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Optimizing the formation of depth-confined nitrogen vacancy center spin
ensembles in diamond for quantum sensing
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Spin ensembles of nitrogen vacancy (NV) centers in diamond are emerging as powerful spin-based sensors
for magnetic, electric and thermal field imaging with high spatial and temporal resolution. Here we characterize
the formation of depth-confined NV center ensembles, activated by electron irradiation in diamond layers grown
by plasma enhanced chemical vapor deposition with nitrogen co-doping. To do so, we exploit the high magnetic
sensitivity of ensembles of NV centers to probe their spin environment as a function of growth and irradiation
parameters. We engineer an NV ensemble whose magnetic sensitivity is within a factor of two of the static
NV-NV dipolar interaction limit, thus demonstrating a powerful platform for quantum sensing.
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I. INTRODUCTION

Nitrogen vacancy (NV) centers in diamond are excellent
sensors of magnetic and electric fields, temperature, and strain
due to their long quantum coherence times and simple optical
addressability [1]. While single NV centers can exhibit ex-
cellent spatial resolution [2–4], scanning a single NV center
over a large area for imaging is inherently slow. Ensembles
of NV center spins, localized close to the diamond surface,
present a powerful platform for imaging mesoscopic phenom-
ena with high sensitivity and high spatiotemporal resolution
when operated in a wide-field imaging modality. Recently,
NV ensembles have been used to image magnetic fields in
biological and condensed matter systems, achieving ms-scale
temporal resolution [5] and micron-scale spatial resolution
[6,7].

While ensembles of NV centers have reached subpicoTesla
magnetic sensitivity in millimeter-sized sensing volumes [8],
increasing the sensitivity of ensembles of NV centers in small
sensing volumes is an outstanding challenge. The sensitivity η

of a spin ensemble scales with the square root of its quantum
coherence time, T2, and the total number of NV centers,
NNV: η ∝ 1√

NNV·T2
, and hence it is desirable to have as many

sensor spins as possible in a small volume while maintain-
ing their long coherence time [9]. As spin-spin interactions
contribute to decoherence, the targeted density of NV sensor
spins should be high compared to all other paramagnetic
defects, such as P1 centers (interstitial nitrogen) and vacancy
related defects, so that mutual NV spin interactions are the
dominant source of decoherence. Decoherence due to, e.g.,
strain inhomogeneities and 13C nuclear spins must also be
minimized. Though the decohering effects of a non-NV spin
bath can be mitigated via driving techniques, as demonstrated
in a recent experiment [10], spin bath driving involves much
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added complexity. A starting material in which NV coherence
is limited by the NV-spin bath itself provides a powerful
platform for sensing experiments and for implementing tech-
niques that harness quantum correlations to further enhance
sensitivity [11–13].

Pathways towards creating NV center-rich diamond all
require nitrogen-rich diamond, a means of generating a high
density of vacancies, and subsequent annealing to form NV
centers. A high nitrogen concentration can be realized in high
pressure high temperature (HPHT) diamond, whose synthesis
results in high nitrogen content [14], diamond implanted with
nitrogen ions, or plasma enhanced chemical vapor deposi-
tion (PECVD)-grown diamond doped with nitrogen during
growth. For high-spatial resolution sensing, HPHT diamond
has the disadvantage that nitrogen is uniformly distributed
throughout the diamond, making it difficult to remove sig-
nal from NV centers far from the surface of the diamond,
increasing the background counts and therefore diminishing
sensitivity and spatial resolution. Nitrogen ion implantation
creates collateral damage in the lattice that can degrade the
coherence of individual NV spins [15]. Nitrogen-doping dur-
ing PECVD growth of diamond has produced reproducibly
highly coherent single NV centers with nanometer-scale depth
control [16,17], which has intriguing prospects for ensemble-
based sensing. However, despite the promise, little work
has focused on generating and characterizing high-density
NV spin ensembles formed via PECVD growth with depth-
confined nitrogen doping.

In this paper we combine nitrogen-doped, PECVD-grown
diamond with electron irradiation from a transmission elec-
tron microscope (TEM) to realize high-density ensembles of
NV sensor spins localized within a few hundred nanometers of
the surface. To optimize the tailor-made diamond, we tune the
nitrogen incorporation during growth as well as the vacancy
creation process via electron irradiation dosage and energy.
To facilitate a wide exploration of NV formation parameter
space, we utilize an important advantage of the TEM irra-
diation technique: the ability to confine electron irradiation
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FIG. 1. Schematic of a shallow, nitrogen-rich diamond layer irra-
diated with electrons in a series of 5–10 μm diameter spots (indicated
by pink circles) across the diamond. Magnifying glass highlights the
P1 and NV center spins introduced in the diamond lattice. Inset is a
fluorescence image of a TEM-irradiated spot upon 200 keV electron
irradiation and 1021 e−/cm2 dosage on sample C041. We note that
the spatially nonuniform fluorescence within the spot is a result of an
inhomogeneous laser intensity profile. Scale bar is 2 μm.

to micrometer-scale diameter spots, which allows for a large
range of energies and dosages across a single sample. We
subsequently characterize the diamond’s spin environment
and its interactions with the NV centers using double electron-
electron resonance (DEER) methods and instantaneous diffu-
sion. We identify decoherence stemming from P1 centers and
NV centers, with relative strengths tuned by the parameters
of the NV formation process. We home in on a range of NV
formation parameters where the NV ensemble coherence is
limited by static NV-NV dipolar interactions and the forma-
tion of other defects is negligible. Decoherence due to other
sources, such as strain and 13C nuclear spins, is also negligible
in our tailor-made diamond.

II. NV ENSEMBLES IN PECVD-GROWN,
ELECTRON-IRRADIATED DIAMONDS

A. Sample preparation

The single-crystal diamond films studied here are fabri-
cated in house by nitrogen doping during PECVD growth
followed by electron irradiation and annealing [16,17]. The
samples are grown on commercially available 2 × 2 mm2

electronic grade diamond substrates (Element Six). Prior to

growth the samples are polished to sub-nanometer surface
roughness and etched 500 nm using an Ar/Cl inductively
coupled plasma to remove polishing-induced strain. Three
samples are studied here: C031, C041, and C044.

C031 and C041 are doped with 99% 15N isotopically
pure gas and C044 is grown with natural (99% 14N) isotopic
purity gas. The growth proceeds as follows: a 32-nm undoped
diamond buffer layer is grown, followed by a 500-nm-thick
nitrogen-doped layer formed by introducing nitrogen gas with
a flowrate of 0.1–5 sccm. The nitrogen is then turned off and
a final 50-nm diamond cap is grown. The samples are then
irradiated by a transmission electron microscope with 145 or
200 keV electrons in doses ranging from 1019–1022 e−/cm2.
The electron irradiation is done in 10-μm-diameter spots on
sample C031 and 5-μm-diameter spots on samples C041 and
C044. After irradiation the samples are annealed for 48 hours
in Ar/H2 forming gas at 850 ◦C to activate vacancy diffusion.
Samples C041 and C044 are then cleaned in boiling mixture
of nitric, sulfuric, and perchloric acids (1:1:1 mixture ratio)
for 1 h; C031, being only 20 μm in thickness, was considered
too fragile for this process. All samples are then annealed
for 4 h in an oxygen atmosphere at 450 ◦C. More details on
the PECVD growth and NV formation can be found in the
Supplemental Material [20].

Figure 1(a) is a schematic of the samples formed in this
work, showing a shallow, nitrogen-rich diamond layer irradi-
ated locally with electrons in 5–10 μm diameter spots, where
the electron dosage and energy vary between spots. In each
spot the dominant spin species, P1 centers and NV centers,
are highlighted. The inset shows a wide-field image of a
typical TEM-irradiated spot, where the bright fluorescence
[∼1011 counts/(s μm2)] at only few percent optical saturation
stems from the high density of NV centers formed. Table I
presents the three samples used here and lists the relevant
parameters that vary between samples.

B. Methods

Measurements are taken on a homebuilt wide-field micro-
scope under ambient conditions. A 520-nm diode laser excites
the NV center ensembles and imaging is performed with a
charge coupled device (CCD) camera. For data presented in
which pulse sequences are used, NV center fluorescence from
the entire excitation spot is focused onto a avalanche photo
diode (APD), with sufficient attenuation to avoid saturation
of the APD. Radiofrequency (RF) signal generators are used
for controlling the NV centers and P1 centers. Mulitple RF
signals (∼ GHz for NVs and 100’s of MHz for P1 centers) are
combined before amplification and sent through a common
RF antenna fabricated on a glass cover-slip, on which the
diamond is placed. A circular antenna geometry is chosen

TABLE I. Parameters for diamond samples used in this work.

Sample name Nitrogen flow rate Nitrogen isotope Electron energies Electron dose range

C031 0.1 sccm 15N 145 keV 6.3 × 1020–2.5 × 1021 e−/cm2

C041 1 sccm 15N 145 and 200 keV 1019–1022 e−/cm2

C044 5 sccm 14N 145 and 200 keV 1019–1022 e−/cm2
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to reduce inhomogeneities in microwave power across the
excitation area on the diamond.

III. MEASUREMENT TECHNIQUES

Carefully quantifying both the P1 precursor spin density
(nP1) and the NV density (nNV) are central to this work.
The P1 spin density ultimately limits the NV density and is
a source of spin decoherence. As it is difficult to measure
the small number of spins present in our samples with stan-
dard bulk electron paramagnetic resonance (EPR) techniques,
whose spin number sensitivities are typically ∼1010 per 1 G
linewidth [18] at room temperature and X-band, we utilize
the high sensitivity of the NV center spin in conjunction
with DEER techniques to probe nP1 and nNV. Specifically,
we use the NV spin ensemble to detect its average magnetic
field environment, consisting of other NV spins, residual P1
precursor spins, and any other sources such as vacancy related
defects. We use Hahn echo-based DEER measurements as
well as instantaneous diffusion effects to measure the spin
bath densities by quantifying the interactions in the different
spin baths.

A. Hahn echo-based DEER sensing

Figure 2 shows the Hahn echo-based DEER measurements
used to probe spin bath densities. Here, the NV centers are
the probe spins; when subject to a Hahn echo pulse sequence
these probe spins respond maximally to a static magnetic
environment that is inverted by a pump π -pulse. This pump
π -pulse recouples the static dipolar interaction between the
bath and NV spins.

We first identify the P1 spin transition frequencies as
seen in Fig. 2(a), which shows a P1 center spectrum taken
in an external magnetic field (B0) of 180 G aligned to the
(111) crystal axis. The spectrum, obtained by sweeping the
frequency of the pump (P1) π -pulse and monitoring the NV
center fluorescence, shows the characteristic 15N P1 center
spectrum [19].

When the pump π pulse is resonant with a P1 transition, the
dipolar interactions between NV and P1 spins are recoupled,
causing a drop in the coherence of the NV center probe,
which is manifest as a drop in NV photoluminesence (PL)
signal. The PL signal that is plotted is the difference between
the |ms = 0〉 and |ms = 1〉 NV spin state projections (see
Supplemental Material [20]). The two outermost peaks in
the spectrum correspond to the hyperfine lines of P1 centers
aligned with B0 and the two strongest peaks correspond to
the hyperfine lines of the three other P1 center orientations
that are magnetically equivalent in the given magnetic field
arrangement. The small central peaks can be explained by
additional, weakly allowed transitions that appear between
hyperfine states of the coupled electron spin and nuclear spin
of the P1 center. We emphasize that with 145 keV elec-
trons (dosage � 1022 e−/cm2) and with 200 keV electrons
(dosage � 1021 e−/cm2) we do not see evidence of g = 2
spins at 500 MHz nor other spins over a GHz frequency range,
suggesting that other spin concentrations besides P1 centers
are comparatively low. It should also be noted that we would

FIG. 2. P1 spectrum and spin density. (a) Frequency-swept
DEER spectrum of P1 centers in a 180 G external magnetic field
with fits to the dominant P1 electronic spin transitions, showing the
characteristic P1 hyperfine coupling. The pulse sequence is shown:
the delay time between the NV probe pulses, τ , is fixed to 800 ns
and the time between the pump π pulse and final probe π/2 pulse,
T , is fixed. The pump and probe π pulses are offset by 50 ns to
protect the microwave amplifier. Data taken on a nonirradiated area
of sample C041. (b) Hahn echo coherence decay taken with the
pump-pulse-swept DEER sequence shown (pump frequency is fixed
to fpump). Solid lines are mono-exponential fits that yield the P1
density [Eq. (1)]. Data taken on sample C041 on a nonirradiated area
(nP1 = 20 ppm) and on a spot irradiated with 200 keV electrons at
a dose of 1020 e−/cm2 (nP1 = 10 ppm). τ was fixed to 2.75 μs and
3.75 μs for the nonirradiated and e− irradiated areas, respectively.

likely not see g = 2 spins if their line width was broad as seen
by Tetienne et al. [6].

We next show how we measure P1 density using the pulse
sequence in Fig. 2(b). By fixing the frequency of the pump
π -pulse to one of the aligned P1 spin transitions, fpump in
Fig. 2(a), and sweeping the pump pulse in time with respect
to the final π/2-pulse in the NV Hahn echo sequence, we can
control the degree to which we recouple the P1 center spins.
In such a measurement, the ensemble average of the static
dipolar interactions will give rise to a mono-exponential echo
decay of the coherence of the probe spins (SE) that depends
on the density nbath of inverted bath spins [21,22] and the time
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they were recoupled into the Hahn echo, T :

SE (n, T ) ∝ exp(−AγNVγbathnbathT ), (1)

where γ denotes the spin species’ gyromagnetic ratio and A
a numerical prefactor that depends on the angle between the
quantization axes of the probe and pump spins (in case S > 1).
Both the P1 and the NV spin densities can be measured with
this technique.

Because B0 is large compared to the hyperfine splitting
of the P1 centers and the NV probe is aligned to B0, we
assume the quantization axes of the NV center probe and
P1 centers are the same. Therefore, the prefactor AγNVγbath

becomes 292 kHz/ppm [23]. To further improve the accuracy
of our measurement we correct our estimate of nbath to account
for the fidelity of our pump π pulse, which we calculate
considering the spatial inhomogeneity of the microwave mag-
netic field and the coherence time of the pump spins (see
Supplemental Material [20]). We note that Eq. (1) holds true
when the correlation time of the spins (τc) is longer than
the measurement time (2τ < τc), known as the quasi-static
regime; in this regime, the decay in Eq. (1) is due to static
dipolar interactions. The τc of the entire diamond spin bath
was measured longer than a millisecond in all three samples
(see Supplemental Material [20]).

In Fig. 2(b) we plot the NV coherence decay versus the
recoupling time for two different areas on sample C041, one
irradiated with electrons and one nonirradiated. Fits to the data
using Eq. (1) give nP1 = 10 ppm for the electron-irradiated
area, and nP1 = 20 ppm for the nonirradiated area. The
factor of 2 decrease in nP1 results from irradiation-induced
conversion of P1 centers.

We also use the DEER technique to measure NV center
spin density nNV, where we use the NV center spins aligned
with B0 as pump spins and the other NV orientations as probe
spins. In the analysis of the data, we include a correction to
the prefactor A due to the large NV center zero-field splitting
that determines the NV quantization axis at the low B0 used in
these studies (see Supplemental Material [20]). In this paper
we use both DEER and instantaneous diffusion, explained in
the next section, to extract nNV.

B. NV density detection via instantaneous diffusion

At high NV densities compared to all other spin defect
densities, NV-NV spin interactions begin to dominate the NV
spin decoherence. In this regime, instantaneous diffusion can
be used to probe NV-NV spin interactions and hence nNV.
This powerful technique has been used to detect interactions
in phosphorus spins in silicon [24], P1 centers in diamond
[23,25], and NV centers in diamond [26]. In an instantaneous
diffusion measurement (Fig. 3), Hahn echo sequences are
performed on NV center spins while the angle, and hence
the fidelity, of the central inversion pulse is varied [27]. The
central pulse inhibits the decoupling of the probed spins’ mu-
tual dipolar interactions, resulting in decoherence in a process
known as instantaneous diffusion. Reducing the angle of the
central pulse reduces instantaneous diffusion, thus increasing
the coherence of the ensemble. It should be noted that as the
fidelity of the central pulse decreases, the signal of the echo
also decreases. For nonunity pulse fidelities, we use phase

FIG. 3. Quantifying NV-NV interactions with instantaneous dif-
fusion. (a) Hahn echo coherence measurements on NV spins taken
with three different flip angles θ of the central pulse. As θ deviates
from π the coherence of the NV spin bath is increased, indicating
that dipolar interactions between probed spins limit the coherence
(so-called instantaneous diffusion). Solid lines are exponential fits
to the data. (b) Inverse coherence time, extracted from fits to the
data in (a) plotted as a function of averaged inversion pulse fidelity
〈sin2(θ/2)〉. Linear fit to the data (solid line) yields the density of
probed NV spins. Data taken on sample C041, 200 keV, 1020 e−/cm2.

cycling (see Supplemental Material [20]) to remove the effects
of free induction decay.

In analogy to Eq. (1), the Hahn echo signal is described by

SE
(
np

NV, θ, τ
) ∝ exp

( − Aγ 2
NVnp

NV〈sin2(θ/2)〉τ)
, (2)

where np
NV is the density of the NV spin class being probed

(np
NV = nNV/4), and θ is the central pulse’s flip angle [21,28].

For the monoexponential coherence decays in Fig. 3(a) taken
on sample C041, Eq. (2) states that 1/T2 ∝ 〈sin2(θ/2)〉 and
hence the slope of the linear fit to the data in Fig. 3(b) yields
the interaction strength of the probed NV center spin class
to be (80 ± 3) kHz, corresponding to a total NV density
nNV = (2.2 ± 0.2) ppm, which takes into account a factor of
4 to include all 4 NV classes.

Measuring spin densities with instantaneous diffusion is
useful in situations where only a single MW frequency can
be applied [29], but can be challenging to interpret in the
presence of electron spin echo envelope modulation (ESEEM)
effects from, e.g., a 13C nuclear spin [30]. The measure-
ments shown in Fig. 3 are done on a 12C-isotopically pure
diamond sample that shows a mono-exponential Hahn echo
decay. The DEER technique is preferable in the presence of
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FIG. 4. Summary of spin density and optimization of magnetic sensitivity. (a) P1 spin density as a function of nitrogen gas flow during
growth for the three samples studied. Data is taken in lightly irradiated regions, where nP1 is minimally altered by irradiation. (b) NV density
and (c) NV conversion efficiency as a function of electron irradiation dose for 145 keV electrons. (d) P1 and NV spin densities as a function
of electron irradiation dose for 200 keV electrons on sample C041. (e) The inverse square root of the product of the probed NV spin density
(np

NV = nNV/4) and coherence time T2, which relates to the magnetic sensitivity. The dashed line indicates the limit achieved when decoherence
is solely due to static dipolar interaction between probed NV centers. We note that there are two almost-overlapping data points at 1022 e−/cm2

for C041, 145 keV and C041, 200 keV.

ESEEM because the probe delay time, τ , remains fixed during
the sequence. DEER techniques are also more sensitive at
lower NV spin densities. We note that we find good agree-
ment between nNV measured via DEER measurements and
when possible, instantaneous diffusion. For C041 (145 keV,
1021 e/cm2), where the decay is monoexponential, we mea-
sure nNV = 430 ± 15 ppb (480 ± 30 ppb) via instantaneous
diffusion (DEER).

IV. DISCUSSION

A. Optimizing NV ensemble magnetic sensitivity

We use the techniques described in Sec. III to explore a
wide phase space of NV center formation parameters to opti-
mize the A.C. magnetic sensitivity of our NV ensembles. We
summarize our results in Figs. 4(a)–4(d), which demonstrate
our control over nP1 and NV center density and conversion
efficiency, and showing our ability to form an NV ensemble
optimized for magnetic sensing.

Figure 4(a) plots nP1 in three diamond films grown with
different N2 flow rates during CVD growth. Spin density

measurements, using Hahn echo-based DEER described in
Sec. III A, were performed on lightly irradiated
(<1018 e−/cm2) areas of the samples where nP1 is minimally
affected by irradiation. Increasing the N2 flow rate from 0.1 to
5 sccm increases nP1 in the grown diamond from 6 to 22 ppm.
Because the change in nP1 from 1 to 5 sccm N2 is smaller than
from 0.1 to 1 sccm N2, we may be seeing some saturation in
the incorporation of substitutional nitrogen.

Introducing vacancies into the diamond via electron irradi-
ation from a TEM allows for precise control over the electron
dose and energy. We irradiate using 145 keV electrons, just at
the threshold energy for vacancy creation in diamond [17,31–
33], and 200 keV electrons. The 145 keV (200 keV) elec-
trons form vacancies in the first micrometer (60 μm) of the
diamond [17].

In Figs. 4(b) and 4(c) we show control over both nNV

[Fig. 4(b)] and conversion of P1 centers to NV centers
[Fig. 4(c)] by tuning the electron irradiation dosage from
6.3 × 1020 to 1022 e−/cm2 at 145 keV. The NV conver-
sion efficiency is defined as the ratio of nNV to the start-
ing nP1. Both nNV and NV conversion efficiency increase
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with electron dosage without apparent saturation. Higher
electron dosages were not explored because of the pro-
hibitively long electron irradiation times needed. NV densities
were measured using Hahn echo-based sensing described in
Secs. III A and III B.

Figure 4(d), which plots nP1 and nNV as a function of
electron dosage (1020–1022 e−/cm2) for 200 keV electrons,
shows markedly different behavior. First, the NV conversion
efficiency is significantly larger for 200 than 145 keV elec-
trons for dosages at and below 1021 e−/cm2. For example,
on C041, we achieve only 2% NV conversion efficiency with
1021 e−/cm2, 145 keV electrons, whereas we achieve 13%
NV conversion efficiency with 200 keV electrons for the
same dose. The dependence of nNV on electron dosage is
also different: nNV initially increases with dosage and then
drops at 1022 e−/cm2. While NV0 may be present, we note
that NV0 formation cannot explain the large “missing” nP1;
we consistently measure a high (∼10%) fluorescence contrast
between the |0〉 and |1〉 states, indicating a relatively low NV0

concentration.
Importantly, Fig. 4(e) shows how we are able to home

in on an optimized set of growth and irradiation parameters
that realize an NV ensemble whose magnetic sensitivity is
nearly limited by dipolar interactions between the sensor
spins themselves. In this NV-NV interaction-limited regime,
the parameter (np

NVT2)−1/2, which determines the ensemble
sensitivity, reaches a theoretical limit of 12.1 (ms ppm)−1/2

[22,34] because T2 ∼ 1/np
NV when dominated by NV-NV

dipolar interactions. The dashed horizontal line in Fig. 4(e)
indicates this theoretical value. We note that we use np

NV here
to indicate the density of one NV spin class, which acts as
the sensor spins. The NV spins of other orientations neither
contribute to sensing, nor to decoherence, because they are all
assumed polarized into the nonmagnetic |ms = 0〉 state.

The data in Fig. 4(e) plots (np
NVT2)−1/2 as a function of

electron irradiation dosage for 145 and 200 keV electrons.
For 145 keV electrons (filled data points) the sensitivity of
our samples improves with increased electron dosage. This
improvement occurs because nNV increases with dosage while
T2 does not change appreciably (T2 results are presented in the
SI). In contrast, for 200 keV irradiation (open data points),
the sensitivity improves with dosage up to 1020 e−/cm2, and
then starts to degrade. This sensitivity degradation is due to a
reduction in both nNV, as seen in Fig. 4(d), and in T2, which
we explain by the proposed presence of divacancy or other
vacancy-related defects that limit the NV− coherence.

A key result is that with a dose of 1020 e−/cm2, 200
keV electrons (sample C041) we produce an ensemble with

nNV = 2.2 ppm, np
NV = 0.55 ppm, T2 = 4.9 μs, and

(nNVT2)−1/2 = (19 ±0.4) (ms ppm)−1/2, which is a factor
of 1.6 away from the optimum dipolar-limited sensitivity.
Assuming a typical photon count rate of 150 kCnt/(s NV), the
fluorescence of the |1〉 state is 0.9 of the fluorescence of the
|0〉 state as measured on our apparatus, 300 ns for NV readout,
and an overhead time of 1 μs, we estimate an A.C. sensitivity
of 1.2 nT/

√
Hz in a 1 μm3 sensing volume [35]. Further

details on this calculation are found in the Supplemental
Material [20].

B. Conclusions and future work

Producing a highly coherent, depth-confined ensemble of
NV centers is critical for applications in wide-field mag-
netometry. Having reached nearly dipolar-interaction-limited
coherence times, our NV ensembles are excellent platforms
to augment magnetometry experiments with advanced sensing
techniques such as multiplexing for vector magnetometry [36]
and using quantum correlations [11–13] to go beyond the
dipolar-interaction limit to sensitivity.

Pathways towards forming NV ensembles that eke
out a further 1.6× improvement in sensitivity to reach
the theoretical dipolar-interaction limit of (np

NVT2)−1/2 =
12.1(ms ppm)−1/2 could include post-annealing above
1100 ◦C to remove divacancies or other defects [15,37],
or irradiating while annealing to further improve the NV
conversion efficiency [38]. Future studies will also involve
scaling up the lateral dimensions of the NV ensembles using
higher fluence electron sources.

Other potential applications that could utilize these opti-
mized high-density NV ensembles include the exploration of
driven, strongly interacting spin systems [39–42] and hybrid
quantum systems that couple NV spin ensembles to supercon-
ducting qubits [43].
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