-of-magnitude scale improvements in the NV T3
For irradiated and annealed, NV-rich material, spin bath control enables dephasing
times limited by NV-NV dipolar interactions (see Chapter 5).

Experimental Design — Fqn. 1.8 also suggests experimental design choices fa-
vorable for Ramsey-based magnetometry. First, pulsed protocols in general favor
increasing the optical excitation intensity toward saturation intensity of the NV~
(1-3mWpm™2 [84]) to decrease the re-initialization time required between sensing in-
tervals as well as increase n,y,. However, this must be balanced by the degradation of
the NV charge fraction with increasing optical intensity and associated consequences.
Second, optical collection efficiency in NV ensemble experiments is typically quite

poor (less than a few percent [2]|), making light-guides and similar optical devices
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attractive when spatial information is not important [20]. Although noting their rele-
vance, this dissertation does not discuss these application-specific experimental design

choices in detail.

1.5 This Work

1.5.1 Organization of this Dissertation

Chapter 2 describes NV~ ensemble properties relevant for magnetometry applications
as motivated in the preceding section (Sec. 1.4). Sec. 2.2 summarizes the sources of
NV ensemble dephasing, including stress-inhomogeneity as well as dipolar interactions
between NV sensors and the paramagnetic spin bath. As part of this discussion,
ensemble dephasing is contrasted with decoherence. Sec. 2.3 then discusses crystal
stress inhomogeneity in diamond, providing examples to emphasize the zoology of
imperfections which arise. Sec. 2.4 describes the impact of NV charge fraction on
measurement contrast and the number of sensor spins, especially under intense green
illumination.

Chapter 3 introduces double quantum (DQ) coherence magnetometry, highlight-
ing the benefits of using superpositions of the |4+-1) sublevels for NV-based magnetom-
etry, which simultaneously offers improved magnetic sensitivity, magnetic specificity,
and scalability (reproducibility) in the presence of stress-gradient across an NV en-
semble. The experimental methods required to implement DQ magnetometry along
with a comparison of DQ and SQ Ramsey free induction decay measurements in

multiple samples are discussed in the context of single-channel, photodiode based
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experiments.

Chapter 4 applies DQ techniques to magnetic imaging applications, demon-
strating record volume-normalized magnetic sensitivity for an NV-diamond imaging
modality. The consequences of stress-gradients on varying length-scales for magnetic
imaging are discussed in detail.

Chapter 5 describes methods to characterize and control the paramagnetic elec-
tronic spin bath in diamond. Double electron-electron resonance techniques are in-
troduced to identify and quantify the contribution of different spin bath species to
NV~ ensemble dephasing. Experiments using spin bath control to decouple spin bath
dephasing to extend 77 and improve magnetic sensitivity are also described.

Chapter 6 summarizes recent progress toward diamond material tailored for
NV~ ensemble magnetometry applications in collaboration with Element Six Ltd. and
Lockheed Martin Corporation. Reducing the density of charge acceptors in as-grown
diamond material is shown to produce final material (after irradiation and annealing)
with favorable N to NV~ conversion efficiency, NV charge fraction, dephasing times
Ty, measurement contrast, and stress inhomogeneity.

Finally, Chapter 7 provides a brief outlook highlighting the most promising

directions for further advances in NV-based quantum sensing.

1.5.2 Coworker Contributions

I have been fortunate to work with a wonderful group of colleagues and collaborators.
Much of the motivation for the results presented in this dissertation emerged from the

efforts of the "7T5 task-force" which included Jennifer Schloss, Matthew Turner, Erik
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Bauch, John Barry, and myself. In particular, Jennifer Schloss, Matthew Turner, and
John Barry initially identified the promise of double quantum (DQ) coherence (Chap-
ter 3) and spin bath control (Chapter 4) in improving NV- ensemble DC magnetic
sensitivity. I have spent the intervening years realizing this promise and developing
the technical innovations required to fully leverage their potential, including the DQ
4-Ramsey measurement protocol to mitigate the consequences of microwave pulse
errors. Erik Bauch was an equal contributor to a significant fraction of the work
reported in Chapters 3 and 4. The data collection and analysis establishing the con-
tribution of the electronic and nuclear spin baths to NV ensemble dephasing and
decoherence was collected jointly with Erik Bauch.

The discussion of stress inhomogeneity and NV charge state in Chapter 2 is the
result of close collaboration with Matthew Turner, who pioneered the use wide-field
magnetic imaging for crystal stress characterization along with Pauli Kehayias, and
Kevin Olsson, who collected the NV charge fraction measurement presented.

Jennifer Schloss, Matthew Turner, Patrick Schiedegger, and I worked closely
together realizing Ramsey-based wide-field imaging. Jennifer Schloss pioneered the
initial motivation and characterization of the camera employed in Chapter 4. Patrick
Schiedegger developed experimental control software and GPU-based fitting methods
under my guidance on a setup originally configured by Erik Bauch and myself. Using
this setup, I collected, analyzed, and documented the results presented in Chapter 4.
Matthew Turner led the development of bio-compatible experimental components for
a high sensitivity magnetic imager with Jennifer Schloss and me.

The development and characterization of improved diamond material described
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in Chapter 6 is the result of collaboration with Element Six Ltd. Dr. Andrew Ed-
monds conceived the project, led the material growth, and oversaw the absorption-
based characterization measurements. Kevin Olsson, Matthew Turner, and I jointly
collected the NV-based characterization measurements. The results were documented

and written up by Andrew Edmonds and me.
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NV-Diamond Material Properties

Relevant for Magnetometry

Building upon the discussion in Sec. 1.4, this Chapter describes select material prop-
erties relevant for improving NV~ magnetometer performance: sources of ensemble
dephasing, crystal stress inhomogeneity, and NV charge fraction. NV-based methods
to characterize these properties are contrasted with existing techniques employed by
the diamond growth community. Additionally, examples of the current state-of-the-
art are provided for context and to motivate the need for further material development
and exploration of measurement protocols robust to the described weaknesses.

After highlighting the difference between single NV~ and NV~ ensemble dephas-
ing in Sec. 2.1, Sec. 2.2 introduces typical NV~ ensemble dephasing mechanisms,
providing a brief summary of each before providing further discussion in subsequent
sections. Experimental determinations of the scaling of 7% with the density of incor-

porated nitrogen [N| and other paramagnetic defects are presented and compared to

33



Chapter 2: NV-Diamond Material Properties Relevant for Magnetometry

expectations from literature. In addition, while introducing Hahn echo decoherence
measurements as a useful characterization metric, the distinction between ensemble
dephasing and decoherence is emphasized.

Sec. 2.3 is dedicated to discussing the impacts of crystal stress inhomogeneity in
CVD-grown, nitrogen-doped layer diamond material on NV magnetometry, including
as a source of ensemble dephasing. The established method to characterize stress using
birefringence measurements is compared to NV-based measurements which provides
more direct measurements of the local stress in the nitrogen-doped layer and avoids
the high-strain-induced, "7 /2" phase ambiguity which complicates the interpretation
of birefringence-based measurements.

Finally, the mechanisms impacting NV charge fraction are summarized while
highlighting the need for improved understanding, especially in-situ under optical il-
lumination. A method to determine the NV charge fraction from photo-luminescence
(PL) measurements is used to study the NV charge state of an irradiated and an-
nealed, nitrogen-doped layer (N~ 8ppm) exhibiting poor "native" charge fraction
which further decays with increasing optical illumination intensity. The effect of this

charge fraction degradation on the ODMR contrast is presented as well.

2.1 NV  Ensemble Dephasing

Single NV~ Ramsey fringe decay occurs due to the NV~ electronic spin effectively
dephasing with itself across multiple measurements as a result of temporal variations
in the local environment, such as magnetic fluctuations induced by the paramagnetic

spin bath or temperature drift. Single NV~ T3 within the same diamond can vary
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dramatically because of the random distribution of paramagnetic spins: NV~ spins
that happen to be arranged to other paramagnetic spins nearby will exhibit a shorter
T relative to NV~ spins which are more isolated in the lattice.

Although temporal variations in the environment also contribute to NV~ en-
semble dephasing, the ensemble T3 is additionally limited by static heterogeneities
across the interrogated volume of diamond, including spatially-varying crystal stress-
gradients as well as magnetic dipolar interactions with other paramagnetic spins.
These sources shift the resonance frequencies of constituent NV~ centers in the en-
semble with respect to each other (in addition to the temporal dephasing experienced
by each spin). Averaging over these distributions of resonance frequencies and T
results in broadening of the NV~ ensemble resonance feature or, equivalently, an en-
hanced dephasing rate. Due to the role of spatially varying NV~ resonance shifts in
ensemble dephasing, determining the ensemble 7 from the typical single NV~ 75
value in a sample is misleading and comparisons of single NV~ experiments or the-
ory to NV~ ensembles should be made with care. For example, while a single NV~
Ramsey free induction signal exhibits Gaussian decay, the ensemble decay profile is
exponential when limited by dipolar interactions with the diamond spin bath. This
difference in decay profile arises from averaging over the less probable "bad apples",
e.g., single NV~ centers with particularly large resonance shifts or short 77 due to a

nearby bath spin [74].
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2.2 NV Ensemble Dephasing Mechanisms

The contributions of different dephasing sources to NV~ ensemble T35 can be repre-

sented schematically as,

1 1 1
Ty %T;{electronic spin bath} i Ty {nuclear spin bath}
1 1
i Ty {stress gradients} N T3 {electric field noise} (2.1)
1 1
* Ty {magnetic field gradients} i Ty {temperature drift}
1 1

i Ty {unknown} i T5{2T1}

where T3 {X} refers to the limit on 7 imposed by mechanism X in the absence of any
other dephasing mechanism. Note that Eqn. 2.1 assumes all terms are independent
and the associated dephasing rates add linearly. However, this second assumption is
only exactly true for dephasing induced by dipolar interactions with the diamond spin
bath where the expected decay is exponential. For other sources, Eqn. 2.1 is in general
only an approximation. Nonetheless, the form of Eqn. 2.1 motivates the proper
approach towards extending 73: The dominant source of dephasing should be reduced
until another source becomes dominant. At which point, it is more productive to focus
on the new dominant source then continue to suppress the original mechanism.

We now briefly discuss each term in Eqn. 2.1 and then go into more detail in
following sections. As a note, the 1/T5{unkown} term is included to emphasize that
while we believe the following contributions are the major sources of dephasing in
CVD diamond, other to-be-identified sources may play a role.

The term 1/T5{electronic spin bath} accounts for dephasing induced by mag-
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netic dipolar coupling of the electronic paramagnetic bath spins to constituent NV~
centers. The individual dephasing contributions of different electronic spin species in

the spin bath can be divided as,

1 1 1
R +
T3 TNG TNV
1 L 1
T3 {NV"} = T;{other electronic spins}’

(2.2)

+

The term 1/(T3{N%}) corresponds to the dephasing induced by neutral substitutional
nitrogen defects (S = 1/2), or P1 centers, with concentration [NY]. As result of the
nitrogen-doping required to produce NV~ ensemble diamond material, N? is typically
the dominant species in the diamond electronic spin bath in as-grown diamonds.
Sec. 2.2.1 describes the scaling of T3 {N°} with [N?|. Following irradiation and an-
nealing, dipolar interactions between NV~ defects become a non-negligible source of
ensemble dephasing as discussed further in Sec. 2.2.3. Although a term associated
with NV (S = 1/2) is included for completeness, NV? is not visible in EPR. [85] and
the present understanding is that it is a diminished contribution to NV~ ensemble de-
phasing. The final term in Eqn. 2.2 accounts for dephasing due to dipolar interactions
with other paramagnetic species. For CVD diamond, this includes mono-vacancies,
multi-vacancy cluster or chains, and hydrogen-related defects such as NVH™ [59,65,86].

The term 1/75{nuclear spin bath} in Eqn. 2.1 encompasses NV~ ensemble de-
phasing due to dipolar interactions with the nuclear spin bath. In samples produced
with natural abundance carbon sources, the contribution of 1.1% 3C (I = 1/2) dom-
inates over any other nuclear species. Although the dipolar coupling with the nuclear

bath is 2000x weaker than that of the electronic spin bath, the higher density of 13C
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spins compensates; 1.1% '3C is equivalent to ['3C] = 10700 ppm, which vastly exceeds
the typical [N|~1 — 20 ppm. In CVD-grown diamond material, this '*C contribution
can be readily mitigated using isotopically purified methane. Sec. 2.2.4 discusses the
scaling of Ty with ['3C]. Beyond the *C nuclear spin bath, hydrogen (with the dom-
inant 'H isotope possessing I=1/2) is plentiful during CVD growth and can readily
incorporate into the diamond lattice at concentrations comparable to [N], forming
defects such as NVH and VH" [87,88]. While the role of hydrogen in NV~ dephasing
remains unclear, it is a potential additional source of nuclear spin bath noise to inves-
tigate further, especially because of the about 4x larger gyromagnetic ratio compared
to 13C.

Inhomogeneity in the crystal stress environment is another major source of NV~
ensemble dephasing. The typical magnitudes of stress-induced shifts of the NV~ spin
resonances are comparable to, or dominate, the spin bath-related contributions (es-
pecially for 2C isotopically-purified material with [N]~ 1 — 20 ppm). In addition,
commonly observed crystal stress features can span a wide range of the length-scales
from sub-micron to millimeters [38]. As noted in Sec. 1.4, the distribution of crystal
stress varies within a sample as well as between samples, presenting challenges for
attaining uniform magnetic sensitivity and scalability. Example measurements imag-
ing the typical stress environments in CVD-grown, nitrogen-doped diamond layers are
provided in Sec. 2.3 along with the corresponding impact on NV~ ensemble dephasing.

Eqn. 2.1 also includes terms accounting for dephasing mechanisms external to
the diamond such as magnetic field gradients and temperature drift. These sources

must be mitigated before dephasing intrinsic to the diamond material can be studied.
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The bias magnetic fields applied throughout the experiments presented in this disser-
tation were engineered to suppress unwanted, magnetic field gradients (see App. B
for additional discussion). Temperature drifts, which induce changes in the NV~ zero-
field-splitting (dD/dT ~ 74kHz/°C), can manifest as ensemble dephasing. In addi-
tion, the permanent magnets or current carrying coils used to apply a bias magnetic
field can exhibit temperature-dependent magnetic field strength which similarly result
in extraneous ensemble dephasing (see Appendix B for discussion of the permanent
magnet geometry used throughout this work).

Finally, NV~ electronic spin depolarization places a fundamental limit on 775 of
2Ty [2,89]. While achieving Ti-limited ensemble dephasing times may be unattain-
able, the orders of magnitude difference between typical 75 ~ 1 pus compared to NV~
T, ~ 5ms suggests room for significant improvements. In particular, mitigating spa-
tially inhomogeneous mechanisms, such as stress-gradients, which contribute to NV~
ensemble T3 but not single NV~ T3 is a promising avenue toward extending ensemble

T3 2] and improving magnetic sensitivity.

2.2.1 Nitrogen Limit to 7%

In nitrogen-rich diamond material, electronic spins predominately acquire charges
from neutral substitutional nitrogen which can donate its electron to another de-
fect [58]. As a result, the resulting contribution of the electronic spin bath to de-
phasing is coupled to the total nitrogen concentration, [N]. In as-grown material with
low-|NV], the paramagnetic electronic spin bath is typically assumed to consist largely

of [N?] [72]. When other sources of dephasing are mitigated, an inverse linear scaling
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is expected for the ensemble T as a function of [N?| according to,

= AN (2.3)

This scaling is confirmed experimentally in Fig. 2.1(a) with 75 measurements for five
as-grown diamond samples grown by Element Six [72,73]. A linear fit to the data

yields an estimate for Ayo of 101(12) ms™'ppm™'.

For these measurements, only
isotopically-purified samples with >99.995% '2C were studied using the stress-immune
double quantum sensing basis to ensure non-nitrogen-related dephasing mechanisms
were negligible. The extracted value for Ayo agrees reasonably well with the value of
Ano = 101(12) ms™'ppm " derived from EPR-based measurements [90] as well as with
separate numerical simulations [72]. In arriving at the experimental estimate for A o,
we have explicitly assumed that the total paramagnetic electronic spin bath density
is well approximated by the total nitrogen [N] and that [N%] ~ [N|. This assumption

will be revisited in Chapter 6 when considering the potential role of charge acceptors

such as vacancy clusters and chains on the NV~ ensemble spin properties.

2.2.2 Nitrogen Limit to 75

Hahn echo measurements, with structure 7/2—7/2—m—7/2—7/2, mitigate static and
slowly-varying heterogeneities. As a result of the m-pulse inserted halfway through
the free precession interval, phase accumulated during the first half the sequence
due to static, or quasi-static compared to the duration 7, sources is canceled by
phase accumulated with opposite sign in the second free precession interval. As

introduced in Sec. 1.3.2, the echo signal decays as a function of 7 on the timescale of
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Figure 2.1: Substitutional nitrogen spin-bath contribution to 7} and
T>. (a) Measured spin-bath contribution to T, versus nitrogen concentra-
tion as measured using secondary ion mass spectroscopy (SIMS). Fit yields
Ao = 101(12) ms~!ppm~!. Gray band indicates 95% confidence interval for
fit. (b) Measured Hahn Echo T, for 25 diamond samples. The linear con-
tribution to the fit yields Byo = 6.25(47) ms™'ppm~'. Gray band indicates
95% confidence interval for fit. The nitrogen-independent contribution to the
fit is 694(82) ps.
the decoherence time, 75, due to temporal variations in the local environment.

It is critical to emphasize the different physical origins of dephasing and deco-
herence. While dephasing can be undone using refocusing pulses, decoherence cannot.
An analogy using clocks is useful for intuitively distinguishing between the two pro-
cesses: two clocks dephase when both initially read the same time, but one clock
runs faster than the other by a fixed amount, such that at some interval later the
two clocks disagree. Despite this disagreement, a known relationship between the two
clocks remains; meaning one can determine the time indicated by one clock using the
other. In contrast, NV~ spin decoherence is analogous to the case where the rates of

the two clocks do not have a fixed relationship, e.g., one runs faster for a while and

then slows down or hops discretely relative to the other clock. At some interval later,
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the time of one clock has no relationship with the time of the other clock. In the
echo sequence, this translates to when phases accumulated on each half of the free
precession interval are not equal and no longer cancel.

Similar to 75, the NV ensemble decoherence time 75 can depend on the nitrogen
concentration [N?], which determines both the dipolar coupling strength between NV-
and nitrogen spins as well as intra-bath dipolar coupling between nitrogen bath spins.
These intra-bath interactions drive temporal changes in the magnetic environment,
primarily though energy conserving flip-flop processes [72,91,92]. In nitrogen-doped
diamond material with [N]2 0.1 ppm, the Hahn echo T, scales inverse linearly with

the density of incorporated nitrogen,

1 0
N Byo[NY]. (2.4)

Fig. 2.1(b) depicts measurements of 25 as-grown, diamond samples which exhibits
an inverse linear scaling across four decades in nitrogen concentration [72]. Fitting

to this experimental data yields Byo = 6.25(47) ms™" ppm .

For a 1-ppm-nitrogen
sample this corresponds to a nitrogen-limited 75 of 160(12) us. For samples with [N|<
0.1 ppm, the saturation in measured 75 is attributed to background magnetic noise
external to the diamond [73]. As highlighted in Fig. 2.1(a) by differentiating between
natural abundance and isotopically purified 1*C samples (red and blue data points),
the ¥C nuclear spin bath does not play a significant role in the NV~ ensemble T3 due
to the six orders of magnitudes weaker intra-bath couplings [72] (for measurements

with the magnetic field aligned with a single crystal axis [93,94]).

Since the Hahn echo decoherence is not vulnerable to the static inhomogeneities
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Figure 2.2: Comparison of 7, and 75 before and after electron irradi-
ation and annealing. (a) 73 measurements of as-grown diamond material
shown in Fig. 2.1(a) are reproduced (blue, filled points) along with 75 mea-
surements of electron-irradiated and annealed diamond material (red, open
points). (b) Samples from Fig. 2.1(b) for which nitrogen-bath-limited 7%
measurements also exist. (¢) Comparison of Ty /T ratio for as-grown mate-
rial with low-NV concentration (75 /75 ~ 16(3)) and post-treatment material
with increased NV concentration (75/75 < 10).

that dominate NV~ ensemble dephasing, comparing 75 and 73 in a diamond sample
is a useful characterization tool. For as-grown diamond material, we find that the
nitrogen-limited Hahn echo T3 exceeds the Ramsey ensemble T by a factor of 16(3).
As shown in Fig. 2.2(c), this relationship between 7, and T3 is consistent across
samples with orders of magnitude difference in nitrogen concentration. However,
after irradiation and annealing, we observe a decrease in the ratio, T5/T5, mostly as
a result of extended dephasing times compared to the as-grown material (red data
points in Fig. 2.2(a)). The contribution of NV~ to dephasing and an explanation for

the decrease in the ratio 75 /Ty are presented in the following section (Sec. 2.2.3).

2.2.3 NV Limit to 735

Like-spin dipolar interactions between NV~ defects can also contribute to dephasing.

When considering their contribution to dephasing, the NV~ population can be divided
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into two groups based upon their resonance frequency. NV~ centers with degenerate
or nearly degenerate resonance frequencies are considered to be in the same group,
while NV~ centers with non-degenerate resonance frequencies are considered to be in
different groups. The magnitude and orientation of the bias magnetic field can be
used to control the distribution of population between "same" and "different" groups
by overlapping two or more spin resonances of NV~ centers along different crystal
orientations. The contribution of these same-group (NVj) and different-group (NV})

populations to dephasing can be decomposed as,

1 1 1
~ = +
TNV} TNV TNV

(2.5)
:OzHANv-H [N‘/”-] -+ OJHANV}r [NVM

where oy and ay are dimensionless factors accounting for imperfect spin polarization
for the NV; population used for sensing and NV}, population in the other group(s) [40].
When sensing with the NV’H spins, a majority of the NVM spins may be polarized into
the mg = 0 sublevel and therefore not contribute to dephasing. The exact fraction of
NVJ‘* pumped into my = 0 depends on experimental choices for the laser polarization
and duration of optical initialization.

A lack of published results for T4 {NV"} as a function of [NV'| makes determi-
nation of ANVJ-M difficult. In particular, such measurements are complicated by the
sensitivity of ay) and [NVj | to experimental choices for optical illumination (po-
larization, intensity, effects on NV charge fraction, etc.) and to bias magnetic field

misalignment. However, Axy- can be estimated using the experimentally determined

il

value for ANg and consideration of the dipolar-dipolar spin Hamiltonian.
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Flip-flop interactions between NV~ in different groups are off-resonant and there-
fore suppressed. Meanwhile, similar to the N? spin bath, resonant spin exchange is
permitted between NV~ spins in the same group [76]. This additional flip-flop term
in the dipole-dipole spin Hamiltonian results in increased dephasing and decoherence
from NVM spins compared to N V;f spins such that ANVI\ ~ (3/ 2)ANWr [95].

Furthermore, assuming the NV- and N spin baths couples to NV~ sensor spins
with similar strength, accounting for the difference in spin number (5), ANVIf is esti-

mated to be,

(Snv- + 1
ANVH ~ \/SNV (SNV + )ANO (26)

Sno (SNQ +1) s
such that Anv, ~ \/%ANQ ~ 165 ms 'ppm ! and Axv, & 247 ms~'ppm~!. For an
ensemble with [N\/h] = 1 ppm and all NV}f spins pumped into mg = 0, the anticipated
NV-NV interaction-limited 73 is approximately 4 ps. These estimates are used to
inform discussions in Chapters 5 and 6 considering the properties of NV-rich diamond
material and methods to extend ensemble 73 via spin bath control.

We are now in a position to return to Fig. 2.2 and discuss the observed de-
crease in the ratio, Ty/Ty, for irradiated and annealed diamond material (see red
data points). Inspecting Fig. 2.2(a,b), we find that the decrease in the ratio, T /Ty
primarily results from an extended 77 compared to the as-grown material while 75
remains similar both before and after treatment. Note that the increased spread
in 7 for the post-treatment material is likely due to the varying irradiation and
annealing recipes employed across the set of diamond samples. The increase in 73
post-treatment can be intuitively attributed to (a) the creation of NV~ spins which

consumes two NY spins per NV~ formed, (b) optical pumping of the NV~ population
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into the m; = 0 sublevel (with no longitudinal magnetic moment), and (c) some of
fraction of the NV spins existing in the neutral charge state. Together, these factors
reduce the overall effective paramagnetic spin bath density. Meanwhile, the four times
stronger intra-bath coupling between NV~ spins compared to N? spins [96] and the
inability of Hahn echo-type sequences to decouple like-spin, NV-NV interactions be-
tween same group spins (referred to as instantaneous diffusion [97-100]) compensate
for (a), (b), and (c) when considering their impact on 75. In this proposed under-
standing, increasing conversion efficiency for N-to-NV~ leads to longer 75 and thus a

lower Ty /T3 ratio.

2.2.4 13C Limit to Ty

Dipolar coupling between the NV~ sensor spins and the '*C nuclear spin bath can
also limit the NV~ ensemble 77, especially for CVD material produced using natural
abundance methane with 1.1% 3C ([**C|=10700(800) ppm). In the dilute limit (<
1%) where the hyperfine contact term may be neglected, T35 scales inverse linearly

with the concentration of **C nuclear spins:

1

Ty~ el 0

The scaling constant Ais¢ can be estimated using measurements of diamond samples
with low nitrogen concentration and natural abundance ['*C| in the stress-immune
DQ sensing basis. Any residual contribution due to the electronic nitrogen spin
bath is subtracted using the scaling established in Sec. 2.2.1 (see example data in

Fig. 2.3(a) for Sample 2A and Chapter 3 for details of the double quantum Ramsey
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measurement). This approach yields Aisg ~ 0.100ms'ppm~! such that a natural
abundance carbon sample should exhibit a Tj5{'3C}~ 1lus in the absence of other

dephasing mechanisms. This limit is equivalent to the limit imposed by [N%|as 10 ppm.
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Figure 2.3: C spins in diamond material. (a) Double-quantum (DQ)
Ramsey free induction decay for Sample 2A with natural abundance '3C.
Associated fit (red line) yields T5{DQ} = 0.445(30) us. With the known
nitrogen contribution (|[N]~ 0.5ppm) subtracted, these data provide an es-
timate of Aisg ~ 0.100ms 'ppm~!. (b) Fourier transform of the Ramsey
FID signal. The three peaks arise from hyperfine interactions with the “N
nuclear spin (I = 1) with inter-peak spacing double that of an equivalent
single quantum Ramsey measurement (=~ 2 x 2.2MHz) (C) Secondary ion
mass spectroscopy (SIMS) measurements of ['3C] in diamond samples grown
with methane gas of varying isotopic purity (distinguished by the blue, red,
and grey bars). The reported isotopic purity of the methane source gas used
during growth is indicated within parentheses below the sample labels (i-vi)
along the x-axis.

Isotopic purification of the carbon source is the most direct and effective ap-
proach to mitigate the contribution of the *C nuclear spin bath to dephasing. For

diamond material with [N]< 100 ppm, reducing the concentration ['*C]| is beneficial

for Ty (see Chapter 6). In the context of CVD-grown material, methane gas with up
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to >99.995% 2C is available, increasing the *C-induced limit on Tj to & 200us. In
Fig. 2.3(c), secondary ion mass spectroscopy (SIMS) measurements of the [*3C] in six
samples (labelled samples i-vi in Fig. 2.3(c)) confirms that growth with isotopically

purified methane translates into diamond material with similar purity.

2.3 Stress Inhomogeneity

Strain defects within a diamond induce spatially varying crystal stress which shifts
the NV~ ground state sublevels. Stress-gradients with magnitudes similar to spin-
bath-related contributions to dephasing and characteristic length-scales spanning sub-
micron to millimeters are common in CVD grown diamond material [38,61]. As a
consequence, the impacts of stress inhomogeneity on NV magnetometer performance
are multi-fold and present a major technical challenge for NV~ ensemble applica-
tions, especially for imaging applications where both stress-induced shifts across a
field of view and resonance broadening (dephasing) are problematic (see Chapter 4).
The following section introduces techniques for measuring crystal stress in diamond,
including NV-based stress characterization and provides examples of typical stress
distributions in CVD-grown diamond material.

Throughout the following discussion, we discuss the impacts of stress inhomo-
geneity when operating an NV~ magnetometer in one of two modes of operation
referred to as the full-sweep and few-point methods. In the full-sweep method, the
entire ODMR feature is probed, providing large dynamic range at the cost of sensi-
tivity since a large fraction of the measurement time is spent interrogating portions

of the ODMR spectrum with little or no response to external magnetic fields. In
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contrast, few-point methods offer optimal sensitivity because each of the discrete fre-
quencies probed, possess optimal or near-optimal responses to changes in magnetic
field. Typically, multiple locations on the ODMR feature are monitored to distinguish
between magnetic shifts and temperature drift as well as resonance broadening. How-
ever, these few-point methods are inherently vulnerable to stress-induced shifts and
broadening which ensure no single choice of frequencies (or free precession intervals,
7, for Ramsey measurements) are optimal for the entire field of view [19,67,68]. This

degrades response to magnetic shifts and conflates magnetic and strain information.

2.3.1 Measuring Stress in Diamond

This section compares established techniques for imaging crystal stress in diamond to
the NV-based crystal stress imaging method described in Ref. [38,101]. Previous dia-
mond strain imaging studies have employed x-ray tomography, Raman spectroscopy,
cathodluminescence, and birefringence to characterize diamond strain [61, 102, 103].
Birefringence measurements, which are experimentally simple and provide rapid feed-
back, are particularly popular in the diamond growth community [39,61,104]. In a
birefringent material, light with orthogonal polarization transmitted through a sam-
ple with thickness L accumulates a relative optical retardance phase § = (2rAnL)/\
where A is the wavelength and An is the difference in refractive indices for the
two polarizations. In a simple optical system where the sample is placed between
two linear polarizers, the strain-dependent, accumulated phase can be converted
to intensity variations. Using a rotating-linear-polarizer method, also known as

Metripol, quantitative measurements of |sin(d)| are possible [105]. An example im-
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age of sin~1(|sin(d)]) is shown in Fig. 2.4(a) for a micron-scale, nitrogen-doped layer
grown on top of an ultra-pure substrate (Sample 2B). Plastic deformation is visi-
ble as a stripe diagonal stretching across the upper left corner. Smaller length-scale
petal-type defects are discernible scattered across the field of view.

Birefringence measurements suffer several drawbacks. First, since the optical
retardance is integrated over the thickness of the sample it is difficult to isolate
the location of the strain defect along the optical axis (e.g., differentiating between
strain defects in the substrate versus a nitrogen-doped layer grown on top). Second,
for micron-scale layers the sensitivity of birefringence-based techniques is insufficient
(e.g., it is difficult to distinguish the small petal-type defects in Fig. 2.4(a)). Third, for
high strain regions, the integrated phase may exceed m/2, resulting in an ambiguity
when calculating stress.

For diamond material tailored to NV- applications, measuring the crystal stress
directly with the NV~ sensor spins as probes is an effective approach to map the crystal
stress, leveraging the vulnerability of NV~ measurements to stress as a strength for
characterization. Wide-field, quantum diamond microscopes (QDMs) can produce
crystal stress maps with up to mm-scale fields of view and spatial resolution limited
by the layer/sample thickness or optical diffraction limit (whichever is larger) [38].
For nitrogen-doped layer samples, this method is particularly advantageous since the
NV~ spins are sensitive to stress locally in the layer.

CW-ODMR and Ramsey-based imaging are both suitable for extracting the
resonance shifts and broadening induced by crystal stress and determining the im-

pacts on NV~ magnetometer performance. Experimental setups designed for wide-field
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magnetic imaging can be readily applied to stress characterization and are compat-
ible with the integration of the optical elements required for birefringence imaging
(see Ref. [38] and Chapter 4 for detailed descriptions). Fig. 2.4(b) illustrates the
axial-stress-induced resonance shifts (proportional to M, in the NV~ ground state
Hamiltonian) across the same field of view as Fig. 2.4(a) to facilitate direct compar-
ison with the birefringence-based method. The petal-type defects, originating from
lattice dislocations that form during homo-epitaxial growth of the nitrogen-doped
layer, are significantly more apparent in the M, image. Furthermore, in the bire-
fringence image, the magnitude of the diagonal-stripe feature misleadingly exhibits a
valley between two higher-stress regions as a consequence of the 7/2 phase ambigu-
ity. Meanwhile, the M, image correctly illustrates the stress environment within the
stripe feature.

The ODMR spectra of three individual pixels from Fig. 2.4(b) are depicted
in Fig. 2.4(c). In pixel (1), stress-gradients within the pixel broaden the resonance
linewidth (I") and reduce the ODMR contrast (C'), degrading achievable magnetic
sensitivity (n oc I'/C'). Although pixel (2) exhibits similar resonance frequencies,
it suffers less from stress-gradients within the pixel and thus exhibits a narrower
linewidth and improved contrast relative to pixel (1). In contrast, pixel (3) has
a comparable linewidth to pixel (2), but the resonance frequencies are shifted by
about 200 kHz. For the full-sweep method, pixels (2) and (3) would yield the same
sensitivity. However, for few-point methods, the stress-induced shift between pixels
(2) and (3) is problematic because it is no longer possible to simultaneously operate

at the optimal set of points for both pixels.
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Figure 2.4: Comparison of birefringence and NV-based stress imag-
ing. (a) Birefringence measurement using the Metripol method for an ex-
ample region of a 25-ppm-nitrogen CVD layer grown on top of a low-nitrogen
substrate (Sample 2B). A diagonal, stripe-like feature due to plastic deforma-
tion dominates the upper left-hand portion of the field of view. Additional,
few-micron scale, petal-type stress features are poorly visible. (b) NV-based
measurement of the axial-stress-induced, M., shifts for the same field of view
as (a). The petal-type features are clearly visible. The plastic deformation
feature appears qualitatively different due to the 7/2 phase ambiguity which
occurs for birefringence measurements in high-stress regions. The NV-based
measurement is physically accurate. (c) ODMR spectra from selected pixels
in (b) as indicated by black boxes and numbering. Pixel (1) exhibits ex-
cessive stress-induced broadening which is sufficient to degrade the ODMR
contrast compared to low-stress-gradient pixels (2) and (3). The ODMR res-
onance features in pixel (2) and (3) are shifted by approximately 200 kHz
with respect to each other.

Figure 2.5(a) presents a birefringence image for a 100 um by 100 um region
of another nitrogen-doped layer with [N]~8ppm and 40-micron thickness (Sample
2C). Note that this image does not use the Metripol method and is therefore only
qualitative - with brighter regions corresponding to areas of higher relative strain.
Fig. 2.5(b) illustrates the measured single quantum T3 for the same field of view
as Fig. 2.5(a). Pixels with degraded Ty correlate strongly with the features in the
birefringence image. Additional features that are challenging to identify in birefrin-

gence are readily apparent in the image of 7. Additional discussion of Ramsey-based
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Figure 2.5: Impact of stress on NV~ spin properties (a) Non-Metripol-
based birefringence measurements of a dislocation bundle in an nitrogen-
doped, layer grown on top of an ultra-pure substrate (Sample 2C). Brighter
regions correspond to higher crystal stress. (b) QDM image of the Ty ex-
tracted from a single quantum Ramsey free induction decay (FID) across the
same field of view as (a). In pixels with large-stress gradients, Ty decreases
by about an order of magnitude compared to low stress-gradient pixels. The
regions of shortened 77 correlate strongly with features in the birefringence
image. (c) ODMR-based measurements (via QDM image) of the axial-stress-
induced M, shifts across the same field of view. Peak shift magnitudes are
comparable to the NV~ spin resonance linewidth. (d) Image of the ODMR
resonance linewidths, which vary by about an order of magnitude within the
field of view and are also highly correlated with features in (a) and (b) as
expected.

imaging is available in Chapter 4.
The associated M, and CW-ODMR linewidth images included in Fig. 2.5(c)

and Fig. 2.5(d) provide complementary information. The M, shifts of ~ +200kHz
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occur across the tens of microns length-scale and are comparable to the NV- ODMR
linewidth even in low stress-gradient pixels away from the isolated petal defects.
The order of magnitude variations in NV~ spin resonance frequency and linewidth (or
equivalently dephasing) demonstrate the potential for stress inhomogeneity to impact

NV~ magnetometer performance.

2.4 NV Charge State Fraction

As motivated in Sec. 1.4, increasing the NV~ charge state fraction,

Y = [NV]/[NV? + NV (2.8)

is beneficial for magnetic sensitivity, providing both an increased number of sensor
spins and improved measurement contrast due to reduced background fluorescence
from NV? spins. This section summarizes the present understanding of NV~ ensemble
charge state behavior and provides exemplary data for context when later describing
efforts to improve the NV charge fraction, 1, especially under optical illumination, in
Chapter 6.

The conversion of nitrogen incorporated into the diamond lattice during growth
into NV centers (with any charge state) is characterized by the conversion efficiency,
Econv = [NV]/[N]. The conversion efficiency as defined here is invariant unless ad-
ditional processing occurs, such as irradiation, implantation, high temperature, or
high pressure. In contrast, the NV~ charge fraction depends intimately on the local

conditions in the diamond and can be modified by external electric fields and optical
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illumination.

In general, the steady-state NV~ charge fraction for a given sample and experi-
mental procedure is difficult to predict due to the large number of relevant parameters,
including the concentrations of charge acceptors and donor species, the characteristics
of any optical illumination (intensity, wavelength, duty cycle) [106,107], the dynamics
and concentrations of different species under such illumination, as well as irradiation
dose [108] and annealing recipe [106]. Application of a bias electric field has also been
demonstrated to impact the NV charge state fraction [109,110]. Nonetheless, certain
trends for the charge distribution in NV~ ensembles can be established. For example,
the typical 532nm optical illumination employed in NV experiments ionizes NV~ via
a two-photon process which results in degraded NV~ charge fraction with increasing
intensity [77,78]. Furthermore, increasing the density of donor species such as N°
is favorable, as supported by the near unity NV charge fractions exhibited by high-
N samples with [N]|~ 100 ppm [106, 111]. Similarly, reducing the concentration of
charge acceptors such as vacancy cluster and chains is also expected to be beneficial
(see Chapter 6 or Ref. [39] for experimental support of this claim).

Established techniques in the diamond community for studying NV charge
state include UV-Vis absorption spectroscopy, Fourier transform infrared (FTIR)
absorption spectroscopy, and electron paramagnetic resonance (EPR). In particular,
cryogenic UV-Vis absorption-based measurements provide absolute measurements of
[NV-] and [NV°| and therefore the charge fraction. However, all three of these meth-
ods are absorption-based and require the characterization of bulk material to provide

sufficient SNR (e.g., material with thickness exceeding a few hundred microns or, in
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the case of EPR, 2 10! spins). This precludes the study of micron-scale layer geome-
tries which are useful for applications and more economical to produce. Also, these
methods and associated experimental apparatuses do not usually lend themselves to
studying the NV~ charge fraction as a function of optical illumination intensity - the
most experimentally interesting regime. While EPR studies in combination with low
intensity optical illumination have been reported reported [112], achieving optical in-
tensities near the saturation intensity of the NV~ center (1-2mWum™2 [84]) across a
sufficient fraction of the required mm-scale diamond sample is technically demanding.

To address these shortcomings, we again turn to an NV-based characterization
method which, in this case, utilizes the photo-luminescence (PL) emitted by the NV
ensemble to determine the NV~ charge fraction in-situ under realistic experimental
conditions. An exemplary PL-spectrum under 532 nm optical illumination is shown
in Fig. 2.6. Two key observations are readily apparent. First, at room temperature,
a majority of the NV- and NV° PL is emitted into broad phonon sidebands. Second,
these NV~ and NV? PL spectra are significantly overlapped. To calculate the NV-
charge fraction, it is necessary to decompose the emitted PL into NV~ and NV
contributions, preferably using a method that uses the large fraction of PL emitted
into the phonon sidebands. Ref. |77| generates NV~ and NV? basis functions using
samples previously established to contain predominately NV- or NV® and decomposes
a measured PL spectra into contributions from these two bases. Ref. [78] instead
generates basis functions per sample by modulating the amount of NV~ PL using
resonant microwave irradiation and thus isolating a portion of the NV~ spectrum. The

details of this second method are described thoroughly in Ref. [78,111]. To convert
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Figure 2.6: PL-based NV~ charge fraction and ODMR contrast mea-
surements (a) Example PL spectrum collected from a 10-ppm-nitrogen
diamond sample after irradiation and annealing to increase [NV] (Sample
2D). The PL spectrum is decomposed into NV~ (purple) and NV? (orange)

contributions.

from the calculated PL fraction to an NV charge fraction requires a wavelength-
dependent scaling factor accounting for the NV~ and NV? emission ratio. Ref. [77]

determined k532 = 2.5(5) under low-intensity 532 nm optical illumination. This value

(b) Measurement of NV~ charge fraction as a function of
optical illumination intensity for Sample 2D. (c) Measurement of the pulsed-
ODMR contrast as a function of laser intensity for the same experimental
conditions as (b). A strong m-pulse with a duration of < 50ns was applied
resonant with the |0) — |+1) transition to ensure high fidelity control of
hyperfine-split populations.

is used in conjunction with the second method in the following discussion.

The PL spectrum in Fig. 2.6(a) is decomposed into the NV- and NV® PL con-
tributions using the second, NV-modulation-based method. Fig. 2.6(b) demonstrates
the study of the NV~ charge fraction for an irradiated and annealed 10-micron layer
sample with [N|~ 8 ppm as a function of 532 nm optical illumination intensity (Sam-

ple 2D). A range of optical intensities spanning nearly three orders of magnitude
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and approaching the NV saturation intensity are measured. For the lowest optical
intensity recorded, Sample 2D exhibits a maximum charge fraction of less than 40%
NV-, which is substantially lower than the near unity charge fractions reported else-
where for higher nitrogen material [111]. As the optical intensity increases, the charge
fraction exhibits poor charge state stability, degrading further until approaching an
experimental detection limit of around 5%. This rapid trend toward worse NV~ charge
fraction is unfortunate because pulsed NV~ magnetometry protocols favor higher op-
tical intensity to reduce the re-initialization duration and collect more fluorescence.
Based on the measurements described above, Sample 2D was likely over-irradiated,
producing superfluous charge acceptors and reducing the density of charge donors
such as N? [113].

The degradation of the NV~ charge fraction with increasing optical illumination
also hurts the measurement contrast - even with a 647 nm long-pass filter employed
to partially remove the NV PL contribution. The measured pulsed-ODMR contrast
shown in Fig. 2.6(c), accounting for changes in optical initialization and optimal
readout, decreases from nearly 10% to less than 2% as the optical intensity approaches
saturation intensity of the NV~ center. While the low intensity ODMR contrast of 10%
is reasonable (~14% is ideal for the epi-illumination with linearly-polarized optical
illumination used in these measurements, see Chapter 6 or Ref. [39] for details), the
magnetic sensitivity ultimately scales inverse linearly with the factor of five decrease
in contrast at higher intensity. Together with the loss in [NV7|, this contrast loss
largely mitigates any potential sensitivity improvement from using increased optical

intensity.
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Building upon the challenges highlighted in this section, Chapter 6 revisits the
topic of NV~ charge fraction and material-engineering-based progress to improve the
native NV~ charge fraction (without illumination) and robustness of the NV~ charge
fraction under optical illumination. In particular, diamond samples with varying
densities of charge acceptors, in the form of grown-in vacancy clusters and chains, are

compared.
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Double Quantum Coherence

Magnetometry

While NV~ ensemble experimental work to date predominately treats the NV~ ground
state as a pseudo-spin-1/2 system, operating in a single quantum (SQ) combination
of the |0) and either |[+1) or |—1) states, this chapter describes progress in leveraging
the full spin-1 nature of the NV~ for improved NV-ensemble magnetometry using the
double quantum (DQ) coherence. In DQ coherence measurements, superpositions of
the |£1) states are used as the sensing basis. This DQ sensing basis, as discussed in
detail in the following section, is doubly sensitive to magnetic fields as well as first-
order insensitive to sources that shift the |[+1) magnetic sublevels in common-mode,
such as axial-crystal-stress inhomogeneity and temperature drifts.

The enhanced magnetic sensitivity of the DQ coherence offers direct benefits
to magnetic sensing and imaging. However, the robustness of the D(Q sensing basis

to non-magnetic shifts in the NV~ ground state spin resonances is equally critical
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Figure 3.1: Energy Level Diagram and Experimental Apparatus.
Energy level diagram for the negatively-charged nitrogen vacancy (NV-) in
diamond with zero field splitting D between the ground state spin levels
|ms=0) and |ms ==41). The expanded views depict single (SQ) and double
quantum (DQ) coherences. The zero-field-splitting, D, and axial crystal
stress, M., shift the |£1) sublevels in common-mode with respect to the |0)
sublevel. Axial magnetic fields, B,, and transverse crystal stress, M, shift
the the |+1) sublevels differentially, increasing the |+1) splitting.
for NV- ensemble applications. For example, as discussed in Sec. 2.3, lattice stress
inhomogeneity is an outstanding material growth challenge for NV-ensemble sens-
ing, inducing resonance shifts and broadening on the order of typical NV~ ensemble
linewidths (0.1 — 1 MHz) over sub-micron to millimeter length-scales. The result-
ing stress-gradients across an interrogated NV~ ensemble are a significant source of
dephasing, limiting the single quantum 7 (see Sec. 3.5). Meanwhile, the DQ 75 is un-
affected by such stress-gradients, enabling longer free precession intervals in Ramsey
measurements and improved magnetic sensitivity. While the present chapter focuses
on the advantages DQ magnetometry affords photodiode-based measurements, Chap-
ter 4 is dedicated to describing how DQ techniques address the additional challenges
stress inhomogeneity presents for imaging applications.

After discussing the sensitivity of the NV~ ground state energy levels to both

magnetic fields and crystal stress, the experimental details required to prepare and
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utilize the DQ sensing basis for Ramsey-based magnetometry are described in Sec. 3.2
and Sec. 3.3. The successful implementation of such DQ control in ensemble experi-
ments has conventionally been hindered by the technical challenge of producing DQ
coherences with sufficient fidelity. Any MW pulse errors during the DQ pulses will
generate residual SQ coherence, which reintroduces unwanted responses to common-
mode shifts in the NV spin resonances, including axial-stress-induced resonance shifts
and temperature drifts. To overcome this obstacle, a DQ 4-Ramsey measurement
protocol is introduced in Sec. 3.4.1, which isolates the desired magnetic signal from
residual SQ signals. This scheme is broadly applicable to both NV~ ensemble imag-
ing and bulk sensing modalities, where robustness to temperature-induced drifts is
often critical [19,31,114]. A demonstration of the 4-Ramsey protocol is described
using photodiode-based measurements. The protocol is then used throughout the
remainder of the work presented in this thesis, especially in Chapter 4.

In addition to the benefits of the DQ coherence for magnetometry applications,
comparing the DQ and SQ ensemble dephasing times is also a valuable characteri-
zation tool for quantitatively understanding the ensemble dephasing mechanisms in
a sample. Section 3.5 compares the SQ and DQ dephasing times for three samples
with varying densities of incorporated nitrogen, elucidating the underlying dephasing

mechanisms for each.

62



Chapter 3: Double Quantum Coherence Magnetometry

3.1 Sensitivity of the Double Quantum Sensing Basis

to Magnetic Fields and Crystal Stress

Double quantum (DQ) coherence magnetometry was first demonstrated using sin-
gle NV~ centers by Fang et al. [80], highlighting the suppression of temperature-
induced shifts in the NV~ spin resonances. Mamin et al. [79] expanded upon this
work, achieving improved magnetic sensitivity to narrow-band, AC fields using the
DQ coherence. However, D(Q) coherence magnetometry is particularly advantageous
for NV-ensembles, suppressing the resonance shifts and ensemble dephasing induced
by spatial heterogeneity in crystal stress. This section examines the sensitivity of SQ
and DQ measurements to magnetic fields and crystal stress by considering several
limiting cases.

The NV~ ground-state Hamiltonian in the presence of crystal stress and a static
magnetic field aligned arbitrarily with respect to a particular NV~ orientation is given

by 49,50, 115]:

H/h ~(D(T) + M,) S? + %E .3
+ M, (S2—52)
+ M, (S,S, + S,S.) (3.1)
+ Ny (S:5; + 5.5:)

+ N, (S,S, + 5.5,) -

Here, D(T') ~ 2.87 GHz is the temperature-dependent zero-field splitting, S; are the

dimensionless spin-1 projection operators, %2 = Y ~ 28.04 GHz/T is the NV-
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gyromagnetic ratio, B = (B.,B;,B,) is the magnetic field in the NV~ coordinate
system, and M; and N, are terms related to crystal stress.

We refer to M, as the axial crystal stress (aligned with the NV- symmetry axis)
and define the transverse crystal stress, M| = —(M, + iM,). Using this definition of
M, and similarly introducing B, = \%(Bx +iB,) and N, = \%(Nx +1iN,), Eqn. 3.1

can be rewritten, in matrix form, as:

D(T)+ M, + 2vp, Wvps 4 Nt M,
H/h = WYB, N, 0 WY gr N, - (32)
M WYB — Nt D(T)+ M, — 2vB,

If the applied magnetic field is aligned with the NV symmetry axis (B; = 0)
and stress contributions are neglected, then the Hamiltonian in Eqn. 3.2 is diagonal
and the energy levels are given by the zero-field splitting D(7") and Zeeman splitting
e

Ben/h = D(T) % (5" B.) (33)

Ejy/h = 0. (3.4)

During the free precession interval of a sequence, the SQ coherence accumulates phase
proportional to the energy difference between the |0) and either of the |+1) magnetic
sublevels. Figure 3.1 highlights the dependence of the energy difference, Ep)-E|+y),
on both the zero-field-splitting and Zeeman contributions.

Conversely, the DQ coherence accumulates net phase proportional to the energy
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difference between the |£1) sublevels (E|11y—E|_1y). Terms in the NV~ Hamiltonian
such as the zero-field field splitting, which are proportional to S? in Eqn. 3.1 and shift
the |[£1) sublevels in common-mode, cancel. Meanwhile, terms which add differen-
tially (o< S,), such as the Zeeman term, constructively add to effectively double the
gyromagnetic ratio and accumulate phase in a magnetic field at a rate twice that of

the SQ coherence.

3.1.1 Non-Zero Transverse Magnetic Field Contribution

The transverse magnetic field, B, and crystal-stress-related N couple into to the
NV~ ground state Hamiltonian similarly. As a consequence, although the following
discussion explicitly considers the transverse magnetic field contribution, similar re-
sults are obtained for the N, contribution.

Assuming a non-zero transverse magnetic field (B, # 0), the energy values
for the NV Hamiltonian (Eqn. 3.2) can be evaluated by treating B, as a small

perturbation, with perturbation Hamiltonian V' = H — H, defined as,

0 o BL M,
V=1 wvp N, 0 wvpr N, |- (3.5)
My G Bl — NI 0

To simplify the analysis, M, = M|, = N, = 0. Using time-independent perturbation
theory (see for example Ref. [116]), the corrected energy levels are given by: FE|4 ) ~

£O

1) @
w10y T B T B

41,0 oyt where £ ) are the bare energies as given in Eqn.

|+1,0
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3.4 and E| 41,0) for £ > 0 are the k-th order corrections. The energy corrections at

first and second order are:

E{D o = (£1,0[V[£1,0) =0 (3.6)

£ _ (F1 V] £ 1) N [O[V £ DI _ BB LIP |2 BL)?
=D By — By By D+%¥B,~ D

(3.7)

£ _ IHIVIOP VIO (HWBLHZ [E%9:3 Hz) .
K —Ei —E D+2X¥pB, D-2Vp :
2|5 By |
T D

where the last two lines leverage the fact that 22 B, < D(T') in typical NV ensemble

experiments (1 —10mT). The new transition frequencies fi; for Ejgy — Ej41) are

therefore:
3” INV. BJ_ H 2
D .

fo~D+ 72NVB + (3.9)

From Eqn. 3.9 it follows that energy level shifts due to transverse magnetic fields are
mitigated by the large zero-field splitting D(7T'); and are further suppressed in the
DQ basis, as they add (approximately) in common-mode. Consequently, transverse
magnetic fields and gradients in the transverse magnetic field can be neglected in
the experiments presented in this chapter, especially when considering sources of
ensemble dephasing. Similar analysis demonstrates that the crystal-stress-related N

contribution is also suppressed by the zero-field-splitting and therefore neglected in
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the remainder of this dissertation.

3.1.2 Non-Zero Crystal Stress Contributions

Next, the effect of non-zero axial M, and transverse M, crystal stress terms are
considered, while assuming N, = 0 and a bias magnetic field aligned along the NV
symmetry axis with magnitude B, such that B, = 0. Under these conditions, the

energy eigenvalues of the NV~ Hamiltonian (3.2) for the |41) sublevels become,

Ejeny/h =D+ M, + \/(—7;:32)2+ || M |2 (3.10)
INV || ML ? (M|

~D+ M+ | 2Vp, AL 11

+ { 5 Bet 270 B, +0 B (3.11)

To first order, crystal stress shifts the energies of the |+1) states in common-mode
by the axial stress term M,. SQ measurements, which probe the difference between
Ejpy and either F|.;, are vulnerable to this axial-stress-induced shift. Conversely,
DQ measurements which probe the difference between the F| ;) and E|_;y energies,
are insensitive to axial stress. At second order, the transverse crystal stress term M|
induces magnetic-like, differential shifts in the F4,y energies, which are not mitigated
in either the SQ or DQ sensing bases. However, these transverse-stress-induced shifts
are suppressed by a factor ||M, ||/ (ynvB,/m). For variations in M, ~M  ~ 100 kHz,

an aligned bias magnetic field of 5mT provides a suppression of ~450x.
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Figure 3.2: SQ and DQ pulses for Ramsey experiments.(a) Depiction
of a single-tone MW pulse with frequency fi; resonant with the |0) — |41)
transition and Rabi frequency {2sq in the {|0),|+1),|—1)} spin basis. The
applied pulse, with duration 7gq, creates an equal superposition of the |0)
and |+1) sublevels. (b) Depiction of a dual-tone MW pulse with frequencies
f+1 and f_; resonant with the |0) — |+1) and |0) — |+1) transitions in the
{]0),|+1),|—1)} spin basis. Both transitions are driven with Rabi frequency
(23q. The applied pulse, with duration g = \/§TSQ, creates an equal super-
position of the |—1) and |+1) sublevels. (c¢) Depiction of a dual-tone MW
pulse in the {|0),[+DQ),|-DQ)} basis with duration mq = 7/dpq (where
|+£DQ) = (|+1) & |—1))/+v/2). In this basis, the applied pulse behaves like a
m-pulse transferring population from |0) into |[+DQ)

3.2 Implementing Double Quantum Control

For single quantum (SQ) Ramsey magnetometry, a single-tone 7/2-pulse addressing
the |0) — |+1) or |0) — |—1) transitions with frequency f,; or f_;, Rabi frequency
Qsq, and duration 7sq = 7/(sQsq) generates an equal superposition of the |0) and
either |[£1) sublevels (see Fig. 3.2(a)).

In contrast, in the presence of an external magnetic field, preparation and control
of the double quantum (DQ) coherence employs resonant excitation of both transi-
tions to generate a superposition of the |+1) sublevels. If each transition is driven
with Qgq, then the resulting on-resonance DQ Rabi frequency €dpq is \/§QSQ and the
corresponding pulse duration 7pq to create a superposition of the |£1) sublevels is
(see Fig. 3.2(b)):

oo = —— = V2750, (3.12)

Opg
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For an equal superposition of the |+1) states, the phase relationship A¢ in (|+1) +
e”A%|-1))/v/2) is determined by the relative phase between the two applied MW
tones. In Fig. 3.2(c), the orthogonal states |[+DQ) = (|+1)+|—1))/v/2 and |-DQ) =
(J+1) — |=1))/v/2 are defined with A¢ = 0°,180°, respectively. Since neither |[+DQ)
are energy eigenstates of the system, population precesses between |[+DQ) and |-DQ)
while accumulating phase in a magnetic field. While it is possible to sequentially
address these transitions using SQ (single-tone) pulses and generate the requisite
superposition of the |+1) sublevels [117], the discussion in this section focuses on
two-tone pulses which address both transitions simultaneously because the required
DQ rotations can be accomplished in a shorter amount of time compared to sequential
single-tone pulses.

For the experiments described throughout this dissertation, dual-tone MW con-
trol fields are synthesized using two signal generators with independent amplitude
and phase control on each tone. The synthesized MW signals are then combined
either before or after passing through an amplifier and ultimately delivered to the di-
amond via a MW delivery structure (commonly a fabricated planar gold wave-guide
or shorted coaxial loop). Fig. 3.3(a) depicts an exemplary DQ Ramsey pulse sequence,
including the optical pulse used for initialization and readout as well as a TTL pulse
which triggers DAQ readouts on the rising edge (or another device such as a camera).

A schematic of the MW control hardware is included in Fig. 3.3(b)). However,
this configuration is not unique and other hardware configurations include (a) double
side-band modulation of a single local oscillator as demonstrated by Mamin et al [79]

or (b) directly synthesizing the GHz-scale MW control fields using an arbitrary wave-
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Figure 3.3: DQ Microwave Control. (a) Illustration of a DQ Ramsey
pulse sequence with dual-tone MW pulses used to apply unitary spin-1 DQ
rotations U,—;(7/2). In a Ramsey free induction decay measurement, the
duration between the MW pulses, 7 is swept. An AOM is used to apply
optical pulses for readout and re-initialization. The rising edge of the readout
pulse triggers a DAQ to read the voltage from a photodiode or acquires from
other hardware such as a camera. (b) Microwave generation and delivery
schematic. For NV spin state control: Single and two-tone signals can be
generated using two signal generators (e.g., SRS384). Both channels include
IQ mixers to manipulate the phases of the synthesized signals. Minicircuits
ZASWA-2-50DR+ switches are used to generate the NV control pulses before
amplification with a Minicircuits ZHL-16W-43 amplifier. The NV control
fields are delivered to the diamond sample using a fabricated microwave wave-
guide (500 pm diameter).

form generator with sufficient sampling rate. Independent of these details, control of
the amplitude of each tone is critical in order to overcome the frequency-dependent
couplings of the MW delivery structure, frequency-dependent gain in the MW ampli-
fier, and losses which would otherwise produce unequal SQ Rabi frequencies for the

two spins transitions.

3.3 DQ Pulse Calibration using State Tomography

This section describes a state tomography-based procedure to calibrate the ampli-

tudes and duration of the dual-tone MW pulses used to produce and manipulate
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equal superpositions of the |£1) sublevels. The calibration procedure begins with
the two sets of measurements depicted schematically in Fig. 3.4(a,c). The objective
of these measurements is to calibrate the relative amplitudes of the constituent MW
tones, MW1 and MW2, which are resonant with the |0) — |+1) and |0) — |—1)
spin transitions, respectively. Ideally, when the effective Rabi frequencies for both
transitions are equivalent, a two-tone pulse with duration 7pg will create an equal
superposition of the |£1) sublevels. However, frequency-dependent coupling of the
MW delivery structure, amplification, or attenuation by other components can lead
to unequal Rabi frequencies for the two transitions. If one transition is addressed
with a faster Rabi frequency, then population will more rapidly accumulate in either
of the |+1) sublevels. The procedure described below is intended to determine the

AMW2 relative to AMW! to ensure equal driving of both transitions.

proper amplitude
Here, the amplitudes AMW! and AMW?2 are reported in terms of the RF output power
from each signal generator (in units of dBm) and initially estimated using SQ Rabi
measurements on each transition independently (with the other MW tone absent). It
is critical to note that when both MW tones are amplified using the same amplifier (as
shown in Fig. 3.3), increasing AMW? and thus the effective SQ Rabi frequency results
in a commensurate decrease in the Rabi frequency observed on the other transition.

As illustrated in Fig. 3.4(a,c), a dual-tone MW pulse with duration 7p¢ and
amplitudes AMW! and AMW2 is applied to the NV~ ensemble. Then, a SQ Rabi
measurement using a single-tone pulse on MW1 or MW2 is performed to probe the

population distribution between the |+) sublevels. After recording the SQ Rabi os-

cillations when probing MW1 for a range of AMW2 a second set of measurements
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Figure 3.4: MW Amplitude Calibration Procedure. (a) Pulse sequence
used to measure the SQ Rabi oscillation on the MW 1 channel which is reso-
nant with the |0) — |+1) transition as a function of the MW2 pulse ampli-
tude AMW2 AMWL g fixed throughout. (b) Example data produced using the
pulse sequence depicted in (a). The Rabi contrast decreases with in increas-
ing AMW2_ (c) Pulse sequence used to measure the SQ Rabi oscillation on the
MW?2 channel which is resonant with the |0) — |—1) transition as a function
of AMW2 (d) Example data produced using the pulse sequence depicted in
(c). The measured SQ Rabi contrast and frequency increases with increasing
AMW2 (&) The Rabi contrast values extracted from the measurements in
(b,d) are shown as a function of AMW2. The black arrow indicates the inter-
section at AMW2 = _5.6 dBm which corresponds to the amplitude required for
the populations in |[—1) and |—1) to be equivalent after the dual-tone pulse in
(a,c) is applied. Note that the amplitude AMW2? depends in the initial choice
for AMWL,

is acquired addressing MW2. The recorded SQ Rabi contrasts are proportional to
the population transferred into either of the |+1) sublevels. A wait interval 7,4 is
introduced after the dual-tone MW pulse is applied. The wait interval must satisfy
Twait > 15 in order to ensure that any coherences have dephased and the measured
SQ Rabi contrast is only dependent on the population difference between the |0) and
probed |£1) sublevels (diagonal terms of the density matrix).

Fig. 3.4(b) depicts the first set of measurements where SQ) Rabi oscillations are
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measured on the [0) — |+1) transition (MW1) while the amplitude of MW2, AMW?2,
addressing the |0) — |—1) transition, is swept. When AMW?2 is small compared to
AMWL " the applied dual-tone pulse mostly couples the |0) and |+1) sublevels and
results in maximum contrast. As the relative amplitude of MW2 and the coupling of
the dual-tone pulse to the other transition increases, the contrast of the |0) — [+1)
Rabi oscillations decreases.

Meanwhile, Fig. 3.4(d) depicts the second set of measurements: SQ Rabi os-
cillations are measured on the |0) — |—1) transition (MW2) while the applied RF
amplitude of MW2 is again swept. The SQ Rabi contrast and frequency increases
as AMW2 increases as expected. The extracted Rabi contrasts for both data sets are
then presented in Fig. 3.4(e). When the SQ Rabi contrasts are equivalent, the two
populations are driven between the |0) and |£1) sublevels at equal rates as desired.

With the amplitude calibration complete, the optimal dual-tone pulse duration
Tpg can be determined by measuring the DQ Rabi oscillation (transferring spin pop-
ulation between the |0) and |£DQ)). Exemplary DQ Rabi oscillations are shown in
Fig. 3.5 for two choices of applied MW tones on an NV ensemble sample (Sample
2D, see App. C). Fig. 3.5(a) depicts DQ Rabi oscillations for the "equal-detuning"
case in which the MW tones are symmetrically detuned from both hyperfine-split
populations by about (|A;| = |As| ~ 1.55 MHz) and the effective Rabi frequencies
for each population are equivalent. It is immediately apparent from Fig. 3.5(a) that
the DQ Rabi signal is not a simple mono-tone oscillation as observed in SQ Rabi
measurements, but instead exhibits two oscillations at a frequency Qpq and, as we

will derive, its half-harmonic at 2pq/2. Ultimately, this is a feature of vee-type three
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level systems with the two higher energy states coupled through a single lower energy
state. However, the case of differential, but equal magnitude detunings considered

here is less commonly discussed.

(@ |0><j>|+1> 0)<—>|-1) (b) [0)«—>[+1) [0)<«>{-1)
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Figure 3.5: DQ Rabi Oscillations. (a) DQ Rabi oscillation measured by
sweeping the duration of the dual-tone MW pulse. The applied MW tones are
detuned symmetrically from both hyperfine populations in the N-enriched
diamond sample (|A;| = |Ay] =~ 1.55 MHz). The red line is a fit to the data
using Eqn. 3.17 with an additional exponential decay envelope and overall
scaling factor. (b) Similar to (a), but with an additional differential detuning
of 3.5 MHz such that the detunings for both hyperfine populations are non-
degenerate (|A;| # |Az|). The red line is a fit to the data using Eqn. 3.17
with an additional exponential decay envelope and overall scaling factor.

To obtain analytical expressions for the DQ Rabi signal, we begin with the
ground state electronic Hamiltonian (Eqn. 3.1), neglecting stress and transverse mag-
netic field contributions, but including an external AC magnetic field to drive transi-

tions between the |0) and |£1) magnetic sublevels,

H/h~(D(T) + M) S? + %BZ -S.+ %BAC [cos(wit) + cos(ws)t] - V2S,.  (3.13)
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Using the rotation operator,

S I
R(t) = 0 1 0 (3.14)
0 0 et

as,
D—i—%Bz—wl %%BAC 0
H/h = 12 Bac 0 12 Bac , (3.15)
0 12 Bye D~ LB, —w

which after defining the SQ Rabi frequency for each transition as {2sg = 5-Bac and,

for a differential detuning with magnitude |A[, w12 = (D £ 5=B.) £ A, reduces to

the form:
A logg 0
I:I/h: %QSQ 0 %QSQ . (3.16)
0 %QSQ A

If the system is initialized into |0) at time ¢ = 0 with |¢(0)|*> = 1, then the population

in the my = 0 state will evolve according to,

Q
6o (t)|? = Acos(2nQpqt) + B COS(QW(%Q)t) +C (3.17)
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where the coefficients A, B, and C' are time-independent and only depend upon the

detuning and SQ Rabi frequency Qgq,

p 2Q%, B_ 16Q3,A o 205, + 16A°

- , B= — 97 (3.18)
Qba Qhq Qhq

For a detuning A, (dpq is defined as ,/4A2% + ZQgQ. Returning to the experimental
data presented in Fig. 3.5(a), the red solid line was produced by fitting to Eqn. 3.17
for the equal-detuning case. The only free parameters used for fitting are the DQ Rabi
frequency {lpq, an additional exponential decay term, and an overall scaling factor.
The magnitude of the detuning A from each hyperfine population was fixed to be
Apr/2 = |A12| = 1.55 MHz. The resulting fit shown in red in Fig. 3.5(a) captures
the experimental data well.

In the limit of large Qpq and (sq, the B term and the relative contribution
of the half-harmonic is suppressed such that we recover a single oscillation with fre-
quency Qpq: |Go(t)]* = cos(2rQpqt) + 5 where C' = 1/2 and A = 1. The fractional
contribution of the half-harmonic term to the resulting DQ Rabi signal decreases with

increasing {2gg according to a Lorentzian profile,

B A
A+B A2+ 1(Q)2

(3.19)

with width proportional to the detuning.
For the equal-detuning, >NV ensemble measurements shown in Figs. 3.5(a), SQ
Rabi frequencies (g in excess of 18 MHz on both the [0) — |+1) and |0) — |+1)

transitions are required to suppress the fractional contribution of the half-harmonic
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term to less than 10%. For reference, the measurement presented in Figs. 3.5(a) with
Q5o ~ 11 MHz, the fractional contribution of the half-harmonic is ~24%.

While such SQ Rabi frequencies Qg (and even larger) can be readily attained
in single NV experiments and confocal volumes, the competing requirements of spa-
tial homogeneity and increasing SQ Rabi frequencies for ensemble measurements
present an outstanding technical roadblock for many applications. The presence of
the half-harmonic most dramatically effects DQ, dual-tone "swap"-pulses designed to
exchange the populations in the |[+1) and |—1) sublevels. These rotations are critical
for echo-type DQ pulse sequences [79] as well as magnetically-insensitive variants used
for thermometry [117] (Ref. [117] in fact uses sequential single-tone pulses instead of
dual-tone pulses in part to avoid this challenge). Fortunately, for the DQ Ramsey
sequences primarily considered here, the optimal pulse duration 7pq corresponds to
the first minima in the DQ Rabi signal. When Qg > App, the half-harmonic be-
havior does not significantly impact the contrast or duration 7pq of the first minima.
However, it is important to note that as {2gg decreases and becomes comparable to
Ayr, the half-harmonic term can dramatically alter the DQ Rabi signal and optimal
pulse duration.

Fig. 3.5(b) depicts the DQ Rabi signal resulting from non-degenerate detunings
for each of the hyperfine-split populations (A; # A,). In this case, the measured data
is fit to an analytical form which includes terms for both hyperfine populations with
detunings, A; ~ —1.95MHz and A, =~ 5.05 MHz. As with the equal-detuning case,
the resulting fit exhibits reasonable agreement with the measured DQ Rabi signal.

For both cases, the optimal DQ pulse duration is ~ 50 ns.

7



Chapter 3: Double Quantum Coherence Magnetometry

3.4 The DQ 4-Ramsey Measurement Protocol

As alluded to in the previous section, generating strong and uniform MW control
fields across an interrogated ensemble becomes an increasingly difficult technical chal-
lenge as the volume of the interrogated ensemble increases. A spatially varying Rabi
frequency induces MW pulse errors because only one global pulse duration can be
chosen for the entire field of view. In S measurements, MW pulse errors result in a
loss of contrast. However, for DQ measurements such pulse errors additionally result
in residual SQ) coherence that remains sensitive to common-mode shifts of the |£1)
sublevels, degrading the robustness of DQ magnetometry to stress-induced shifts and
temperature drifts.

This challenge is circumvented here by introducing a DQ 4-Ramsey protocol
specifically designed to suppress residual SQ coherence. While further technical
progress designing more efficient and uniform MW delivery structures remains criti-
cal, this 4-Ramsey protocol relaxes technical requirements such that presently existing
solutions are sufficient. The protocol consists of four consecutive Ramsey sequences
that, when combined, isolate the desired DQ magnetometry signal from residual SQ
signal by modulating the MW pulse phases (see Fig. 3.6). SQ protocols commonly
employ sets of two Ramsey sequences (2-Ramsey), alternating the phase of the final
7/2 pulse in successive sequences by 180°, to modulate the NV~ fluorescence and can-
cel low-frequency noise, such as 1/f noise [118|. In such a SQ 2-Ramsey protocol,
the magnetometry signal alternately maps to positive and negative changes in NV~
fluorescence, such that subtracting every second detection from the previous yields a

rectified magnetometry signal.
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An analogous DQ 2-Ramsey protocol exists: The two-tone MW pulses discussed
earlier couple the |0) state to equal-amplitude superpositions of the |£1) state, with
a phase relationship (|+1) + e*2?|—1))/2 determined by the relative phase A¢ be-
tween the two MW tones [79]. By modulating A¢={0°,180°} between the tones in
the final 7/2 pulse, the |0) state can be alternately coupled to the orthogonal super-
position states |[+DQ) = (|+1) + |—1))/v/2. Although this DQ 2-Ramsey protocol
effectively mitigates noise at frequencies below the A¢ modulation frequency, it does
not disentangle the desired DQ signal from unwanted SQ signal arising from MW
pulse errors.

Fig. 3.6 illustrates the DQ rotations applied in the {|0), |-DQ), |[+DQ)} basis
for a particular implementation of the DQ 4-Ramsey protocol along with the expected
sign of the contrast change produced by a magnetic signal. In this example, the choice
of relative phases has been restricted to 0° or 180°. While the initial pulse in each
Ramsey sequence prepares the |[+DQ) state, the final pulse alternately couples to the
|[+DQ) and |—DQ) states, similar to the DQ 2-Ramsey protocol. If the signal from
each of the four measurements ¢ = 1—4 is denoted by S; then the rectified DQ signal
Syr is given by:

Sip =51 — Se+ 53— Su (3.20)

where, as shown in Fig. 3.6(a), S and S; contain DQ signals with opposite sign
compared to S; and S3. When implementing these DQ rotations, we have flexibility
in choosing the absolute phases of each tone. For example, {0°, 0°} and {180°, 180°}
both couple to |[+DQ) while {0°, 180°} and {0°, 180°} couple to |-DQ). We leverage

this degree of freedom to ensure that residual SQ signals are canceled by Eqn. 3.20.
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(@) Applied DQ Pulses Net DQ
Signal S
o) oo DR R -

Ramsey S; Ramsey S, RamseyS; RamseyS,

(b) Effective SQ Pulses Net SQ

Ramsey S; Ramsey S, RamseyS; RamseyS,

Figure 3.6: 4-Ramsey Measurement Protocol. (a) Representation of
the DQ 4-Ramsey measurement protocol to cancel residual single quantum
(SQ) signals resulting from MW pulse errors. The two-tone DQ pulses ap-
plied during each Ramsey sequence are depicted above the DC magnetometry
curve associated with that choice of phases. The net DQ magnetometry sig-
nal Sy is shown on the right. (b) The applied MW pulses are decomposed
into effective SQ rotations for each pseudo-two-level system. The resultant
DC magnetometry signals for each Ramsey sequence are depicted and shown
to produce no net SQ signal under Eqn. 3.20.

The effective SQ pulses applied to each two-level subsystem transition (|0) — |+1)
and |0) — |—1)) are illustrated in Fig. 3.6(c) as Bloch sphere rotations about the
axes © and —z. Note that the phase shifts, {0°, 180°}, correspond to rotations about
{x, -x}, respectively.

If pulse errors arise, leading to residual S coherence, then Eqn. 3.20 cancels the

resultant SQ signal because the SQ signal contained in the summation S,+Sy is the
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same as S1+53, assuming the pulse error is constant over the measurement duration.
For photodiode-based measurements, which provide access to S;_4 directly, the right
hand side of Eqn. 3.20 can be divided by the sum of S;_4 to cancel the effects of noise

sources such as laser intensity drift.

3.4.1 Experimental Demonstration of the 4-Ramsey Protocol

In this following, the 4-Ramsey protocol is demonstrated using a custom-built epi-
fluorescence microscope (see Fig. 3.7). An approximately 100 pum x 100 um region
of 1-micron-thick, nitrogen-doped CVD diamond layer ([N] 220 ppm, 2C=99.995%,
natural abundance nitrogen) grown by Element Six (Sample 3A) is illuminated with
500mW of 532nm laser light. Post-growth treatment via electron irradiation and
annealing increased the NV~ concentration in the nitrogen-doped layer to ~ 2 ppm.
The emitted NV~ fluorescence is collected onto a single-channel photodiode detector
(Hamamatsu C10508). An Aglient E9310A with built-in IQ modulation and a Wind-
freak SynthHD signal generator in combination with an external Marki-1545LMP 1Q
mixer provided the two-tone MW control fields and requisite phase control employed
in this work. A Pulseblaster ESR-Pro with 500 MHz clock controlled the synchro-
nization of applied MW pulses, optical pulses, and photodiode readouts. Samarium
cobalt ring-shaped magnets (as described further in Ref. |73] and Appendix B) applied
a 5mT bias magnetic field used to split the |0) and |£1) transitions.

Figs. 3.7(b-e) illustrate the benefit of the DQ 4-Ramsey protocol over SQ and
DQ 2-Ramsey protocols by comparing the measured change in contrast in response

to differential (magnetic-field-like) and common-mode (temperature, axial-stress-like)
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Figure 3.7: Experimental demonstration of the 4-Ramsey protocol
using Sample 3A. (a) Apparatus overview including 532nm excitation of a
micron-scale layer of NV centers in a macroscopic diamond chip, using a 20x
objective and epi-illumination configuration. NV fluorescence is collected us-
ing the same objective onto a photodiode. 647 nm and 532 nm long-pass (LP)
optical filters partially isolate NV~ fluorescence from NV° background fluo-
rescence. MW control fields are synthesized using two signal generators with
phase control on both tones and applied via a millimeter-scale shorted coax-
ial loop. A bias magnetic field of 5mT is aligned with NV centers oriented
along a single crystallographic axis. (b) The applied two-tone MW field fre-
quencies are detuned from the NV~ resonances in common-mode by 0., to
emulate stress- and temperature-induced shifts. (c) Single-channel (photodi-
ode) measurements of the NV~ response to common shifts of the |0) — |+1)
and |0) — |—1) spin resonances. For each sensing protocol, d., = 0 indi-
cates the point of maximum slope after calibration (see Appendix A). The
DQ 4-Ramsey response to common shifts is suppressed by 96x compared to
the SQ 2-Ramsey response. (d) The applied two-tone MW field frequen-
cies are detuned from the NV~ resonances differentially by £d4g to emulate
axial-magnetic-field induced shifts. (e) Single-channel measurements of the
NV response to differential shifts of the |0) — |4+1) and |0) — |—1) spin
resonances. For each measurement protocol, dq;¢ = 0 indicates the point of
maximum slope after calibration, which determines the optimal magnetome-
ter sensitivity.

shifts when operating with a free precession interval 7 and detuning from the center

hyperfine resonance optimized for magnetic sensitivity (see Appendix A). In these
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measurements, the MW pulse errors are attributed approximately equally to a 10%
Rabi gradient across the ensemble and the hyperfine-induced differences in effective
Rabi frequency for each of the three hyperfine-split resonances. The sample used for
this demonstration (Sample 3A) has a 1-micron-thick, 1*N-doped layer (nuclear spin
my; =1).

By approximating the change in fluorescence about the optimal detuning (e, =
dair=0) using a linear fit, we find that DQ Ramsey measurements using the conven-
tional 2-Ramsey protocol (with residual SQ signal) suppress the response to common
shifts d., compared to SQ 2-Ramsey measurements by a factor of 7. Although this
suppression factor depends on both the particular setup and diamond, the factor of
7 reported in this work is similar to that in Ref. [80] for a single NV-, which also
attributes the residual observed response to MW pulse imperfections. Meanwhile,
under the same experimental conditions, the DQ 4-Ramsey protocol suppresses the
common shift response by about a factor of 100 compared to SQ Ramsey measure-
ments. As depicted in Fig. 3.7(e), the DQ 4-Ramsey and DQ 2-Ramsey responses
exhibit about a cumulative 25% increase in slope (and hence magnetometer sensi-
tivity) compared to the SQ 2-Ramsey response, after accounting for the increased
effective gyromagnetic ratio in the DQ basis and the loss of DQ contrast due to pulse
errors.

Finally, although the 4-Ramsey protocol introduces a factor of 2 reduction in
the temporal resolution compared to a 2-Ramsey DQ protocol (it takes 4 measure-
ments to produce a rectified signal), there is no penalty on sensitivity or bandwidth

because the rate of Ramsey measurements is unchanged and the DQ signals from
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each measurement add constructively.

3.5 Comparing DQ and SQ 75 Measurements

This section discusses Ramsey fringe measurements in the SQ and DQ sensing bases
for three as-grown CVD samples with varying concentrations of nitrogen doping (Sam-
ples 3B, 3C, 3D). Comparison of the SQ dephasing time T3 {SQ} and decay shape to
the stress-gradient-immune 75 {DQ} and decay shape is a useful tool for identifying
and quantifying the underlying dephasing mechanisms. After introducing the samples
used in this section, Sec. 2.2 is summarized as relevant for the present discussion.

As summarized in Tab. 3.1, Samples 3B ([N] < 0.05ppm) and 3C ([V] =
0.75 ppm) each consist of a *N-doped, 100- um-thick CVD layer (99.99% 2C) de-
posited on top of a diamond substrate. Sample 3D ([N],= 10ppm) possesses a
40- um-thick, N-doped CVD layer (99.95% 2C) on a diamond substrate. Since
these samples have not been electron irradiated and annealed, they exhibit an N-to-
NV conversion efficiency of much less than 1% [65] and therefore dephasing due to
NV-NV dipolar interactions can be neglected.

The major remaining dephasing mechanisms to consider are dipolar interactions
with the electronic substitutional nitrogen and 3*C nuclear spin baths as well as axial-
stress-gradients M, across the ensemble. Recall that transverse-stress-gradients, M,
are suppressed by a modest aligned bias magnetic field of 2-8.5mT in the following

experiments, and neglected in the following analysis. The contribution of these three
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dephasing mechanisms to the ensemble T5{SQ} can be expressed as,

1 1 1 1
~ + + .
T3{5Q}  T3{Ngt T5{®C} T5{M:}

(3.21)

Eqn. 3.21 assumes the dephasing rates for all mechanisms add approximately linearly
(i.e., that they lead to exponential decay in the Ramsey fringe envelope). While this
assumption is true for purely spin-bath-limited dephasing where the NV~ ensemble
decay envelope exhibits a simple exponential decay (decay shape parameter, p = 1)
[74,92], stress-gradient-limited NV spin ensemble dephasing can exhibit a wide range
of decay shapes (p # 1). Therefore, Eqn. 3.21 only provides an estimate for 75 {SQ}
in the presence of stress-gradient-induced dephasing. For T5;{DQ}, the contribution
of magnetic-spin-bath-limited terms in Eqn. 3.21 (T5{N%} and T5{'*C}) should be

doubled and the axial-stress-gradient contribution neglected,

1 1 1
e =2 + ). 3.22

gy 2\t nmo) 522
This expression is now exact - the Ramsey decay should be exponential assuming the
spin bath concentrations are uniform across the interrogated volume. As introduced

Sec. 2.2.1 and Sec. 2.2.4, the contributions of dipolar interactions with the N? and

13C spin baths to dephasing can be estimated using,

1

— = Am,Ayo - [NY], 3.23

TQ*{NSO} NS [ ] ( )
1 _ 13

0T AmgAisc - [°C], (3.24)
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where |Amy| is the absolute value of the difference between the magnetic sublevels
used for sensing (Amg = 2 for the DQ sensing basis).

In the following sections, we use the average dipolar coupling to estimate Ayo
instead of the scaling presented in Sec. 2.2.1 (101412 ms™!ppm™!) since measurements
of Sample 3C and Sample 3D were used to determine this value. Instead, the NV~
ensemble 75 as a function of nitrogen concentration is estimated from the average
dipolar coupling between electronic nitrogen spins, which is given by ... = a X
Z—i gux/ h# ~ 21 x9.1-[N% kHz/ppm, where 1 is the vacuum permeability, g is the
electron g-factor, up is the Bohr magneton, # is the reduced Planck constant, (r) =
0.55 [N?]71/3 is the average spacing between bath spins as a function of concentration
(in parts-per-million), and a is a factor of order unity collecting additional factors that
need to be considered in the dipolar estimate such as the angular dependence and
spin resonance lineshape of the ensemble [95]. A sample with [N?] = 1 ppm therefore
has an estimated 75{SQ} ~ 1/(27 x 9.2kHz) = 17.5 pus.

This dipolar estimate is roughly a factor of two larger than the experimentally
established scaling. This is qualitatively reasonable since the dipolar estimate does
not appropriately capture the contribution of single NV~ centers with a paramagnetic
defect much closer than the average spacing to the overall ensemble T3 as described
in Ref. [74] and supported by simulations of NV- ensemble T [72].

For the 3C contribution, analytical and experimental measurements suggest
Awisg =~ 0.1ms 'ppm~! such that the estimate for T5{3C} with [**C|~ 10700 ppm
(~1.1%) is approximately 1us. The dephasing times extracted for the three samples

discussed will be compared to the expectations based on these estimates.

86



Chapter 3: Double Quantum Coherence Magnetometry

Sample  [N] BC T3{SQ} Ty{DQ} Ty{Ny} Ty{"*C} Ty{N2,"°C}
(ppm) (%) (us) (us) (us) (us) (us)
3B <0.05 0.01 512 34(2) 350 100 78
3C 0.75 0.01 1-10  6.9(5) 23 100 19
3D 10 <0.005 0.3—12 0.60(2) ) 20 )

Table 3.1: Characteristics of Samples 3B, 3C, and 3D. Estimated 7%
values are calculated using the contributions of *C' and N? as described in the
main text. Reasonable agreement is found between the estimated Tj {NY 3C}
and twice the measured T5{DQ}, consistent with the twice faster dephasing
in the DQ basis for all three samples.

The measurements presented in this section utilized a setup similar to the one
discussed previously (see Fig. 3.7(a)); however, the diameter of the optical excitation
beam waist and input optical power were reduced to a diameter of about 10 um and
250 mW, respectively. In addition, when measurements of the dephasing time and de-
cay shape are used to study dephasing mechanisms internal to the diamond, careful
attention must be paid to ensure 7} is not limited by external contributions such as
applied magnetic field gradients or temperature drift while averaging a measurement.
For this reason, the diametrically-opposed Samarium Cobalt ring magnets depicted
in Fig. 3.7 were explicitly designed to sufficiently minimize magnetic field gradient
contributions across the samples considered here. Appendix B provides further dis-

cussion and simulations of the magnetic field produced by these magnets.

3.5.1 Low Nitrogen Regime

Experiments on Sample 3B ([N] < 0.05ppm, 'N) probed the low nitrogen density

regime where other dephasing mechanisms are significant contributions to the ob-
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served Ramsey decay. In different regions of this diamond, the measured S(Q Ramsey
dephasing time varies between Ty g5 ~ 5 — 12 us, with 1 < p < 2. Strikingly, even
the longest measured T3 g, is ~ 30x shorter than the estimated T3 {N°} calculated
using the total nitrogen concentration, [N], of the sample (2 350 pus, see Table 3.1)
and ~ 10x smaller than the expected SQ limit due to 0.01% '*C spins (=~ 100(7) us).
This discrepancy suggests that dipolar broadening due to paramagnetic spins is not
the dominant NV~ ensemble dephasing mechanism. Instead, the spatial variation in
T5{SQ}, decay shape parameter p # 1, and low concentration of nitrogen and '3C
spins together suggest that crystal stress inhomogeneity is the main source of NV
spin ensemble dephasing in this sample.

Measurements in the D(Q basis further support this assessment. Fig. 3.8 shows
data for 75 in both the SQ and D(Q bases for an example region of Sample 3B
with SQ dephasing time 75 {SQ} = 5.8(2) us and p = 1.7(2). In the DQ basis, we
find T5{DQ} = 34(2) us with p = 1.0(1), which is a ~ 6x improvement over the
measured T5{SQ}. We observed similar T5{DQ} in other regions of this diamond;
independent of the measured 75{SQ}. Furthermore, the decay shape parameter in
the DQ sensing basis is consistently p = 1. The difference between the measured
T5{SQ} and T5{DQ}, yields an estimate for the typical axial-stress-gradient contri-
bution of ~ 0.15us™! (~24kHz). If using a Ramsey-based sequence for magnetic
sensing (free precession interval 7~ T5), the ~ 6x increase in 75 {DQ} compared to
T5{SQ} provides an expected relative sensitivity improvement of at least 5x given
VI{DQ}/T5{SQ}~ 2.5 and twice faster phase accumulation in the DQ basis.

The measured 75 {DQ} and p values in Sample 3B are consistent with the com-
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Figure 3.8: SQ and DQ Ramsey free induction decay for Sample 3B.
Comparison of Ramsey fringe measurements for Sample 3B (|[N]< 0.05 ppm)
in the SQ (red) and DQ (blue) sensing bases for a single location on the
diamond sample. Inset: Zoomed view of the time-domain signals. Applied
bias magnetic field is aligned with a single NV~ orientation (B, = 2mT).

bined effect of NV dipolar interactions with (i) the 0.01 % concentration of *C nu-
clear spins (T3 {'¥C}/2 ~ 50us) and (ii) residual nitrogen spins [N] ~ 0.05ppm
(T5{13C}/2 ~ 175 us). Using Eqn. 3.22 to estimate the combined electronic and
nuclear spin bath T;-limit, yields an expected T5{DQ} of ~ 39 us. These results sug-
gest that in the low nitrogen density regime, dipolar interactions with the *C nuclear
spin bath can be a major dephasing mechanism when D(Q basis measurements are
employed to remove strain and temperature effects. Consequently, diamond samples
with greater isotopic purity (*2C> 99.99%) would likely yield further enhancements

in 75{DQ} (in the absence of other dephasing mechanisms).

3.5.2 Intermediate Nitrogen Regime

Although Sample 3C ([N] = 0.75 ppm, *N) contains more than an order of magnitude
higher nitrogen spin concentration than Sample 3B ([N] < 0.05ppm), we observed
SQ Ramsey dephasing times 75 g5 ~ 1 — 10us in different regions of Sample 3C,

which are similar to the results from Sample 3B. This suggests that, once again,
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stress inhomogeneities contribute significantly to NV~ ensemble dephasing in Sample
3C. However, comparative measurements of 75 in both the SQ and DQ bases yield a
more moderate increase in T3 ¢ for Sample 3C than for Sample 3B. Ramsey fringe
measurements for a single location in Sample 3C are displayed in Fig. 3.9(a), showing
T5{SQ} = 1.80(6) us in the SQ basis increasing to T4 {DQ} = 6.9(5) us in the DQ
basis, a ~ 4x extension. For these measured values of 75 {SQ} and T5{DQ}, magnetic
sensing using the double quantum basis would yield modest improvements in the
relative magnetic sensitivity of at least 4x. The observed T5{} in Sample 3C is
approximately consistent with the expected limit set by the average dipolar coupling
of NV spins to electronic nitrogen spins in the diamond (73 {N%}/2 ~ 12( us), but is
still well below the expected DQ limit due to 0.01 % 3C nuclear spins (=~ 50 us).

(a)

.
K=

34| TsQ)=1.8(1us 3, | 2 4 THSQ) = 1.2()us
— 0 - S < 0 -
g° & g2
= -3 [y = -2
7 7]
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"g‘ 3 Frequency (MHz) S 2- T,{DQ} = 0.602)us
O 01 Oo -W/v\——————
3 T;{DQ} = 6.9(6)s [N]=0.75ppm| 27 [N] = 10 ppm
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Figure 3.9: SQ and DQ Ramsey free induction decay for Samples
3C and 3D. (a) Comparison of Ramsey fringe measurements for Sample
3C (IN]= 0.75ppm) using the SQ (red) and DQ (blue) sensing bases for a
single location on the diamond sample. Inset: Fourier transform of time-
domain signals. The doubled NV hyperfine splitting in the DQ data is due
to the effectively doubled gyromagnetic ratio. The applied bias magnetic field
is aligned with a single NV orientation (By = 8.5mT). (b) Comparison of
measurements for Sample 3D (|[N]= 10 ppm) for the SQ (red) and DQ (blue)
sensing bases for a single location on the diamond sample. The applied bias
magnetic field is aligned with a single NV orientation (By = 8.5mT).
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3.5.3 High Nitrogen Regime

Exemplary measurements of the Ramsey signal for Sample 3D are shown in Fig. 3.9(b).
The observed values for T5{SQ} across the sample range from 0.3 — 1.2 us with
p = 0.9 — 2; while 75{DQ} was consistently 0.60(2) us with p = 1.0(1). In this
sample, the DQ dephasing time 75 {DQ} is approximately one-half the maximum ob-
served T5{SQ} as expected for magnetic spin-bath-dominated dephasing where the
doubled effective gyromagnetic ratio of the DQ sensing basis results in twice the de-
phasing rate. Nonetheless, even in the regime where T5{SQ}= T5{DQ}/2, the DQ
sensing basis offers an improvement in relative magnetic sensitivity of up to v/2: In
DQ sensing basis, the same amount of phase is accumulated in half the time compared
to the SQ basis such that in the limit of 75 > Tyead init the measurement bandwidth

is doubled.

3.5.4 Outlook

Although the concentration of incorporated nitrogen varies by over two order of mag-
nitudes for the three samples evaluated, we find that stress-gradients across tens
of microns dominate dephasing in the lower and intermediate [N| samples and, for
many locations in the highest [N| sample, at least contribute similarly to the spin-
bath-induced dephasing. This result emphasizes the outstanding need to minimize
the introduction of crystal stress inhomogeneity during CVD synthesis - typically
introduced by imperfections of the substrate surface upon which N-doped diamond
is grown. The heterogeneity in T3 {SQ} both within a sample and between different

samples also impacts reproducibility and scalabilty of NV-diamond technologies: If
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the location of laser spot shifts on the sample or one sample is exchanged for another,
ultimately the DC magnetic sensitivity can vary dramatically due to the non-uniform
stress-gradient environment. Chapter 6 discusses recent advances to reliably pro-
duce material with low stress-inhomogeneity. In the meantime, by suppressing these
stress-gradient contributions, the DQ sensing basis yields T5{DQ} > T5{SQ}/2 and
the associated improvements in relative sensitivity. Crucially, this all enables consis-
tent performance across a sample and between samples despite the underlying stress
inhomogeneity.

The dominant role of the N? spin bath in determining T35 {DQ} for samples
3C and 3D is further supported in Chapter 5, where experiments controlling the N?
baths spins, and the effect on the NV~ ensemble 77 are discussed. Based on these
results, the T5{DQ} measurements presented in this section for Samples 3C and 3D
are used to determine the experimental scaling in Chapter 2 (in addition to similar
measurements on other samples). Sample 3B is excluded since we believe the nuclear
spin bath contributes significantly to the observed T5{DQ}.

Throughout this discussion, we have purposefully used samples with low con-
centrations of NV~ in order to simplify the underlying spin bath and avoid processing
that would introduce additional variability in the sample properties such as electron
irradiation and annealing. While Chapter 2 discusses how [NV"| contributes to 77,

experimental results are presented in Chapters 5 and 6.
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Chapter 4

Magnetic Microscopy using a Double

Quantum 4-Ramsey Protocol

This chapter describes wide-field, Ramsey-based magnetic imaging experiments which
leverage the double quantum (DQ) 4-Ramsey protocol introduced in the previous
chapter to overcome multiple challenges hindering the performance of NV-diamond
magnetic microscopes. First, as discussed in Chapter 3, Ramsey-based magnetometry,
by separating the sensing interval from the NV control and readout steps, offers
superior magnetic sensitivity compared to the continuous-wave (CW) and pulsed
optically detected magnetic resonance (ODMR) techniques typically used in NV-
diamond magnetic imaging applications.

Second, the robustness of DQ magnetometry to axial stress inhomogeneity in the
host diamond crystal is particularly advantageous in imaging modalities. The perni-
cious effects of the micron to millimeter scale stress-gradients common in NV-diamond

samples are multi-fold. These gradients result in degraded and inhomogeneous mag-
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netic sensitivity across a field of view as well as conflate non-magnetic stress variations
with the magnetic signals on interest, which impacts dynamic range requirements and
complicates analysis. DQ-based magnetic imaging protocols addresses both of these
challenges simultaneously.

The DQ 4-Ramsey protocol, which is implemented in hardware using a pixel-by-
pixel lock-in camera, provides a homogeneous, median volume-normalized sensitivity
of ¥ of 38 nTum??Hz /2 per pixel across a 125um x 125 um field of view with sub-
millisecond temporal resolution. The technical advances outlined in this chapter lay
the foundation for future work imaging dynamic, broadband magnetic sources such

as integrated circuits and electrically active cells.

4.1 Motivation

The combination of magnetically-sensitive spin resonances, all-optical spin-state prepa-
ration and readout under ambient conditions, and the ability to engineer dense
nanometer to micron-scale layers of defects [2,40] makes ensembles of NV~ centers
particularly advantageous for wide-field magnetic microscopy of physical and biolog-
ical systems with micrometer-scale spatial resolution — a modality known as the
quantum diamond microscope (QDM) [24]. QDM applications to date include imag-
ing magnetic fields from remnant magnetization in geological specimens [16]|, domains
in magnetic memory [25|, iron mineralization in chiton teeth [26], current flow in
graphene devices [27,28| and integrated circuits [17], populations of living magneto-
tactic bacteria [29], and cultures of immunomagnetically labeled tumor cells [30].

Despite this progress, QDM magnetic imaging applications have been largely
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restricted to mapping of static magnetic fields exceeding several microtesla due to
shortcomings of conventional single quantum (SQ) magnetometry. SQ schemes em-
ploy the |0) and either of the |[£1) NV sublevels, e.g., optically-detected magnetic
resonance (ODMR). In particular, the sensitivity of QDMs using continuous wave
(CW) ODMR is impaired by competing effects of the optical and microwave (MW)
control fields applied during the sensing interval [2,24]. Pulsed-ODMR schemes,
which separate the optical spin-state readout and preparation from the MW control
and sensing interval, offer improved sensitivity, but cannot exceed the performance
achievable with SQQ Ramsey magnetometry [2].

Furthermore, any SQ magnetometry scheme is vulnerable to diamond crys-
tal stress inhomogeneities and temperature variations, which shift and broaden the
NV spin resonances. Stress-gradients are particularly pernicious for SQ QDM appli-
cations, with typical gradient magnitudes comparable to NV~ resonance linewidths
(0.1—1MHz) and spatial structure spanning from sub-microns to millimeters [38].
Stress-induced resonance shifts or broadening may be mistaken for magnetic signals
of interest. Stress gradients can also degrade per-pixel sensitivity and sensitivity ho-
mogeneity across an image. While protocols such as sequentially sampling the ODMR
spectrum at multiple frequencies [16] or employing four-tone MW control [67,68| can
separate magnetic and non-magnetic signals, the degraded, inhomogeneous magnetic
sensitivity caused by stress-gradients remains unaddressed.

Here, we demonstrate a double quantum (DQ) Ramsey imaging protocol that
overcomes the shortcomings of SQ CW- and pulsed-ODMR measurement techniques.

By temporally separating the spin state control, optical readout, and sensing intervals,
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Ramsey schemes are compatible with increased laser and MW intensity for improved
measurement contrast and higher fluorescence count rates without broadening the
NV~ spin resonances. Furthermore, by leveraging a DQ superposition of the m,=| 4
1) ground-state sublevels in combination with an applied bias magnetic field, DQ
Ramsey-based magnetic imaging is immune to stress-induced resonance shifts and
broadening [73,79,80,119|. Therefore, DQ Ramsey-based schemes can disentangle
magnetic and non-magnetic signals while also enabling improved, homogeneous per-
pixel magnetic sensitivity across an image.

To date, the implementation of DQ Ramsey magnetic imaging has been hindered
by the technical challenge of producing sufficiently uniform, strong MW fields to avoid
spatially-varying errors in MW pulse duration and hence NV measurement protocol.
Such pulse errors result in residual SQ coherence that remains sensitive to common-
mode shifts of the |£1) sublevels, degrading the robustness of DQQ magnetometry to
stress-induced shifts and temperature drifts.

In the present work, we circumvent this challenge by employing the DQ 4-
Ramsey protocol described in Chapter 3 (Sec. 3.4.1), which suppresses residual SQ
signal. By properly selecting the spin-1 rotations applied in four consecutive Ramsey
measurements (4-Ramsey), the DQ signal from each Ramsey measurement is pre-
served while the residual SQ) signals cancel. This scheme is broadly applicable to both
NV~ ensemble imaging and bulk sensing modalities where robustness to temperature-
induced drifts is often critical [19, 31, 114]. The 4-Ramsey measurement protocol
is described in detail and demonstrated in a non-imaging modality in the previous

chapter (Sec. 3.4.1)
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The present chapter describes the experimental demonstration of Ramsey-based
magnetic imaging utilizing the 4-Ramsey protocol. After describing the experimental
apparatus in Sec. 4.2, SQ and DQ Ramsey fringe imaging is used to characterize, pixel
by pixel, the reduced spatial variation in 75 and NV~ resonance frequency when using
the DQ sensing basis for a particular sample (Sample 3A) in Sec. 4.3. Using the same
field of view, we then measure a 1.5x improved median per-pixel sensitivity and a 4.7x
narrower spatial distribution of sensitivity using the the D(Q sensing basis compared
to the SQ basis (Sec. 4.4). Finally, in Sec. 4.5 next steps to further improve DC
magnetic sensitivity and temporal resolution are highlighted along with a discussion
of envisioned applications for high-sensitivity, broadband magnetic microscopy using

the DQ 4-Ramsey protocol.

4.2 Experimental Methods

The measurement presented in this chapter employed a QDM to image spin-state-
dependent fluorescence from a 1-micron-thick nitrogen-doped CVD diamond layer
(|Ntotal] & 20 ppm, 2C = 99.995%, natural abundance nitrogen) grown by Element
Six on a (2 x 2 x 0.5) mm?® high purity diamond substrate (Sample 3A). Post-growth
treatment via electron irradiation and annealing increased the NV~ concentration
in the nitrogen-doped layer to ~2ppm. The magnitude and distribution of stress
inhomogeneity in Sample 3A is representative of typical diamonds fabricated for NV-
based magnetic imaging (see Refs. [38,61] for additional examples).

An approximately 150pm by 300um region of the NV layer is illuminated with

1 W of 532nm laser light in a total internal reflection (TIR) geometry (see Fig. 4.1(a,b));
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Figure 4.1: Experimental Apparatus and Rabi Imaging. (a) Appara-

tus overview including 532nm excitation of a micron-scale layer of NV centers

in a macroscopic diamond chip, using total internal reflection (TIR). Fluores-

cence is collected using a 20x objective onto a camera or photodiode. 647 nm
and 532nm long-pass (LP) optical filters partially isolate NV~ fluorescence

from background NV° fluorescence. MW control fields are synthesized us-

ing two signal generators with phase control on both tones and applied via a
millimeter-scale shorted coaxial loop. A bias magnetic field of 5mT is aligned
with NV centers oriented along a single crystallographic axis. (c) Image of
the typical NV~ Rabi frequency variation across the 125pmx125pm field of
view in this work. The effect of inhomogeneous, stress-induced NV~ reso-
nance shifts on the Rabi frequency are visible in addition to a quasi-linear

Rabi gradient due to spatial variation in the MW amplitude.
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and the associated NV~ fluorescence is collected onto either a Heliotis heliCam C3
camera.

The heliCam C3 operates by subtracting alternating exposures in analog and
then digitizing the background-subtracted signal, enabling the detected magnetic field
information to fill each pixel’s 10-bit dynamic range. Each frame from the camera
contains the accumulated difference signal for multiple exposure pairs. The device is
capable of operating at internal lock-in frequencies (exposure rates) of up to 250 kHz
(=~ 30kHz in this work) and a maximum external frame rate of 3.8kHz (1.25kHz in
this work). The lock-in frequency was defined by a user-input demodulation signal
(square wave) with each demodulation cycle broken into four quarters. The expo-
sures from the first and third quarters subtract to produce an in-phase signal on the
camera’s I channel. Similarly, the exposures from the second and fourth quarters
subtract to produce a quadrature signal on the camera’s (3 channel. The output from
the camera consists of these two images per frame.

I Q I, Q, I Q, L Q,
DQ MWs | g HJ HJ -+ L+ HJ HJI g
initRead (. l- l- l- l- l. I,- I,- L

Ichanneli 3 I’i :3;: 3 o ‘ IIS [ L
I__l w
Qchanneli I_!_—l l—_—l
— ] B 7] =

Figure 4.2: Schematic of the DQ 4-Ramsey protocol synchronized with
the heliCam C3 lock-in camera. Two 4-Ramsey protocols (orange and purple
pulses) are interwoven to generate images on the I and Q channels. The
camera exposures (shaded regions on the I and Q channels) are chosen to be
blind to fluorescence from the optical initialization pulses. The free precession
interval duration is chosen to be approximately 75 ~ 1ps. The initialization
and readout pulse durations are 4ps in total.
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Figure 4.2 depicts the implementation of pulsed NV readout using the heliCam
across two demodulation cycles (of the N demodulation cycles used to produce an I
and Q image). The MW and optical control pulses are synchronized with the camera’s
[ and Q exposures. Two 4-Ramsey protocols are interleaved such that both the I and
Q channels produce images containing only DQ magnetic signal. The MW pulse
phases for the Q channel are chosen such that the () channel contains the negative
magnetic signal compared to the I channel image. Sy is then subtracted from Sy to
yield a single image per frame.

To generate the MW control fields, two signal generators, an Aglient E9310A
with built-in IQ modulation and a Windfreak SynthHD signal generator in combina-
tion with an external Marki-1545LMP IQ mixer, provide the two-tone MW control
fields and requisite phase control employed in this work.

The DQ 4-Ramsey protocol is particularly critical in wide-field imaging applica-
tions where spatial gradients in the applied MW control fields result in varying Rabi
frequencies and ultimately residual SQ coherence since only global MW pulses can
be applied. Fig. 4.1(c) depicts the Rabi gradient for a mm-scale shorted coaxial loop.
Although the spatial properties of the applied MW field depend upon setup-specific
MW synthesis and delivery approaches, the +£4% (4+200kHz gradient on top of an
average (2, =5 MHz) shown in Fig. 4.1(c) is typical.

The hyperfine splitting and stress-induced shifts of the NV~ resonances can also
introduce MW pulse errors as a result of the detuning dependent effective Rabi fre-
quency, particularly for the naturally abundant N (I=1) isotope where any single-

tone MW field is detuned from at least two of the three hyperfine split resonances.
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The effective Rabi frequency is given by €err = V2 + A2 where Q is the on-resonance
Rabi frequency and A is the detuning from a particular hyperfine resonance. In this
work, the hyperfine splitting (Qay, =5 MHz, A~2.2 MHz) results in an effective Rabi
frequency of Q.;r =5.46 MHz for the two detuned hyperfine resonances (m;==+£1).
The resulting pulse error is approximately double that imposed by the Rabi gradi-
ent of +£200kHz. However, these hyperfine-induced pulse errors are uniform across
the field of view. In addition, stress-induced shifts of the NV~ resonances can spa-
tially modulate the effective Rabi frequency. The measured absolute pixel-to-pixel
spread in the NV~ resonance frequencies due to stress-gradients is ~ 300kHz. How-
ever, the effective Rabi frequency resulting from a 300kHz stress-induced shift varies
from ., =5MHz by about 10kHz, significantly smaller than the other two sources
of errors described above.

Techniques to mitigate hyperfine- and stress-induced pulse errors include in-
creasing the MW Rabi frequency, implementing pulse envelope shaping, or operating
equally detuned from the two hyperfine split resonances of isotopically-purified N
(I=1/2). All three of these directions present challenges, adding experimental com-

plexity or requiring changes to the CVD synthesis process.

4.3 Ramsey Free Induction Decay Fringe Imaging

This section describes the use of SQQ 2-Ramsey and D(Q 4-Ramsey free induction
decay (FID) measurements to image the NV° ensemble spin properties relevant for
DC magnetic field sensitivity across a 125pum by 125pm field of view in Sample 3A. The

photon-shot-noise-limited sensitivity of a Ramsey-based measurement 7;amsey depends
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upon the NV~ ensemble dephasing time 73, the contrast C, and the average number

of photons collected per measurement N [2]:

VTt h (4.1)

Thramsey = A Ce I N T

where Am accounts for the difference between the myg states utilized for the sensing
basis (Am=1,2 for the SQ, DQ sensing bases), 7 is the free precession interval per
measurement, p describes the decay shape, and ¢,; indicates the duration of time
dedicated to readout/initialization per measurement. The optimal free precession
interval is determined by the NV~ dephasing time T3, which is proportional to the
inverse of the natural linewidth I' (75 =1 /7" assuming a Lorentzian lineshape). Axial
stress-gradients within a pixel degrades nyamsey by decreasing T5'; while stress-induced
resonance shifts between pixels worsen 7;amsey by shifting the optimal applied MW
frequency for maximum magnetic sensitivity and introducing spatially-varying, non-
magnetic offsets in the Ramsey signal that can complicate data analysis [38].

We imaged the NV~ ensemble spin properties by sweeping the free precession
time in the SQ and DQ Ramsey sequence and fitting the resulting fringes to a sum

of oscillations with a common decay envelope:

Sramsey (T) = o T/13 Z A;sin(27 f; + 0;) (4.2)

i:m;

where each oscillatory term, indexed by m; = {—1,0,1} (for an "N ensemble), has
an amplitude A;, frequency f;, phase shift d;, and the decay shape is fixed to p = 1.

A purposeful detuning of 3 MHz from the resonance corresponding to the m; = 0
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hyperfine population was introduced in order to more easily extract all three frequen-
cies and the decay envelope. Eqn. 4.2 was rapidly fit to the data pixel-by-pixel using
open source, GPU-accelerated non-linear least-squares fitting software, GPUfit [120].

Dephasing times — The extracted 7% values for the SQ and DQ) sensing bases are
shown in Fig. 4.3(a,b) as images and plotted as a histogram in Fig. 4.3(c). To quantify
the spread in 73 values, we report the median value and the relative inter-decile range

(RIDR):
D90 - DlO

RIDR =
(median)

(4.3)

where 80% of the measured values fall between the first decile D;o and ninth decile
Dyy. In Fig. 4.3(a), the extracted T35 {SQ} values have a median of 0.910 (0.710,1.03)ps,
where the values in parentheses correspond to the deciles (Dqg, Dgg). As shown in
Tab. 4.1, the calculated RIDR for the extracted T5{SQ} values is 35%. We at-
tribute the spatially-correlated variations in 75 {SQ} to axial stress gradients within
pixels [38,73]. The observed stress features are likely due to polishing-induced imper-
fections in the substrate surface upon which the NV~ ensemble layer was grown [61].

Invulnerable to within-pixel stress gradients, the measured T5{DQ} values are
5.6x more uniform than the 75{SQ} values with a median of 0.620 (0.605,0.643) ps
and an RIDR of 6.0%. Additionally, the median 75 {DQ} is approximately one half
the longest measured T5{SQ}, 1.15(3) s, as expected when stress-induced dephasing
is negligible and the dominant contribution to 77 is dipolar coupling to an electronic
spin bath (of predominantly neutral substitutional nitrogen) [73].

Fringe frequencies — Figures 4.3(d-f) display the extracted SQ and DQ Ramsey

fringe frequencies associated with the detuning of the applied MW pulses from the
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Figure 4.3: Imaging NV~ Ensemble Spin Properties. (a) Image of the

single quantum (SQ) 7y extracted by fitting the SQ 2-Ramsey fringe decay

to

Eqn. 4.2. Spatial variations in 75 {SQ} are due to stress-induced broadening
of the NV resonances within the 3-dimensional volume imaged onto a pixel.
(b) Image of T;{DQ} measured using the DQ 4-Ramsey protocol across the

same field of view as shown in (a). In pixels with minimal stress-gradients,
the T5{DQ} is half the T5{SQ} as expected. (c) Histogram of 75 {SQ} and
T5{DQ} values from the pixels in (a) and (b). (d) Image of the relative
SQ resonance shifts d,,{SQ} from the median SQ Ramsey fringe frequency.
Variations in ,,{SQ} are attributed to axial-stress-induced shifts of the NV-

resonance frequencies between pixels. (e) Image of the relative DQ detuning

dra{DQ} across the same field of view as (a, b, d). The axial-stress-induced

shifts apparent in (c) are mitigated. Inhomogeneity in the magnitude of the
applied bias magnetic field By results in a residual gradient of less than 40kHz.

(f) Histogram of the extracted SQ and DQ 0, values from the pixels in (d)
and (e). The distribution of DQ 6, values with the setup-specific By-gradient

contribution corrected is shown in grey. (g) Image of the SQ Ramsey fringe
amplitude Ap{SQ} corresponding to the spin transition associated with the

my =0 nuclear spin state in digital units (d.u.) as reported by the heliCam.

(h) Image of the DQ Ramsey fringe amplitude Aqg{DQ} corresponding to the
spin transition associated with the m; = 0 nuclear spin state in digital units
(d.u.) as reported by the heliCam. (i) Histogram of the extracted SQ and

DQ Ramsey fringe amplitudes from the pixels in (g) and (h).
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SQ DQ
7 (Do, Do) RIDR (D10, Do) RIDR
Dephasing Time, T5 (ns) 0.907 (0.710, 1.03)  35%  0.621 (0.605, 0.643)  6.0%
Fringe Freq., fo (MHz) 3.09 (2.94, 3.22) 9.2% 6.00 (5.96, 6.04) 1.3%
Fringe Freq., fo (Bo-corr.) (MHz)  3.10 (2.95, 3.21)  8.2% 6.00 (5.99, 6.01)  0.27%
Fringe Amplitude, Ao (d.w.) 72.1 (61.8,76.6)  21%  73.5 (66.5, 77.0)  14%

Table 4.1: Median extracted fit parameters () using Eqn. 4.2 for
the SQ and DQ Ramsey images shown in Fig. 4.3. The lower and
upper deciles, Dy and Dy are given in parentheses (80% of the pixels exhibit
values between Dy and Dgg). The SQ and DQ relative inter-decile ranges
(RIDR) calculated using Eqn. 4.3 are included.

spin transition frequency for the m;=0 hyperfine population. The relative detuning
drel from the median Ramsey fringe frequency fy is shown in Figures 4.3(d-f) to
highlight the inhomogeneity across the field of view. The median SQ fringe frequency,
fo{SQ}, is 3.09 (2.94, 3.22) MHz with a relative spread of 9.2 %. The absolute spread
in fo{SQ}, |Dgoo-D1o| = 280 kHz, is comparable to the median NV~ resonance linewidth
and attributed to stress-gradients spanning multiple pixels [38§].

The DQ fringe frequencies exhibit a 7x narrower distribution about a median
fo{DQ} of 6.00(5.96,6.04)MHz (RIDR = 1.3 %). Note that the factor of two between
the median detunings fo{SQ} (~3MHz) and fo{DQ} (~6MHz) is consistent with
the doubled effective gyromagnetic ratio for the DQ sensing basis. The absolute
spread in fo{DQ} is 3.6x smaller than the spread in fo{SQ}, with the remaining
variation dominated by a quasi-linear ~40 kHz gradient due to residual inhomogeneity
in the 5mT applied bias magnetic field. In Fig. 4.3(f), a histogram of the relative
shifts d,q{ DQ} with a linear By-gradient contribution subtracted is included in grey

and exhibits a reduced RIDR of 0.26%.
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Contrast — In the present work, inhomogeneity in the measurement contrast C
is largely independent of the choice of sensing basis and attributed to the Gaussian
intensity profile of the excitation beam and fixed exposure duration. The extracted
amplitudes A; for the measured Ramsey fringes, which are proportional to C, are
reported in digital units (d.u.) of accumulated difference as measured by the heli-
Cam C3. The median amplitudes Ag{SQ} and Ao{DQ}, 72.1(61.8, 76.6) d.u. and
73.5(66.5, 77.0) d.u., as well as the RIDR (21% and 14%) are comparable and in-
cluded in Table 4.1 as well as depicted in Fig 4.3(g-1). The residual spread in A{SQ}
and Ap{DQ} is a consequence of the Gaussian intensity profile of the excitation beam
and fixed exposure duration. Shorter length-scale spatial variations (<50pm) in the
extracted SQ amplitude Ao{SQ} exhibit a strong correlation with the 75 {SQ} and
dre{SQ} images due to strain-gradients decreasing the ODMR contrast and inducing

variations in the effective Rabi frequency.

4.4 Magnetic Sensitivity Analysis

In this section, the magnetic sensitivity of the SQ 2-Ramsey and D(Q 4-Ramsey pro-
tocols is compared across the same field of view imaged in the previous section. The
narrower distribution of 75 {DQ} and resonance shifts 6, {DQ} for the DQ sensing ba-
sis translate into improved, more homogeneous magnetic sensitivity. For both sensing
bases, an optimal free precession interval 7 and applied MW frequency (or frequen-
cies) fac was selected to maximize the median NV~ response to a change in magnetic
field, dS/dB (see Appendix A). Under these conditions, a series of measurements was

collected and used to calculate the magnetic sensitivity pixel-by-pixel.
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The magnetic-field sensitivity is defined as § Bv/T, where T is the measurement
duration and 6B is the minimum detectable magnetic field, i.e., the field giving an
signal-to-noise ratio (SNR) of 1 [9,121-123]. A measurement with duration 7" and
sampling frequency Fs; = 1/T has a Nyquist-limited single-sided bandwidth of Af =
F,/2. When the measurement bandwidth is sampling-rate limited, the noise level
of the magnetic-field sensor, op, is given by the standard deviation of a series of
measurements such that opg is equal to the minimum detectable field § B. Therefore,

the sensitivity can be expressed as [31]:

n=opVT = \/% (4.4)

In the present work, the sampling frequency was determined by the external frame
rate of the camera such that F, ~1.25kHz (the maximum external frame rate is
3.8kHz). Each frame contained the accumulated difference signal of multiple Ramsey
sequences. The standard deviation of each pixel was calculated from 1250 consecutive
frames (1s of acquired data) and converted to magnetic field units using the calibration
dS/dB determined for each pixel. Although the fixed time required for data transfer
from the heliCam (& 5s, neglected in the above analysis) prevents continuous field
monitoring at the calculated sensitivity for arbitrarily, the camera’s 500-frame buffer
still allows sets of high-bandwidth imaging data to be acquired over 0.4s.

The resulting sensitivities npq and ngq are plotted in Fig. 4.4(a,b). The median
DQ 4-Ramsey magnetic per-pixel magnetic sensitivity npq= 16 (15,17) n'T Hz~%/2 pro-
vides a factor of about 1.5x improvement compared to the SQ 2-Ramsey per-pixel

magnetic sensitivity, nsq= 24 (20, 36) n'T Hz~ /2 with voxel dimensions of (2.5 x 2.4 x
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Figure 4.4: Imaging DC Magnetic Sensitivity. (a) Data acquired with

SQ 2-Ramsey protocol when operating at an applied MW field fac and free

precession interval 7 that optimize the median per-pixel magnetic sensitivity.

(b) Data acquired with DQ 4-Ramsey protocol with optimal f). and 7,

across the same field of view as (a). A few isolated, defective pixels with

degraded sensitivity are visible. (c) Histogram of the relative sensitivity

improvement 7sq/mpq per pixel.
1) 3pm. The upper and lower deciles, Dyg and Dgg, are reported in parentheses. The
typical uncertainty in the calculated per-pixel magnetic sensitivity, about 6 %, is dom-
inated by the uncertainty in determining the parameters extracted from fitting the
DC magnetometry curve in each pixel. The median volume-normalized sensitivities
are therefore nyq =38 (35,41) nT Hz~ /% um®? and n, =60 (47,85) nT Hz /2 pm?/2,
We observe about a 4.7x reduction in the RIDR for npq (=~ 14%) compared to the
RIDR of nsq (= 67%). The improved median sensitivity and reduced spread across
the field of view are attributed to the elimination of axial-stress-induced dephasing
and resonance shifts for the DQ 4-Ramsey protocol, such that it is possible to operate
at the optimal 7 and applied MW frequency fac for an increased fraction of pixels

simultaneously.

As illustrated by the histogram in Fig. 4.4(c), all pixels exhibit improved mag-
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netic sensitivity in the D(Q sensing basis. Order-of-magnitude sensitivity improve-
ments in the DQ basis are seen for the pixels corresponding to regions of diamond
with higher stress gradients. In pixels with minimal stress-related effects, the effec-
tively doubled gyromagnetic ratio in the DQ sensing basis enables faster measure-
ments (increased F; because T;{DQ}, and thus the optimal 7, is reduced) for the
same phase accumulation, leading to improved magnetic sensitivity. The residual
14% spread in npq is largely due to the Gaussian intensity profile of the excitation
beam spot - highlighting the potential utility of optical beam-shaping techniques to
enable further improvements.

Fig. 4.5(a,b) depict the SQ and DQ DC magnetometry curves measured for fifty
pixels randomly sampled across the field of view shown in Fig. 4.4. The magnetom-
etry curves were generated by sweeping the applied single or dual-tone MW pulse
frequencies differentially to mimic the Zeeman splitting of the NV~ resonances. The
SQ magnetometry curves exhibit dramatic variations in both the maximum slope
achievable and the frequency at which the maximum slope occurs. These variations
result in the degraded sensitivities depicted earlier in Fig. 4.4.

The Allan deviations calculated using SQ and DQ data from the same fifty pixels
selected for Fig. 4.5(a,b) are shown in Fig. 4.5(c,d). While both the SQ and DQ Allan
deviations scale with inverse square root of the measurement time as expected for
photon-shot-noise-limited measurements, the SQ data exhibits a broader distribution
across pixels as a result of inhomogeneous sensitivity to NV- resonance shifts.

In addition to achieving homogeneous magnetic sensitivity, it is advantageous to

produce magnetic images with minimal background features (especially non-magnetic
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Figure 4.5: Ramsey magnetometry curves and Allan deviations for
50 randomly selected pixels. (a) SQ Ramsey magnetometry curves for
each of the 50 pixels selected. The applied MW pulse frequency was detuned
to mimic a magnetic-field-induced shift in the NV- resonance frequency. The
variations pixel-to-pixel are a consequence of stress-gradient-induced reso-
nance broadening and shifts. b DQ Ramsey magnetometry curves for each
of the 50 pixels selected. The applied MW pulse frequencies were detuned
differentially to mimic a magnetic-field-induced shift in the NV- resonance
frequencies. (c) Plot of the Allan deviations calculated using a SQ 2-Ramsey
sensing protocol for 50 randomly pixels across the same field of view as (a).
(d) Plot of the Allan deviations calculated using the DQ 4-Ramsey sens-
ing protocol for the same 50 pixels as depicted in (a). The free precession
interval and detuning are optimized for each sensing basis to minimize the
median per-pixel magnetic sensitivity. Dashed grey lines indicated a power
law scaling proportional to 7-/2 as a guide to the eye.
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Figure 4.6: Averaged SQ and DQ images. (a) Averaged SQ 2-Ramsey
and DQ 4-Ramsey images when operating at optimal sensing conditions
across the same field of view as shown in Fig. 4.3 and 4.5. (a) SQ image
exhibiting 10pT-scale spatial variations due to stress-induced NV resonance
shifts. (b) DQ image with reduced spatial variations due to insensitivity to
non-magnetic sources. (c¢) Same data as (b) but with a 10x reduced mag-
netic field scale to highlight residual spatial variation predominantly corre-
lated with the bias magnetic field, which is aligned along one NV~ axis at an
angle of 54.7° relative to the normal to the image plane. The images in (a-c)
were produced by averaging 1s of acquired data.
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features) in order to more easily identify small changes in the desired fields on the
desired length-scales. Fig. 4.6 compares the magnetic field image produced after
acquiring 1 second of data using the SQQ 2-Ramsey protocol and D@ 4-Ramsey proto-
col. No additional magnetic sources are applied beyond the 5mT bias magnetic field.
However, the SQ image in Fig. 4.6(a) exhibits large non-magnetic spatial variations
on the order of 10T due to lattice stress inhomogeneity. The inability of SQ mea-
surements to distinguish lattice stress from magnetic fields complicates the analysis
of such images. In particular, identifying sub-pT features on top of 10 nT background
variations on the same spatial length-scale is a challenging analysis problem tradi-
tionally requiring multiple images and large dynamic range to tackle. In contrast,
the pixels in the DQ image (Fig. 4.6(b)) respond only to magnetic-sources, such that
the resulting DQ image exhibits an order of magnitude reduced variation (as high-
lighted by the reduced color-scale in Fig. 4.6(c)). Similar to the DQ Ramsey-based
solution presented here, multi-frequency CW and pulsed-ODMR techniques have also
been recently demonstrated to disentangle magnetic and non-magnetic signals with-
out acquiring multiple images [68]. However, these techniques cannot also recover the
stress-gradient-induced degradation in magnetic per-pixel sensitivity.

The residual variation in the DQ magnetic image (Fig. 4.6(c)) is predominantly
correlated with the bias magnetic field, which can be further engineered to reduce
residual magnetic gradients. However, subtle scratch-like features on the sub-100nT
scale are also visible, stretching diagonally across the field of view. These features
are attributed to scratches surface of the diamond substrate before growth of the

nitrogen-doped layer. Similar features can be identified in the extracted Ramsey
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fringe amplitudes in Fig. 4.3(c,d) for the SQ and, to a lesser extent, DQ sensing
bases. The persistence of these features in both bases is illuminating and suggests
that transverse stress inhomogeneity, which is not suppressed by either sensing ba-
sis, may contribute to the residual variation of the averaged D(Q image shown in
Fig. 4.6(b,c). As discussed in detail in Chapter 3, transverse crystal stress M, results
in a differential, magnetic-field-like shift in the NV~ resonances which is suppressed by
a factor proportional to M, /B, where B, is the projection of the bias magnetic field
along the NV symmetry axis. An M, of ~100kHz would induce a differential shift
of about 0.2kHz or 8nT given the aligned 5mT bias magnetic field (a 450 suppres-
sion). While sufficiently small to be negligible compared to the axial-stress-induced
shifts which dominate the S measurements, this estimate appears consistent with

the scale of residual features visible in Fig 4.6(c).

4.5 QOutlook

The median volume-normalized broadband magnetic sensitivity demonstrated in this
work compares favorably to the est value to date for an NV~ ensemble 34 nT Hz~/2um?/2
reported in Ref. [19], which used photodiode-based measurements to detect the single-
neuron action potential from a living marine worm, M. infundibulum. Critically, the
present work achieves a similar sensitivity while operating in an imaging modality,
with degraded optical collection efficiency, and using NV~ centers along only a single
axis whereas the non-imaging apparatus employed in Ref. [19] overlapped two NV-
axes and had ~ 16x higher optical collection efficiency..

The demonstrated magnetic imaging method using the DQ 4-Ramsey protocol
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enables uniform magnetic sensitivity across a field of view independent of inhomo-
geneity in the host diamond material and applied microwave control fields. In par-
ticular, the MW phase alternation scheme of the 4-Ramsey protocol (Fig. 3.6(a)),
which isolates the double quantum magnetic signal from residual single quantum sig-
nal. These methods provide a path toward imaging a range of dynamic magnetic
phenomena, including nanotesla-scale fields from single mammalian neurons or car-
diomyocytes, as well as fields from integrated circuits and condensed matter systems.
Increased optical excitation intensity and optimized material engineering can yield
further improvements in volume-normalized magnetic sensitivity. Although many
single-NV pulsed experiments operate near the NV~ center’s saturation intensity (1-
3mW pum~2 [84]) to minimize the initialization and readout durations [2], this work
achieved optimal sensitivity when operating at an average intensity ~45x below sat-
uration. The lower intensity allowed the NV ensemble to maintain a favorable charge
state ratio by reducing optical ionization of NV~ to NV? [77,78|. For this reason,
future material development improving and stabilizing the NV charge fraction, for
example by reducing the density of other parasitic defects which can act as charge
acceptors [39], is critical.

The high-sensitivity, pulsed imaging method demonstrated here also enables
applications beyond broadband magnetic imaging such as parallelized, high-resolution
NV~ ensemble NMR using AC magnetic field detection protocols. Additionally, the
MW phase control utilized for the DQ 4-Ramsey protocol is sufficient to implement
magnetically-insensitive measurement protocols [117,124| as recently suggested by

Ref. [125] for imaging the lattice damage induced by colliding weakly-interacting
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massive particles (WIMPs).
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Chapter 5

Characterization and Control of the

Diamond Spin Bath

This chapter presents techniques to study and control the diamond spin bath. Sec. 5.1
describes double resonance measurement protocols to measure the magnetic noise pro-
duced by the diamond spin bath. As the dominant electronic spin bath constituent,
the ground state Hamiltonian of the neutral substitutional nitrogen spins, N2, is de-
scribed in detail along with Double Electron-Electron Resonance (DEER) ODMR
spectra of the ground state N? spin transitions. DEER ODMR measurements are
also shown to be a valuable characterization technique for studying other defects
in the bath and determining the nitrogen isotopic purity of °N-enriched diamond
material. In Sec. 5.2, spin echo double resonance (SEDOR) protocols are used to
quantitatively account for the contribution of dipolar couplings between the different
spin bath species and NV sensor spins to NV~ ensemble dephasing.

Sec. 5.3 explores the use of resonant RF control to decouple the electronic spin
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bath from the NV sensor spins and extend the NV~ ensemble 75. This is specifically
intended for DC magnetometry applications where echo-type decoupling of the NV
sensor spins directly is not applicable. By applying continuous-wave irradiation res-
onant with the spin bath transitions during an NV~ Ramsey sequence, extensions of
NV T3 by over an order of magnitude are achieved in as-grown diamond material.
The scaling of NV T3 with spin bath Rabi frequency along with a phenomenologi-
cal model of the intermediate decoupling regime are presented (for sufficiently strong
control fields, the NV~ T3 saturates due to the next dominant dephasing source).
Similar results are attained using pulsed spin bath control. In both approaches, NV~
Ramsey free induction decay (FID) measurements crucially leverage the DQ sensing
basis in combination with bath decoupling in order to avoid stress-gradient-induced
dephasing (see Chapters 3 and 4). Finally, the measured relative sensitivity improve-
ments attained using spin bath decoupling in combination with DQ Ramsey control
for Samples 3C and 3D with [N]~ 0.75 ppm and |[N]~ 8 ppm are presented.

Sec. 5.3.6 discusses preliminary experiments decoupling the spin bath in NV-
rich diamond material (post-irradiation and annealing). Initial results indicate that in
such material, decoupling of the spin bath is sufficient to approach NV-NV interaction-
limited 7%. With all other parameters constant, it is desirable for the NV- T3 to be
limited by like-spin interactions between NV sensor spins (assuming NV spins not
used for sensing are pumped into mg = 0) instead of by other dephasing mechanisms
such as the spin bath or stress-gradients. Barring the experimental realization of
proposed sequences to decouple NV-NV interactions while retaining some sensitivity

to DC magnetic fields, NV-NV-limited 75 is an optimal regime for NV~ magnetometer
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operation. However, operation in this regime has yet to be achieved regularly by DC

magnetometry experiments using NV~ ensembles.

5.1 Double Resonance Measurements for Character-
izing the Diamond Spin Bath

This section introduces double resonance techniques to study magnetic noise produced
by the paramagnetic diamond spin bath. In these sequences, resonant control fields
are applied to the diamond to drive transitions associated with the spin bath species
in addition to the MW fields employed to control the NV sensor spins. Many of the
techniques introduced here are adopted from conventional bulk NMR and EPR using
inductive-detection (requiring = 10 spins) [126]. Compared to these bulk methods,
NV-based double resonance protocols leverage the proximity of the NV sensor spins
to the diamond bath spins (~nanometers) to probe the dramatically larger magnetic
fields produced by nearby bath spins. We begin by describing the ground state
Hamiltonian of N? spins, which are commonly the dominant spin bath species and
exhibit a complex resonance spectrum due to strong hyperfine couplings and Jahn-
Teller distortions. Example measurements of the N DEER ODMR. spectrum for
14N and '"N-enriched material are presented in addition to example spectra of other

species in the spin bath as function of irradiation and annealing.
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5.1.1 Substitutional Nitrogen Electronic Spins

Substitutional nitrogen electronic spins constitute the dominant non-NV- paramag-
netic spin species in the diamond spin bath. As a consequence, for both as-grown
and post-treatment diamond material, magnetic dipolar interactions between the NV
sensors and bath of NY defects contribute significantly to NV~ ensemble dephasing,
especially in C isotopically-purified diamonds. Similar to NV centers, N? can be
composed of either a "N (I = 1) or N (I = 1/2) nuclear spins - determining the
number of hyperfine-split resonances and magnitude of the associated splittings. N°
defects also exhibit trigonal symmetry with axes co-linear with the [111] crystal lat-
tice due to a Jahn-Teller distortion of the nitrogen nuclear spin towards one of the
neighboring carbon atoms in the lattice [127].

The ground state N Hamiltonian is given by,
Hofh="F g T+" 5. g 645 A T+7-Q-T 5.1)

where up is the Bohr magneton, uy is the nuclear magneton, A is Planck’s constant,
B = (B, By, B.) is the magnetic field vector, S = (Sz, Sy, S») are the dimensionless
spin-1/2 Pauli matrices, and I = (I,, I,, I,) are the dimensionless Spin-1/2 (*N) or
Spin-1 (1*N) nuclear spin operators. In the following discussion, the nuclear Zeeman
term (second term in Eqn. 5.1) is discarded since the contribution is negligible for the
typical < 10mT magnetic field applied in this work.

The electronic g-factor tensor g, the hyperfine tensor A, and electric quadrupole

tensor Q are diagonal in the N? coordinate system where the z-axis is aligned along
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14N0
g 2.0025 [128]
Al Ay 114MHz, 81.3MHz [127-129]
P, -3.97 MHz [129)]

15N0
AL, Ay -159.7MHz, -113.83 MHz [127]
p 0 (since I<1)

Table 5.1: Summary of Hamiltonian parameters used to simulate the
N? resonance spectrum for both the N and N isotopes.

any one of the [111] crystal axes,

g\ 0 0 AJ_ 0 0 PJ_ 0 0
g8=[0 g 0[A=]0 A o[ Q=]0 P 0] (5.2)
0 0 gl 0 0 AH 0 0 P”

Here, g, Ay, P, g1, AL, and P, correspond to the gyromagnetic, hyperfine, and
quadrupolar axial and transverse tensor components. Further simplifications are pos-
sible by noting that the g-factor tensor is nearly isotropic (g1 ~ g = g.) and that for
axial symmetry the off-axis quadrupolar component vanishes. The simplified Hamil-

tonian for an N? defect aligned with a particular crystal axis has the form,

Hyo/h =~ 96‘53 (B.Sz + BpSa + ByS,) + A4S, L + AL (S, 1, + S,1,) + P12, (5.3)

with the hyperfine constants A and A, for N and N summarized in Tab. 5.1.

For NV defects with S = 1 and I = 1 there exist six energy eigenstates
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Figure 5.1: N? energy level diagrams. (a) Energy level diagram for N
defects with electronic spin S = 1/2 and nuclear spin I = 1. Dipole-allowed
electronic transitions (Amg = +1) are indicated by red, solid arrows. The
dashed grey and blue arrows depict the first order forbidden (Amg = =1,
Am; = F1) and nuclear spin transitions (Am; = +1), respectively. (b)
Same as (a) but for '°NY defects with I = 1/2.
|ms = £1/2,m; = {0,£1}). Fig. 5.1 depicts the three dipole-allowed transitions
(Amgs = £1, Am; = 0, solid red arrows), the four first-order forbidden transitions
(Amg = +1, Am; = F1, dashed grey arrows), as well as the nuclear-spin-related
transitions (Am, = 0, Am; = +1, dashed, blue arrows). As with NV-, N? defects
may be oriented along any of the four crystallographic directions, independent of the
applied bias magnetic field vector. Considering the three driven electronic transitions
for each population of *NY defects along all four possible crystal lattice orientations,
there are twelve possible spin transitions. However, with the bias magnetic field
aligned with one of the crystal axes, as employed throughout this Chapter, N? defects
along three of the orientations experience the same B| and B, projections such that

the spin transitions become degenerate. In this configuration, the twelve spin tran-

sitions collapse to six non-degenerate spectral groups (three of which contain three
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overlapped N? spin resonances).

5.1.2 DEER ODMR Spectroscopy

N? defects do not exhibit spin-dependent fluorescence or optical polarization at arbi-
trary magnetic fields; therefore, the NY spin resonances cannot be readout optically
via spin-state-dependent fluorescence as with NV~ defects. Instead, double resonance
pulse protocols must be employed to determine the N? spin resonances indirectly us-
ing the NV defects as probes of the magnetic environment. A double electron-electron
resonance (DEER) ODMR protocol used to identify bath-related spin resonances is
illustrated in Fig. 5.2(a). A Hahn echo or multi-pulse decoupling sequence with free
precession interval 7 &~ T5 is applied to the NV sensor spins, canceling static sources
of phase accumulation including bath-induced dephasing. Meanwhile, another pulse
is applied to the bath spins concurrently with the NV~ m-pulse(s). The amplitude
and duration of the bath pulse is calibrated such that, when resonant with a bath
transition, the bath spins are inverted (i.e., a m-pulse), rendering the NV echo refo-
cusing ineffective in a frequency-selective manner. As the frequency of the bath pulse
is swept, the ODMR contrast decreases when the bath pulse is resonant with a bath
resonance (see Fig. 5.2(b)). The DEER ODMR pulse sequence described above can
alternatively be understood as entangling each NV sensor spin with the nearby bath
spins.

Fig. 5.3(a) illustrates an example DEER ODMR spectrum for a N diamond
sample with an external ~10 mT magnetic field aligned with a single [111]-crystal

axis (Sample 3C). The strong axial and transverse hyperfine couplings result in
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Figure 5.22. DEER ODMR pulse protocol. (a) Depiction of the double
electron electron resonance ODMR protocol. The frequency of the bath -
pulse (red) is swept while an echo sequence is applied to the NV~ sensor
spins. The total free precession interval is chosen to be approximately the
NV~ Hahn echo coherence time, Tp. (b) Cartoon of the NV signal as a
function of free precession interval. When the bath pulse is resonant with a
bath-spin transition, the measured NV contrast decreases as a result of the
reduced NV decoherence time, T5.
groups which are split from the bare-electronic spin resonance frequency (denoted
"g=2") on the order of 100 MHz. The six non-degenerate NY spectral groups due
to electronic transitions (Ams = £1, Am; = 0) are labelled 1-6. The Group 2,
4, and 5 resonances exhibit about three times the amplitude compared to Groups
1, 3, and 6 because the former correspond to three overlapped N? resonances. A
subset of first-order forbidden transitions are also visible, albeit with reduced ampli-
tude [95]. The simulated spectrum in Fig. 5.3(a) is obtained by considering the B,,
B,, and B, projections for each orientation of NV defects. The following parameters
have been used in the simulation (see Tab. 5.1): B, = 95.5mT (projection along
aligned axis), gepip/h ~ 2.8025 x 10* MHz/T, A = 114 MHz, A, = 81.3 MHz, and
Py = —3.97MHz.

In Fig. 5.3(b), the simulated spectrum for a N-enriched sample is shown to-

gether with experimental data from Sample 3D (|'°N]= 7.7(7) ppm measured via
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Figure 5.3: N? and "N DEER ODMR spectra (a) Simulated (red)
and measured (blue) DEER spectrum for Sample 3C with natural abundance
MN. Allowed electronic transitions (Amg = =+1) are labeled 1-6. Smaller
amplitude peaks corresponding to first-order forbidden transitions (Am; #
0) are visible. Frequencies are simulated using Eqn. 5.3 and displayed as
Lorentzian resonance features with widths and amplitudes chosen to reflect
the experimental data. The Larmor frequency of an electronic spin without
hyperfine shifts (g=2) is indicated by a dashed, green line. (b) Similar to
(a), but the DEER spectrum for the »N-enriched, Sample 3D. Electronic
transitions due to ~6% residual N incorporated during growth are also
visible.
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SIMS). With an aligned magnetic field, the N? defects exhibit four instead of six
distinct resonance groups labelled 1-4. Groups 2 and 3 exhibit increased amplitude
again due to three overlapped transitions. However, for the ®N-isotope with S = 1/2
and [ = 1/2 only eight dipole-allowed transitions exist compared to the twelve for
MNY. Note that in Fig. 5.3(b), electronic *N? resonances with reduced amplitude are
also visible in addition to the ®N%related resonances due to residual contamination

during growth yielding ["*N] = 0.50(5) ppm (measured via SIMS).
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Figure 5.4: ""'N-enriched DEER spectrum without residual "*N?. Sim-
ulated '*NY (red) and N? (blue) DEER spectra shown alongside experimen-
tal data for a '®N-enriched diamond material (Sample 5A) without observable
YN contamination. The expected frequencies for the *NY resonances are en-

closed by dashed, black boxes.

The isotopic contamination fraction |['N]/(|**N]+['®N]) is reflected in the rela-
tive amplitudes between the well-isolated *N? and N? groups, making this a useful
characterization method for nitrogen isotopic purity. An example spectrum is shown
in Fig. 5.4 for an additional ®N isotopically-enriched layer sample (Sample 5A) with
no detectable N contamination in DEER ODMR or SIMS. While SIMS measure-
ments have a detection limit for nitrogen of about 0.01 ppm, limit for DEER ODMR
depends on numerous factors including the amount of NV~ fluorescence, the ODMR

contrast, and number of refocusing pulses. For the data presented in Fig. 5.4 using
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Sample 5A (as-grown, 1-micron-thick layer sample), the estimated detection limit for
an SNR of unity is ['*N%] ~ 0.1 ppm. Interrogating larger collection volumes, increas-
ing NV~ density, or using multi-pulse dynamical decoupling techniques are expected

to yield detection limits competitive with SIMS measurements.

5.1.3 Other Electronic Species in DEER ODMR Spectra

NV-based double resonance techniques also provide insight into the composition of the
diamond spin bath beyond NY electronic defects. For example, paramagnetic mono-
and multi-vacancy defects which lack hyperfine interactions with constituent nuclear
spins exhibit resonances commensurate with the Larmor frequency of bare electronic
spins (i.e., "g=2"). Fig. 5.5(a) shows the DEER ODMR spectra for a sample (Sample
5B, [N] = 8 ppm) at different stages of treatment intended to increase [NV]: as-grown,
after electron irradiation to produce vacancies, and after subsequent annealing to
mobilize the vacancies and form NV defects. After growth, only resonances associated
with N%related are observable in DEER measurements of Sample 5A. However, after
electron irradiation with a dose of 3 x 10 ¢ /ecm? at 1MeV, a prominent feature
at the bare electronic frequency attributed to vacancy-related defects is apparent
as expected (see expanded view in Fig. 5.5). Following annealing at 800° C for 12
hours, the "g=2" feature which dominates after irradiation is mitigated and only
resonances likely attributable to first-order forbidden NY electron-nuclear transitions
remain. This suggests that the annealing conditions were sufficient or nearly sufficient
for the vacancies introduced during irradiation to mobilize and form other defects

(predominantly NV~ centers).
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Figure 5.5: DEER spectra at different treatment stages. (a) DEER
spectra for the same sample (Sample 5B) at three stages: as-grown (orange),
after electron irradiation with a dose of 3 x 10*®¢”/cm? at 1 MeV to introduce
vacancies (green), and after subsequent annealing at 800°C for 12 hours to
mobilize vacancies and produce NV~ centers (purple). Experimental spectra
were collected at a nominal bias magnetic field of 10mT with bath pulse
calibrated to a duration of 1us. An artificial offset of unity is added to
separate the normalized data. The simulated N%related spectra is included
for reference. (b) Expanded view of the spectral region around the bare
electron Larmor frequency ("g=2", dashed black line).
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5.1.4 Comparison of N and NV- Resonance Linewidths

In this section, the natural N? and NV~ resonance linewidths within the same samples
(Samples 3C and 3D) are determined using pulsed-ODMR and DEER ODMR spectral
measurements, respectively, as summarized in Fig. 5.6. Bath and NV 7w-pulses with
decreasing Rabi frequency, and consequently increasing duration, are used to avoid
Fourier broadening as described for pulsed-ODMR in Ref. [69].

Figs. 5.6(b,c) compare the N? Group 1 linewidths (single resonance) with
that of Group 5 (three overlapped resonances) for different 7,,¢,-pulse durations in
Sample 3C. For shorter 7mp,,-pulse durations (larger applied AC magnetic field ampli-
tudes), the observed spin resonances are Fourier-broadened, such that the extracted
linewidth is a convolution of the natural linewidth and the inverse duration of the
Thath-Pulse [69]. For increasing myan-pulse durations, however, the measured linewidth
approaches its natural (Lorentzian) linewidth ' = (775)~!. At the longest mpain-pulse
durations used in this work, Group 1 exhibits a single resonance with linewidth of
approximately 25 kHz. In contrast, Group 5 reveals two peaks, consisting of two over-
lapped and one detuned resonance, which is attributed to imperfect magnetic field
alignment. The splitting between the two peaks in Group 5 is &~ 100 kHz and consis-
tent with a misalignment of approximately 1° for the applied bias magnetic field of
10mT. The linewidth of the isolated, detuned resonance in Group 5 (26.3 kHz) agrees
with the linewidth extracted for Group 1.

Fig. 5.6(d) compares the determined NV~ and N? Group 1 ensemble linewidths
for Sample 3C as a function of (NV or bath) 7-pulse duration. For both species, the

linewidths narrow with increasing 7-pulse durations, as discussed above, and saturate
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Figure 5.6: Comparison of NV~ and NY linewidths. (a) DEER spec-
trum for Sample 3C with the spectral groups associated with the electronic
Amg = +1 transitions labeled 1-6. Groups 6 consists of a single resonance,
while Group 5 corresponds to three, degenerate resonances. (b) DEER
spectra for Group 1 in Sample 3C with three different bath m-pulse dura-
tions. The minimum extracted linewidth of 26.8 kHz is indicated. (c) DEER
spectra for Group 5 in Sample 3C with three different bath w-pulse dura-
tions. For the longest pulses, it is possible to distinguish one imperfectly
overlapped resonance from the other two resonances. (d) NV~ (black, cir-
cles) and N? (red, squares) linewidths approaching their respective natural
linewidths. The natural linewidth is extract by fitting to the function form,
y = A/x + B, where B is the saturation linewidth. While the NV~ linewidth
becomes stress-gradient-limited, the N? linewidth is immune and saturates
at 23(2) kHz. This value for the N? natural linewidth is consistent with
(27 x Ty {DQ})~! (black, dashed line) as expected for a Lorenztian lineshape
and the effectively doubled DQ gyromagnetic ratio. (e) Similar to (d), but
for Sample 3D which contains an order of magnitude higher concentration of

nitrogen. Stress-gradient contributions are negligible such that the NV- and
N? linewidths converge.
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at their respective natural linewidths. The saturation linewidth is extracted by fitting
to the functional form, y = A/x + B, where the measured linewidth scales inverse
linearly with the m-pulse duration and B corresponds to the natural linewidth with-
out additional Fourier-broadening. In Sample 3C, the natural NV~ linewidth is found
to be significantly larger (13x) than the natural N? linewidth of 20.6(1.2) kHz. This
order-of-magnitude difference is a result of broadening induced by stress-gradients
across the interrogated volume. Pulsed-ODMR measurements of the NV~ ensem-
ble linewidth (see Fig. 5.6a) performed in the SQ sub-bases ({0,+1} and {0,—1})
are vulnerable to such stress-gradients. In contrast, N defects in diamond do not
couple to stress gradients or electric fields as apparent from the N? Hamiltonian in
Eqn. 5.3. As a consistency check, note that NV~ ensemble Ramsey measurements in
Sample 3C, made in the DQ sensing basis, yield a stress-independent dephasing time
T35 po = 6.9(5) us. This dephasing time, presumably limited by the N? spin bath,
implies a NY spin resonance linewidth given by (27 x T3 {DQ})~! = 23(2) kHz, which
is in reasonable agreement with the DEER-based measurements of the natural N°
linewidth. Similar consistency is found for measurements of the NV and N? ensemble
resonance linewidths in Sample 3D, as shown in Fig. 5.6(e). Such agreement across
multiple samples further suggests that the DQ 75 value for NV- ensembles is limited
by the surrounding N? spin bath. Note that for these samples, [NV-] < [N?]; there-
fore, we ignore the back action of NV~ spins onto N? spins in the DEER readout. For

denser NV~ samples, however, this back action has to be taken into account [130].
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5.2 Spin Echo Double Resonance Measurements

When spin bath resonance features are spaced by several linewidths, resonant pulses
manipulating one spectral group at a time are possible. This section describes spin
echo double resonance (SEDOR) schemes which can selectively measure the coupling
of each group of bath spins to the NV sensor spins. The SEDOR protocol employs
a sequence similar to DEER ODMR measurements. However, instead of sweeping
the frequency of the applied bath pulse, the duration of the NV free precession in-
terval is swept while the bath pulse frequency is fixed to be resonant with a single
group of bath spins. This produces a spin echo signal which decays with character-
istic time Ti{SEDOR} when the i® spectral group is addressed. If no bath pulse
or a non-resonant bath pulse is applied, then the bath spins are not manipulated
and Ti{SEDOR} = T,. However, with a resonant bath pulse applied, the dephas-
ing induced by the resonant spectral group on the NV sensor spins can be probed
quantitatively; while all other dephasing channels including other bath groups are
refocused.

The ensemble spin echo signal without bath control exhibits a decay profile be-
tween a Gaussian and exponential with decay shape parameter, p = 1.5 (see Ref. [72]).
However, with resonant control of a bath spectral group, the echo signal decays faster
with a shape parameter approaching p ~ 1 corresponding to exponential decay. This
change in decay shape is attributed to the quasi-static dephasing channel selectively
turned on, resulting in Ramsey-like dephasing via dipolar interactions with the spin
bath. The SEDOR decay time constant Ti{SEDOR} yields the r.m.s interaction

strength b; between the NV sensor spins and i bath group: 1/Ti{SEDOR}. The
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Sample [MN]  [°N] BC o T3{SQ} T3{DQ}
(ppm) (ppm) (%) (us) (ks)
3¢ 0.75 - 0.005 1-10  6.9(5)

3D 7.7(7) 0.50(5) 0.0030(3) 0.3—12 0.73(4)

Table 5.2: Characteristics of Samples 3C and 3D. Samples 3C and 3D
were synthesized with 99.995% 12C. The [“N] , [**N] and [*3C| were mea-
sured via SIMS for Sample 3D which was grown using N and '2C-enriched
source gases. The uncertainty for SIMS measured quantities is 10%. The
['*N] and [*3C] for Sample 3C are based on reported values from the manu-
facturer Element Six and confirmed with fluorescence-based measurements.
The thicknesses of the CVD-grown nitrogen-doped layers were also reported
by Element Six. The measured 73 in the SQ and DQ bases are included for
reference.
measured b; per group add inverse linearly (since the decay is exponential) such that
the total dephasing by = > b; = 1/T3{SEDOR} where n is the nitrogen-isotope
dependent number of spectral groups. If the NV T is limited solely by NY dipolar
interactions, then 75 {SEDOR}, measured in the SQ sensing basis, should be equal to
twice the rate extracted via Ramsey measurements (275{DQ}). When T;{SEDOR}
does not approach 275{DQ}, this suggests the contribution of an additional non-
bath-related dephasing mechanism.

We now use SEDOR measurements to quantitatively study the ensemble de-
phasing sources for Samples 3C and 3D from Chapter 3. The material properties
presented earlier are summarized in Tab. 5.2. By probing the spin-bath-induced de-
phasing directly, SEDOR measurements confirm the suspected role of NV-N? dipolar
interactions in determining 75 {DQ} for these samples and highlight the promise of

extending 75 using the spin bath decoupling techniques described next in Sec. 5.3.

SEDOR-based measurements of the six N? allowed spectral groups are sum-
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marized in Tab. 5.3 and yield a total measured dephasing rate by; from all groups
of 56(3) ms™ (T3 {SEDOR} =18(1) us). Additionally, accounting for residual con-
tributions of 3C nuclear spins and the magnetic field gradient across the 40-micron
layer thickness (see Tab. 5.3 and Appendix B), we estimate a T of about 14 us
(biot ~ 71ms™!) which compares favorably with twice the measured DQ Ramsey
dephasing time, 275 {DQ} = 14(1), which yields (byeqs = 73(5) ms™!).

SEDOR-based measurements of Sample 3D similarly suggest that dipolar cou-
pling with the NY spin bath is the dominant NV- ensemble dephasing mechanism in
the DQ sensing basis. In total, measurements of the dephasing induced by the four
15N spectral groups in Fig. 5.3(b) and six spectral groups associated with the residual
[MNY] yields bisy = 64(3) ms™" and biayy = 3.8(2) ms™! (see Tab. 5.4). Together these
channels suggest an estimated T3 of 1.5(1) pus which agrees well with twice the mea-
sured DQ dephasing rate: 275{DQ} = 1.47(8) us. In this sample, dephasing-induced
by dipolar coupling to the *C spin bath and magnetic field gradients have a negligible
effect compared to the N? contribution.

The above analysis suggests significant gains in 7} are possible for as-grown
material if the NY spins were to be decoupled from the NV~ sensor spins and no
longer contribute to NV~ dephasing. The next anticipated sources of dephasing: the
residual '3C spin bath and magnetic field gradients across the ensemble appear to
set limits on Ty of ~ 100 us (~ 50 us) in the SQ (DQ) sensing basis. The following
section explores spin bath decoupling approaches for extending 77 using Samples 3C
and 3D. This is followed by similar measurements for irradiated and annealed, NV-

rich diamond material where NV-NV dipolar interactions are no longer negligible.
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Dephasing Mechanism  Magnitude Dephasing Rate T3

Method
1/ms us
N (allowed) 56(3) 18(1) SEDOR
13C <0.01% ~ 10 ~ 100 reported by E6
By-gradient @ 85G  0.056 kHz/G ~A4.7 ~210 estimated
total (bior) ~T71 ~14
observed (DQ Ramsey) 73(5) 14(1) measured

Table 5.3: NV ensemble dephasing mechanisms for Sample 3C. In-
dividual contributions to dephasing are accounted for using direct measure-
ments (SEDOR) or estimated values. The estimated total dephasing rate is
compared to the observed DQ Ramsey decay. The concentration, [**C], is
estimated according to the scaling in Sec. 2.2.4 and reported isotopic purity.
See Appendix B for details of the magnetic field gradient estimate.

Dephasing Mechanism  Magnitude  Dephasing Rate 15 Method

1/ms Us
N (allowed) 64(3) 1.6(1) SEDOR
N (allowed) 3.8(2) 26(1)  SEDOR
3C 30(3) ppm 3.0(3) 330(30) SIMS
By-gradient @ 100G 0.022kHz/G ~2.2 ~446  estimated
subtotal (buay + bisy) 680(30) 1.5(1)
total (btot) ~ 686 ~1.5
observed (DQ Ramsey) 682(41) 1.47(8) measured

Table 5.4: NV ensemble dephasing mechanisms for Sample 3D. In-
dividual contributions to dephasing are accounted for using direct measure-
ments (SEDOR) or estimated values. The estimated total dephasing rate
is compared to the observed DQ Ramsey decay. The concentration, [*3C],
is measured directly using SIMS and then the contribution to dephasing is
estimated according to the scaling in Sec. 2.2.4. See Appendix B for details
of the magnetic field gradient estimate.
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5.3 Extending the NV~ 75 with Spin Bath Decou-
pling Techniques

This section presents experimental results using spin bath control techniques to ex-
tend the NV~ ensemble 775 by decoupling the NV-bath dipolar interactions. Perform-
ing these experiments in the DQ sensing basis is critical to significantly extending
T since stress-gradients commonly contribute similarly to or dominate the ensemble
dephasing (see Sections 2.3 and 3.5). Measurements using the stress-gradient-immune
DQ basis ensure that, for the nitrogen-doped CVD diamond material considered here,
magnetic dipolar interactions between the bath spins and NV sensor spins dominate
the ensemble dephasing. In Sec. 5.3.2, the efficacy of spin bath decoupling in as-grown
diamond material with negligible [NV] is explored using Samples 3C and 3D. A phe-
nomenological model is introduced to describe the scaling of T3 with the magnitude of
the spin bath control fields. In Sample 3C, spin bath decoupling during a DQ Ramsey
free induction decay (FID) enables a factor sixteen extension in 75 {DQ} compared to
the native T5;{SQ}. The presented control techniques, and associated extensions in
T3, are purposefully compatible with Ramsey-based static/broadband magnetometry
and provide improved magnetic sensitivity as demonstrated in Sec. 5.3.5.

The dipolar spin bath may be decoupled from the NV sensor spins using multi-
tone resonant continuous-wave (CW) or pulsed protocols to manipulate the spin bath
population associated with different spectral groups. Fig. 5.7 depicts typical pulse
sequences for CW and pulsed spin bath decoupling. In pulsed spin bath protocols

[82], a multi-frequency RF m-pulse is applied to each of the bath spin resonances
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a b
(@) CW Spin Bath Decoupling (b) Pulsed Spin Bath Decoupling
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Figure 5.7: Spin Bath Decoupling Protocols. (a) Depiction of
continuous-wave (CW) spin bath decoupling during a DQ or SQ Ramsey
sequence. The bath control field typically contains multiple tones resonant
with the spin bath resonances to be controlled. The i*® driven bath spectral
group oscillates with Rabi frequency €;. (b) Pulsed spin bath decoupling
applies m-pulses resonantly with the bath spin resonances midway through
the Ramsey free precession interval.

midway through the NV~ Ramsey sequence, decoupling the bath from the NV sensor
spins analogous to a refocusing m-pulse in a spin echo sequence [131]. Alternatively,
the bath spins can be driven continuously (CW) [82,83]. In this case, the Rabi
oscillation frequency 2., induced by the resonant MW irradiation applied to each
spectral group must significantly exceed the characteristic dipolar coupling strength
v between the bath spins and NV sensor spins, i.e., Qpuin /v > 1, to achieve effective
decoupling. Under this condition, the bath spins undergo many Rabi oscillations
during the characteristic dipolar interaction time 1/v. As a result, the average dipolar-
interaction with the bath is incoherently averaged and the NV~ spin dephasing time

increases.

5.3.1 Experimental Methods

In the following experiments, the electronic spin bath is decoupled using multi-tone

MW irradiation resonant with the electronic spectral groups identified using DEER
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ODMR. Although the first-order forbidden resonances (corresponding to electronic-
nuclear flip-flops) can also be controlled [95], this is not necessary or efficient when
attempting to decouple the electronic spin bath contribution to dephasing.

For decoupling the NY spin bath in a diamond sample grown with natural abun-
dance N, the bath control field consists of six MW tones when the bias magnetic
field is aligned with a single crystallographic axis. Under the same magnetic field
alignment, only four spectral groups must be manipulated for '°N-enriched diamond
samples due to the reduced nuclear spin (I = 1/2 instead of I = 1). Meanwhile, for
an arbitrarily aligned magnetic field, N (!N) material may require control of up
to twelve (eight) spectrally-distinct resonances. More tenably, if the bias magnetic
field has equal projections along all crystal axes, a minimum of three (two) tones are
required. Additional tones resonant with other paramagnetic electronic species, such
as lattice vacancies, can also be applied as necessary for the given sample.

We now describe the experimental details of generating and calibrating the
multi-tone MW field used to control the bath spins. For bias magnetic fields with
magnitude By &~ 5 — 10mT, the dipolar-allowed NY bath transitions occur between
100-500 MHz. For the experiments presented here, each tone in the bath control field is
synthesized using a dedicated signal generator (see the schematic in Fig. 5.8). While
economical signal generators such as the Windfreak SynthNV or TPI-1002-A are
employed for the experiments in this section, other solutions, including using arbitrary
waveform generators, are expected to be compatible. The multiple synthesized tones
are then combined and amplified using a single Minicircuits ZHL-100W-52+ high-

power amplifier. A dedicated shorted-loop or planar wave-guide structure delivers
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the bath control field to the diamond sample. Due to the technical demands of
combining after amplification and amplifier bandwidth constraints, the NV~ control
fields are synthesised and delivered to the diamond sample separately.

Spin bath control field calibration — For measurements of the NV~ ensemble
T3 as a function of the applied bath control field magnitude it is convenient for all
spectral groups to be driven with the same bath Rabi frequency. For pulsed spin
bath decoupling, calibration of the bath Rabi per group is critical to ensure that
the selected pulse duration corresponds to a m-pulse on all bath spins (assuming all
tones pass through the same switch as shown in Fig. 5.8). The bath Rabi frequency
for each spectral group can be measured independently using a DEER Rabi scheme
in which the duration of the bath pulse is swept while all other parameters remain
fixed. To isolate the Rabi oscillations of a particular group while accounting for the
inter-related distribution of power between the other tones in the amplifier, a single
tone is resonant at a time, while the other tones are sufficiently detuned to not drive
Rabi oscillation. Such DEER Rabi measurements are then performed iteratively,
adjusting the output amplitude of one signal generator and measuring the resulting
Rabi frequency for all spectral groups. A gradient-descent-based algorithm is used to
approach a target Rabi frequency for all spectral groups. Residual variations in the
Rabi frequency across groups are typically about 5% of the reported average bath
Rabi Q8 .

AC Zeeman Shifts — The control field applied to one group of bath spins can
shift the resonances of the other groups via the AC Zeeman effect (analogous to

the AC Stark effect for systems sensitive to AC electric fields). As a consequence,
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Figure 5.8: Microwave synthesis and delivery schematic. For NV spin
state control: Single and two-tone signals are generated using a dual channel
Windfreak Technology Synth HD signal generator. One channel includes a
Marki IQ-1545 mixer to manipulate the relative phase between both chan-
nels. A single Minicircuits ZASWA-2-50DR+ switch is used to generate the
NV control pulses before amplification with a Minicircuits ZHL-16W-43 am-
plifer. The NV control fields are delivered to the diamond sample using a
fabricated microwave waveguide (diameter 500m). For spin bath control: Up
to eight single channel Windfreak Technology Synth NV signal generators are
combined before passing through a switch and a Minicircuits ZHL-100W-52
amplifier. The amplified field is delivered via a grounded cooper loop (1 mm
diameter).

the applied tones no longer resonantly address the other, intended groups. The AC
Zeeman shift Apc zee. induced by an off-resonant driving field scales approximately

proportional to dac zee. ¢ 22,/ where . is the on-resonance Rabi frequency and

0 is the detuning between the bath control field frequency and bath spectral group.
For N diamond material in a 10 mT bias field aligned with one of the for possible
defect orientations, the nearest resonances are 15 MHz apart (see Fig. 5.3(b)) such
that a detuned driving field with €2, = 5 MHz produces a 1 MHz shift in the spectral
group resonance frequency.

The AC Zeeman-induced shifts reduce the spin bath decoupling efficacy if not
accounted for during calibration. The constituent spin bath control field frequencies

can be crudely optimized by maximizing the measured 7% while dithering each driving

tone iteratively, since the required corrections are typically small compared to the
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overall detuning. Using the measured bath Rabi frequency and resonance frequency
for each spectral group, the AC Zeeman-shifts can also be calculated via numerical
simulations (the analytical result is only approximate since it assumes a far-detuned
limit which is no longer valid for this system).

The AC Zeeman shifts induced by the spin bath control fields on the NV~ spin
resonances may also be of concern for high-sensitivity applications of the technique.
The estimated shifts in NV~ resonance frequencies from a bath field with 2y = 5 MHz
detuned by about ~2.87 GHz is a non-negligible ~10 kHz. However, this is generally
considered a minimal concern for magnetic sensing because (a) the shifts are largely
common-mode and therefore suppressed in the DQ sensing basis and (b) for CW spin
bath decoupling the shifts are static. Nonetheless, it is likely beneficial to operate with
sufficient spin bath decoupling to saturate at the next dominant dephasing mechanism
such that the NV~ T is not vulnerable to fluctuations in the spin bath control field
amplitude. This approach is also generally advantageous for robustness against other

factors such as drift in the spin bath resonance frequencies.

5.3.2 Extending 7% in As-Grown Diamond Material

This section presents experimental results employing CW spin bath decoupling to
extend the ensemble T of as-grown diamond Samples 3C and 3D. Fig. 5.9(a) depicts
DQ and SQ Ramsey FID signal for Sample 3C (|N|~ 0.75ppm) with and without
multi-tone bath control applied. For these data, all six electronic NY spectral groups

experience an average bath Rabi frequency of 1 MHz. The Ramsey FID decay signals
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are fit to the functional form:

S(r) = e (/T Z A;sin(2m fim + ¢;) (5.4)

i=1

where T3 is the familiar ensemble dephasing time, p is the decay shape parameter,
A; is the oscillation amplitude for the signal from each of the n hyperfine-split popu-
lations with detunings f; and phases ¢;. In the following discussion the decay shape
parameter is constrained to be p = 1 unless otherwise noted (see Sec. 5.3.3 for exam-
ple). The T5{SQ} extracted from the data in Fig. 5.9 doesn’t respond significantly to
the applied bath decoupling protocol because the ensemble dephasing is dominated
by stress-gradients across the interrogated volume of diamond. However, in the DQ
sensing basis, the T5{DQ} exhibits a dramatic 16x increase compared to the observed
"bare" T5{SQ}, leaping from 1.80(6) ps to 29.2(7) us.

The transition between the bare T5;{DQ} without spin bath decoupling to the
extended T5{DQ, CW} demonstrated in Fig. 5.9(a) warrants further exploration in
order to both elucidate the relevant physical parameters as well as determine the
technical requirements placed on the experimental apparatus (e.g., what y,y, is re-
quired for decoupling). Therefore, we also characterized the efficacy of CW spin bath
decoupling for extending 73 in both the SQ and DQ bases as a function of the av-
erage N Rabi frequency Qyo. These data are shown in Fig. 5.9(b) for Sample 3C.
As expected, the T5{SQ}, which is dominated by non-spin-bath-induced dephasing,
does not depend on Qyo. In contrast, 75 {DQ} exhibits an initial, rapid increase and
then saturates at Ty po ~ 27 us for Qy 2 1 MHz.

To explain the observed trend, we introduce a model that distinguishes between

141



Chapter 5: Characterization and Control of the Diamond Spin Bath

(@) ®) ,, © .,
34, TASQ}=1.80(6) s
° v 25 5 3
<3 = 3
= . e 2 3.0
4 3, T.SQdrive} = 1.94(6) ps = 50 -
© 0 ] L 25
s £ #  SQ data g
g—3 £ 15 #  DQ data E 20
O 3 TADQ}=6.96) ks | ---- model (dipolar) || o
C —_— i C
5 0 v " = model (fit) < 151
£_3 o 101 ©
T;{DQ,drive} = 29.2(7 S <
S | »{DQ.drive} (7) ps s s 1.0 & 50 data
0 a 3 0 o5 %  DQ data
_3 —a—=n —— model (fit)
| . . . 0 —— 00 +———+——
0 10 20 30 40 0.0 05 1.0 1.5 2.0 25 3.0 3.5 0.0 05 1.0 15 2.0 2.5 3.0 35
Free Precession Interval T (us) Bath Rabi Frequency Qne (MHz) Bath Rabi Frequency Qne (MHz)

Figure 5.9: CW spin bath decoupling in the SQ and DQ bases. (a)
NV Ramsey free induction decay (FID) measurements for Sample 3C (By =
8.5mT). Comparison of time-domain data and resulting fit values for the NV
ensemble T2* for the SQ coherence (blue, first from top), the SQ coherence
with spin-bath drive (blue, second from top), the DQ coherence with no
drive (black, third from top), and the DQ coherence with spin-bath drive
(black, fourth from top) reveals a 16.2x improvement of 75 with spin bath
decoupling with the DQ sensing compared to SQ with no drive. (b) Ty
extracted from Ramsey FID measurements in the SQ (blue) and DQ (black)
bases for different average spin-bath drive Rabi frequencies (Sample 3C at
By = 8.5mT). The black dashed-dotted line is calculated using the model
presented in Eqn. 5.5 and Eqn. 5.6 with the values reported in the main text.
The red solid line is a fit of the same model to the T; data (see main text
for details). (c) Same as (b) but for Sample 3D (By = 10.3mT).

(i) NV~ ensemble dephasing due to the controlled NY bath spins, which depends upon
bath drive strength Qyo, and (ii) dephasing from other, bath-control-independent

sources, including stress-gradients and *C nuclear spins:

1 1 1
T3 T3{NHOng) Ty fother}

(5.5)

Taking the coherent dynamics of the bath drive into account, the data is well described
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by the functional form:

1 020

— C AM XNV N—— 5.6
TGN R (5:6)

where the effective magnetic field produced by the ensemble of NY spins is modeled
as a Lorentzian line shape with spectral width dxY (half width at half max) and a
maximum yyy_y at zero drive frequency (Qx% = 0). The parameter Am = 1(2) is
the change in spin quantum number in the SQ (DQ) basis. Although we find that
NV~ and N? spins have comparable T (yyv_n & Yn_n, see Sec. 5.1.4), the effective
linewidth dyo relevant for bath decoupling is increased due to imperfect overlap of the
N? spin resonances caused by a small misalignment angle of the applied bias magnetic
field.

We define three spin bath decoupling regimes: (1) no bath decoupling, (2) an
intermediate regime where the average dipolar coupling between bath and NV sensor
spins, yyv-n is comparable to {2yo, and (3) a strong-decoupling regime where Qo >
oxo. In the strong-driving regime, the NY spin ensemble is coherently driven and
the resulting magnetic field noise spectrum is detuned away from the zero-frequency
component, to which NV Ramsey measurements are maximally sensitive [71]. In this
regime, the NV~ ensemble T increases o 912\12 / 512\12. However, in the intermediate

regime with Qy < dy, the N? spin ensemble is inhomogeneously driven and the

dynamics of the spin bath cannot be described by coherent driving. Nonetheless,
1/Ty approaches yyy_n in the limit Qlxo — 0, which is captured by the Lorentzian

model.

Using the N%related dipolar estimate for Sample 3C, yyy_n &~ 27 x 7kHz,
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dxo ~ 80kHz extracted from DEER measurements (see Sec. 5.1.4), and a saturation
value of T3 ;... & 27 ps, we combine Eqns. 5.5 and 5.6 and plot the calculated T3 as a
function of Qyo in Fig. 5.9(b) (black, dashed line). The reasonable agreement between
the model and our data in the DQ basis suggests that Eqns. 5.5 and 5.6 capture the
dependence of T3 on drive field magnitude (i.e., Rabi frequency). Alternatively, we
fit the model to the DQ data (red, solid line) and extract v4%_y = 27 x 9.3(2)kHz
and 51{115 = 60(3) kHz, in reasonable agreement with our estimated parameters. In
summary, the results from Sample 3C demonstrate that spin bath decoupling in the
DQ basis suppresses inhomogeneous NV~ ensemble dephasing due to both interactions
with the N? spin bath and stress-gradients.

Fig. 5.9(c) presents similar measurements using Sample 3D with ["*N| =7.7(7) ppm
and ["N]=0.50(5) ppm. With the increased nitrogen density, interactions with the
N? bath dominate NV~ ensemble dephasing, and T5{SQ} and T;{DQ} both exhibit
a clear dependence on spin bath Rabi frequency {dyo. With no drive (QNQ = 0),
T5{DQ} ~ T5{SQ}/2, as expected for dephasing dominated by a paramagnetic spin
environment and the twice higher dephasing rate in the DQ basis 79,80, 132]. Note
that this result is in contrast to the observed DQ basis enhancement of 77 at lower
nitrogen density for Sample 3C (Fig. 5.9(b)). While the T3 for both bases scales
less quickly with Qys then for Sample 3C (due to the stronger dipolar interaction
strength), we observe that T, in Sample 3D increases more rapidly as a function of
spin bath drive amplitude in the DQ basis than in the SQ basis, such that Ty {DQ}
surpasses T5{SQ} with sufficient (x:. We attribute the 73 saturation in the SQ basis

(~ 1.8 us) to stress inhomogeneities in this sample. Meanwhile, the longest observed
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T3 in the DQ basis is ~ 3.4 us, which is below the expected saturation of about 9 us
due to the 30(3) ppm of 3C spins and 0.50(5) ppm residual ["*N?] incorporated dur-
ing growth (see Tab. 5.4). This difference between expected and observed saturation

results in an unidentified ~180 ms™!

contribution to the dephasing rate. Further ex-
perimental and theoretical work is warranted to definitively account for this source
of dephasing. Possible explanations include a technical limitation such as insufficient
management of AC Zeeman effects, inaccurate SIMS measurements of ["*C| or [14NY],

or an additional paramagnetic species we have not yet properly accounted for in the

diamond spin bath.

5.3.3 Ramsey Decay Shape for the Intermediate Spin Bath
Decoupling Regime

For the analysis in the previous section, the decay shape parameter was constrained
to a mono-exponential profile (p = 1) when extracting 7 to better compare changes
in the dephasing time despite additional changes in decay shape. While Eqns. 5.5 and
Eqns. 5.6 capture the dependence of Ty with {2ys reasonably well, the assumption of
exponential decay profile in the intermediate decoupling regime is not valid. In this
regime where {dxs & yyv_n, bath spins which are more weakly coupled to the NV-
sensor spins (further away in the lattice) are decoupled, while dipolar interactions due
to nearby bath spins remain. This results in a rapid initial decay in the Ramsey FID
signal, followed by a slower-than-expected decay at longer times compared to simple
exponential decay.

When fitting measured Ramsey FID data in this intermediate regime, the ex-

145



Chapter 5: Characterization and Control of the Diamond Spin Bath

(a)

3.5 [}
1 ¢
3.0 4
g 2.5 4 H
- 2.0 +
o
O 1549
>
*|_“‘ 1.0 'y
le 8 ¢ p = free parameter
0.5 Swe ¢ p = 1 (fixed)
0.0 = T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(b) —
o 1075 3 )
R )
—
L]
L osq{ " \
q) *
£ . ‘
o 0.6 1 o .
5 * e
2 04
> O
©
$ 0.2 - Intermediate
[a)] Driving Regime

0.0 = T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0

N? Bath Rabi Frequency (MHz)

Figure 5.10: Ramsey decay shape with spin bath decoupling. (a) 75
extracted from NV Ramsey FID data (Sample 3D) as a function of average
spin bath Rabi frequency. The extracted T values, when the decay shape
parameter p is included in the fit as a free parameter, are shown in blue. The
resulting 75 when p is fixed to p = 1 are shown in orange. (b) Extracted
decay shape parameter p as a function of the average spin bath Rabi fre-
quency when included as a free parameter in model. With increasing bath
Rabi frequency, p decreases from unity towards a minimum of p ~ 0.5 before
increasing back to p ~ 1 for spin bath Rabi frequencies exceeding 1 MHz.
tracted decay shape parameter is p < 1, as shown in Fig. 5.10(b). As a function of the
average Rabi frequency €lys, the decay shape parameter, p, decreases to a minimum
value of approximately p =~ 0.5 around 400 kHz. The change in decay also modifies
the extracted T3. In the strong-decoupling regime, the decay shape parameter sat-
urates at approximately p ~ 1 as even strongly interacting bath spins nearby to an

NV sensor spin are decoupled. The sensitivity and dependence of the decay shape

parameter highlights its value in understanding microscopic ensemble properties.
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Figure 5.11: Comparison of CW and pulsed spin bath decoupling
experiments using Sample 3C. (a) Measured T as a function of bath
Rabi frequency for DQ CW (red squares) and DQ pulsed (blue circles) spin
bath decoupling, with the SQ CW results (black diamonds) again included
for reference. (b) Measured Ramsey FID decay in the DQ sensing basis for
CW and pulsed driving (Q2yo = 1.5MHz). The decay for CW driving in the
SQ basis is included for reference.

5.3.4 Pulsed versus CW Spin Bath Decoupling

As noted earlier in this chapter, both continuous-wave (CW) and pulsed driving can
decouple the electronic spin bath from the NV~ sensor spins (see Fig. 5.7). In CW-
decoupling, the bath spins are driven continuously such that they undergo many
Rabi oscillations during the characteristic interaction time 1/yyy_y, and thus the
time-averaged NV-N dipolar interaction approaches zero. For pulsed-decoupling, n-
pulses resonant with spin transitions in the bath are applied midway through the NV
Ramsey free precession interval, to refocus bath-induced dephasing.

Fig. 5.11(a) illustrates the measured 75 {DQ} as a function of {dys for Sample
3C using both methods. Pulsed-decoupling yields similar 7% improvements to CW-
decoupling over the measured range of bath Rabi frequencies. Fig.5.11(b) compares

T3 for Sample 3C for both schemes at maximum bath drive strength 2y = 1.5 MHz
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(for pulsed-decoupling, 7. = 1/2€ly:). Both decoupling schemes result in comparable
T improvements (13— 15X ) over the non-driven SQ measurement, which is shown for
reference. We attribute the slightly shorter 75 {DQ} achieved with pulsed-decoupling
to decoherence caused by temporal variations in the magnetic environment which
are not decoupled. In contrast, CW-decoupling protocols also mitigate decoherence
sources and lead to extensions in 75 when used in conjunction with echo-type pulse
sequences suitable for AC magnetic field sensing.

Despite the similar improvements in 75 achieved using both methods, pulsed
driving can reduce heating of the MW delivery loop and diamond sample - an im-
portant consideration for temperature sensitive applications. For this reason, pulsed
driving may be preferable in such experiments despite the need for m-pulse calibration

across multiple resonances and slightly reduced performance.

5.3.5 Sensitivity Improvement with Spin Bath Decoupling

This section demonstrates that the extended 73 achieved when combining spin bath
decoupling techniques with DQ coherence magnetometry protocols translate to im-
proved magnetic sensitivity without degrading any other sensitivity-relevant prop-
erties. Fig. 5.12(a) compares the accumulated phase for SQ, DQ, and DQ plus
spin bath decoupling measurements in a tunable static magnetic field of amplitude
Bpe, for Sample 3C. Sweeping Bpc leads to a characteristic observed oscillation
of the Ramsey signal S o« C'sin(¢), where C' is the measurement contrast and

¢ = Am X yyyBpeT is the accumulated phase during the free precession interval

Q

7 ~ Ty. Choosing 759 = 1.308 us and Tpo+prive = 23.99 pus, we find a 36.3(1.9) x
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Figure 5.12: DC magnetic field sensing and Allan deviation. (a) DC
magnetometry curves for SQ, DQ, and DQ with spin bath decoupling in
Sample 3C, produced by sweeping the magnitude of a coil-generated applied
magnetic field (in addition to the fixed bias field) while the free precession
interval is set to 79q = 1.308 us (blue, top), g = 6.436 us (black, middle),
and mpqcw = 23.990 us (red, bottom). The amplitude for the DQ+CW
decoupling data (red) decays with increasing applied magnetic field Bpc
because the spin bath transitions shift out of resonance with the control fields
and Ty decreases. (b) Allan deviation using the same fixed values from (a)
for measurements using SQ (blue), DQ (black), and DQ with CW decoupling
(red). The external field strength was tuned to sit on a zero crossing of the
respective DC magnetometry curves in (a) for sine magnetometry. The black
dashed line is a guide to the eye indicating T~'/? scaling where T is the total
measurement time.

faster oscillation period (at equal measurement contrast) when DQ and spin bath
decoupling are both employed, compared to a SQ measurement. This enhancement
in phase accumulation, and hence DC magnetic field sensitivity, agrees well with the
expected improvement (2 X Tpg+prive/Tsg = 36.7).

Assuming a signal-to-noise ratio of unity, the minimum detectable magnetic

field 0 B, in a Ramsey measurement is given by |2, 80]

05

5Bmin ~ T 9S
max ‘ 9B
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where the Ramsey signal S is
S = C(7)sin(yyvBpeT). (5.8)

Here, C(7) = Cexp(—(7/T5)P) is the time-dependent measurement contrast
defined via the NV spin-state-dependent fluorescence visibility, vy is the NV gy-
romagnetic ratio, Bpc is the magnetic field to be sensed, and 7 is the sensing time
during which the NV~ sensor spins accumulate phase. The term max|g—g| is the

maximum slope of the Ramsey signal:

o5,
oOB'

max |

C(T)’}/NvT. (59)

Assuming uncorrelated, Gaussian noise, 65 = 0(t)//Tumeas is the standard er-
ror of the contrast signal, which improves with the number of measurements 7,,c4s-
Including a dead time 7p that accounts for time spent during initialization of the NV
ensemble and readout of the spin-state-dependent fluorescence during a single mea-
surement, Ny,eqs = 1/(7 + Tp) measurements are made over the total measurement

time 1. 6 B,,;, is then found to be

O(T>'7NVT\/T’

and the sensitivity is given by multiplying 6 By, by the bandwidth v/7 and including
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a factor Am = 1(2) for the SQ (DQ) basis:

B 8 BoinV'T B o\T+ Tp
TTTTAm T Amx C(T)ywvT

(5.11)

Note that in the ideal case of 7p < T, @ ~ 1/4/7 and the sensitivity n scales
oc 77 Y2exp (1/T5)P. The optimal sensing time in the Ramsey experiment is then
Topt = T /2 for p = 1-2. However, in the more realistic case, tp ~ 7, the improvement
of n with increasing T approaches a linear scaling and 1 oc 7~ exp (7/T5)? for tp > 7.
The optimal sensing time then becomes 7., ~ T3. Consequently, the measured
increase in sensitivity may often exceed the enhancement estimated from the idealized
case without accounting for overhead time.

With Eqn. 5.11 we calculate and compare the sensitivities for the three measure-
ment modalities (SQ, DQ, and DQ + spin-bath-control) applied to Sample 3C. Using
C' =~ 0.026, which remains constant for the three schemes (see Fig.5.12(a)), sensing
times 7gg = 1.308 us, 7pg = 6.436 us, and Tpo4 prive = 23.99 ps, standard deviations
osq = 0.0321, opg = 0.0324, and opgprive = 0.0325 calculated from 1s of data,
fixed sequence duration of 7+ 7p = 70 us, and vy = 27 x 28 GHz/T, the estimated
sensitivities for the SQ, DQ and DQ+Drive measurement schemes are n = 70.7, 6.65,
and 1.97nT/ V/Hz, respectively. In summary, we obtain an 10x improvement in DC
magnetic field sensitivity in the the DQ basis, relative to the conventional SQ basis,
and a 35x improvement using the DQ basis with spin bath decoupling. Note that
this enhancement greatly exceeds the expected improvement when no dead time is
present (7p < 7) and is attributed to the approximately linear increase in sensitivity

with sensing times 7 < 7p. Lastly, we plot the Allan deviation for the three schemes
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in Fig. 5.12(b) showing a T~'/2 scaling for a measurement time of ~ 1s and the

indicated enhancements in sensitivity.

5.3.6 Extending 75 in NV-Rich Diamond Material

This section discusses spin bath decoupling techniques applied to irradiated and an-
nealed diamond material with non-negligible [NV-]. After outlining a model for esti-
mating the NV~ ensemble 77 including dipolar interactions between NV spins, initial
measurements are presented. The following discussion is primarily intended to mo-
tivate the need for future experimental work to better understand 7% in NV-rich
diamond material.

With the [N?| concentration reduced post-irradiation and annealing, spin bath
decoupling is expected to become easier, i.e., lower bath Rabi frequencies are required
for CW decoupling. As will be explored in the following discussion, the next dom-
inant dephasing source in NV-rich material after N? dipolar interactions are ideally
dipolar interactions between the NV~ sensor spins themselves. However, commonly
operating DC NV~ ensemble magnetometers in this NV-limited 7} regime remains an
outstanding technical challenge.

As described in Sec. 2.2.3, the NV™ population (and associated dephasing con-
tributions) can be sub-divided into either same (NVj) or different spin groups (NVj)
based upon their resonance frequencies. NV~ spins belonging to the same group are
expected to exhibit stronger dipolar interactions (ANV” ~ 247ms 'ppm~!) compared
to those in different groups (Anvy, ~ 165ms™'ppm ') as motivated in Sec. 2.2.3. As-

suming a bias magnetic field aligned with a single orientation of NV~ spins, we refer
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N INV] [NV [NV (8

(ppm) (ppm) (ppm) (ppm) ([NV]/[NV])
13.3(3) 2.8(2) 2.0(2) 0.80(1) 0.72(5)

Table 5.5: Defect concentrations and NV~ charge fraction determined

via FTIR and UV-Vis absorption measurements for a diamond sample grown

using the same synthesis process as Sample 5C. Reported uncertainties indi-

cate the standard deviation in measured values across 5 samples grown using

the same synthesis process.
to these aligned-NV~ spins as those in the same group (NV))). These spins, which
account for one quarter of the total NV~ population, will be used for sensing, while
NV spins along the other three orientations will not be used for sensing (NVy).

The expected T} assuming only dephasing mechanisms due to an electronic spin

bath composed of N? and NV- can be estimated using a toy model as,

1
T5{elec. spin bath}

~ Ano - [N] + Anvy - [NV] + Ay, - [NV
(5.12)

~ Ano - X[No| + Axvy - (G)Y NV ]+ Axv; - Goy[NVy]

where Ayo = 101(12) ms™'ppm™', x is the N, charge fraction, ¢ (¢y) is the fraction of
same (different) group NV~ spins not in my; = 0 during the DQ Ramsey measurement,
and 1y are the same and different-group NV charge fractions ([NV]/(NV-+NV?)).
Using Eqn. 5.12 to anticipate the 735 for an NV-rich sample is challenging because
it requires knowledge of the fraction of NV spins along all four axes initialized into
ms = 0 by the 532 nm pump laser as well as the NV and N, charge fractions across a
typically inhomogeneous excitation profile (e.g., a Gaussian laser beam spot). These
quantities depend strongly on experimental parameters such a optical illumination

intensity and polarization due to the ionization of N and NV-.
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Figure 5.13: Spin bath control in an NV-rich sample. (a) Schematic
representation of CW N? bath decoupling. (b) Schematic representation of
CW NY bath decoupling in addition to CW driving of one of the N V, spectral
groups not used for sensing. (c) Left to right: T; extracted from Sample 5C
without any spin bath control, with N? bath decoupling, and with NY bath
decoupling as well as control of the NV% population. (d) Comparison of the
measured T;{DQ} with bath control to the model presented in Eqn. 5.12.
The solid red and grey lines depict the estimate 7;{DQ} without NV} driv-
ing, ¥y = ¢ = 0.7, and ¢} = 0.3 (¢ = 0.7). The dashed red and grey lines
depict the estimate T5{DQ} with NV} driving such that ¢y = 0.5. Solid lines
indicate the estimated T5{DQ} including dephasing contributions from the
13C spin bath and residual magnetic field gradient. Dashed lines indicate
the estimated T5{DQ} including an additional unknown dephasing source of
~ 0.1 us™. The dashed vertical blue line indicates [NV] =2.8 ppm.

To estimate [NY], [NV}, and [NV} under experimental conditions, we begin by
considering diamond material synthesized using a well characterized process for which
FTIR, UV-vis, and SIMS measurements are available (see Chapter 6 or Ref. [39] for

further details). These data provide initial estimates for the concentrations and charge
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distribution of different species in the absence of optical excitation. The estimated
values for one such sample grown with a process yielding [N]~ 16 ppm and then
irradiated and annealed to produce [NV]|=2.8(2) ppm are shown in Tab. 5.5 (Sample
5C).

To highlight the importance of accounting for dephasing in this NV-rich sample,
we first consider the expected T3 for the as-grown material. With a total nitrogen con-
centration of about 16 ppm, we would expect Sample 5C to exhibit a T3 {SQ} ~ 600 ns
and 75{DQ} ~ 300ns based on the scaling determined in Sec. 2.2.1. This estimate
agrees reasonably well with measurements of Sample 5C before irradiation and an-
nealing (75 {DQ} ~ 200 ns). However, this as-grown estimate for 7 is dramatically
shorter than the measured value of T5{DQ} ~ 1 us for Sample 5C after irradiation
and annealing. Thus, we explore must a refined estimate using Eqn. 5.12 to attempt
to understand the post-treatment 77 .

The charge fractions noted in Tab. 5.5 are measured in the absence of optical il-
lumination using FTIR and UV-Vis spectroscopy and should provide an upper-bound
for our estimates since increasing optical intensities result typically in a degraded en-
semble NV charge fraction [77,78|. Experimentally determining the NV charge frac-
tion per group, the fraction of NV~ pumped into m, = 0, and the N, charge fraction
under optical illumination is a difficult task. In the case of the N, charge fraction,
direct NV-based measurements in-situ are not currently expected to be possible. In
the following analysis, we crudely assume that the N charge fraction and NV charge
fraction (for both groups) are all approximately the same, x ~ ¥ ~ 9 and simi-

lar to the FTIR and UV-Vis values measured without illumination. We additionally
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assume a 70% initialization fraction into m, = 0 for both NV~ groups after optical
pumping [40]. This yields ¢} ~ 0.7 and ¢ =~ 0.3.

Using these ¢ estimate, along with x ~ v, = 1 ~ 0.7 from Tab. 5.5, Eqn. 5.12
yields an estimated T5{DQ} of about 450 ns. Although this is modestly longer than
the as-grown estimate, it is significantly shorter than the measured value of 75 {DQ} =
1.03(3) us using an average illumination intensity multiple order of magnitude below
saturation intensity (see Fig. 5.13(c)).

From this discrepancy, it is apparent that our toy model proposed in Eqn. 5.12,
at least with the initial estimated parameters above, is insufficient. Evaluating the
dependence of Eqn. 5.12 to changes in the ¢, ¥y, (, and x reveals that to achieve
estimated Ty consistent with observations requires a reduction in [NY], presumably by
tuning the NY charge fraction. Decreasing the N? charge fraction estimate such that
x ~ 0.22, while 9| and ¢ remain unchanged, yields an estimated 75 {DQ} which
agrees with the observed value within uncertainty. Due to a lack of experimental
data for the NY charge fraction under 532 nm in similar samples, it remains unclear
whether this assumption is physically realistic. Tuning the NV charge fraction yields
more modest changes and is not sufficient on its own to account for the observed
T3{DQ}.

From the results above, it is apparent that without decoupling, dipolar interac-
tions between the N? bath and NV~ sensor spins remain a significant source of NV-
ensemble dephasing for the present diamond sample (Sample 5C). In the following
discussion, CW spin bath decoupling is employed to mitigate the N%related contri-

bution to dephasing. Preliminary measurements of the change in 75 {DQ} under CW
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spin bath decoupling are shown in Fig. 5.13(c) for an average bath Rabi frequency of
1 MHz. With decoupling of the N? bath spins using the protocol in Fig. 5.13(a), the
T5{DQ} increases from 1.03(3) us to a value of 1.77(4) ps.

We can compare this result to the expected 73 -limit imposed by dipolar inter-

actions between the NV~ spins suggested by,

1

TNV Axvi - Qi INV ]+ Axv, - Gry[NVy] (5.13)

which, assuming ¢ ~ iy ~ 0.7, {4 = 0.3, and (; = 0.7, suggests a T5{DQ} exceed-
ing 3 us. This estimate is nearly a factor of two longer than the observed value of
1.77(4) pus. The solid grey line in Figure 5.13(d) illustrates the estimated T35 {DQ} as
a function of [NV] using Eqn. 5.13 and the assumptions above in addition to residual
contributions from ¥C nuclear spin bath and magnetic field gradient (=~ 0.02 us™*
informed by Sec. 5.3.2 and Appendix B. However, consideration of these two sources
is insufficient to explain the observed T5{DQ}. The grey dashed line depicts the
inclusion of an additional, dephasing source of 0.1us™" due to [""N? =~ 5% based
upon DEER ODMR measurements. Including this contribution brings the estimated
T5{DQ} into agreement with the observed value. This result highlights the impor-
tant of producing 15N-enriched diamond material with reduced [“'N?| impurity as
demonstrated in Sec. 5.1.2.

Although NV-NV interactions may not dominate the observed 7} -saturation of
about 1.7 ps, they remain a relevant contribution. By resonantly driving the NVy
population not used for sensing, ¢} can be modulated such that the NV spin bath is

effectively in a mixed state of |0) and |+1) ({; = 0.5) instead of mostly pumped into
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the non-interacting m, = 0 sublevel. A decrease in T5{DQ} is observed with NV
CW-driving applied (T5{DQ} = 1.51(3) us) as illustrated by Figs. 5.13(b,c). This
outcome suggests that our assumption of an initialization fraction favoring NV- ¢} =
0.7 is reasonable. In Fig. 5.13(d), the red solid and dashed lines depict the estimated
T5{DQ} as a function of [NV] when both the N? and NV, populations are controlled.
As with the N%decoupling-only case, the solid red line includes residual contributions
from ¥C nuclear spin bath and magnetic field gradient, while the dashed line reflects
the introduction of dephasing due to residual *N? contamination of 0.1 us™!). This
again brings the estimated dephasing time into agreement with the experimentally

observed value.
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Chapter 6

Developing Diamond Material
Tailored for NV~ Ensemble-based

Magnetic Sensing Applications

Reproducible and scalable fabrication of NV~ ensembles with desired properties is
crucial envisioned NV~ applications in academia and industry; as is an understanding
of how those properties influence magnetometer performance. This chapter addresses
these goals by characterizing nitrogen-doped diamond produced by the chemical vapor
deposition (CVD) method across a range of synthesis conditions. This is shown to
produce material with widely differing absorption characteristics, which are linked
to the level of parasitic defects other than substitutional nitrogen (Ng) and NV. In
such material, the achievable concentration of NV~ (|[NV~|) after irradiation and
annealing is found to be influenced by the as-grown properties. At the 10-20 ppm

level for [Ng], the production of CVD-grown material with strain levels sufficient not
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to limit achievable device sensitivity is demonstrated. The resulting diamond material
exhibits a favorable product of [NV~| and T - a key figure of merit when considering

magnetic sensitivity - compared to other results published in the literature.

6.1 Material Considerations for NV ~Ensemble Mag-

netic Field Sensitivity

As motivated in Sec. 1.4 and discussed further in Chapter 2, material-related pa-
rameters including the number of NV~ sensor spins (Nyv), the ODMR measurement
contrast (C'), strain inhomogeneity, and dephasing time (7%) influence the magnetic
sensitivity of NVT--ensemble-based devices. Increasing Nyy, C, or Tyx (without
degrading any other parameters) or decreasing the strainm inhomogeneity yields
improved magnetic sensitivity. In contrast to earlier chapters, which employed ac-
tive methods to improve the performance of a given sample, this chapter focuses on
material-engineering efforts to develop diamond material with more favorable NV~
ensemble properties.

A typical approach to create NV centers in diamond is to start with a sample
produced by high-pressure high-temperature (HPHT) or CVD synthesis containing
substitutional nitrogen (Ng); to electron-irradiate to create vacancies (V); and then to
anneal at temperatures > 600 °C, where the V are mobile (see Fig. 6.1(c) for example
images of material at different stages) [133]. The negative-charge state NV~ which
has the physical properties utilized in sensing, arises from the donation of an electron

(typically from Ng) according to NV® + N3 — NV~ + N&. Menawhile, the neutral
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Figure 6.1: Material development procedure. Schematic summaris-
ing the development of a process for producing diamond material for NV-
ensemble magnetometry. Evolution of sample color from a dull brown or
yellow to an intense, uniform purple color after irradiation and annealing is
a result of high [NV~] with minimal unwanted other defects.

charge state NV exhibits an optical luminescence spectrum that overlaps with that

of NV~: thus NV? will contribute to the background luminescence in a typical device,

degrading the contrast (see Sec. 2.4). As a result, it is important to consider the

fraction of NV~ compared to the total [NV]:

[NV7]
INV7] + [NV

v = (6.1)

Material-related factors influencing ¢ include the starting level of [Ng] in the diamond
material, which also acts as an upper limit of the possible level of [NV]; the irradiation
dose (i.e., [V]); and the annealing recipe used to convert Ng and V present post-
irradiation into NV. Other defects, X, present in the diamond, either post-growth
(CVD-specific examples are discussed in section 6.1.1) or post-irradiation [134], may
additionally act as donors/acceptors and influence .

[INV7], [NV and |Ng] also influence the resulting ensemble NV- dephasing
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time 77, as they contribute to the electronic spin-bath. The concentration of other
defects present in the diamond ([X]) may also contribute to Ty, if the defects are
paramagnetic. Additionally, 1*C has a nuclear spin of T :% and therefore contributes
to the nuclear spin-bath and associated dephasing (sec Sec. 2.2.4). It is thus typical to
produce diamond samples with depleted levels of ['3C] in order to maximize Ty [12].
The final major source of ensemble dephasing intrinsic to the diamond material is
non-uniform strain across the area of the diamond sample being utilized [38, 135].
Considering these contributions, the material-related 73 can be approximated by the

following expression following the discussion in Sec. 2.2.3 and Refs. [2,73]:

1 1 1 1 1
— = + + +
Ty(material) T3(N3)  Ty(NV™)  T3(NVY)  T5(X)
N !
T3(13C) Ty (strain — gradient)

(6.2)

(6.3)

Assuming sufficient strain uniformity, the N3, NV, and '*C contributions in
Eqn 6.2 typically dominate the NV~ ensemble dephasing. However, since [Ng] ulti-
mately limits the [NV ™| that can be produced by irradiation and annealing, the key
material-related decisions are the starting [Ng| and [**C|. The expected Ty, assum-
ing that [Ng] and [*3C] are the dominant contributors to the dephasing time, can be

estimated as:
1

where, from previous measurements (Secs. 2.2.1 and 2.2.4), Ais¢~0.100ms~! ppm~!

and Ayo ~ 101 ms~ ! ppm~! [72,73]. The contribution from NV~ centers after irra-
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Figure 6.2: Motivating the choice of [Ns] and ['*C| for NV~ ensemble

diamond material. (a) Expected dependence of ensemble NV~ T3 with

varying [N2] and [*3C|, according to equation 6.4. (b) Product of [N%] and

Ty as a function of [NZ]. The |[N2]~10-15ppm regime, the focus of the

present chapter, is indicated by the dashed, black lines. Measurements from

Chapter 2 are included for reference.
diation and annealing is expected to be proportional to [N%] and is thus not explic-
itly included in the subsequent analysis. The dependence of Ty on [N§] for natural
abundance C (1.1%, 11000 ppm) and depleted *C (0.005%, 50 ppm) is illustrated
in Fig. 6.2(a), including example measurements reported in Chapter 2 as well as
Refs. |2,72,73]. Figure 6.2(b) depicts the product of [N3] and Tj for both natural
abundance *C (1.1%, 11000 ppm) and isotopically depleted *C (0.005%, 50 ppm).

Across the range of [N2] depicted, the concentration of *C (['*C]) has a critical role

in determining both the achievable magnetic sensitivity and optimal [Ng].
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From Figs. 6.2(a,b) it is apparent that, for [N3] below ~ 100 ppm, '*C-isotopic
depletion is advantageous, extending 75 and increasing the figure of merit [N3] x T5.
Furthermore, as discussed in Barry et al., if nitrogen-related dephasing is a small
contribution to 75, then the nitrogen concentration should be increased until simi-
lar to the dominant dephasing source [2|. This is illustrated by the plateau in the
product of [Ng| and T for increasing [N8] in Fig. 6.2(b). While in natural abundance
material [N§| x T plateaus at [N3] ~ 100 ppm, *C-depletion reduces the optimal [Ng]
to approximately 1-20 ppm.

Since the figure of merit for *C-depleted material is largely constant in the
range 1-20 ppm, additional factors should be considered when choosing a target [N
within this regime. For pulsed magnetometry protocols such as Ramsey, lower [N
and longer 73 may provide advantages such as improved measurement duty cycle.
However, achieving longer 75 in practice requires better control of other dephasing
sources such as magnetic-bias-field gradients and strain inhomogeneity across an in-
terrogated NV~ ensemble. Consequently, [N$] of order 10-20 ppm is attractive, as it
relaxes these material and sensor design requirements without degrading the figure of
merit [N§| x T5. These considerations are especially critical when increasing the sens-
ing volume for bulk magnetometry and wide-field magnetic field imaging applications

using NV~ ensembles.
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6.1.1 Development of CVD diamond for NV~ ensemble magnetic-

field sensors

The present efforts focus on tailoring CVD diamond material. CVD-based synthesis
enables the introduction of controllable and reproducible levels of [Ng| and hence
[NV~] and is also amenable to creating diamonds with NV-ensemble surface layers
for wide-field magnetic-imaging applications. These advantage make CVD-grown
material more attractive compared to material grown using HPHT synthesis (see
Sec. 1.2 for further comparison).

To produce material better suited for NV-based magnetic field sensing, we inves-
tigate two potential issues for the production of diamond for NV-ensemble magnetom-
etry applications by the CVD method. First, a possible limitation of CVD synthesis
of nitrogen-containing diamond is the incorporation of additional, undesired defects.
In particular, diamond grown by the CVD method may exhibit a brown coloration,
with strong correlations observed between the nitrogen concentration in the process
gases during CVD growth (necessary to produce Ng in the material) and the level
of broadband-absorption features that give rise to this brown color [53,136]. Such
features are thought to arise from vacancy chains and clusters [56-58,137] that are
incorporated during synthesis. These defects, as well as H-related defects in CVD
diamond (e.g., the nitrogen-vacancy-hydrogen defect, NVH [87]), may exhibit charge
states that are paramagnetic [87,88| and thus act as a source of dephasing, con-
tributing to the 1/75(X) term in equation 6.2. They may also influence the value
of 1 and hence influence the achievable ODMR contrast. Understanding the links

between material characteristics and charge fraction, as [N]| is varied, is thus a key
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challenge. Secondly, increasing [N| to the tens of ppm level in the CVD process gases
has been observed to promote the formation of extended or non-epitaxial defects dur-
ing growth [138,139], thereby making it potentially challenging to achieve high-[N]
material with homogeneous strain [61, 140].

With these aims in mind, this chapter reports the study of nitrogen-doped CVD
processes across a range of synthesis conditions (Section 6.2), examining the resulting
broadband-optical-absorption characteristics and level of charge acceptors in as-grown
CVD material (Sec 6.3). Irradiated and annealed samples are then examined to
assess the influences of strain and parasitic defects on key metrics relevant for NV~
ensemble sensors: defect concentration [NV ™|, charge fraction v, and dephasing time
T3 (Sec 6.4). In Sec. 6.4.2 the interplay between the as-grown charge balance (in
terms of Ng) and NV~ charge state and spin-state readout contrast are explored.
In addition, the prospects for producing batches of samples with controlled levels of

strain, [NV, and Ty are discussed.

6.2 Sample Synthesis, Treatment and Characteriza-

tion Methods

The samples examined in the following sections were produced by Element Six us-
ing CVD in a microwave-plasma-assisted reactor. {100}-oriented single-crystal CVD
diamond plates containing [N%] ~ 0.1 ppm acted as substrates during each deposition
run. A wide range of synthesis conditions were utilized, in order to produce batches

of samples with deliberately varying levels of [Ng] and optical-absorption characteris-
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tics. Synthesis was stopped once the diamond layer thickness reached ~ 1 mm in each
run, in order to permit the use of multiple characterization techniques to examine the
[Ns], optical absorption, and strain of the grown material.

The resulting samples were irradiated using an electron beam energy of 4.5 MeV
whilst placed on a water-cooled metal bench. At this beam energy, the electron dose
would be expected to be homogeneous through the thicknesses of samples grown for
this paper [141]. Samples were irradiated for varying durations with the electron
dose then estimated from the geometry of the system and the known current of the
e~ source. Subsequent annealing of the samples to create NV centers took place in
a tube furnace with samples placed in an alumina boat. After loading, the tube
was evacuated to a pressure of ~1x10~%mbar in order to minimize graphitization.
Annealing was undertaken with the following thermal-ramp profile: 400 °C for 2 hours,
800 °C for 16 hours, 1000 °C for 2 hours and 1200 °C for 2 hours (3 °C/min ramp rate),
similar to the methodology employed by Chu et al. [142].

Room-temperature optical absorption measurements to probe the absorption
characteristics of samples in the range 240-800 nm (UV-Vis) were performed using an
Analytik Jena Specord 50 Plus spectrometer. This permitted measurement of [N
and estimates of the strength of absorption band features at 360 and 520 nm through
spectral deconvolution and fitting of the samples post-synthesis, as described by Khan
et al. |59]. Fourier Transform Infrared spectroscopy (FTIR) spectroscopy was also
used to estimate [N3] as well as [N&] in the as-grown samples, through measurement
and fitting of the absorption peaks at 1130 cm ™! and 1344 cm™" for N$ and 1332 cm™

for N&; see Liggins for further details [143]. These techniques employed an aperture
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of 1.6 mm.

Electron Paramagnetic Resonance (EPR) at X-band frequencies (~9.7 GHz)
was used in order to quantify the level of paramagnetic defects NVH™, N and NV~
in samples prior to irradiation and annealing. A sample of known [N2] was used as
a reference and the spectral fitting and deconvolution method is described elsewhere
[144,145].

Irradiated and annealed samples were examined by low-temperature (77 K) UV-
Vis absorption measurements, with samples held within an Oxford Instruments Op-
tistat DN2 cryostat and cooled to 77 K using liquid Ny. The integrated intensities
under the zero-phonon-lines (ZPLs) at 575 nm and 637 nm were then used to quantify
the levels of [NV?] and [NV ™| respectively, using the revised calibration constants
of Dale [146] (updated from those of Davies [147]). Prior to quantification of defect
concentrations by the methods described, samples were exposed to UV for 2 minutes,
using the Xe arc lamp excitation source of the DiamondView photoluminescence
imaging instrument [136].

NV-based characterization of diamond material produced in this work employed
multiple experimental setups. The first setup was designed for wide-field continuous
wave optically detected magnetic resonance (CW-ODMR) imaging of mm-scale dia-
mond samples as previously described by Kehayias et al. [38]. From the measured
CW-ODMR spectra in each pixel, both magnetic and strain-induced shifts in the NV~
spin resonances were determined by fitting to the NV~ Hamiltonian as described in
previous publications [16,38] .

A second, photodiode-based setup utilized pulsed microwave control to mea-
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sure the NV~ ensemble 73 by extracting the Ramsey free induction decay constant.
Using an epi-illumination microscope configuration, 5-1000 mW of 532 nm laser light
was focused through the sample with a beam-waist of 20 um. A 2mT applied bias
magnetic field aligned with NV~ centers oriented along a single crystallographic axis
induced a Zeeman splitting such that the ms=0 to ms==+1 transitions between the
NV~ ground state sublevels were individually addressable with resonant MW pulses.

Ramsey-based measurements enabled determination of 73 for both the single
and double quantum coherences. For double quantum (DQ) Ramsey measurements
(immune to axial strain-induced contributions to T5), two-tone MW pulses resonant
with the NV~ ground state spin transitions prepared a superposition of the m,==+1
states during the free precession interval. Single quantum (SQ) Ramsey measure-
ments (sensitive to axial strain-induced contributions to 73) employed single-tone
MW pulses to create a superposition of the my,=0 and m,=+1 or m, = —1 levels
during the free precession interval. See Sec. 6.4.2 and Bauch et al. [73| for further
discussion of single and double quantum coherence measurements.

Quantitative birefringence microscopy was used to assess the level of strain in
samples after laser cutting and polishing of the surfaces. This was performed using
a commercial Metripol system [105], with the methodology as discussed by Friel et
al. |61] and summarized in Sec. 2.3. Images were collected through the growth face of
the sample, since dislocations that thread in the growth direction are the dominant

contribution to strain in CVD diamond [61, 136, 140].
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6.3 Characterization of As-Grown Material and Choice

of Material for Further Study

This section describes the characterization of samples across a range of growth condi-
tions, including their UV-Vis absorption properties, resulting color, and concentration
of [NZ] and [N{]. Samples with preferable as-grown properties were then further char-
acterized by EPR. These initial studies were conducted with natural-abundance CHy

gas (98.9% '2C, 1.1% '3C).

6.3.1 Characterizing the nitrogen and charge environment

A wide range of levels of [Ng| and absorption characteristics were observed across
the broad window of synthesis conditions used. The results of UV-Vis and FTIR
measurements from two different processes, P; and P,, are summarized in Tab. 6.1
as examples.

For the UV-Vis absorption measurements, a peak at 270nm attributed to N§
was observed [148,149] as well as bands at 360 nm and 520 nm, which are thought to
originate from clusters of vacancies and NVH, respectively [58]. The amplitude of
the Ng-related UV-Vis feature was used to calculate [Ng|. For the process P material,
a concentration of [N§] = 9.3(5) ppm is determined. Meanwhile, the Py material has a
higher concentration of [N§] = 17(1) ppm. However, additional FTIR measurements
reveal that these two processes also exhibit dramatically varying [N&], with the Py
and Py samples containing concentrations of 8(2) ppm and 3.0(3) ppm, respectively.

Thus, the two processes contain similar [Ng|, but with dramatically different charge
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Table 6.1: Results from high-[N] diamond samples after CVD growth
for two different processes (P; and P3). The two processes exhibit a
dramatic difference in [N3] and [NZ| as well as color, as evaluated by lightness
(L*). The charge balance in [Ng]| is defined by |[N3]/[Ng| and is denoted by x.
Quoted results indicated the average value across 5 samples. The standard
deviations are reported in parentheses.

Process N2 (ppm) N¢ (ppm) N§/Ng (y) L*
P, 93(5)  8(2) 0.49(8)  34(10)
P, 17(1) 3.0(3) 0.85(1)  74(2)

distributions. In the material produced by the Py process the levels of [Ng] and [N{]
are comparable. This follows the findings of previous reports of characterization of
CVD material containing > 10 ppm [65], which also measured [N§| = [Nd]. However,
in the case of the Py process sample, [N§|~ 6x|NJ]| despite containing a similar
concentration of Ng. This suggests that the charge balance of Ng is highly variable
between different processes. These results also demonstrate that UV-Vis and/or EPR
measurements solely determining N8| (neglecting N¢&') in N-doped CVD diamond may
poorly reflect the overall level of [N] in this class of CVD material.

It was also observed that the color of material produced using processes P; and
P, differed significantly (refer to Fig. 6.1). In order to assess this in a quantitative
manner, images of samples were examined in ImageJ [150] after the background was
normalized to pure white, given by a lightness (L*) value of 100 (CIELAB color
space [151]) where lightness indicates the relative brightness of a color (an L* value
of 0 corresponds to pure black). The color was averaged over a circular area in the
center of the samples and the L* value for each sample was determined; in this sense
L* was used as a proxy for the degree of brown coloration.

The determined lightness L* values for the two processes P; and P, 34(10)
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and 74(2), are proportional to the Ng charge fractions, 0.49(8) and 0.85(1). This
relationship further suggests that increased levels of [Ng| do not necessarily imply a
degradation in absorption properties (color) and higher fractions of [N{], related to
the incorporation of parasitic defects. These factors are, instead, strongly dependent
on growth conditions. It has previously been suggested in studies by Khan et al. that
the presence of high levels of [Ng] in CVD diamond may be indicative of significant
brown color [59], but limited data was provided to illustrate any such relation. Hence,
this was investigated here across the entire range of explored synthesis conditions, to
elucidate any correlations that may exist between the charge fraction of Ng, the color
of the samples, and the absorption features present in absorption spectra.

Fig. 6.3(a-c) depict the measured lightness, L*, for all samples produced in this
study as a function of [Ng], [Ng|, and [N$|/[Ns]. The lightness of the as-grown samples
was observed to not be correlated not with the determined [Ng] in the samples, nor
with the total [Ng] (re-enforcing the results in table 6.1), but was correalted with
the charge fraction y, [N%]/|Ns]. This suggests that the level of absorption leading
to brown coloration is associated with the degree of acceptor-defects present in this
range of [Ng|.

The connection between charge fraction, color, and the presence of charge ac-
ceptors is further buoyed by measurements of the 360 nm and 520 nm bands in UV-Vis
across the set of samples. As shown in Fig. 6.3(d,e) the Ng charge fraction x also
appears correlated with the strength of the 360 nm and 520 nm bands in the UV-Vis
measurements originating from clusters of vacancies and NVHC, respectively [58]. As

the strength of these bands decreases, the Ng charge fraction x increases towards
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Figure 6.3: Relationships between the Ng charge fraction and [Ng],
[Ng], sample color (lightness), and UV-Vis absorption bands. (a)
The sample lightness (evaluated as L*) for all material produced in this study
is shown as function of neutral substitutional nitrogen concentration, [Ng].
(b) Plot constructed using the same data set as (a), but as a function of total
[Ns] (summing [N%] and [N{]) and (¢) L* against the ratio of [N§| to [Ng]
(denoted by x in the text). (d) Plot of the relationship between the charge
fraction [N$|/|Ns| (denoted by x in the text) and the strength of the 520 nm
absorption band observed in UV-Vis measurements. (e) Similar to (d) but
for the the 360 nm absorption band observed in UV-Vis measurements. The
linear fits serve as a guide to the eye to illustrate the link between the two
parameters.

unity, particularly for 360 nm band. Thus, in the absence of the vacancy-cluster-
related feature at 360 nm, the incorporated Ng defects would be expected to favor the
N$ charge state.

The mapping from CVD process values depends on the particular reactor design

via intermediate variables such as the gas and electron temperatures and the position
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Table 6.2: Summary of as-grown N-related defect concentrations
in a representative sample from the high-|[N] CVD process P; as
measured by UV-Vis and FTIR absorption spectroscopy as well as electron
paramagnetic resonance (EPR).

Concentration (ppm)
Defect UV-Vis FTIR EPR
NO  13.9(7) 15(2)  16(2)

NY —35(1) -
NVH- - —1.6(2)
NV-  0.08(1) -  0.07(4)

of the plasma relative to the deposition area. The process conditions needed to
produce given material characteristics therefore differ considerably between different
reactor designs, making it difficult to generalise the findings in this work for other
investigators in this field. Nevertheless, it is noted that, at a given doping level,
careful simultaneous control of the CH, fraction (relative to total gas flow) and the
substrate temperature was crucial to reducing y whilst also maintaining a growth

surface free of etch pits [152] or {100} surface twins [153].

6.3.2 Characterization of Process P3; Samples

Based on the findings from the samples characterized in the previous section, a process
denoted P53 was developed, targeting [N2] ~ 15 ppm. A small initial batch of 5 diamond
samples resulted in [N3]~ 14 (1) ppm and [N§]|/[Ns|= 0.81 (2), and were utilized for
further characterization and processing.

EPR measurements were conducted on a sample from this first batch, in order
to investigate additional point defects present in this material (Sample 6A). This

approach allowed [NVH™| and [NV~] to be quantified in samples grown using process
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P35 prior to treatment. Table 6.2 shows these results and summarizes the quantification
of [N§] by three different techniques; UV-Vis and FTIR absorption measurements, as
well as EPR, in order to confirm general agreement between these methods.

The concentrations [NV~] and [NVH™| can be compared to [Ng] in order to
assess the ratios of N-related defects in this material. [Ng|:[NVH|:[NV~| in the
examined sample was ~ 230:20:1, close to the previously observed values in studies
of CVD material (300:30:1 [65] and 52:7:1 [86]). Hence, despite having high-|N] and
a low fraction of acceptors (high x), NVH remains a considerable fraction of the
measurable N-related defects in the studied material (>10 %, given only the negative
charge-state can be quantified). This likely reflects the hydrogen-rich environment
that exists during the CVD growth process.

Motivated by previous reports [154-156] concerning the annealing of NV~ con-
taining material at high temperatures, similar experiments were conducted on the
P53 samples. Annealing took place in vacuum at 1500°C for 16 hours to maximize
any possible effects of treatments at this temperature. As shown in Tab. 6.3, [NV ]
increased to 0.2 ppm after annealing, suggesting some residual vacancy clusters were
broken up in this treatment. [NVY] was below detection limits both before and af-
ter annealing (<0.01 ppm). A straightforward N—NV conversion is likely, echoing
recent findings in treatment of layers grown on {111}-oriented substrates [156]. In
the results summarized in Tab. 6.3 for Sample 6B, it is also notable that the 360 nm
absorption band decreased dramatically in strength (by ~90 %), lending support to
previous assignments of V-related defects/clusters to this feature. The 520 nm fea-

ture, associated with NVH, remained unchanged within the likely uncertainties of the
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Table 6.3: Summary of material properties before and after high
temperature annealing. Concentrations of N§ and NV~ are reported along
with the UV-Vis absorption spectra coefficients at 360 nm and 520 nm before
and after sample annealing at 1500 °C for a representative sample from pro-
cess P3. Additionally, measurements of the NV~ ensemble Hahn echo T5 and
stress-immune 75 {DQ} are included at both stages.

State [NY] INV7]  360nm 520nm 7,  T5{DQ}
(ppm)  (ppm) (em™) (em™') (us)  (ns)
As-grown  13.9(7) 0.070(4) 3.0(1) 1.5(1) 5.7(3) 205(15)
Post-anneal 13.7(7) 0.20(1)  0.3(1)  1.7(1) 7.9(1) 289(9)

measurements.

Measurements the Hahn echo 75 and double-quantum 75 {DQ} for Sample 6B
before and after high-temperature annealing are also documented in Tab. 6.3. Before
high temperature annealing, an average To = 5.7(3) us and 75{DQ} = 0.205(15) ps
were observed. Based on the T5(|N]) and 75 (|N]) scalings established experimentally
in Secs. 2.2.1 and 2.2.2, we expect a sample with total nitrogen, [N|a~ 17 ppm, to
exhibit Ty ~ 10.0 us and T5{DQ} ~ 0.250(30) us. These estimates are in reasonable
agreement with the measured values.

After high-temperature annealing, the measured decay times increase to Ty =
7.9(1) us and Ty{DQ} = 0.289(9) us in conjunction with the observed increase in
[NV~| and suspected decrease in vacancy-related defects. The similar increases in
Ty and Ty may be the result of increasing the [NV-| by a factor of three. However,
further investigation is needed to map out the extent to which vacancy-related defects
(especially those associated with the 360 nm band) impact NV creation and contribute

to dephasing of NV~ ensembles |73].

176



Chapter 6: Developing Diamond Material Tailored for NV- Ensemble-based
Magnetic Sensing Applications

6.4 Characterization of Material Post-irradiation and

Annealing and NV-sensing Performance

This section discusses characterization of diamond samples grown using process P3
after electron irradiation and annealing to create ~ ppm levels of NV centers. Mea-
surements of [NV], [NV~|, and [NV°] as a function of electron irradiation dose up to
6x 10" cm~2 are presented in Sec. 6.4.1. The success of strain-mitigation strategies
on T3 are investigated in Sec. 6.4.2, respectively. Finally, in Sec. 6.4.2, links be-
tween measured [NV~| and contrast and the starting material (in terms of Ng charge

fraction, x) are reviewed.

6.4.1 Nitrogen-vacancy concentration as function of irradia-

tion dose

To optimize the fraction of [NV~| (¢) in the material, it is crucial to choose the
irradiation dose appropriately. If the irradiation dose and hence number of vacancies
introduced is too low, then the generation of NV centers will be limited. Conversely, if
the material is over-irradiated, [NV] will be saturated, but at the expense of generating
a large number of NV? centers, detrimentally affecting the value of 1 [108].

To determine the optimal dose for the process P3 material described in the pre-
vious section with [N$]a 14 ppm, the generation of [NV~] and [NV?] was characterized
as a function of irradiation dose. This was conducted up to a dose of ~6x10'8 cm =2

and the results obtained after the samples were annealed are shown in Fig. 6.4(a).

Samples were annealed using a ramped-temperature annealing recipe which has a
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Figure 6.4: Irradiation dose study for process P; samples. Average
concentrations of [NV~], [NV and [NV] (|[NV~]+|NV?]) of e~ irradiated
(4.5MeV) and annealed process Pz samples containing ~14 ppm [NZ| as-
grown, as measured by UV-Vis absorption.

final 2 hour step at 1200°C. Although temperatures above 1000°C do not increase
[NV] [13], higher temperatures have previously been shown to assist in annealing
out multi-vacancy defects [157,158]; an observation supported by the measurements
reported in the previous section.

Over this range of irradiation doses [NV?] was observed to increase linearly,
whereas [NV™] began to saturate at the highest dose. The dose was therefore not
increased further and was chosen as the level of irradiation to use for the remainder of
the work described in this chapter. At this chosen level of irradiation, samples were
found to contain 3.7 (2) ppm [NV], comprising 2.3 (1) ppm of [NV~] and 1.4 (1) ppm

of [NV?] after exposure to UV.

6.4.2 Impact on NV~ Sensing Parameters

In this section, the properties relevant to magnetic-field sensing of irradiated and an-

nealed samples are studied, including 75 and ODMR contrast. Correlations between
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the final material properties and as-grown material properties (Ng charge fraction, x)
are established by comparing process P3 to process P; (see section 6.3.1) which had
a similar [Ng|, but a dramatically lower charge fraction due to an increased concen-
tration of parasitic defects.

As-grown 3C-depleted (0.005% '3C) samples grown by the P3 process were
irradiated and annealed using the selected dose of 6x10'® cm™2 identified previously
in Sec. 6.4.1. Examples of these samples, post irradiation and annealing, are shown
in Fig. 6.5(a). The intense purple color is a result of the high [NV~| achieved in this
material. Across such a batch of 23 samples produced in the same synthesis run, the
average |N2] was ~13 ppm with a standard deviation of 1ppm, which demonstrates
the ability to achieve the same level of [N2] in a larger batch, as well as repeatability
between separate synthesis runs (refer to Tab. 6.2 and Tab. 6.3 for measurements
of [Ng] in other runs). The measured [NV]= 3.8(2) ppm ([NV~|= 2.3(2) ppm) was
similarly consistent across the batch and yield a favorable average charge fraction of

1 = 0.62(5) (uncertainty indicates one standard deviation).

Strain mitigation and 7} measurements

When averaging over an ensemble of NV~ centers, strain inhomogeneity can degrade
the NV~ ensemble dephasing time, T3, and ODMR contrast [38]. To mitigate potential
strain issues, CVD substrates and pre-synthesis etches were carefully controlled to
minimize the density of dislocations present in the high-[N| material grown, according
to the methods discussed in Friel et al. [61]. Deposition conditions were also controlled

for the duration of the run to avoid the formation of non-epitaxial crystallites.
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Figure 6.5: Batch production of P; samples and stress charac-
terization. (a) Photograph of six process Pz samples (0.005% 3C) with
approximately 900 um thickness, after irradiation and annealing to create
[NV]~ 3.8 ppm. (b) Birefringence images of the plates in (a) as measured
on a Metripol microscope. (c) Map of extracted strain-induced NV reso-
nance shifts for a (3.6x3.6x0.1) mm? freestanding plate produced from a
thicker original process P3 sample (Sample 6C). (d) Map of extracted strain-
induced NV resonance shifts for a second freestanding plate (Sample 6D)
produced from a different portion of the sample used to produce the plate
shown in (c). (e,f) Histograms of the strain shift values shown in (¢) and
(d), respectively.

The strain environment of each sample imaged in Fig. 6.5(a) was first char-
acterized using Metripol birefringence imaging and representative images are shown
in Fig. 6.5(b). In these samples, an average birefringence An ~ 7(1) x 107% was
determined with peak values of An ~ 3 x 107° in isolated petal features (see inset
of Fig. 6.5(b) for an example). A vast majority (>99%) of the pixel values within
the birefringence image, Fig. 6.5(b), satisfy An < 107°, the standard for ultra-low
birefringence diamond established by Friel et al. [61].

To further characterise the success of these simple strain mitigation strategies,
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the NV~ spin properties were studied. These measurements employed two 100 pm-
thick freestanding plates produced from a single process P3 sample grown with 3C
depleted to 0.005 % and subsequently irradiated and annealed (Samples 6C and 6D).
This thickness was chosen to improve the planar spatial resolution of CW-OMDR-
based imaging and reduce inhomogeneities in the applied magnetic, optical, and MW
control fields.

Stress-induced resonance shifts were extracted by fitting the measured CW-
ODMR spectra pixel-by-pixel to the full NV Hamiltonian as described in Sec. 2.3
and Kehayias et al. [38]. Due to the thickness of the diamond substrate limiting
spatial resolution [16,38|, NV strain shift measurements are only advantageous for
probing the strain environment for length scales larger than the thickness of the
diamond samples, 100 um. Maps of these shifts for the Samples 6C and 6D are shown
in Figs. 6.5(c,d) and histograms of the measured shifts are shown in Figs. 6.5(e,f),
respectively. Both samples exhibit minimal stress inhomogeneity with a distribution
in stress-induced shifts of approximately 25kHz full-width half-maximum (FWHM).
These measurements demonstrate lower levels of strain in this CVD process relative
to previous thin-layer samples in the literature (see Kehayias et al. [38] for typical
examples of N-doped CVD diamond layers, with stress-induced shifts on the order of
hundreds of kHz to MHz). The shared spatial variations in the stress inhomogeneity
between figure 6.5(c) and 6.5(d) are a consequence of the two samples being cut from
the same original diamond sample (particularly visible along the bottom edges of the
diamond plates).

For Sample 6C shown in Fig. 6.5(a), additional photodiode-based Ramsey mea-
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surements of ensemble-NV T3 were conducted on the setup described in section 6.2
and previously established to have negligible contribution from By gradients and tem-
poral variations, and other technical inhomogeneities [73|. Measurements of the single
and double quantum 77 in six different locations across Sample 6C yielded average
values of T5{DQ} =0.70 (5) us and 75 {SQ} =1.12(6) us where the uncertainties in-
dicate one standard deviation. The post-treatment average T5{DQ} value is nearly
three times longer than the as-grown 75 {DQ}, which beneficial for magnetic sensi-
tivity. However, as discussed for similar material in Sec. 5.3.6, the observed T5{DQ}
exceeds the expected value given the [NV-| and [Ng| of about 550 ns (see proposed
toy model presented in Eqn. 5.12). This discrepancy may in part be accounted for
due to charge state dynamics under 532 nm optical excitation.

Comparison of the single quantum 75 and axial-strain-immune double quantum
T provides insight into the dominant dephasing sources across the interrogated en-
semble, including the strain inhomogeneity on length scales shorter than the 100 pm
sample thickness. As expected when limited by magnetic dipolar interactions with the
surrounding spin bath, the average T3 {DQ} is nearly half the average T35 {SQ} due to
the effectively doubled gyromagnetic ratio for the double quantum sensing basis [73].
These values are moderately compatible with ensemble-NV dephasing dominated by
interactions with other NV~ sensor spins and remaining N§ bath spins, with a resid-
ual contribution from strain inhomogeneity across the interrogated volume of approx-
imately 50 kHz. This strain-induced contribution is similar to the 25 kHz distribution
imaged in the previous section, suggesting minimal additional stress-gradients on the

sub-100 um length-scales.
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Table 6.4: Results obtained from material made by processes P;
and P3. The two processes have similar starting levels of [Ng|, but different
fractions [NZ|/|[Ns]. Concentrations were determined after exposure to UV.
Uncertainties indicate one standard deviation across three samples for each

process.
As-grown Post irradiation and annealing
Process [Ns] (ppm) [N§]/[Ns] (x) [NV] (ppm) [NV7]/INV] ()
P, 17(1) 0.49(8) 3.6(1) 0.43(7)
P3 16(2) 0.81(2) 3.8(2) 0.62(5)

The product of [NV~] and T3y can be used as a material figure of merit to
account for the achieved density of [NV ™| sensor spins. In past work [159,160], *C-
enriched (99.97 %) HPHT material containing [N3] of ~ 2 ppm as-grown was treated
to produce 0.4ppm [NV~| and exhibited a Ty of ~3.2us. In such samples, the
product [NV~|x Ty is 1.3 us-ppm, which compares to the 2.7 pus-ppm for the process
P53 material. The reported value of 2.7 us-ppm also compares favorably to compiled

assessments of samples in the literature [2,13,161].

NV charge-state and contrast

The preceeding sections have focused on maximising the value of [N2]/[Ng] (x), i.e.,
minimizing charge traps, in as-grown material with the rationale that this would be
beneficial to improve the NV charge ratio v. Hence, it is worthwhile to examine
whether the material produced in this study can elucidate the relationship between
the concentration of charge-traps in as-grown CVD material and the values of ¢ (and
ODMR contrast) after irradiation and annealing.

To demonstrate an understanding and control of charge trap synthesis, a charge-

state-detrimental process (process P) was used that produced [Ng|= 17(1) ppm with
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X = 0.49(8), compared to [Ng|= 16(2) ppm with xy = 0.81(2) in process P3. Hence, in
this case, the two processes had similar [Ng|, but with significantly different levels of
acceptors. As expected, the material also had visibly different absorption properties
(Sec. 6.3.1) post growth.

Three samples grown using process Py were irradiated to the same dose as that
used for process P (Sec. 6.4.1) and were annealed utilising an equivalent thermal
profile. The results obtained from these processes are shown in Tab. 6.4. The NV
charge fraction v is reduced in the process P; sample, suggesting that grown-in defects
in CVD diamond that act as charge acceptors can have a detrimental influence on
the yield of [NV~] after irradiation and annealing. Hence, a material with a higher
starting y is desirable.

ODMR contrast, which depends upon the NV charge fraction under excitation
and scales inverse-linearly with magnetic sensitivity, is a critical material-based factor
to optimize [2,13,162]. The ODMR contrast for two diamond samples, Samples 6E
and 6C, produced using processes P; and Pj3, was compared using pulsed-ODMR,
as depicted in Fig. 6.6(a). Measurements were performed as a function of excitation
intensity to account for changes in charge state under 532 nm illumination and 73-
related effects. A pinhole was introduced to the NV fluorescence collection path of
the setup used in Sec. 6.4.2 to restrict the collection volume and ensure homogeneous
illumination similar to the approach in Alsid et al. [77].

A 647 nm long-pass filter was introduced to the collection path to replicate real-
istic experimental conditions. As shown in Fig. 6.6(b), the measured pulsed-ODMR

contrast for process P3 (Sample 6C) exceeds that of process Py (Sample 6E) by ap-
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Figure 6.6: NV pulsed-ODMR contrast measurements of Samples
6E and 6C grown with processes P; and Pj;, respectively. (a)
Schematic of the sequence used to measure the NV contrast. Before the
first 532 nm optical pulse (green), a resonant microwave (MW) pulse is ap-
plied to transfer population from the m,=0 to the m,;=1 state. The black
dashed pulse indicates that no MW pulse was applied before the second op-
tical pulse. Optical pulses are 5ms in duration and not shown to scale. (b)
Pulsed-ODMR contrast as a function of excitation intensity for Samples 6E
and 6C. Horizontal errors bars indicate an estimated 10% uncertainty in the
measured intensity and vertical error bars indicate an estimated 2% uncer-
tainty in measured contrast.

proximately 20% across a range of 532nm excitation intensities spanning from near
saturation intensity around 1-3mW /um? [84] (optimal for applications using pulsed
measurement protocols) down to 107 mW/um? (similar to the intensities used for
CW-ODMR applications [24]). The two samples exhibit maximum contrast for exci-
tation intensities around 5x 1072 mW /um? with values of 12% and 10% for processes
P53 and Py, respectively. At higher intensities, the measured contrast decreases for

both samples, likely due to reduced NV charge fraction [NV~|/[NV] with increasing
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optical intensity [77,78|. At lower excitation intensities, the measured contrast also
decreases because the fraction of NV~ centers initialized into the my=0 state depends
upon the ratio of the optical pumping rate to the depolarisation rate 1/7; (see the
Appendix of Dréau et al. for further details [69]).

The largest measured pulsed-ODMR contrasts for both processes, 10% and 12%
respectively, are favorable compared to the maximum contrast attainable for NV~ en-
sembles. Assuming a typical single NV~ contrast of 30%, an ensemble with NV~ cen-
ters along all four crystal axes has a maximum possible conventional optical readout
contrast of about 15% when the excitation laser polarization optimally addresses two
of the four orientations (as done in this present work). Experimentally, the observed
contrast is typically less than 15% because the NV~ PL cannot be completely iso-
lated from the NV° PL background due to the broad, overlapping phonon sidebands
at room temperature |77, 78].

The pulsed-ODMR measurements on Samples 6C and 6E therefore imply that
as-grown defects in CVD diamond that act as acceptors may impact the material
properties after irradiation and annealing. The improvement in NV charge fraction, v,
for the P3 process simultaneously offers higher contrast across a broad range of optical
excitation intensities and increased [NV~|. However, while beneficial for magnetic
sensitivity, the observed increase in ODMR contrast between processes P; and Pj is
modest compared to the difference in NV charge fraction (without illumination) for
two reasons: (a) the detected PL is predominately from NV~ due to the 647 nm long-
pass filter which partially isolates the NV~ PL from NV? PL and simulates realistic

sensing conditions and (b) the conversion of NV~ to NVV is less detrimental to optical
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contrast than expected because the NV~ charge state has a ~ 2x higher level of PL
compared to NV° under weak 532 nm illumination [77].

Further work is required to understand how the maximum achievable NV charge
fraction, 1), scales with reduced levels of [Ng|, where the relative concentration of
residual donors/acceptors are likely to be significantly altered. Nevertheless, the
increased level of contrast and moderate reduction in absorption in this study suggests
value in evaluating as-grown material in terms of its Ng charge fraction, x, during

the development of synthesis processes.

6.5 Conclusion

This study illustrates the wide range of diamond material, in terms of absorption
characteristics and relative concentrations of NJ and NJ, that may be produced with
nitrogen-doped CVD processes. In the range [Ng|~ 10-20 ppm strong relationships
are observed between the color of the samples and the [N3]/|Ns]| charge fraction, which
is related to the incorporation of unwanted, vacancy-related defects in such samples.
However, it is demonstrated here that high values of x can be achieved independent
of [Ng] up to 20 ppm, hence this does not represent a major concern for production
of such material by CVD.

Comparison of material grown with the same initial [Ng| before and after ir-
radiation and annealing suggests that improved y in as-grown material increases
Ng—NV~ conversion, thereby increasing the density of NV~ sensor spins and ODMR
measurement contrast, which both benefit sensing applications.

The correlation of the desired material properties, such as [NV ™| after irradia-
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tion and annealing, with simple CVD-growth metrics, such as the color of as-grown
samples, enables rapid exploration of large synthesis parameter spaces. This approach
provides an efficient framework to develop future diamond material with varying de-
fect densities tailored to specific applications.

This study also demonstrates that NV-ensemble-diamond samples with con-
trolled levels of strain and reproducible [NV~| and T3 may be produced by CVD,
shown through characterization of 23 near-identical samples. The NV~ concentration
was observed to vary by less than 7% with an average of 2.3(2) ppm as measured
by UV-Vis absorption spectroscopy. Furthermore, birefringence, CW-ODMR strain-
imaging, and Ramsey-based T measurements suggest that careful substrate surface
preparation and pre-synthesis etches is sufficient to control strain inhomogeneity in
the material to largely mitigate stress-gradient-induced contributions to ensemble-NV
dephasing. These findings are positive for the academic and industrial efforts focused
on the the production, by the CVD method, of reproducible high-|[NV| material with
favorable properties for magnetic-field sensing.

The material presented in this chapter would be expected to provide sensitivity
improvements for current NV-ensemble devices, without the additional experimental
complexity or power consumption associated with advanced spin control or readout
techniques [2]. CVD processes producing diamond with this range of [Ng] therefore
appears to be an area that deserves further study. This is especially true in the
case of production of micron-scale, NV-rich surface layers of such material, as this
would enable advances in NV-ensemble wide-field magnetic imaging applications. For

growing such samples, control of additional qualities such as surface morphology and a
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well-defined interface between the high-purity diamond substrate and nitrogen-doped

layer will be critical.
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Chapter 7

Outlook

The previous chapters have summarized recent experimental progress towards
improved NV~ ensemble magnetometry via techniques to improve magnetometer per-
formance as well as the development of an NV-based characterization toolbox used
to aid in engineering diamond material tailored to NV~ ensemble applications. The
benefits for magnetic sensitivity, magnetic specificity, and scalability are expected
to enable both new application spaces as well as broader access to state-of-the-art
NV-diamond devices.

Amongst the techniques explored, the advantages of DQ coherence magnetome-
try are particularly multi-faceted. Sensing using the DQ basis provides an effectively
doubled gyromagnetic ratio; while simultaneously suppressing unwanted (in the con-
text of magnetometry) vulnerability to crystal stress inhomogeneity and temperature
drifts. By mitigating stress-induced dephasing, DQ Ramsey measurements commonly
yield extended dephasing times and improved magnetic sensitivity. In the context of

magnetic imaging applications, the DQ sensing basis also enables more homogeneous
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magnetic sensitivity across a field of view. Application of D@ techniques to NV~
ensembles has historically been hampered by the requisite control field uniformity
required to avoid MW pulse errors and mixing of the DQ and SQ coherences. This
challenge is addressed using the 4-Ramsey protocol introduced in Sec. 3.4.1, which
enabled the demonstration of volume-normalized magnetic imaging sensitivities com-
petitive with bulk, NV-based magnetometers in Chapter 4. These advances bring en-
visioned applications such as imaging of magnetic activity in mammalian cells closer
to reality.

However, further improvements in magnetic sensitivity are critical to continue
to broaden the application space of NV-based sensors. Chapters 5 tackles this chal-
lenge using resonant control of the diamond spin bath to decouple NV-bath dipolar
interactions, while remaining sensitive to DC magnetic fields common in applications.
In as-grown material, extensions or the ensemble dephasing time by 16x are achieved
when spin bath decoupling and DQ coherence magnetometry are used together. In
NV-rich diamond material, preliminary experiments suggest it is possible to use such
techniques to achieve dephasing times limited by like-spin, NV-NV dipolar interac-
tions, although additional exploration is required.

Operation in the NV-NV interaction-limited regime is desirable, but not typi-
cally achieved for current generation NV-based magnetometers. In this regime, the
magnetic sensitivity "plateaus", i.e., adding additional NV~ sensor spins commensu-
rately shortens the dephasing time such that the magnetic sensitivity remains roughly
constant. Achieving NV-NV-limited 77 requires the identification and mitigation of

all other dephasing sources. This presents a significant experimental challenge when
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also attempting to retain sensitivity to DC magnetic fields. In contrast, for AC
magnetic field sensing, conventional dynamical decoupling protocols such as XY8-N
readily mitigate other dephasing and decoherence sources such that the observed T,
saturates at the NV-NV-induced limited set by instantaneous diffusion [76,97-99,163].

Looking forward, once operating in the NV-NV interaction dominated regime,
we can work to decouple interactions between NV~ sensor spins while retaining sensi-
tivity to DC magnetic fields. Such decoupling protocols were recently proposed and
demonstrated for AC magnetic field sensing in Refs. [164,165] using NV-rich HPHT di-
amonds. While similar protocols for decoupling Spin-1 interactions and retaining DC
magnetic sensitivity have been proposed, experimental demonstrations have not yet
been reported. Nonetheless, Osterkamp et al. [156] have made recent progress com-
bining spin bath control with an WAHUHA sequence, which is designed to decouple
S=1/2 like-spin interactions, to extend the dephasing time of preferentially-oriented,
as-grown nitrogen-doped diamond material. Attaining similar results for the NV-rich
samples (with NVs distributed along all four crystal axes as described in Chapters 5
and 6) is an immediate next research direction. Looking further into the future, we
can consider protocols that do not simply decouple NV-NV interactions, but instead
leverage them as a resource to improve sensitivity to external fields [166].

In addition to considering techniques to extend the NV~ ensemble T3, there
are exciting possibilities to improve NV~ magnetometer sensitivity by understanding
and improving the charge state environment in NV-rich samples, with implications
for both the ODMR contrast and number of sensor spins. In the Ramsey work

described in Chapters 4 and 6, we found increasing the optical intensity lead to
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severe worsening of the NV~ charge fraction, which largely mitigates the anticipated
sensitivity improvement. This behavior depends on many parameters including the
microscopic distribution of charge donors and acceptors as well as the particular
illumination procedure, geometry, and wavelength. This both presents a complex
system to understand, but also suggests there are promising avenues to tune the NV
charge stability in NV-rich diamond material.

As conveyed in Chapter 6, much of our recent efforts have focused on the scal-
able production of diamond material with reproducible properties favorable for NV~
ensemble magnetic sensing. Particular emphasis was placed on mitigating stress in-
homogeneity, consistent and uniform defect densities, as well as isotopic purity (both
1BC/12C as well as N /15N). Ultimately, these efforts will hopefully be broadly ben-
eficial for the NV-diamond community: improving access to high-quality material is
critical to inspiring new applications and making significant contributions to questions

in other fields.
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Calibration of a Ramsey-Based NV~

Ensemble Magnetometer

In order to achieve optimal magnetic sensitivity in a Ramsey-based measure-
ment the free precession interval 7 and applied MW frequency or frequencies fac
must be chosen appropriately (fac contains two tones for double quantum Ramsey
measurements, see Chapter 3). An image of the NV~ free induction decay (FID) sig-
nal as a function of both 7 and detuning of f4¢ from the center of the hyperfine-split
resonances, ¢ is shown in Fig. A.1(b). In this data, fac is swept in order to mimic
an magnetic-field-induced-shift in the NV- spin resonances. Cross-sectional slices as
a function of tau with fixed detuning and vice-versa are shown in Fig. A.1(a) and
Fig. A.1(c), respectively. In the time domain, the Ramsey FID signal exhibits fringes
which oscillate at the detuning of the Fac with each hyperfine population (in this
case a 1®N-enriched diamond sample with I = 1/2). Changes in the detuning between

the NV~ spin resonances and fac also produces an oscillatory response in the NV~
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ODMR signal as population is projected onto the |0) and either of the|t1) states
after phase accumulation. This response to changes in the magnetic source field is
typically referred to as a DC magnetometry curve.

For optimal sensitivity to changes in applied magnetic field, the relevant figure
of merit to maximize, denoted (, is the product of the NV~ response S to changes
in magnetic-field dS/dB and the factor 1/,/7 + 7o where 7o accounts for measure-
ment overhead time (e.g., initialization and readout). The maximum slope dS/dB
is proportional to the product of the amplitude (o< Ce™("/73)") and frequency of this

oscillation (o< 7) such that we can express ¢ as:

Ce_(T/TQ*)pT
e Al
N (A1)

where C is the ODMR contrast, 7 is the NV~ dephasing time, and p is the decay
shape parameter.

The protocol to determine the optimal 7 and fac required to maximize ¢ de-
pends upon two external factors. First, assuming a simple exponential decay (p = 1)
and non-negligible experimental overhead time 7, the optimal free precession inter-
val is 75; instead of 75 /2 when 74 is neglected. However, the Ramsey fringe beating
introduced by the hyperfine splitting of the NV~ spin resonances restricts the pos-
sible choices of 7 to discrete values where the fringes interfere constructively. As a
consequence, we must select the nearest available 7 to 7. This choice is dependent
upon whether the diamond was synthesized using natural abundance nitrogen source
gases (> 99% N) or isotopically enriched N sources. The explicit protocol for 1*N

samples is discussed later in this section.
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Figure A.1: 2-dimensional sweep of Ramsey free induction decay
(FID) interval and detuning. (a) Ramsey free induction decay signal in
the time domain for an equal detuning of the applied MW pulse frequencies
between the two N hyperfine-split populations. (b) Image of the FID sig-
nal as a function of MW pulse frequency detuning. The purple and green
dashed lines indicate corresponding location of data shown in (a) and (c), re-
spectively. (¢) OMDR contrast as a function of magnetic-field-like detuning
of the MW pulse frequency. The duration of the free precession interval is
fixed.
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Second, in typical experimental schemes two or more Ramsey measurements
(e.g., 2-Ramsey in Sec. 3.4.1) are used to modulate the NV response and suppress
low-frequency noise sources such as laser intensity drift [118]. Toggling the phase
of the final pulse in each Ramsey sequence by A¢ = 180° alternately maps to pos-
itive and negative changes in NV~ fluorescence, such that subtracting every second
detection from the previous and dividing by their sum yields a rectified, normalized
magnetometry signal. The choice of MW pulse phases is often expressed in terms of
the Bloch sphere rotation axis (at least for SQ Ramsey sequences) such that a Ramsey
sequence with phases {0°, 180°} corresponds to rotations {x,-x}. For a SQ 2-Ramsey
scheme we could describe the phase choices and resulting rotations as {{x,x},{x,-x}}
where there is a phase shift A¢ = 180° between the final MW pulses. These choices
determine the phase of the DC magnetometry curve and optimal detuning dp for
maximizing (. For {{x,x},{x,-x}} schemes with zero detuning of fac with respect
to the center frequency between the hyperfine-split resonances, the NV~ is minimally
sensitive to external DC magnetic fields. This is often referred to as cosine magne-
tometry. As a consequence, an additional purposeful detuning must be introduced in
order to operate at the point of maximum slope on the Ramsey magnetometry curve.
Alternatively, the choice of {{0°,90°},{0°,-90°}} ({{x,y},{x,-y}}) shifts the phase of
the magnetometry curve by 90° such that no additional detuning is required to oper-
ate at the point of maximum slope where the NV response is linearly to magnetic field
changes (rendering Step 3 below unnecessary). This scheme is hereafter referred to
as sine magnetometry. Although the experimental work presented in this dissertation

exclusively employed cosine magnetometry schemes due to technical limitations, sine
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magnetometry is favorable as a result of avoiding the additional detuning which is
unequal with respect to the hyperfine-split resonances.

We now describe potential steps to calibrate a Ramsey-based NV~ experimental
setup for a ®N diamond sample. Although each step is accomplished experimentally
in the following discussion for clarity, only Step 1 requires an experimental measure-
ment. The parameters determined in Steps 2 and 3 can be analytically estimated or
numerically calculated given the results of Step 1.

Step 1 — We begin by measuring the Ramsey free induction decay (FID) in order
to extract the NV ensemble 73 and relative spin resonance frequencies with respect
to fac. A shown in Fig. A.2(1), a detuning on the order of the NV~ ground-state
hyperfine splitting is introduced in order to more easily determine the FID envelope
and ensure each NV~ spin resonance exhibits a unique fringe frequencies, as indicated
by A; As in the ODMR spectrum cartoon. The power spectrum calculated from
the FID data is shown on the right and exhibits two frequency components split as
expected for a N sample.

Step 2 — Using the measured detunings from Step 1, fac can be chosen such that
the applied MW pulse is equally detuned from both hyperfine split resonances. This
yields a FID signal with a single frequency component at Axp/2 (or Agp for the DQ
sensing basis) as shown in the calculated power spectrum on the right of Fig. A.2(2).
When using cosine magnetometry, the maxima and minima of the equal-detuning
Ramsey FID signal correspond to potential choices of free precession interval 7 given
the hyperfine-induced restrictions. Alternatively, for sine magnetometry (not shown),

the zero-crossings would indicate the possible choices of 7. In Fig. A.2(2) the nearest
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extrema to Ty (7 = T,pt) is indicated with a solid, red vertical line. A dashed, red
vertical line indicates 7 = T5.

Step 3 — The resulting DC magnetometry curves for these two choices of 7
are depicted on the left of Fig. A.2(3). The choice of 7 = 7, indicated by the
local minima yields an oscillation with dramatically improved contrast, and hence
slope/response, compared to the choice of 7 = T3. The corresponding slopes are
shown explicitly on the right of Fig. A.2(3) along with the optimal detuning dopt.
If sine magnetometry had been employed, this additional detuning would not be

required.
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Figure A.2: Ramsey magnetometer calibration protocol. Step 1: Ex-
traction of the NV ensemble 73 spin resonance frequencies from the Ramsey
free induction decay (FID) signal with arbitrary detuning of the MW pulse
frequency by A; and Ay. The power spectrum of the FID signal is shown
on the right. This step must be performed experimentally. Step 2: Deter-
mination of the optimal free precession interval 75 with A; = Ay = App/2.
This step can be accomplished experimentally, numerically, or analytically.
Step 3: Determination of the optimal detuning of the MW pulse frequency,
dopt, Which maximizes the slope of the DC magnetometry curve. Solid line
indicates measurements using 7., instead of the 73 exactly (dashed line).
This step can be accomplished experimentally, numerically, or analytically.
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Bias Magnetic Field Gradient

Analysis

The experimental results described throughout this dissertation employed a
custom-built samarium-cobalt (SmCo) magnet assembly designed to apply a homo-
geneous external bias magnetic field By parallel to NV~ defects oriented along the
[111] diamond crystallographic axis. Mounted on an optical rail, the field strength
can be varied from 2 to 20 mT by adjusting the separation between the two set os di-
ametrically arranged ring magnets (Fig. B.1). SmCo was chosen for its low reversible
temperature coefficient (-0.03 %/K). Calculations performed using the Radia software
package [167] enabled the optimization of the geometry to minimize B, gradients
across the NV fluorescence collection volume. For photodiode-based measurements,
the typical collection volume is approximately cylindrical, with a measured diame-
ter of ~20 um and a length determined by the NV layer thickness along the z-axis

(1-100 pm, depending on the diamond sample).
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Figure B.1: Design of homogeneous magnetic bias field. (a) Magnet
geometry used to apply an external By field along one NV orientation within
the diamond crystal (typically [111]). Red arrow depicts the NV orientation
class interrogated in these experiments; black rectangle represents diamond
sample approximately to scale. (b) Magnets are translated along three axes
to measure the By field strength (shift in ESR transition frequency) as a
function of detuning from the origin (x, y, z = 0) where the origin is defined
as the center of the collection volume. Solid lines depict Radia simulation
results while plotted points correspond to measured values. Inset: Zoomed
view for length scales relevant for NV~ fluorescence collection volumes used
throughout this dissertation.

To calculate the expected By field strength and homogeneity projected along a
target NV~ orientation, the magnet assembly was simulated using Radia [167]. We
find good agreement between the calculated field strength and values extracted from
NV~ ODMR measurements using Sample 3B, over a few millimeter length-scale. The
simulation results and measured values are plotted together in Fig. B.1(b). The z-
direction gradient is reduced compared to the gradient in the xy-plane due to a high
degree of symmetry along the z-axis for the magnet geometry.

Using data and simulation, we calculate that the By-gradient at 8.5 m'T induces
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an NV~ ensemble ODMR linewidth broadening of less than 0.1 kHz across the collec-
tion volume of Sample 3B (100 wm, thickness). This corresponds to a T5-limit on the
order of 1 ms. However, due to interaction of the bias magnetic field with nearby ma-
terials and the displacement of the collection volume from the magnetic field saddle
point, the experimentally realized gradient for Sample 3C was found to contribute
an ODMR ESR linewidth broadening ~ 1 kHz (implying a T -limit ~ 320 us), which
constitutes a small but non-negligible contribution to the 73 values measured in Chap-
ter 3 and Chapter 5. Ramsey measurements for Sample 3B were taken at a four times
smaller bias field; we estimate therefore ~ 4x better magnetic field homogeneity. For
Sample 3D, with a layer thickness of 40 um, the contribution of the magnetic field

gradient at 10mT to 73 was similar to that of Sample 3C.
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Sample  Appears in...  [N] (ppm) [*¥C] (%) Geometry Processing Stage
2A Sec. 2.2.4 0.5, “N 1.10% freestanding (500 pm) AG

2B Sec. 2.3 25, UN <0.005% layer (13 pm) IA

2C Sec. 2.3 8, I°N <0.005% layer (40 pm) IA

2D Sec. 2.4 8, ’N <0.005% layer (10 pm) IA

3A Sec. 3.4.1, 4 20, 14N <0.005% layer (1 um) IA

3B Sec. 3.5 <0.05, N <0.01% layer (100 um) AG

3C Sec. 3.5, 5.1 5.3 0.75, “N <0.01%  layer (100 pm) AG

3D Sec. 3.5, 5.3 8, ’N <0.005% layer (40 pm) AG

5A Sec. 5.1 16, N <0.005% layer (1 pm) AG

5B Sec. 5.1 8, BN <0.005% layer (40 pm) AG, 1, TA,
5C Sec. 5.3 16, N <0.005% layer (1 pm) IA

6A Sec. 6.3 16, N <0.005% freestanding (500 um) AG

6B Sec. 6.3 16, N <0.005% freestanding (500 um) AG, HTA
6C Sec. 6.4.2 16, N <0.0056% freestanding (100 pm) IA

6D Sec. 6.4.2 16, N <0.0056% freestanding (100 pm) IA

6E Sec. 6.4.2 16, N 1.1% freestanding (100 pm) IA

Table C.1: Summary of Diamond Samples. Samples are denoted by
the chapter and section in which they first appear and the order in which
they are introduced. The indicated properties are listed as reported by the
manufacturer, Element Six Ltd. The dominant nitrogen isotope is listed
along with the reported total nitrogen concentration, when available, with
relevant additional information provided in the main text. Any additional
processing after growth is indicated in the final column: as-grown (AG),
post-irradiation (I), post-irradiation and annealing (IA), and post annealing
at 1500° C (HTA).
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