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Abstract

Systems of spins with strong dipolar interactions and controlled dimensional-
ity enable new explorations in quantum sensing and simulation. In this work,
we investigate the creation of strong dipolar interactions in a two-dimensional
ensemble of nitrogen-vacancy (NV) centers generated via plasma-enhanced chem-
ical vapor deposition (PECVD) on (111)-oriented diamond substrates. We find
that diamond growth on the (111) plane yields high incorporation of spins, both
nitrogen and NV centers, where the density of the latter is tunable via the mis-
cut of the diamond substrate. Our process allows us to form dense, preferentially
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aligned, 2D NV ensembles with volume-normalized AC sensitivity down to nac
= 810 pT pm®/2 Hz~'/2. Furthermore, we show that (111) affords maximally
positive dipolar interactions amongst a 2D NV ensemble, which is crucial for
leveraging dipolar-driven entanglement schemes and exploring new interacting
spin physics.

Main

Defect spins in diamond such as the nitrogen-vacancy (NV) center have become an
important platform for quantum technologies. Notable developments with single N'Vs
include nanoscale sensing of condensed matter [1, 2] and biological systems [3], as well
as tests of entanglement [4-8]. Recently, there has been increased interest in exploring
dense ensembles of NVs, both to enhance the sensitivity in quantum metrology applica-
tions and also as a platform for quantum simulation [9]. In principle, the strong dipolar
interactions between solid-state spins should enable the use of entanglement-enhanced
metrology protocols, leading to improvements in sensitivity scaling beyond the so-
called standard quantum limit; however, realizing these enhancements has remained
an outstanding challenge in solid-state systems [10, 11]. In addition, both the equilib-
rium phase diagram as well as the non-equilibrium dynamics of positionally-disordered
dipoles have remained important open questions [12-14].

To date, the majority of experiments with NV ensembles have studied three-
dimensional spin systems. However, the exploration of two-dimensional systems, where
the inter-spin spacing is larger than the dopant layer thickness, yields several advan-
tages. For quantum sensing, two-dimensional systems promise an enhanced spatial
resolution (set by the surface proximity of the layer) as well as a better interaction-
induced decoherence scaling [15, 16]. From the perspective of quantum simulation,
lower dimensional systems are crucial for investigating phenomena such as interaction-
driven localization [17-19] and for stabilizing topological phases such as quantum
spin liquids [20, 21]. In 3D systems, the angular dependence of the dipolar interac-
tion causes it to average to zero, leading to another broad obstruction for exploring
dipolar-driven, many-body physics. To this end, in recent years, there has been a
tremendous amount of interest and progress in generating 2D spin systems (NV and
nitrogen) in diamond via delta-doping during plasma-enhanced chemical vapor deposi-
tion (PECVD) growth on the (001) crystallographic plane [15]. These techniques have
already facilitated the exploration of the decoherence dynamics of two-dimensional
NV spin ensembles [16].

Despite this advancement, limitations related to (001) NV systems leave room
for further improvement. On the practical side, impurity addition during (001)
PECVD diamond growth is known to increase surface roughening [22] and step
bunching [23, 24], which promotes inhomogeneous dopant aggregation and compro-
mises well-defined dimensionality and density. Furthermore, many studies show that
nitrogen incorporation efficiency is limited to ~10-30 ppm (~ 2x10'® atoms/cm?) in
CVD-grown (001) films [25-28]. NV incorporation during (001) growth is even lower
than substitutional nitrogen, requiring enhancement techniques such as irradiation



and annealing that may introduce vacancy-related damage and disorder. Perhaps most
fundamentally, an unfortunate consequence of the tetrahedral symmetry of diamond
is that even for a 2D layer of N'Vs in (001)-oriented diamond, the dipolar interactions
also exactly average to zero (see SI section 1).

A natural solution to these challenges is to investigate NV ensemble creation
on another crystallographic plane. Growth on (111)-oriented diamond offers known
advantages such as increased dopant incorporation [29] and preferential alignment of
NVs along the (111} direction [30-35], which improves measurement contrast as back-
ground fluorescence from other NV orientations is suppressed. However, compared to
(001), growth on the (111) diamond plane is largely under-explored, primarily due to
minimal commercial access to substrates with reasonable size and expense, the diffi-
culty of mechanical polishing, and conventional understanding that (111) epitaxy is
plagued by extended defects such as twins, dislocations, and stacking faults [36-38].
Here, we use polished, type ITa diamond (111) substrates and employ a gentle PECVD
growth condition (750 W, 0.05-0.1% 2CHy,) to achieve high-quality diamond epitaxy.

In this work, we demonstrate the creation of strongly interacting, 2D NV ensembles
via nitrogen delta-doping during (111) diamond growth (see illustration in Fig. 1a).
We first investigate the mechanisms of growth and dopant incorporation on the (111)
plane and find, as shown in Fig. 1b, that nitrogen incorporation is up to ~60 times
greater in (111) than (001). We also explore NV creation during diamond growth,
finding that the substrate miscut influences the density of NV centers formed. We
therefore use high miscut angle as a means of generating dense (up to 5.5 ppm-nm),
2D NV ensembles with high contrast due to preferential alignment (shown by Fig. lc-
e), and volume-normalized sensitivity down to n4c = 810 pT pm?/2 Hz=1/2. Lastly,
we develop a novel protocol to characterize the non-zero dipolar interactions that
are maximized in a 2D (111) NV ensemble. The uniformly positive interaction distri-
bution, illustrated by the mean field simulation in Fig. 1f, results in an asymmetric
spin resonance lineshape that we experimentally confirm in a (111) NV ensemble.
Altogether, this work demonstrates novel control over NV dipolar interactions that is
enabled by (111) diamond growth.

(111) Diamond growth and nitrogen delta-doping

Creating spin ensembles in diamond with control over density, dimensionality, and
coherence relies crucially on understanding the mechanisms of growth and dopant
incorporation. In Fig. 2a, we explore the effects of substrate miscut and methane con-
centration on PECVD growth, finding that the (111) growth rate is several times
faster than (001) (seen in the comparison of (001) rates (yellow squares) versus (111)
rates (blue circles and orange triangles). Faster growth on the (111) plane aligns with
the models proposed in ref. [39], which suggest a higher rate of hydrogen abstrac-
tion on the (111) surface. The miscut-dependent (111) trends in Fig. 2a suggest two
growth mechanisms at play: firstly, the non-zero y-intercept indicates the presence of
a miscut-independent growth mechanism and secondly, the non-zero slope suggests an
additional contribution from a step-edge-dependent growth mode. Both the slope and
intercept of the (111) data approximately double with the carbon content in the gas:
0.05% CHy (red triangles) versus 0.10% CHy (blue circles) in Fig. 2a. This methane
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Fig. 1 Creation of dense, 2D, (111) NV ensembles. (a) Schematic illustrating a preferentially
aligned (111) 2D NV ensemble with strong NV-NV interactions. (b) Secondary ion mass spectrometry
(SIMS) depth profile showing higher nitrogen concentration in a (111) delta-doped diamond (red, solid
- later referred to as sample C) as compared to an (001) sample (blue, dashed). Both substrates have
similar miscut angles of (~1.6°) and were grown with similar doping conditions: 10 minute doping
time and a gas ratio of [15Ng]/['2CHy] = 12.5. (c) Rabi measurement on a (111) 2D NV ensemble
(later referred to as sample A) showing high contrast indicative of the preferential alignment. (d) PL
scan of sample A. The dashed line shows a linecut over which ODMR is performed in the presence of
a ~32 Gauss field. (e) The ODMR data show preferential alignment of the grown-in NV centers along
the (111) direction, with no other NV orientations visible at any point in the diamond epilayer. (f)
Simulated dipolar interaction-induced mean field distribution for polarized, 17 nm thick (001) (blue)
and (111) (red) NV ensembles with a single-group density of 2 ppm-nm, illustrating an asymmetric
distribution for (111) due to the uniformly positive dipolar interaction energy.

concentration dependence implies that the (111) growth is adatom-limited and that
carbon addition is not restricted only to step-edge sites, further supporting that mul-
tiple growth mechanisms are at play. In contrast, the nearly zero intercept of the (001)
trend indicates that our (001) growth is dominated by step-flow, supporting previous
observations[40]. Atomic force microscopy (AFM) analysis shows a variety of surface
morphologies mediated by substrate miscut (both polar angle, 6, and azimuthal), CHy
content in the growth plasma, and epilayer thickness (t.) (Fig. 2b). Overall, the mor-
phologies are suitable for our applications as the surface roughness is still < 1 nm in
most samples.

We next investigate control over nitrogen incorporation during (111) growth and
demonstrate confinement of high-density nitrogen into thin delta-doped layers. As
shown in Fig. 1b, nitrogen incorporation is enhanced by a factor of ~60 on the
(111) plane as compared to our highest density (001) sample grown with the same
doping conditions. The (111) sample has an areal density of 1.9(0.2)x10* ppm-nm
(3.43(0.04)x10™ atoms/cm?), as determined from integrating the secondary ion
mass spectrometry (SIMS) data as in ref. [15]. Increased dopant incorporation on
the (111) plane is consistent with observations from three-dimensional doping stud-
ies [29, 41, 42]; however, we note that these works observe a smaller enhancement of
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Fig. 2 (111) PECVD growth, surface morphology, and delta-doped nitrogen incorpora-
tion. (a) Diamond growth rate versus substrate miscut angle. Blue circles show (111) samples grown
with 0.1% CHa, orange triangles show (111) with 0.05% CHu, and yellow shows (001) with 0.1%
CHjy. Error bars are estimated from the 12C SIMS step function used to calculate growth rate of the
epitaxial layer. Trend lines are the result of a weighted linear regression and include the standard
error. (b) AFM showing growth morphology with various polar miscut angles (6), epilayer thickness
(te), methane content in the growth plasma, and resulting rms roughness (Sq). The azimuthal miscut
direction is indicated by inset arrows. The highest and lowest miscut samples were grown simultane-
ously and are later referenced in this work as sample A and B, respectively. (c) Plot of SIMS-measured
nitrogen concentration (normalized by doping time, tg4) versus gas flow ratios showing increasing
incorporation with higher nitrogen content in the growth plasma. Data points represent an average
of N diamond samples and error bars show the standard error of the mean. Our highest measured 2D
density (sample C, 1.9(0.2)x10* ppm-nm) was grown with a [1®N3]/[12CHy] ratio of 12 and doping
time of 10 minutes. (d) SIMS profile of a sample grown with three different doping times, as indi-
cated on the plot. The data show thin layer confinement (FWHM = 4 nm for each peak) and slight
increased density with longer doping time.



only 3-4x. We find that our main control knobs over nitrogen density are the ratio
of the source gases (['°Na]/['2CHy]) and the doping time (t4). Fig. 2c shows nitro-
gen density, as determined with SIMS and normalized by tg, versus ([**Ng]/['2CHy]),
highlighting greater incorporation with higher nitrogen concentration in the plasma.
We do not increase ['°Na]/['2CHy] beyond 25 due to the limitations of our mass flow
controller (we note that 25 is already larger than typical ratios [41, 43]), but future
studies will explore a higher range. Notably, Fig. 2c indicates that we have not reached
the surface solubility limit for the (111) diamond surface, in contrast to observations
in (001) diamond [25], leaving open the possibility of achieving even higher nitrogen
densities in (111).

The thickness of the nitrogen layers can be reduced to a few nanometers for suffi-
ciently short doping time; Fig. 2d shows three thin nitrogen layers in a single sample
with doping times of 20, 60, and 90 seconds. Each layer is measured to be 4 nm thick,
which gives an upper bound as the measured thickness is limited by the SIMS res-
olution in this case. Even for this overestimate, the two-dimensional nature holds as
the spacing between spins is larger than the layer thickness. Lengthening the doping
time allows us to increase the nitrogen areal density while staying within the 2D limit,
which may be afforded in part by a decreased growth rate during doping due to the
high nitrogen content in the plasma (see SI section 2). Even longer doping times lead
to 3D spin systems. The relevant dimensionality of the dipolar interacting spin system
can be probed via the decoherence dynamics of the spins themselves as in ref. [15, 16],
wherein the stretch exponent of the coherence decay indicates the dimensionality of
the spin bath. We apply this technique to verify the 2D nature of the dipolar spin bath
in our (111) delta-doped samples, as shown later in this work. Lastly, we find that
in contrast to (001) growth [44], (111) nitrogen incorporation shows a slight increase
with higher doping temperature (similar to ref. [41]) and no significant dependence
on the substrate miscut, also unlike (001) growth [40]. SI section 2 provides further
discussion on the effects of temperature and miscut on nitrogen incorporation in (111).

Creation of dense, preferentially aligned 2D NV ensembles

We next explore NV center incorporation during (111) diamond growth. Although
preferential alignment of NVs during (111) growth has been previously studied, here
we focus on a new regime targeting high densities (where NV-NV dipolar interactions
dominate) and two-dimensionality, which has not previously been demonstrated in
(111) diamond. Prior studies investigate ppb-level NV incorporation that originates
from low-concentration doping or impurity nitrogen in the hydrogen and methane
source gases [34, 35]. Ref. [45] observes NV densities up to 0.18 ppm (3.1x10'6
atoms/cm?) as-grown in (111) diamond, but they are determined via PL intensity,
which is prone to overestimation due to non-NV~ fluorescent defects. Traditional
methods to enhance the NV density include irradiation and annealing treatments,
which come at the cost of reduced preferential alignment. A method to generate high-
density, strongly interacting NV ensembles while preserving (111) alignment has not
yet been demonstrated until this work.

We find that the substrate miscut plays a surprisingly large role in the concentra-
tion of aligned NV centers that incorporate during diamond growth, in stark contrast



to the observed lack of dependence of nitrogen incorporation on miscut. Fig. 3a shows
scanning confocal PL images for samples A and B, grown simultaneously with a doping
time of one minute and differing only in substrate miscut of 3.0° and 0.96°, respec-
tively. The images are taken immediately post-growth and show clear increased PL
from sample A. Furthermore, all of the NVs display preferential alignment, as shown
in the ODMR spectra of sample A in Fig. 1c. We quantitatively estimate the grown-
in, aligned NV density in sample A using a decoherence-based method as described
in ref. [15] and extract an average density of pyy = 4.5 + 0.5 ppm-nm. Without
irradiation, this density is already similar to the highest NV densities we have previ-
ously achieved via irradiation and annealing of (001) samples [15, 16]. Fig. 3b shows
how NV concentration in sample A and B evolves with irradiation and annealing,
achieving densities up to 47 ppm-nm and 28 ppm-nm, respectively. The NV density
in sample B approaches a similar level to sample A after irradiation, consistent with
the comparable nitrogen content seen via SIMS in the two samples (SI section 3). We
note that the trend of increasing grown-in NV density with miscut angle holds for all
additional samples measured (SI section 4).

Lastly, we discuss the strongly interacting, two-dimensional nature of the high-
density NV layers. By measuring the stretch exponent n of the XY-8 coherence decay,
e (t/ TQ)n, we find n =2/3 as expected for a 2D dipolar-interacting ensemble at early
times (where t < 7¢, the correlation time of the ensemble) [16] (Fig. 3c). The dimen-
sionality of the nitrogen is further corroborated by an n = 2/3 stretch exponent in
the double electron-electron resonance (DEER) decay, which probes neutrally-charged
substitutional nitrogen, [N?] or P1 centers (SI section 3). With DEER we also extract
the density of P1 centers as pp; = 130 + 19 ppm-nm. Dividing pnv/pp1 gives the
as-grown NV yield in sample A as ~ 4%. Thus, by using miscut as a tuning knob
during growth, we can achieve a strongly interacting, aligned 2D NV ensemble where
NV dipolar interactions dominate due to the high ratio of NV to nitrogen.

Magnetic sensing with (111) NV ensembles

With the ability to form aligned, dense ensembles at the dipolar limit, we now inves-
tigate their applicability to ensemble sensing applications and quantum simulation.
We first discuss the AC magnetic sensitivity of our 2D (111) ensembles. We arrive at
a measured, volume-normalized AC sensitivity of nac = 810 pT pm?/2 Hz~1/2 for an
electron-irradiated spot on sample B (7 x10'® e~ /cm?). With reasonable improve-
ments to photon collection efficiency, namely count rates of 150 kCts/sec per NV as
can be achieved with e.g., nanopillars, and all other parameters identical to those
measured on our setup on this sample, we project ngc = 153 pT nm?3/2 Hz=1/2,
The volume-normalized sensitivities we obtain are improvements over prior reports
of NV ensembles in 3D (001) samples [9, 27, 46] and 3D (111) samples [47]. Further
improvements to sensitivity can be gained by applying dipolar-decoupling sequences
such as DROID-60 [9]. In ST section 5, we discuss the sensitivity calculations and
also demonstrate magnetic-field imaging of a Fe nanoparticle using our (111) NV
ensembles. Finally, we note that future dipolar-driven entanglement-enhanced sens-
ing schemes [11, 48, 49] may depend crucially on dense, 2D (111) ensembles in which
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Fig. 3 Miscut as a tuning knob for NV incorporation during growth. (a) As-grown scanning
confocal PL images taken under 80 pW excitation for samples A and B grown simultaneously with
different miscuts of 3.0° and 0.96°, respectively. The color scale is the same for the two images, showing
increased NV fluorescence in sample A (higher miscut). (b) Plot of NV density in sample A (circles)
and B (triangles) during different stages of processing. The dashed line highlights different stages in
the processing timeline, from as-grown to post-electron irradiation (red data). The as-grown density
of sample A, pyy = 4.5 + 0.5 ppm-n,was measured at three different locations on the sample with the
decoherence based method (the saturated coherence of the NV ensemble under an XY-8 sequence) and
calibrated to an optical measurement of APL, a proxy for NV density that represents the intensity
difference between the ms =0 and =£1 states in a Rabi experiment as described in ref. [15]. All other
data points were measured via APL, plotted on the right-side y-axis of Fig. 3b, with the left-side
y-axis linearly scaled. (c) Log-log plot of the NV XY-8 decay in sample A, highlighting the stretch
exponent power a = 2/3 in the early-time regime.

dipolar interactions do not average to zero over an ensemble, as we confirm in the
next section.

Characterization of the (111) NV-NV dipolar interaction

Lastly, we present direct characterization of the uniformly positive dipolar interaction
unique to a (111) 2D NV ensemble, which is observed as an asymmetric lineshape in
an ODMR measurement. Fig. le shows simulated dipolar-induced mean field distri-
butions for (001) and (111) 2D NV ensembles using the experimentally determined
density and thickness (SI section 6), illustrating the non-zero average interactions
present in (111). To experimentally access the dipolar-limited lineshape of this dis-
tribution, we apply a new technique, here termed XY8-ODMR, which is designed to
suppress disorder during ODMR. This measurement first uses an XY8-style “pump”
sequence (shown in Fig. 4a, details in Methods and SI section 7) to resonantly drive
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Fig. 4 Disorder-suppressed, dipolar-limited ODMR spectra of NV ensembles. (a) XY8-
ODMR pulse sequence schematic: NVs are initialized into either a bright (ms = 0) state via a 532
nm laser pulse, or dark (ms = £1) state via an additional strong 7 pulse. (b) XY8ODMR spectra,
normalized as a fraction of total PL, for NV ensembles in (111)-oriented sample C and (001)-oriented
sample D. Purple (orange) diamonds are measured spectra for Sample D for initialization into the
bright (dark) states and cyan (red) circles are measured spectra for Sample C for initialization into
the bright (dark) states. Solid lines are simulations of the mean field distribution as shown in Fig. le,
incorporating various broadening mechanisms (see SI section 7). (c) Spectra on a log-linear scale to
highlight the spin orientation-dependent asymmetry in the (111) NV ensemble (red and cyan circles,
sample C). The purple (001) sample D XY8ODMR spectrum from (b) is reproduced for comparison.
To demonstrate that the asymmetry is a fundamental property of (111)-oriented ensembles, we also
display the dipolar-limited spectrum of other NV orientations in sample C (green squares). (3 is
defined as the difference in normalized mean area under the curve between the left and right side of
each spectrum and emphasizes the asymmetry of the (111) data.



and decouple the NV ensemble from sources of disorder in the surrounding lattice.
Under this drive, the remaining sources of broadening for the NV ensemble lineshape
are dominated by dipolar interactions, which are not affected by the pump sequence.
Simultaneous to the XY-8 drive, we deliver a weak “probe” RF 7 pulse, analogous to
the 7 pulse used in a conventional pulsed ODMR sequence [50]. By varying the fre-
quency of the probe 7 pulse and monitoring the resulting spin population, we obtain a
disorder-suppressed equivalent of a pulsed ODMR spectrum (an “XY8-ODMR” spec-
trum) that is not linewidth-limited by disorder (e.g., due to inhomogeneous strain
or coupling to other defects) but rather primarily by dipolar interactions and power
broadening. In this regime, the measured XY8-ODMR spectrum lineshape is a direct
measure of the distribution of dipolar couplings in the ensemble.

Fig. 4b-c shows an asymmetric lineshape for a (111) NV ensemble (sample C), com-
pared to a symmetric lineshape for (001) (sample D). We also confirm that the other
NV orientations (not normal to the 2D plane, as in an (001)-oriented diamond) in sam-
ple C exhibit a symmetric lineshape, as expected. The sign of the asymmetry observed
in the (111) ensemble flips when the spins are initialized into the opposite spin state,
demonstrating that the source of the mean field is the spins themselves. Altogether, the
asymmetry observed here highlights a signature of the uniformly positive dipolar inter-
actions in (111) that are crucial for further explorations in entanglement-enhanced
metrology and quantum simulation.

Outlook

Looking forward, we expect the results presented in this work to inspire widespread
implementation of delta-doped (111) diamond into sensing and simulation experi-
ments, in particular leveraging the unique form of the dipolar interactions in 2D (111)
ensembles for entanglement-enabled enhancements. We anticipate that the high sen-
sitivities demonstrated already here will be exploited for biological and condensed
matter sensing, with the potential of increased sensitivity through more advanced
dynamical decoupling sequences such as DROID-60 [9]. Further materials engineer-
ing directions include pushing to higher nitrogen and NV densities by, for instance,
increasing the source gas nitrogen content ([!°Na]/['2CHy]) beyond what we explore
here or optimizing post-growth processing with higher dose irradiation or higher tem-
perature annealing (e.g., 1200 °C). Another frontier to explore is improving sensitivity
and spatial resolution by bringing (111) NV ensembles close to the diamond surface.
This direction requires improved understanding of the (111) diamond surface, both in
morphology (roughness, sources of magnetic noise) and termination (charge stability),
in order to engineer coherent and stable shallow NVs. [51, 52] It will be important
to understand the role of miscut, specifically the azimuthal angle, and growth condi-
tions (i.e., achieving wholly lateral growth) on surface morphology. The potential for
growth on atomically smooth (111) surfaces [38, 53] is intriguing for even higher qual-
ity growth. All in all, this work lays an important foundation for diamond quantum
technology and opens several avenues for further exploration.

10



Methods

PECVD diamond growth

Diamond substrates are obtained by slicing (001)-oriented electronic grade CVD sub-
strates (Element Six Ltd.) along the (111) plane and super polishing by Applied
Diamond, Inc. to achieve a surface roughness of < 500 pm. Prior to growth, the mis-
cut angle is measured using x-ray diffractometry (XRD) rocking curves about the
(111) omega peak and surface roughness is verified with AFM. PECVD growth is per-
formed in a SEKI SDS6300 reactor using a 750 W plasma containing 400 sccm Ha
and 0.05-0.1% 12CHy held at 25 torr and ~770 °C according to a pyrometer. These
growth conditions result in a 99.998% '2C isotopically purified epilayer of variable
thickness dependent on the growth time and substrate miscut. During the nitrogen
delta-doping period of growth, °Ng gas (1.25% of the total gas content) is introduced
into the chamber for a variable doping time of 0.5-10 minutes. Optical emission spec-
troscopy (OES) is used to monitor the plasma species throughout growth, specifically
the H-alpha emission line and CN radicals. After growth, SIMS is used to estimate
the isotopic purity, epilayer thickness, and properties of the delta-doped layer. SIMS
analysis is performed in-house with conditions as outlined previously in ref. [15].

Post-growth processing

Electron irradiation is performed with a transmission electron microscope (TEM,
ThermoFisher Talos F200X G2) to create locally enhanced NV concentrations inside
the irradiated region [54] . Afterwards, the samples undergo subsequent annealing at
400° C for 2 hours and 850° C for 4 hours in a vacuum furnace (4e-8 torr) to promote
vacancy diffusion and NV formation. After irradiation and annealing, the samples are
cleaned in a boiling tri-acid solution (1:1:1 HoSO4:H2042:HCIO4) and annealed at 450°
C for 4 hours in air to remove surface contaminants and promote oxygen termination
which stabilizes the negative NV~ charge state.

NV center characterization

All NV center measurements are performed on a home-built confocal microscope using
a 532-nm diode laser and an external magnetic field of ~300-370 G aligned along the
diamond (111) axis unless otherwise specified. A cutoff filter of 640 nm is placed in
the collection path before the avalanche photodiode to eliminate background fluores-
cence from NV, Radiofrequency (RF) signals are delivered through a gold antenna
fabricated on a glass slide and placed underneath the diamond.

XY8-ODMR protocol

As depicted in Fig. 4a, the protocol for probing dipolar interactions starts with pump-
ing the NV centers into the mg = 0 state with a pulse of 532 nm light (power Plaser,
duration ¢;). To initialize the NV centers into the mgs = £1 states, we use a resonant
microwave m-pulse at a Rabi frequency of Qpump, drive frequency fnv. We use the
same microwave source to perform dynamical decoupling and remove as much disorder
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as possible. For an XY8-N decoupling sequence, the 7 pulse spacing 7, was decreased
(to shift the NV coherence filter function to higher frequencies) until the measured
coherence under the dynamical decoupling drive saturated, indicating that disorder
was suppressed as much as possible. Having set 7, optimally, the probe low-power
ODMR drive was swept across a center frequency fnv + ﬁ with power Qpohe. This
offset center frequency is necessary to properly account for the observed modulated
resonant frequency of NVs in the toggling frame of the XY8 drive (see SI section 7).
The number of repetitions N were set such that the length of the dynamical decou-
pling sequence 8 N7, was equal to the length of the ODMR 7-pulse 5= Finally,

probe ’

the spin population was read out with a 532nm laser pulse (duration ¢,). The final
sequence parameters used for each sample are:

e Sample C: t; =40us, Plaser = 100uW, Qpump = 27 x 12.5MHz, 7, = 540ns,
Qprobe = 27 x 0.97kHz, ¢, = 1000ns

o Sample D: t; =40us, Plager = 180uW, Qpump = 27 x 16 MHz, 7, = 1.032us,
Qprobe = 27 x 0.75kHz, ¢, = 400ns

Supplementary information. See the SI for additional details on the (111)
nonzero dipolar interaction, controlling nitrogen incorporation, influence of miscut on
NV creation during growth, sensitivity calculations and demonstration of ensemble
magnetic imaging, additional sample information, and XY8-ODMR characterization
of the dipolar-limited NV lineshape.
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1 Dipolar interactions in 2D (111) versus (001) spin
systems
Consider two classical magnetic dipoles in an isotropic 3D bath, 11 = 72 =m(0,0,1)

connected by an arbitrary vector, ¥ = ri = r(cos¢siné,sin¢siné,cosf). Figure la
shows a schematic illustration of this. In the examples discussed here, every spin points

a b
m,=m(0,0, 1)
m,=m(1,1, 1)/V3

m,=m(1,1, 1)A3 %@, sin®, 0
z
‘ﬁi—m(o,o,n
y

Fig. 1 Schematic of dipolar interactions. a) The average value of J in a 3D ensemble can be
found by integrating Eqn. 1 over 47 steradians. For a 3D ensemble, (J) =0. b) A two-dimensional
ensemble may have non-zero or zero (J) depending on the orientation of the spins with respect to
the plane. For 100 diamond, (J) = 0, but for other orientations (such as 111), it is non-zero. Figure
is reproduced from ref. [1].
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along the same axis. The energy of these two spins will be given by,

U(r,6,0) = = 1225 (8(iis - 7)(iiz - ) — iy 1702) = f(r) Beos?0~1), (1)
where f(r) = —pom?/4nr3 is introduced for notational simplicity. In addition, we

define interaction strength
J(r,0) = f(r)(3cos?6—1) (2)

Taking the integral over 47 steradians gives the average dipolar interaction strength

27 iy
= r)(3cos2 0 — 1)sin =0.
<J>/O /Of( )(3cos? 60— 1)sind dbdg =0 3)

We next examine the case of a 2D ensemble of spins organized in the zy-plane. For NVs
in (001) diamond, all of these spins will point along the [1,1,1] axis in the coordinate
system shown in Figure 1 b. Here, our dipolar energy will be given by

J(r,¢) = f(r) ((cos¢+sin¢)2 — 1) , (4)

and integrating it over 47 steradians, we find

27 T
= ) ((cos sing)? — —7/2)sin
= [ [ 10 (o +sin)? 1) 50— n/2)sino dods,
27
— ; f(r)((cos¢+sin¢)2—1) do

27

:2f(7“)/ cosgsing dop =0,
0

=0.

We understand the averaging here to be a configurational averaging over an isotropic
and uniform density confined to the plane where the Dirac delta function §(6) is
included to account for the spins being confined to the xy-plane. In both the 3D
isotropic case and the 2D (001) sample case, the dipolar interactions have a net zero
value. Interactions averaging away in 2D is only true for the special case of 001 samples,
where the NVs sit at a “magic angle” of 54.7356° with respect to the plane. For
samples grown along the (111)-axis, the interactions do not average away.

If we repeat the same calculation as Eqn. 5 but with the spins aligned along
the plane normal (the z-axis), we get a dramatically different result. In this case,
m1 = mo —m(0,0,1), and

J(r):f(r)(?)coszé'—l):—f(r). (6)



Integrating,

27 T
= r cos2 — —T sin
wa AfUB 6—1)6(6— /2)sind dbdo,

27
ﬂﬂé d (7)

= —21f(r)
£0.

Thus, for a 2D layer of spins, all of which are pointed along the plane normal, the
spin-spin interaction is not only on average non-zero but is also the same sign for
every single pair of spins. The dramatic differences between these cases suggest using
dimensionality as a tool to access radically different regimes of dipolar coupling.

2 Effects of doping time, temperature, and miscut on
nitrogen incorporation

We find that increasing the nitrogen doping time retains two-dimensionality rather
than creating a thicker layer, and as a result, the areal density of nitrogen increases
with longer doping, which is shown in Fig. 2a. This effect could be due to a non-
constant diamond growth rate during doping; e.g. if the growth rate slows significantly,
then the dopant areal density can increase without the layer thickening. This deceler-
ated growth may be unexpected, given that small amounts of nitrogen typically result
in an enhancement of the growth rate [2]. However, given the extremely high ratio of
[1°Ns2]/[12CHy] used in our process, it is likely that the standard growth condition is
disrupted in this way: the high amount of nitrogen changes the plasma and slows the
diamond growth during doping. We have seen evidence of this effect in a (001) sample
grown under similar conditions (Fig. 2b), where the introduction of a '3C co-dopant
is used to independently track the diamond growth rate during nitrogen doping. As
shown in Fig. 2b, when '°N is introduced, the '>C co-dopant peak is significantly
reduced. We hypothesize that a similar effect is occurring during (111) growth which
allows for creation of high-density 2D nitrogen layers.

Temperature is known to affect the dopant incorporation efficiency in (001) dia-
mond growth, where higher temperatures lead to greater desorption from the growing
surface and thus lower density [3]. In contrast, we find that higher doping temperature
produces a weak increase in nitrogen incorporation, as can be seen in Fig. 2c. This
observation is similarly observed in ref. [4, 5] and suggests that the thermal stability
of dopants on the (111) surface is higher than on (001). Fig. 2d illustrates the nitro-
gen density measured with SIMS ([°N]) versus miscut angle for ten (111) samples,
where [!N] has been normalized by the parameters that we found to affect incorpo-
ration: doping time and nitrogen:methane gas ratio. For (001) growth, the substrate
miscut sets the step-edge density which crucially impacts the nitrogen incorporation
during step-flow growth, and therefore higher miscut is an important tuning knob for
increasing nitrogen incorporation [6]. However, no clear trend is found amongst the
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Fig. 2 Influence of doping time, temperature and miscut on nitrogen incorporation. (a)
Plot of nitrogen incorporation versus doping time, where samples are grouped by color according to
the [15N2]/[*2CHy4] ratio. (b) SIMS profile of an (001) sample co-doped with 3C before, during, and
after introduction of 1°N. The decreased 3C peak during nitrogen doping suggests a reduction in
the diamond growth rate which may allow for increased nitrogen areal density. (¢) SIMS profile of a
sample grown with four different doping temperatures, as indicated on the plot. In contrast to (001)
growth, nitrogen shows a weakly increasing dependence with higher temperature. (d) Scatterplot of
samples showing SIMS-measured nitrogen density (normalized by t4 and nitrogen gas content) versus
polar miscut angle. No clear trend exists between miscut and nitrogen incorporation in (111) growth.

(111) samples; thus, the nitrogen does not show a preference for sticking only at step
edges sites, similar to the step-edge-independent growth mode we observed with car-
bon addition. Altogether, our investigation of dopant incorporation in (111) growth
has shown that the tuning knobs differ from (001), but we can still successfully create
high-density, thin nitrogen layers via delta-doping.

3 SIMS and DEER confirmation of
two-dimensionality

SIMS depth profiles of sample A and B show thin delta-doped layers and similar
nitrogen content in the two samples, which were grown simultaneously (Fig. 3a). The
FWHM of sample A = 5.8 nm and of sample B = 3.2 nm. The broadening of sample
A data may be due to increased surface roughness (see Fig. 2b in the main text) or
charging-induced drifts that were observed during data collection. The SIMS data is
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Fig. 3 Characterization of 2D nature via SIMS and DEER. (a) SIMS depth profile of sample
A (blue, dashed) and sample B (red, solid), showing thin confinement of the delta-doped layer. The
FWHM of sample A = 5.8 nm and of sample B = 3.2 nm and the areal densities are A = 1500 ppm-nm
and B = 1700 ppm-nm, respectively. (b) Log-log plot of the DEER decay in sample A showing good
agreement with an a = 2/3 stretch exponent, indicating that the NVs probe a 2D P1 center bath.

integrated over a range of 3*¢ from the peak center to estimate the nitrogen areal
density: sample A = 1500 ppm-nm and B = 1700 ppm-nm, and dividing by the layer
thickness yields the volume density of sample A = 260 ppm and B = 520 ppm. These
densities are notably smaller than the sample shown in Fig. 1b, because they were
grown with 1/10th of the doping time. Fig. 3b shows a log-log plot of the P1 DEER
decay in sample A. The dashed line indicates a stretch exponent of o = 2/3, indicative
of a 2D nitrogen spin bath [7]. This data supports our XY-8 characterization of a 2D
NV spin bath in sample A.

4 Influence of miscut on grown-in NV density

Here we present NV incorporation during growth versus a wide range of substrate
miscuts, finding that the trend of increasing NV density with higher miscut holds
across many samples. Fig. 4 shows APL, a proxy for NV density, normalized by the
areal density of nitrogen extracted from SIMS and plotted against miscut angle for
samples as-grown (blue) and directly after annealing (yellow). The highest and lowest
miscut samples plotted here are sample A and B from the main text, respectively.
The APL estimation (PL difference between the ms =0 and +1 states during a
Rabi measurement) is critically sensitive to the laser power used [8], and therefore
all of the circular data points are taken on the same confocal setup under 100 pW
excitation. The triangle and square data represent measurements performed on a
different confocal setup with different collection efficiencies which could affect the
estimation of APL. In ref. [8], APL is converted to a quantitative NV density via
calibration with a single NV; however, even the lowest miscut (111) sample contains
greater than single NV-level densities and hence we cannot convert APL directly to a
quantitative density. Nevertheless, Fig. 4 highlights how the substrate miscut can be
used as a tuning parameter to control the amount of NV centers incorporated during
(111) growth.



0.030 @ as-grown
annealed N
i
__0.025
3 |
&) A
= 0.020 I
> :
©
2 0.015 +
S 4
& 0.010 i
<
0.005 |
tda
0.000 I

1.0 15 20 25 3.0
Miscut (°)

Fig. 4 Influence of miscut on NV density. Plot of APL, a proxy for NV density, divided by
the areal density of nitrogen extracted from SIMS versus substrate miscut. Blue data represents as-
grown NV concentrations, and yellow shows enhancement after annealing. APL values are measured
under 100 pW excitation, and all circular points are measured on the same confocal setup; square
and triangle points are measured on a different setup and may be prone to increased error due to
differences in the collection optics. Error bars represent the standard error of the mean of APL
measurements taken on different locations within the diamond sample.

The physical mechanism driving the dependence of NV incorporation during
growth on substrate miscut could have a few origins. Prior works have observed
increased NV density with lower growth temperature, attributed to greater vacancy
incorporation resulting from decreased crystalline quality [3, 5]. A similar hypothesis
may support our findings: higher miscut substrates have a more disordered surface
that could be amenable to greater vacancy incorporation. The faster growth rates
associated with higher miscut may also result in greater vacancy incorporation due to
decreased crystalline quality. Further investigation is needed to elucidate the precise
mechanism of NV formation during growth with varying miscut.

5 Sensing Properties of (111) delta-doped ensembles

5.1 Sensitivity Estimation

The AC sensitivity of our (111) delta-doped samples is calculated according to Eq. 8 [9]
and the values given in table 1.

T h T/ T e T
2 gellB Ceff\/ﬁ T

(8)

Necho =~

Where 7 is the sensing time, p = 2/3 for a 2D system, ¢, is the measurement overhead
time, Ceypy = C\/Lj\it’* where C' is the contrast as defined in ref. [9], PL is the



. sample A, . sample B, .
sample A, ppnt (ge1g | SMPIE Byl ppn (7618 bam.pli dB’
as-grown e,/cmg) as-grown e,/ch) projecte
Sequence type Hahn Echo | XY-8 Hahn Echo Hahn Echo | Hahn Echo
Ty (1s) 2.7 18 1.9 65 65
Sensing time, 7 | 4 47 24 2.5 325 325
(ps)
Overhead time, |, , 20.4 20.4 20.4 4.4
tm (us)
Readout = effi- |, )7 0.0062 0.0079 0.00098 0.043
ciency, Ceyf
Number of NVs | 20 135 2 10 1
V"l“;ne’ V1 00015 0.0015 0.0015 0.0015 0.0015
(pm?)
NV density, p | 75 0.83 0.1 05 0.5
(ppm)
¥ T3 0.36 0.88 0.063 15 15
Volume-
normalized
sensitivity, 5.85 9.83 19.5 0.81 0.153
nac (nT
1,11’1’15/2 HZ*I/Z)

Table 1 Measurement parameters used to calculate sensitivity for samples A
and B. We note that the T2 improves in the TEM spots (and quite significantly for sample
B), which is likely related to P1-NV conversion or charge destabilization of other
noise-producing defects, and hence the best sensitivity is found in the low-dose (7x10'8

e /cm?) TEM spot of sample B.

photon count rate, tp is the readout time, and NN is the number of NVs. For a volume-
normalized sensitivity, the scaling of sensitivity with ﬁ is removed by replacing N
with the 3D NV density psp.

In the main text, we use empirically determined coherence to calculate sensitivity,
but some care is required to interpret the outlook for improvements. For large den-
sities, T5 is limited by dipolar interactions and sensitivity ceases to scale favorably
with density in the naive Hahn Echo protocol. To see this, we further approximate
the sensitivity in the limit of zero overhead time ¢,,, = 0 and optimally chosen sensing
time 7 = a(p)T2, where « is an order 1 factor that depends on p:

T h e 1

Techo = g gens Cepp/a/NTs  VNT;

9)

As derived in the supplemental material for ref. [8], for a dipolar-limited ensemble
of dimension D, ﬁ ~ ppJP /3 where pp is the density in the appropriate units

2
for dimension D. Thus, for a 3D ensemble, psp7s is constant, whereas for a 2D

ensemble,; po DT22 /3 w P3 DT22 /3 is constant, where w is the layer thickness. Using N =
p3pV = pap A (where A is the area for a 2D ensemble), we find that volume-normalized
Hahn Echo sensitivity 7723 OW is independent of density for a 3D dipolar-limited
ensemble, but is even less favorable for a 2D dipolar-limited ensemble: nggl O\/_ ~
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Fig. 5 Magnetic imaging with (111) NV ensembles. (a) Plot of the magnetic field produced
by an Fe nanoparticle deposited on the diamond surface and encapsulated in type F objective oil. (b)
Dipole simulation for the field produced by a 2 pm-diameter iron particle with a magnetic moment of
2.216 pB/atom. Field contours at + 0.1 mT are indicated by red and blue lines in both plots. A gray
circle is drawn over the center of the particle where NV photoluminescence is quenched and ODMR
contrast is depleted.

pip '/t
p;gl . In order to reap the gains of increased sensor density in 2D, one has to decouple
dipolar interactions, which cannot be done effectively via conventional XY8-based
sensing protocols. However, as demonstrated in ref. [10], this barrier is relatively
straightforward to overcome by switching to DROID based sensing. The condition for
when sensitivity based on the DROID protocol is lower than sensitivity based on the
XY8 protocol is To prorp > 312, xvs. For most clean dipolar-limited ensembles we
expect this to be achievable and for DROID-based sensing to be the optimal method
to exploit denser 2D samples for sensing, though the practical limits of this sensing

protocol (aside from T}) are not yet clear.

or in terms of the more natural “area-normalized” sensitivity, 77231 JVA~

5.2 Magnetic imaging demonstration

We next demonstrate magnetic field imaging of a micrometer-scale Fe nanoparticle
deposited atop diamond sample A with ~ 120 nm-deep, grown-in (unirradiated) NV
centers. ODMR is performed over a 10x10 pm? region of NV centers, taking 100x100
pixels and sweeping the frequency from 2750-2850 MHz. The resulting spatial mag-
netic field plot is shown in Fig. 5a, with contour lines indicated at +0.1 mT. A gray
circle is drawn over the center of the particle because in this region the ODMR contrast
is depleted and the NV photoluminescence is quenched. Fig. 5b shows a simulated
dipole field due to a 2 pm-diameter Fe particle, assuming a magnetic moment of 2.216
nB/atom, and a 2D ensemble of (111) NV sensors 120 nm away. The dipole orienta-
tion is simulated with a polar angle # = 162° (into the page) and azimuthal angle ¢
= 164° (in the x-y plane). Similar dipole contours are drawn at £ 0.1 mT. The sim-
ulated field is 100x smaller than expected, which could be due to increased standoff
from the oil or smaller than expected particle radius. This demonstration shows that
our high-density (111)-aligned NVs provide a platform for applications in ensemble
magnetometry.



| | sample A | sample B | sample C | sample D |

crystal orientation (111) (111) (111) (001)
miscut, 6 (degrees) 3.0 0.96 1.6 1.1
[°N,]/[F2CH,] ratio | 25 %5 125 25
doping time (minutes) 1 1 10 10
SIMS nitrogen layer

thickness (nm) 58 3.2 17 8.8
SIMS nitrogen areal | 5, 1700 19000 200
density (ppm-nm)

SIMS nitrogen volume 260 520 1100 23
density (ppm)

As-grown NV density 45 0.65 B B
(ppm-nm)

As—g.rown DEER P1 126 6 B B
density (ppm-nm)

As-grown NV/P1 ratio | 0.04 0.11 - -
T]_E]M 12rrad1at10n dose 4619 B 6619 7620
(e”/cm?)

TEM DEER P1 den- 111 (219

. - 64 85
sity (ppm-nm) dose)

TEM NV  density 10 B 8 19
(ppm-nm)

TEM NV/P1 ratio 0.09 - 0.13 0.22

Table 2 Details of samples studied in this work. Dashed lines indicate
unmeasured quantities. “As-grown” measurements are taken on the unirradiated
regions of the diamond, but the samples have been through an annealing process
before characterization.

6 Summary of samples

Table 2 shows each sample studied in this work and the relevant characteristics. Sam-
ple C is a delta-doped (111) sample with SIMS data shown in Fig. 1b. Sample D
is a delta-doped (001) sample, also referred to as “sample S1”7 in ref. [7]. We note
that sample D represents the highest density (001) sample that we have produced to
date and its creation has not yet been reproducible, unlike with (111) samples. We
report NV/P1 ratios as a metric for NV~ creation efficiency, since SIMS measures all
nitrogen-related defects including those which cannot be converted to NV—[8].

7 XY8-ODMR details

7.1 Theory of measurement

The type of dynamical decoupling determines how robust this sequence is to pulse
error, where the ODMR peaks appear in frequency space, and in non-ideal cases
how much disorder remains. The XY8-ODMR sequence applies a weak probe 7 pulse
during an XY8 7 pulse train where we scan the microwave frequency of the weak
probe pulse to detect the resonance. Note that the initial state is prepared at either 0
or —1 (or +1), which is different from the conventional XY8 sequence for dynamical
decoupling, where the initial state is a coherent superposition of 0 and —1 (or +1).



The Hamiltonian in the lab frame can be written as

H :(WO + Wdisorder + WNV (t))‘s’z (10)

+2[2] () sin(wot) + Q25 (¢) cos(wot) + Qsin((wo + wa)t + ¢)] Sy,
where wp is the bare splitting of the NV, wqisorder iS the static disorder, wny ()
is the NV-NV interaction, which is time-dependent because the 7 pulse train keeps
alternating NV’s quantum state between 0 and —1, i.e.,

wnv(t) = (11)

wyy if nis even (NV is in the —1 state),

0 otherwise (NV is in the 0 state),
¢ is the relative phase between the fast and slow drive. The slow ODMR driving is of
a microwave frequency wo +wy and a Rabi frequency €. The fast XY8 driving is of a
microwave frequency wo (on resonance) and a Rabi frequency ) (¢) and Q5(¢), which
corresponds to the amplitude of the X and Y pulses. Here, we only keep the Ising
interaction between NVs which contributes to the spectrum and ignore the flip-flop
interaction.

In order to analyze the behavior of such pulse sequence, we can transform the
Hamiltonian into the toggling frame, the new spin operators S; are related to the
ones S; in the original frame by S; = ¢; (t)S'i, where ¢ = z,y, z. The Hamiltonian in the
toggling frame is

H = [wdisorder + WV (t)]cz (1) S5 + Q[cos(wqt + @) ce () Sz +sin(wat + @) ey (1) Sy], (12)

where the coefficients are

) 1 ift<71p,31, <t <47,,6m, <t <87, (13)
c =
* —1 otherwise,
) 1 if 27, <t <57, 77, <t < 87p (14)
I =
Y —1 otherwise,
1 if n is even
c.(t) = ’ 15
() {1 otherwise. (15)

The first term in the Hamiltonian gives the disorder-free spectrum which is only
limited by NV-NV interaction. Because c,(t) alternates its sign during the pulse
sequence, it echoes out the static disorder wqjsorderCz(t) =0 on average while the
NV-NV interaction survives wyv (t)c.(t) = wny /2. The second term in the Hamil-
tonian is the weak probe pulse. Due to the time dependence of the coefficient c,(t)
and ¢y (t), we perform the Fourier transform for the weak probe pulse, and get differ-
ent frequency components, resembling a frequency comb with a comb tooth spacing
1/87p. In this experiment, we use the comb tooth n = —2, i.e., the driving frequency is
Wprobe = Wd —2/(87p). As a result, the resonance is detected when wprobe =wnv /2, i€,

10



wg =wnv/2+2/(87p). In the experiment, the spectrum is observed at the microwave
frequency wo +wg = wo+wny/2+2/(87p), and the shape of the spectrum directly
maps out the random distribution of wyy. A theoretical framework and more details
of XY8-ODMR protocols can be found in a separate work in preparation [11].

7.2 Simulation of spectrum

Here we summarize a model for the dipolar coupling distribution and how the the-
oretical curves in Fig. 4 were constructed. Each NV in our ensemble is subject to a
mean magnetic field produced by other NVs nearby. The strength and direction of this
mean field is determined by the distances to other NVs (set by NV density), relative
angle between NVs (0° for (111) or 54.7° for (001) orientation), and spin orientation
(typically optically pumped into mg = 0). One effect captured by this model, visual-
ized in the data for (111) Sample C in Fig. 1 is that the mean field produced by the
surrounding NV bath is positive or negative relative to the external B field depending
on mg, causing a change in the asymmetry depending on spin initialization.
Importantly, our ensemble measurements include many positional configurations
due to imperfect spin initialization fidelity and because the confocal spot is much
larger than typical length scales over which NV-NV interactions are significant (i.e.,
different parts of the confocal spot can be treated as independently sampled positional
configurations). To simulate a mean field for an NV, K spins were randomly positioned
in a 400 nm x 400 nm x ¢ nm prism centered at the NV’s location (defined to be
the origin), with the (111) direction defined to point along the ¢t nm edge. t was
fixed in accordance with the parameters in Table 2. For the curves shown in Fig. 4
of the main text, we allowed K to vary and found better alignment with the data
if the NV density used was 70% of the density listed in line 12 of Table 2, which is
consistent with XY8-based density estimation likely overestimating the density by a
small factor due to the presence of dynamical disorder. The total field felt by the NV
was calculated as B=)", S sif(ri,0:,i), where J = 27 x 52 MHz nm?, 7;,0;,¢; are

3

the positions of spin 7 in cylindrical coordinates, f(r;,6;,¢;) = 3cos?(6;) —1 for a (111)
ensemble or (cos(¢;)sin(6;)+cos(¢;)sin(6;) +cos(#;))? — 1 for an (001) ensemble, and
si = :l:% is the value of the spin in the reduced spin-1/2 qubit basis (e.g., for 100%
spin initialization fidelity, s; = % for all spins). We note that this more complicated
angular dependence for (001) ensembles reduces to the formulas in Egs. 2 and 4 for
an infinitely thin layer. The full histogram of mean fields presented in Fig. 1 was
constructed by calculating the B-field as above 100,000 times using the experimentally
measured density and thickness from Table 2, Sample C.

In order to construct a more realistic theoretical spectrum for the XY8-ODMR
measurement presented in the main text, we introduced two broadening mechanisms.
First, in all cases we convolve the histogram with a lorentzian of linewidth 2a€) (where
Q is the probe ODMR rabi frequency, and « =1—1.2 is a small order 1 factor)
to approximate the effects of both power broadening (2 €2) and any disorder («)
that remains after dynamical decoupling. Second, we simulate the effect of imperfect
initialization fidelity by assuming 33% of the spins in the simulation are pointing in
the opposite direction with the same magnitude field. This “initialization fidelity”

11
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Fig. 6 Linewidth saturation of XY8-ODMR on (001) ensembles. (a) Various XY8-ODMR
spectra for different XY8 repetitions. Since the probe ODMR, pulse duration is matched to that of
total XY8 pulse duration, we effectively reduce the probe ODMR Rabi frequency as we increase XY8
repetitions. The spectra are fitted with Lorenztian distributions and normalized to the background
of the fits. (b) Extracted linewidth as a function of Rabi frequency. We notice the ODMR linewidths
become roughly unchanged when the probe Rabi frequency is reduced below 1 kHz.

parameter likely accounts for imperfect spin initialization at the beginning of the
sequence as well as imperfect pi pulse fidelity during the sequence.

7.3 Effect of power broadening

The dipolar-interaction limit is clearly observed for (111) ensembles as evidenced by
the asymmetry in the XY8-ODMR spectra. However, characterizing this limit for (001)
ensembles is more challenging since the true lineshape could be masked by broadening
mechanisms. One of the main sources of broadening is due to the laser power of the
probe ODMR pulse as well as imperfect initialization. In order to remove this source,
we increase the probe ODMR, pulse duration (i.e., by reducing probe ODMR Rabi
frequency) [12]. At small enough Rabi frequencies < 1 kHz, we observe saturation of
the spectral linewidth, as is shown in Fig. 6. This saturation confirms that we have
reached the dipolar-limited regime for the (001) sample and can confidently quantify
the symmetry of the lineshape.
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