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Ensembles of nitrogen-vacancy (NV) centers in diamond are versatile quantum
sensors with broad applications in the physical and life sciences. The
concentration of neutral substitutional nitrogen ([N0

s ]) strongly influences NV
electronic spin coherence times, sensitivity, and optimal sensing strategies.
Diamonds with [N0

s ] ~ 1–10 ppm are a focus of recent material engineering
efforts, with higher concentrations being favorable for continuous-wave optically
detected magnetic resonance (CW-ODMR) and lower concentrations expected
to benefit pulsed magnetometry techniques through extended NV spin
coherence times and improved sensing duty cycles. In this work, we
synthesize and characterize low-[N0

s ] (~0.8 ppm), NV-enriched diamond
material, engineered through low-strain chemical vapor deposition (CVD)
growth on high-quality substrates, 12C isotopic purification, and controlled
electron irradiation and annealing. Our results demonstrate good strain
homogeneity in diamonds grown on CVD substrates and spin-bath-limited NV
dephasing times. By measuring NV spin and charge properties across a wide
range of optical NV excitation intensity, we provide direct comparisons of
photon-shot-noise-limited magnetic field sensitivity between the current low-
[N0

s ] and previously studied higher-[N0
s ] (~14 ppm) NV-diamond sensors. We

show that low-[N0
s ] diamond can outperform higher-[N0

s ] diamond at moderate
and low optical NV excitation intensity. Our results provide practical benchmarks
and guidance for selecting NV-diamond sensors tailored to specific experimental
constraints and sensing requirements.
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1 Introduction

Nitrogen-vacancy (NV) centers in diamond are a leading quantum sensing platform
due to favorable optical and electronic spin properties (Barry et al., 2020), with wide-
ranging applications, including in condensed matter physics (Ku et al., 2020; Zhang et al.,
2021; Rovny et al., 2024), electronics systems (Turner et al., 2020; Garsi et al., 2024),
geoscience (Glenn et al., 2017; Fu et al., 2023), and life science (Barry et al., 2016; Aslam
et al., 2023; Schirhagl et al., 2014). Extensive research has focused on magnetic sensing and
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imaging using ensembles of NV centers. However, experimentally
realized sensitivities remain several orders of magnitude below the
fundamental spin-projection limit (Hart et al., 2021; Barry et al.,
2024). A recent review (Barry et al., 2020) highlights strategies for
further improving sensitivity, including extending spin coherence
times through advanced pulse sequences and targeted material
engineering.

A key material engineering parameter affecting NV ensemble
magnetic sensing performance is the concentration of neutral
substitutional nitrogen ([N0

s ]), which strongly influences NV
formation, charge stability, and spin coherence properties.
Diamonds with higher [N0

s ] provide increased NV center density
and improved NV− charge stability due to electron-donating
nitrogen. However, higher [N0

s ] also creates a dense
paramagnetic spin bath, significantly limiting NV spin coherence
times. Conversely, lower [N0

s ] materials offer improved coherence at
the expense of NV density and charge stability. Previous studies
identified an optimal [N0

s ] range around 1–10 ppm for balancing
these competing factors (Bauch et al., 2018; Edmonds et al., 2021).

In prior work (Edmonds et al., 2021), we synthesized chemical
vapor deposition (CVD) diamonds with relatively high [N0

s ]
(nominally 14 ppm), demonstrating a favorable balance between
NV density and Ramsey dephasing time T2* for broadband DC
magnetic sensing. Shorter T2* also reduces the demand on bias
magnetic field homogeneity. However, sensitivity assessments using
simplified metrics like ~η � ([N0

s ] × T2*)−1/2 inadequately capture
experimental overheads from NV spin initialization and readout.
Such overheads particularly impact pulsed magnetometry protocols,
which are advantageous for high-sensitivity measurements due to
their separation of microwave and optical broadening effects

inherent in continuous-wave optically detected magnetic
resonance (CW-ODMR) methods (Barry et al., 2020).
Accounting for these overheads shifts the sensitivity optimum
toward lower [N0

s ] diamonds (Figure 1), where longer coherence
improves sensing duty cycles.

Realizing these sensing advantages with low-nitrogen diamond
materials necessitates careful control of other material parameters.
These include 12C isotopic purification to minimize 13C nuclear
spin noise, optimization of growth conditions to reduce strain and
other unwanted defect densities, and controlled irradiation and
annealing processes to achieve high N0

s -to-NV conversion while
preserving the NV− charge fraction despite lower donor
concentrations.

In this work, we report the synthesis and characterization of low-
[N0

s ] (~0.8 ppm) diamond material for pulsed NV ensemble
magnetometry. Focusing on Ramsey-based DC magnetic field
sensing, we show that combining low-strain CVD growth, 12C
isotopic purification, and controlled electron irradiation and
annealing yields NV-enriched diamond materials with spin-bath-
limited dephasing times. We directly compare photon-shot-noise-
limited sensitivity between an example low-[N0

s ] sample and a
previously studied high-[N0

s ] diamond Edmonds et al. (2021), by
characterizing NV spin and charge properties across a range of laser
intensities used for optical NV excitation (i.e., NV spin initialization
and readout). The low-nitrogen sample demonstrates improved
sensitivity, particularly at moderate and low optical powers. This
study provides practical benchmarks and guidance for selecting NV
diamond sensors across diverse magnetometry applications,
considering experimental constraints and sensing requirements,
and also informs future diamond material engineering efforts.

FIGURE 1
(a) NV ensemble DCmagnetic field sensitivity estimated using the simplified metric 1/~η �

����������
[N0

s ] × T2*
√

, assuming spin-bath-limited T2* and 99.995%
isotopic enrichment of 12C. Corrections accounting for experimental overhead time (tO) are included by multiplying with 1/

������������(T2* + tO)/T2*
√

(cf. Equation
1). With zero overhead (blue line), sensitivity plateaus for [N0

s ]≳ 1 ppm. However, incorporating an overhead of 10μ s, typical in pulsed Ramsey protocols,
shifts the optimal [N0

s ] towards lower values (red line). A preliminary comparison between the current low-[N0
s ] samples (~0.8ppm) and a previously

characterized high-[N0
s ] sample (~14ppm) suggests a nearly threefold sensitivity improvement. (b) Estimated optimal nitrogen concentration, and

sensitivity improvement between 0.8ppm and 14ppm samples as functions of overhead time (tO). (c) Schematics comparing NV magnetometry
protocols based on continuous-wave optically detectedmagnetic resonance (CW-ODMR) and pulsed Ramsey. CW-ODMR has nominally zero overhead
but suffers from intrinsic competition between simultaneous microwave (MW) and optical NV excitation. Pulsed Ramsey avoids these competing effects
but incurs non-negligible overhead from NV initialization and readout.
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2 Material and experimental methods

2.1 Parameters relevant to sensitivity

The photon shot-noise-limited magnetic sensitivity of an NV
ensemble Ramsey-based DC magnetometry protocol is given by:

ηphoton−shotRamsey � 1
Δmsγe

1���
Nτ

√ 1

e−(τ/T2*)p
���������
1 + 1

C2navg

√ �����
τ + tO
τ

√
, (1)

where Δms denotes the spin-state transition (1 for single-quantum
and two for double-quantum transitions (Mamin et al., 2014)), γe is
the electron gyromagnetic ratio, N is the total number of NV−

contributing to the measurement, τ is the spin free-precession time
during sensing, T2* and p characterize the NV spin dephasing time
and Ramsey decay envelope shape, C is the NV spin-state-
dependent photoluminescence (PL) measurement contrast, navg is
the average PL photon number detected per NV− per measurement,
and tO is the total experimental overhead time including
initialization and readout.

T2* for an NV ensemble can be expressed as the inverse sum of
several common dephasing mechanisms (Bauch et al., 2018; Barry
et al., 2020):

1
T2*

� 1
T2, N0

s[ ]*
+ 1
T2, 13C[ ]*

+ 1
T2,NV−NV*

+ 1
T2, strain*

+ 1
T2,bias*

. (2)

The first two terms represent the spin-bath noise from substitutional
nitrogen and residual 13C in the diamond lattice, with their
contributions scaling directly with respective concentrations. The
third term accounts for NV–NV dipolar interactions, which can be
significant in high NV density samples created by irradiation and
annealing. The last two terms account for spatial variation
(inhomogeneity) in lattice strain and the applied bias magnetic
field. Quantification of [N0

s ], [NV], 13C content, and strain is
therefore essential for confirming whether a given diamond
sample achieves spin-bath-limited dephasing.

The NV optical excitation intensity further affects the photon-
shot-noise-limited sensitivity by modifying the NV− charge fraction,
and hence the effective number of sensors N. Since NV− and NV0

have overlapping emission spectra and different PL brightness, both
the measurement contrast (C) and detected photon number per
NV− (navg) vary with excitation laser intensity. Additionally, the
experimental overhead time tO, which includes NV spin
initialization and readout, also depends on optical NV excitation
intensity. Therefore, in addition to measuring T2*, it is important to
characterize these parameters as functions of excitation intensity to
enable a complete sensitivity assessment.

2.2 Diamond synthesis and treatment

The diamond samples studied here are grown on a diamond
substrate by Element Six using microwave-plasma-assisted chemical
vapor deposition (CVD). Nitrogen-doped CVD diamond materials
can exhibit an increased fraction of positively charged substitutional
nitrogen ([N+

s ]), associated with undesirable brown coloration. This
coloration increases absorption of excitation light and NV PL, and is
correlated with elevated concentrations of paramagnetic defects

related to vacancies (Khan et al., 2010; 2009; Hounsome et al.,
2006; Fujita et al., 2009) and hydrogen (Glover et al., 2003; 2004). To
mitigate these effects and achieve a homogeneous distribution of
nitrogen with [N0

s ] ≈ 1 ppm, key synthesis parameters–including
substrate temperature, CH4/H2 ratio, and N2 concentration–are
carefully chosen, according to the methods outlined elsewhere
(Edmonds et al., 2021) and in the Supplementary Material.
Additionally, CH4 sources isotopically enriched with 12C
(>99.99%) are used. Deposition conditions are controlled for the
duration of the run to avoid the formation of non-epitaxial
crystallites on the main growth surface; and twinning at the
edges of the samples is also minimized to avoid a reduction in
usable surface area for the final processed plates.

Crystal strain in CVD-grown diamond layers is strongly
influenced by the dislocation density, and dislocations typically
propagate along the growth direction (Martineau et al., 2004;
Gaukroger et al., 2008). Key sources of dislocations include those
nucleated at the substrate–growth interface due to substrate
polishing damage, and dislocations threading from the substrate
into newly grown layers. Additionally, mismatches in nitrogen
concentration between the substrate and growth layers can
induce bulk stress due to lattice mismatch (Friel et al., 2009).
Thus, careful selection and preparation of substrates is critical.

The substrates are CVD single-crystal diamonds with low
nitrogen content ([N0

s ] ≤ 1 ppm), closely matching the nitrogen
concentration of the intended growth layer (~0.8 ppm). Substrates
are selected based on low birefringence, indicative of a low density of
dislocations that are likely to thread into the growth. Substrates have
typical dimensions of approximately 3.5 × 3.5 × 0.3mm3, with a
mechanically polished {100} surface prepared by standard scaife
techniques (Schuelke and Grotjohn, 2013; Hird and Field, 2004).
After approximately 1.2 mm of growth, the newly grown CVD
diamond layers are laser-sliced to detach from substrates, and only
the central 3 × 3mm2 region is retained, avoiding dislocations
propagating from substrate edges.

Following processing, electron irradiation and annealing is
performed to convert grown-in [N0

s ] defects into NV centers.
Samples are irradiated using a 1.5 MeV electron beam at an
estimated dose of ~4.8 × 1017 cm-2, targeting approximately 50%
N0

s -to-NV conversion rate. This target maximizes NV PL whilst not
introducing excess vacancies that are not converted to NV centers
(Hartland, 2014) and could detrimentally affect NV− charge stability
and coherence time. Annealing is carried out using a previously
established ramp profile with a final temperature of 1,200 °C for 2 h
(Edmonds et al., 2021).

2.3 Wide-field strain mapping

Strain variations across each NV-diamond sample are mapped
using CW-ODMR in a wide-field imaging configuration, as
previously described in Ref. Roncaioli et al. (2024). Briefly, a
532 nm laser beam (~1 W) illuminates the diamond at a shallow
incidence angle. Before reaching the diamond, a 30 mm focal-length
cylindrical lens shapes the laser beam into an elliptical profile,
measuring ~10mm by ~700 μm, ensuring uniform illumination
across the diamond. NV PL is collected using a 0.1NA, 4×
objective and imaged onto a camera.
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A bias magnetic field ~50G is applied to the NV-diamond
sample under study using a pair of permanent magnets, with the
field oriented such that spin resonances from all four NV
orientations in the diamond lattice are resolved. This
configuration allows extraction of the NV spin-strain coupling
terms (Mz) following the method described in Kehayias et al.
(2019). Microwaves are delivered to the sample using a loop-gap
resonator (Eisenach et al., 2018). Pixel-by-pixel fitting of the NV
Hamiltonian to the CW-ODMR spectra is performed using GPU-
accelerated fitting (Przybylski et al., 2017), generating full-diamond
strain maps.

2.4 Confocal spin and charge
characterization

NV spin dephasing times (T2*), charge-state fractions, PL contrast,
and experimental overhead (spin initialization and readout) are
measured using a custom-built confocal setup. Measurements are
performed as functions of optical NV excitation intensity.

To achieve uniform optical NV excitation, the 532 nm laser
beam is focused to a waist diameter of about 15 μm by underfilling a
0.75NA, 20× objective. A pinhole in the detection path restricts NV
PL collection to a smaller (~6 μm diameter, ~10 μm depth) region at
the center of the beam spot. The optical intensity at the diamond
surface is determined from the average intensity within the restricted
collection volume, and is controllably varied from approximately
10−3 to 101 mW/μm2.

Microwave pulses for NV spin-state manipulation are delivered
via a coaxial loop near the diamond surface, achieving Rabi
frequencies ~5 MHz. A bias magnetic field (~20 G), aligned
along a single NV crystallographic axis, is optimized to minimize
spatial inhomogeneity within the probed region, similar to Bauch
et al. (2018).

For NV charge-state determination, PL emission is collected
through a multimode optical fiber coupled to a spectrometer.
Recorded emission spectra are decomposed into NV− and NV0

spectral profiles (Aude Craik et al., 2020). NV− charge fractions are
then quantified using the intensity ratio between NV− and NV0 PL
(Alsid et al., 2019).

3 Results

3.1 Synthesized diamonds

We first study ten low-[N0
s ] diamonds, grown in a single

synthesis run, prior to irradiation and annealing. Measurements
of [N0

s ] performed via UV-Vis absorption (Edmonds et al., 2021)
yield values in the range of 0.73 − −0.88 ppm. Optical birefringence
imaging at 590 nm wavelength, performed using techniques
outlined in (Glazer et al., 1996; Friel et al., 2009), yields average
birefringence (Δn) across the samples between 2.6 × 10−6 and
5.2 × 10−6 (Figure 2), indicative of generally good strain
homogeneity in this diamond cohort (Friel et al., 2009).
Irradiation and annealing increase the NV concentration in each
sample to approximately 0.39 (2) ppm, as measured by UV-Vis
absorption in (Edmonds et al., 2021).

For subsequent characterizations (described below and in the
Supplementary Material) we study sample 10, as this sample exhibits
higher levels of birefringence from this growth process in certain
spatially restricted regions, allowing us to examine both typical
behavior for the low-[N0

s ] diamonds (far from the high birefringence
regions) as well as the worst-case impact of strain on NV spin
dephasing and sensing performance (in the high
birefringence regions).

The main factors governing NV ensemble Ramsey dephasing
time (T2*) – namely, nitrogen and 13C concentrations and strain
uniformity–are well established (Bauch et al., 2018; Barry et al., 2020;
Edmonds et al., 2021), allowing reliable estimation of T2* from these
parameters. The diamonds grown in the same synthesis run exhibit
closely matched birefringence and nitrogen concentrations,
indicating good sample-to-sample reproducibility.

3.2 NV spin dephasing time and strain
contribution

Confocal Ramsey measurements of the single-quantum (SQ)
NV ensemble spin dephasing time at three representative low-
birefringence locations within sample 10 (Figures 3a,b) yield an
average value T2,SQ* � 17.5 ± 1.0 μs (an additional high-
birefringence location measurement is shown in the
Supplementary Material). These results are only slightly smaller
than the theoretical spin-bath-limited value of approximately 20 μs,
consistent with NV ensemble spin dephasing in the low-[N0

s ]
diamond samples being primarily limited by intrinsic nitrogen
spin-bath interactions (see Supplementary Material). Achieving
T2,SQ* values near the spin-bath limit–without using double-
quantum techniques as in Bauch et al. (2018) – is enabled by
improved strain control during CVD growth, including the use
of low-dislocation CVD substrates instead of HPHT substrates and
the growth optimizations described in Section 2.2. Similar
measurements on a previously studied higher-[N0

s ] (~14 ppm)
diamond sample (Edmonds et al., 2021) yield T2,SQ* ≈ 1 μs.

Figure 4a shows the strain-induced frequency shifts (Mz) in NV
spin resonances measured across sample 10 for one NV
crystallographic orientation (maps for all four NV orientations
are available in the Supplementary Material). The distribution of
frequency shifts provides a quantitative estimate of the strain-
limited NV electronic spin dephasing time (Barry et al., 2020),
calculated as T2,strain* � (πΔ)−1, where Δ is the full width at half
maximum (FWHM) of the distribution. Histogram analysis of strain
across the diamond (Figure 4c) yields Δ ≈ 31 kHz, corresponding to
T2,strain* ≈ 10 μs. These wide-field measurements integrate strain
variations through the full thickness (about 500 μm for the
samples studied here, which is roughly 5× thicker than the
strain-imaged high-[N0

s ] diamond in Edmonds et al. (2021)) and
across the full diameter of the diamond, overestimating strain effects
when considering smaller sensing volumes. For example, histogram
analysis of strain in a smaller, low-birefringence region (~500 μm
diameter) of sample 10 yields a narrower FWHM linewidth of about
15 kHz and hence T2* ≈ 20 μs (Figures 4b,d), indicating reduced
strain inhomogeneity in this smaller region. Extrapolating to the
volume probed with confocal measurements, we estimate a further
order-of-magnitude reduction in strain inhomogeneity and hence a
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corresponding modest contribution to the SQ NV ensemble
dephasing time T2,SQ* determined from confocal measurements.
At lower nitrogen concentration, the spin-bath limit of NV
dephasing occurs on a longer timescale, so achieving good strain
homogeneity becomes essential to reach that limit. Our results
confirm that this condition is satisfied in the present low-
[N0

s ] diamond.

To evaluate the feasibility of scaling sensor sizes for bulk NV
magnetometry, we analyze how strain-induced linewidth
broadening changes with sensing region size (Lsensor). We
partition the wide-field strain map shown in Figure 4a into
square sub-regions of varying areas (~30 μm2 to ~3,000 μm2),
computing strain-induced frequency shift distributions for each
sub-region, as in Figures 4c,d. We find that the median of the

FIGURE 2
Optical birefringence images of ten low-[N0

s ] diamond samples from a single CVD synthesis run, prior to irradiation and annealing. Sample 10,
exhibiting the strongest birefringence features, is selected for subsequent NV-based measurements after irradiation and annealing. Magnified views are
shown of two regions of sample 10 with higher levels of birefringence (labeled A and B), with example values of high birefringence indicated.

FIGURE 3
Single-quantum (SQ) Ramseymeasurements on diamond sample 10, far from the high birefringence regions. (a) Ramseymeasurements performed
at three representative locations of low strain, overlaid on the birefringence image from Figure 2. (b) Ensemble NV spin dephasing at location 2. Here the
microwave frequency is detuned from the center of the hyperfine-split NV spin transitions, allowing the decay envelope to be separated from hyperfine-
induced beating. The extracted ensemble NV dephasing time is T2,SQ* � 17.7(4)μs.
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distribution FWHM (Δ) varies only about a factor of three over this
range (Figure 5a), indicating modest strain heterogeneity over large
lengthscales within the diamond sample.

To illustrate how size-dependent strain-induced dephasing
affects NV ensemble sensor performance, we compute an
effective Ramsey DC magnetometry sensitivity metric
(T2,eff* × Lsensor)−1, with T2,eff* derived from Equation 2 using the
median Δ corresponding to each sensor size. Assuming a constant
NV ensemble sensor thickness across all regions of the diamond
sample, sensor volume (and hence the number of NVs being probed)
scales as L2sensor, resulting in inverse linear scaling of the effective
sensitivity metric with Lsensor in the ideal case of no additional NV
ensemble dephasing with increasing Lsensor. The observed nearly
inverse linear scaling of the effective sensitivity metric for sample 10

(Figure 5b) indicates minimal reduction in Ramsey T2* on
lengthscales ≳30 μm, suggesting sensor-size scaling remains a
viable strategy for improved bulk NV magnetometry using this
low-[N0

s ] diamond material.

3.3 Photoluminescence contrast, overhead
time, and charge fraction

We characterize NV photoluminescence (PL) spin-state contrast
(C) and spin initialization time (tI) as functions of optical excitation
intensity. Figure 6a illustrates the protocol used to measure PL
contrast and NV spin polarization dynamics. After initializing NV
spins into eitherms � 0 orms � −1, we vary the delay (tdelay) to NV

FIGURE 4
Wide-field imaging of diamond strain for sample 10. (a,b) Spatial maps of strain-induced frequency shifts in NV spin transitions across the entire
diamond sample and within a selected sub-area. Strain fields shown are projections onto one NV crystallographic orientation. Each spatial map is mean-
subtracted so that the global average is zero, emphasizing relative strain variations relevant to NV spin dephasing. (c,d) Histogram distributions of the
strain-induced frequency shifts extracted from the maps in (a) and (b), respectively. Lorentzian fits to the histograms are also shown, from which
linewidths (FWHM) Δ are determined.
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spin-state readout. PL contrast initially reaches a maximum before
decreasing as NV spins repolarize to ms � 0, allowing simultaneous
extraction of C and tI from a single measurement (Figures 6b,c). To
validate the experimental calibration of laser power to incident
optical excitation intensity for the measured NV ensemble, we
simulate NV spin polarization dynamics using a five-level
photophysics model (Schloss, 2019) (see Supplementary
Material). Simulated initialization times (tI) closely match
experimental data across a wide range of optical intensities
(Figure 6b), confirming accurate calibration of illumination
conditions within the probed region.

Observed PL contrast degradation at higher optical intensities
(Figure 6c) is primarily attributed to increased NV− ionization
(Aslam et al., 2013; Manson and Harrison, 2005), raising the
NV0 fraction and associated background PL. Similar contrast
reduction at high optical intensity is observed in the higher-[N0

s ]
(~14 ppm) diamond sample, but is partially mitigated in this sample
due to increased nitrogen donor concentration stabilizing NV−.
Direct measurements of the NV charge-state fraction (ψ) using a PL
emission spectrum decomposition technique (Aude Craik et al.,
2020; Alsid et al., 2019) reveal decreasing NV− fraction with
increasing optical intensity (Figure 6d). The charge-state
determination is limited to intensities ≲10−1mW/μm2, where the
relative PL emission ratio between NV0 and NV− is reliably
determined below NV saturation conditions (Alsid et al., 2019).
Measurement of ψ also shows substantially lower NV− fraction in
low-[N0

s ] compared to high-[N0
s ] diamond (Figure 6d). However,

the NV0 PL emission intensity is approximately 2.5× dimmer than
that for NV− under typical optical excitation (Alsid et al., 2019), and
spectral filtering techniques used in NV experiments (passing PL
>647 nm) further reduce the effect of NV0 PL on observed NV-spin-
state contrast.

4 Discussion

The availability of low-[N0
s ], NV-enriched, and

12C isotopically
purified diamond material with good strain homogeneity presents
opportunities for NV ensemble sensing applications. In particular,
our systematic characterization of NV spin and charge-state
properties for both low- and high-[N0

s ] samples enables a
comparison of their expected photon-shot-noise-limited DC
magnetic field sensitivity as a function of optical
excitation intensity.

Figure 7 summarizes volume-normalized DC sensitivity
estimates for both diamond types, effectively replacing the
NV− number (N in Equation 1) with the NV− concentration
(NV−). At moderate to low optical excitation intensities (below
~0.03 mW/μm2), the low-[N0

s ] sample exhibits better
(i.e., smaller) estimated sensitivity compared to the high-[N0

s ]
sample, despite its lower NV density and reduced NV− charge
fraction. This sensitivity advantage is primarily due to the low-
[N0

s ] sample’s longer NV spin dephasing time T2* (see Equation
1), which improves the sensing duty cycle, particularly when
experimental overhead times associated with initialization and
readout are substantial. At higher optical excitation intensities,
reduced overhead time narrows the difference in sensing duty
cycles between the low- and high-[N0

s ] diamonds, making
differences in the NV charge-state fraction and effective NV−

density the dominant factors for sensitivity.
Double-quantum (DQ) Ramsey protocols applied to NV

ensembles typically provide DC magnetic field sensitivity
enhancement via a doubled effective gyromagnetic ratio (Δms � 2
in Equation 1) and robustness against strain-induced NV spin
dephasing (Hart et al., 2021). However, in diamond samples with
good strain homogeneity–such as the low-[N0

s ] diamond studied

FIGURE 5
(a) Lorentzian-fitted FWHM (Δ) of strain-induced frequency shifts as a function of sensor size Lsensor for sample 10. Sensor size is systematically
varied by partitioning the full-diamond strain map (Figure 4a) into smaller square sub-regions. Statistical analysis of Δ across sub-regions is presented,
including minimum and median values. When more than five sub-regions are available, interquartile ranges are included: 25%–75% (vertical solid lines)
and 10%–90% (vertical dotted lines). (b) Scaling of effective Ramsey DC magnetometry sensitivity metric with increasing sensor size. In the ideal
scenario, where increasing the sensing volume introduces no additional NV ensemble dephasing–and thus no reduction in Ramsey T2* – the sensitivity
metric scales inversely with sensor size. Here, fitting a power-law function to the effective sensitivity metric vs. Lsensor yields nearly inverse linear scaling
behavior, indicating minimal strain limitation on the Ramsey dephasing time for bulk NV ensemble sensing using the present low-[N0

s ] diamonds. The
overall low-strain effect of these diamonds applies even to sample 10 with its isolated regions of relatively high strain.
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here–or for small interrogation volumes with minimal strain
variation, the advantages of DQ sensing strongly depend on the
relationship between the spin dephasing time (T2*) and
experimental overhead time (tO). Due to increased sensitivity to
spin-bath noise, DQ dephasing times are typically about half those of
single-quantum (SQ) protocols. Thus, significant DQ sensitivity
improvements primarily arise when dephasing times approach or
exceed the overhead time (T2* ≳ tO), as sensitivity scales linearly with
Δms but sublinearly with T2*. This criterion can be readily satisfied
by low-[N0

s ] diamonds, whereas the shorter dephasing times (≲1 μs)
characteristic of higher-[N0

s ] diamonds typically result in linear
scaling of sensitivity with T2*.

We note that diamond sample 10 examined in this study
(Figure 2) exhibited the highest level of birefringence among the
ten low-[N0

s ] plates initially characterized, with increased

birefringence concentrated in two regions. The pattern is
indicative of dislocation bundles, most likely originating from
residual damage due to mechanical polishing of the CVD
substrates, rather than from the underlying bulk dislocation
content of the substrates. If further strain reduction is required,
alternative polishing techniques and enhanced substrate
characterization for subsurface damage can be implemented
(Graziosi et al., 2023).

Our comprehensive assessment of NV PL contrast, charge
fraction, spin dephasing time, and photon-shot-noise-limited
sensitivity provides guidance to the community in selecting
suitable NV-diamond materials for specific sensing applications
and operational regimes. In particular, since the low-[N0

s ]
samples are estimated to exhibit comparable or better photon-
shot-noise-limited DC magnetic field sensitivity at moderate-to-

FIGURE 6
NV spin polarization dynamics, initialization time, PL contrast, and charge fraction as functions of laser excitation intensity. (a) Measured NV spin
polarization dynamics and schematicmeasurement protocol (inset). A 1-ms laser pulse (not shown) initializes the NV ensemble into thems � 0 state prior
to a microwave (MW) π pulse that initializes the NV ensemble into ms � −1. A laser pulse then begins to repolarize the NV spins, with PL readout (Sig)
acquired after a delay time tdelay. The measurement protocol is then repeated without the MW π pulse, and a reference PL measurement (Ref) is
acquired. Example PL contrast measurement (Sig/Ref) at a laser intensity of 0.24mW/μm2, shown as a function of tdelay. Spin initialization time tI (green
cross) is extracted by fitting an exponential decay to the PL contrast data following its peak; we set tI as the delay at which contrast decays to 1/e3 of its
peak value, corresponding to repolarization of ~95% of the ensemble NV spins. With this measurement protocol, the readout time is included in the
reported initialization time. (b) Measured NV initialization time (tI) as a function of laser intensity. The shaded blue region represents the range of
initialization times predicted based on a five-level model of NV photophysics, with saturation intensities of 1mW/μm2 and 3mW/μm2 used to produce the
lower and upper bounds, respectively (see SupplementaryMaterial). (c)Measured peak PL contrast for low- and high-[N0

s ]. diamonds as a function of laser
intensity. (d) Experimentally-determined NV charge-state fraction ψ, defined as [NV−]/([NV−]+[NV0]), as a function of laser intensity for both low- and
high-[N0

s ] diamond samples. NV PL spectra used for decomposition analysis (see the main text) are collected using a 550 nm long-pass filter.
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low optical illumination intensities, relative to higher-[N0
s ]

diamonds, applications with limited budgets for size, weight,
power, and cost (SWaP-C), or biological sensing that aims to
minimize phototoxicity caused by intense green laser
illumination (Laissue et al., 2017), will benefit from low-[N0

s ]
diamonds. Additionally, the current limitations of low-[N0

s ]
diamonds under high-intensity optical illumination motivate the
continued need to optimize NV− charge-state stability in future
diamond material engineering efforts.

5 Conclusion

We synthesized and systematically characterized low-[N0
s ]

(~0.8 ppm), 12C-purified diamond samples tailored for pulsed
DC magnetometry applications using NV ensembles. Our results
demonstrate that carefully engineered low-[N0

s ] diamond grown on
CVD substrates can achieve high spatial strain homogeneity and
spin-bath-limited NV spin dephasing times. Controlled irradiation
and annealing enriches NV concentration while retaining relatively
stable NV− charge-state fraction under optical illumination. This
combination of properties yields enhanced photon-shot-noise-
limited DC magnetic field sensitivity, surpassing higher-[N0

s ]
diamond sensors at moderate to low optical excitation intensities.

These findings provide practical benchmarks and guidance for
selecting NV-diamond sensors based on available optical power and
application-specific requirements. Specifically, low-[N0

s ] diamonds
are advantageous for applications requiring low optical illumination
intensity, e.g., providing reduced size, weight, power, and cost

(SWaP-C) and minimal phototoxicity. Additionally, the NV spin
dephasing times achievable in low-[N0

s ] diamonds should benefit
from spin-bath driving techniques (Barry et al., 2024; Bauch et al.,
2018), potentially enabling DC magnetometry with advanced
readout protocols (Arunkumar et al., 2023), further extending the
sensitivity and application scope of NV-based quantum sensors.
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