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Nitrogen-vacancy (NV) center ensembles in diamond are one of the most promising solid-state
quantum platforms for various sensing applications. Achieving ultimate sensitivity requires
simultaneously long spin dephasing times (T7) and high NV center concentrations. In this work, we
propose a systematic measurement approach to quantify the electron spin dephasing in NV center
ensembles and analyze the contributions of various sources to the dephasing time, including NV-NV
interactions, strain and electric field distributions, '*C nuclear spins, and P1 electron spins. Our
method is validated using a series of high-performance diamond samples, providing a comprehensive
understanding of dephasing mechanisms and revealing correlations between NV concentration and
different dephasing sources. Building on these insights, we outline strategies to further enhance the

achievable sensitivity for DC magnetic field measurements.

Over the past two decades, defects in solid state materials have been
extensively studied as spin systems for quantum technologies'~. Among
all known defects, the negatively charged nitrogen-vacancy (NV) center
in diamond is one of the most promising platforms for various quantum
applications’”. Compared to quantum sensors that have demonstrated
ultrahigh sensitivity in applications such as magnetoencephalography
(MEG)®, magnetometry based on NV centers in diamond is superior in
applications that require high spatial resolution and small sensor
volumes. For example, techniques that use a single NV center near the
diamond surface or at a diamond tip can probe nanoscale magnetization
to recognize the structure of protein molecules and 2D materials’"".
Recently, it is also proposed to use NV centers to detect the unconven-
tional charge-density-wave in Kagome materials”’. Beyond the nan-
ometer scale, diamond magnetometry with spatial resolution in the range
of micrometers to millimeters with high sensitivity'’ is considered a
potential technique for applications in magnetic imaging', for example,
in search of axions".

The moderate sensitivity of NV ensemble magnetometry remains a
major obstacle for practical applications'’. A sensitivity approaching or
better than 1 pT/+/Hz requires careful trade-off between defect con-
centration and the dephasing time T of the NV center ensembles'”. The
typical dephasing rate I, = 1/T7 of NV center ensembles ranges from tens
of kHz up to several MHz, while the defect density ranges from 10'°cm ™ to
10"cm ™", For reference, a fT/+/Hz level atomic magnetometer has atomic
vapor with a density of approximately 10**cm ™ while the decoherence rate
is a few Hz". Given the typically high defect density in diamonds, under-
standing the dephasing mechanisms of NV center ensembles is crucial to
extending the coherence time in applications that require both high sensi-
tivity and spatial resolution. This understanding will also enable the opti-
mization of diamond growth and defect treatment processes, thereby
advancing magnetometer performance'*”. Furthermore, the NV center
ensemble as a quantum many-body system offers a suitable framework to
probe quantum thermodynamics and simulation, in which the unraveling
of dephasing sources is fundamentally important™ . Additionally, it is also
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beneficial for the ab initio studies of the NV-related systems with the
microscopic insights into the electronic correlations and hyperfine
interactions™”.

Previous studies have focused on identifying the primary dephasing
sources in specific diamond samples. For samples containing abundant
paramagnetic spin defects, experimental studies combined with theoretical
modeling have investigated the spin bath-induced decoherence, which
enables the determination of paramagnetic spin concentrations” . In
addition, linewidth broadening induced by electric fields and strain in
diamonds is investigated by optically detected magnetic resonance (ODMR)
and interferometry methods’”. Studies have also addressed NV-NV
interactions in diamonds with high-concentration NV centers”"”. Due to
the influence of multiple factors, the dephasing rate of NV center ensembles
varies considerably across samples, resulting in diverse quantum sensing
performances. However, isolating and quantifying the individual con-
tributions of these dephasing mechanisms remains a significant technical
challenge.

In this work, we present a comprehensive study using multiple
experimental techniques that identify the dephasing mechanisms of NV
ensembles in a series of high-quality diamonds under ambient conditions.
Our methodology enables systematic characterization of key diamond
properties, including electric field and strain distributions, nuclear and
electron spin bath properties, and NV center densities. We applied this
methodology to characterize diamond samples with varying NV con-
centrations. This enabled us to verify the relationships among electric field
strength, Hahn Echo-measured decoherence rates, and NV concentration,
while evaluating existing models that describe how different sources con-
tribute to the total dephasing rate. Based on these findings, we investigate the
fundamental DC sensitivity limit of the NV ensemble magnetometry and
propose practical strategies to extend the coherence time T3, providing a
pathway towards further enhancing the magnetometer performance.

Results

A brief overview on dephasing mechanisms

We consider a simplified ground-state Hamiltonian for an ensemble of N
NV centers, given by

Hyy =Y (D + N8 +y, By S+ A4S +3°8 .V, 9. (1)
i=1

i#j

Here, Dy, = 2.87GHz denotes the zero-field-splitting (ZFS), &' accounts for
the combined effects of local electric fields and strain at each NV center, y, is
the electron gyromagnetic-ratio, B, is the magnetic field, A’ denotes the
average coupling strength arising from the spin bath (including both
electron and nuclear spins), V,, is the dipole-dipole interaction matrix
between two NV centers. In the experiments, a magnetic field B, ~ 10 G is
applied along one NV axis (on-axis orientation), while its projections on the
other three axes (off-axis orientations) are identical. As the bias field
dominates over the perpendicular components, the latter are neglected in
the equation.

Except for the second term (the Zeeman term), all other terms con-
tribute to the dephasing of NV center ensembles. These dephasing-related
terms can be classified into two groups. The first group - the inhomogeneous
broadening - includes & and A’, which induce disorder among the NV
centers. Specifically, §' arises from inhomogeneous strain distributions and
in situ electric-field noise, while A’ originates from the nuclear spin bath
(associated with "’C) and the electron spin bath due to paramagnetic defects,
such as P1 centers. The second group - homogeneous broadening - is
dominated by NV-NV interactions, as represented by the last term in
Eq. (1).

We assume that the dephasing sources are independent and result in an
exponential decay. Thus, the dephasing rate of NV center ensembles can be

expressed as a summation model'’:
r; ~ 1—‘strain + 1—‘elec + 1—‘13C + 1—‘13‘1 + 1—‘NV—NV + 1—‘other + I‘1 . (2)

Here, each term on the right-hand side represents the dephasing rate
contributed by the corresponding mechanisms described above. The term
Tomer encompasses all dephasing sources not included in the primary
mechanisms. At room temperature, T; for single NV centers is typically
around 6 ms, which sets an upper bound on T; and can therefore be
neglected in this work™. We also measured T for all ensemble samples and
found values consistent with this reference, except for those with the highest
NV concentrations, where T is slightly reduced (3 ms). Even in these cases,
the corresponding relaxation rates remain well below the kilohertz level and
are negligible compared to I';. In the following subsections, we describe the
methods employed to investigate each dephasing source individually. A
specific sample is used as an example to demonstrate precise measurements
of the dephasing rates in the subsequent sections.

Strain and electric field noise

The strain distribution in diamonds is inherently inhomogeneous due to
imperfections in material fabrication. Similarly, the local electric field
experienced by the NV centers is inhomogeneous, caused by the random
spatial distribution of charged defects around the spins. Both effects modify
the local potential experienced by the NV electrons, leading to shifts in the
ground-state zero-field splitting. Consequently, both effects manifest as
quadratic terms in the Hamiltonian, represented by & in Eq. (1) (details are
provided in the supplementary). Given that the magnetic dipole effect is
linear, experimental sequences can be designed to selectively probe quad-
ratic or linear terms by applying two microwave fields resonant with the
|0) — |+1) and |0) — |—1) transitions, respectively. To isolate these
contributions, we employ two complementary experimental protocols: the
double quantum (DQ) Ramsey sequence and the strain-CPMG
sequence’”, as illustrated in Fig, 1(a).

The DQ Ramsey sequence is insensitive to quadratic (S2) terms but
twice as sensitive to linear (S,) terms compared to the conventional Ramsey
sequence. Accordingly, I'ng/2 provides a direct measure of dipolar-induced
dephasing. In contrast, the strain-CPMG sequence implements a coherent
state swap between |+1) and |—1), rendering it sensitive to quadratic terms
while largely insensitive to linear contributions.

Moreover, Liqin-cpmg incorporates contributions from I',, which can be
estimated by Hahn-echo measurements. Summarizing these relationships,
we obtain

rSﬁ = rstrain + relec = I-‘strainfcpmg - rZ ~ r; - 1—‘DQ/27 (3)

where I' represents the dephasing rate induced by the S? term in Hyy .
In Flg 1b, measurements on the example sample yield I = 137 kHz,
I'pq = 216kHz, I'; = 10kHz, and T'srain-cpmc = 60kHz. From these results, it
is evident that the total dephasing rate I'; is only an approximate summation
of the dephasing contributions from the S, and S? terms, rather than pre-
cisely in agreement with Eq. (3). This discrepancy can be attributed to
simplifications in the summation dephasing model. The validity of this
model is further examined in the discussion section with more samples.
To further distinguish the dephasing rates contributed by strain and
electric fields, it is essential to account for the transverse components
induced by strain and electric fields, which are neglected in Eq. (1). The
parallel and perpendicular terms of the quadratic spin terms in the NV
Hamiltonian, caused by isotropic strain and electric field noise, are not
equivalent. Notably, the transverse electric dipole moment of the electric
field results in a dip in the zero-field ODMR spectrum’, as shown in Fig. 1c.
Because of the hyperfine splitting associated with the N nuclear spin (I=1),
this effect is suppressed for the !ml = +1) transitions, and only the
|m; = 0) line exhibits a pronounced dip. The fitted linewidth of this dip,
measured from the zero-field ODMR spectrum of the example sample, is
approximately v,¢opmr = 220kHz. The dephasing rate induced by the
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Fig. 1 | Distinguishing strain- and electric-field-induced dephasing in NV
ensembles. a Double quantum Ramsey sequence (upper) and strain-CPMG
sequence (lower). b Dephasing rate measurements from the example sample. ¢ Zero-
field ODMR spectrum, with an inset of the enlarged hyperfine line corresponding to
the |m; = 0) state. The line is fitted by considering both strain distribution and
microwave power broadening.

electric field is determined as Tejec = V,£.0nMr - d'/d" = 4.5kHz, where d! =
0.35Hz - cm/V and d* = 17 Hz - cm/V are the longitudinal and transverse
parameters of the electric dipole moments. The dephasing rate introduced
by the strain distribution is then estimated as Ty, = I'e — Tgjec-
Dipolar noise from the spin bath

Dipolar noise from the spin bath significantly contributes to the dephasing
of NV center ensembles. Randomly distributed electron and nuclear spins
around the NV centers create distinct local magnetic fields at each NV
center. Consequently, the spin bath induces a global exponential decay, with
a rate proportional to the concentration of bath spins, due to variations in
the energy splitting of individual NV centers. The contribution of the spin
bath to the dephasing rates can be estimated using mean-field theory (details
in the Supplementary)*. Accordingly, the dephasing rate induced by the
spins is linearly proportional to the spin density, allowing the estimation of
spin concentrations from measured dephasing rates, and vice versa.

The contribution of the °C nuclear spin bath to the dephasing rate is
first estimated. Using the mean-field model (See Supplementary for details),
the contribution of C (gyromagnetic ratio yc = 10.7 MHz/T) per unit
density is derived as I'; 3¢ = 0.1 kHz/ppm. The example sample is isotopically
purified to 0.03%"C, corresponding to a concentration of 300 ppm. Hence,
T3¢ = 30kHz. For diamonds with a natural abundance of °C (1.1%), the
C-induced dephasing rate is approximately 1.1 MHz. Consequently, the
T; of non-isotopically-purified diamonds is typically shorter than 1 us,
which primary limits the sensitivity. Besides ’C, contributions from other
nuclear spins (mostly N nuclear spins associated with defects such as P1
centers) can be neglected due to their low concentration.

With the "°C enriched diamonds, the primary spin bath source shifts to
the electron spin bath, predominantly arising from unpaired electrons of
substituted nitrogen atoms (P1 centers) in the lattice. Double electron-
electron resonance (DEER) measurements are used to estimate the influ-
ence of electron spins (P1 centers” " and other dark spins®) on
dephasing. As shown in Fig. 2a, the DEER spectrum reveals the resonance
peaks corresponding to all bath spins within the bandwidth. In the example,
a 9.5 Gauss magnetic field is applied. The peaks correspond to multiple
transitions arising from the rich energy-level structure. Details on the
derivation of transition lines are provided in the Supplementary. An RF
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Fig. 2 | Characterization of spin-bath-induced dephasing using DEER mea-
surements. a Measured DEER spectrum at a 9.5 Gauss magnetic field. The peaks
marked by triangles are related to the dark spin transitions which do not belong to P1
center, while other peaks are P1 center related. The peak marked by a star is used in
measurement in (b) and (c). b Pulse-sweep DEER sequence and the corresponding
measured signals with the example sample. ¢ Duration-sweep DEER sequence and
the corresponding measured signals from the same sample.

pulse, tuned to the frequency of a specific resonance peak in the DEER
spectrum, is applied during the Hahn-echo measurement, as shown in Fig.
2b and 2, to characterize the dephasing caused by bath spins and estimate
their concentrations. The resonance peak marked with a star in Fig. 2a is
selected for this example sample to demonstrate the measurement process.

In the pulse-sweep DEER measurement illustrated in Fig. 2b, the signal
decay follows the expression exp(—kygTg,)exp(—k,,,t), where k,,,
represents the decay rate corresponding to the transition line of P1 from the
nth state to the mth state. However, the experimental results exhibit linearly
decaying signals rather than exponential decays. This behavior arises from
the relatively low concentration of P1 centers, which results in I'p; < T, and
restricts the interval Tg, of the sequence to the T, limit in pulse-sweep
DEER. As a result, only the initial P1-induced decay curve is observable in
the displayed results, appearing as an approximate linear decay. Conse-
quently, the pulse-sweep DEER measurement is unsuitable for identifying
the electron spin bath decay in high-quality diamond samples with low
concentrations of paramagnetic defects.

To address the limitations of pulse-sweep DEER measurements, we
propose using a duration-sweep DEER sequence, as illustrated in Fig. 2c.
The signal decay follows exp(—(I'p; pggr + I')f), enabling the sequence to
determine the decay contribution of P1 centers, even at low concentrations.
For the example sample, I'p;, pggr + T2 = 12.9kHz is measured using the
sequence with the DEER RF pulse, while I'; = 9.5kHz is obtained using the
sequence without it, yielding I'p;, pggr = 3.4kHz as the estimated dephasing
rate of I'p;.

Typically, the mix of eigenstates of P1 centers is suppressed at a high
magnetic field (>100 Gauss) so that the DEER measurement results follow a
general mean-field theory”. However, in most practical applications,
including this work, the magnetic fields are relatively weak. Thus, the model
is adjusted to account for the altered eigenstates of P1 centers under weak
magnetic fields (see the Supplementary), and the relationship between I'p
and Tp;, pggr is recalibrated, yielding I'p; = 6I'py, pger = 20.4kHz. The
dependence of T'p; on the P1 concentration is recalibrated for weak magnetic
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Fig. 3 | Measurement of NV-NV dipolar interactions in NV center ensembles.
a Interaction between NV centers of different groups and the sequence for the
corresponding DEER measurement. b Decay rate data (red) obtained using the
DEER sequence, with Hahn-Echo results (black) shown for comparison.
cInteraction between NV centers of the same group and the XY8-N sequence for the
I'nv-nv measurement. d Dephasing measurement using XY8-N sequences with
different repetition numbers N. e Dependence of the dephasing rate on the repetition
number N".

fields.(see the Supplementary). Moreover, additional peaks not corre-
sponding to P1 transitions are observed in the DEER spectrum, as illustrated
in Fig. 2a. The lines possibly originate from dark spins associated with
various defects'"'. In the example sample, the dephasing contribution from
these spins is minimal. Additionally, the DEER spectra of P1 centers and
other dark spins provide critical information for spin-bath driving, as shown

35,42-44

in the Supplementary

Dipole-dipole interactions among NV centers

In most cases, the contribution of dipole-dipole interactions among NV
centers to dephasing is relatively small compared to other dephasing
sources. Nevertheless, accurately measuring this contribution is still
important, especially for the extension of T in samples containing high
concentrations of NV centers and low concentrations of other defects™.
Furthermore, NV center concentrations can be precisely estimated by
accurately measuring the NV-NV interaction. Together, these factors—
extended T3 and precise NV concentration estimation—enable further
optimization of the sensitivity of diamond magnetometry.

Diamond samples typically contain NV centers aligned along all four
crystal orientations. We thus need to consider interactions both between NV
centers along different orientations (off-axis) and interactions of NV centers
along the same axis (on-axis). Similarly to the experiments in Section II C, a
modification of the DEER sequence (with the P1-driving RF pulse replaced
by the microwave pulse) can be used to investigate the strength of off-axis
NV-NV interactions, as illustrated in Fig. 3a. For the example sample, the
measured additional decay rate induced by off-axis NV interactions is
I'nvooff = 1.2kHz (Fig. 3b), corresponding to an NV~ concentration of
0.12ppm. However, certain limitations need to be addressed in practical
applications, as outlined below. Firstly, imperfections in the microwave 7
pulse can reduce the dephasing in the DEER measurement, leading to an
underestimation of NV center concentrations™”’. Secondly, this method
becomes invalid if the NV center ensemble exhibits a preferential
orientation*. Moreover, some samples deviate from the exponential decay
predicted by mean-field theory (e.g., sample C3 discussed in Section II E).

To address this limitation, an alternative method utilizing pulse
sequences for Hamiltonian engineering is proposed. The sequences are
designed to ensure that the effective Hamiltonian contains exclusively the
NV-NV interaction term, which can be used to determine the NV-NV
interaction strength by measuring the decay rate corresponding to the
specific effective Hamiltonian**”". In theory, dynamic decoupling sequences
consisting solely of 77 pulses can fulfill the requirement, and two approaches
are available for their implementation. In the first approach, the 7 pulse
interval time 7 is fixed and kept sufficiently short to satisfy the approx-
imation conditions of the Average Hamiltonian Theory (AHT), while the
repetition number N is gradually increased to measure the T, decay time,
with only the NV-NV interactions retained. Alternatively, in the second
approach, 7is increased with a fixed N to determine the interaction strength,
provided that N is sufficiently large and 7 remains short enough to meet the
AHT approximation conditions. In our experiments, we adopted the second
approach to see the decays with fixed interaction cycles.

To ensure that the effective Hamiltonian contains only the NV-NV
interaction term, it is crucial to choose a sequence capable of canceling
multiple noise components, including those introduced by the DC disorder,
AC disorder, finite pulse durations, pulse errors, and other sources. A series
of simulations confirm that the XY8 and XY16 sequences are sufficiently
robust against the above noise (see the Supplementary), leading to the
selection of the XY sequence for the experiment, as depicted in Fig. 3c. The
simulations also suggest a practical approach to ensure that N is sufficiently
large to satisfy the conditions of Average Hamiltonian Theory (AHT)
without prior knowledge. This involves performing several measurements
with different values of N. When the measured decay time no longer changes
with N, the saturated T, can be attributed to the effective Hamiltonian
containing only the NV-NV interaction term. For the example sample, as
shown in Fig. 3c—e, the decoherence rate saturates at I', = 3kHz when the
repetition number in the XY8 sequence is sufficiently large. Consequently,
I'nv.nv is determined to be 3kHz, corresponding to an NV concentration of
approximately 0.17ppm.

Interestingly, the decay rate increases with N in the simulations but
decreases in the experiments. In the simulations, higher-order terms in the
Magnus expansion of the effective Hamiltonian obscure part of the NV-NV
interaction strength. As the repetition number N increases, the effective
Hamiltonian approaches the first-order term, recovering the full strength of
the NV-NV interaction. Consequently, the decay rates measured using the
XY8-N sequence increase with N in the simulations. However, in the
experiments, neglected AC noise has a greater impact on the decay rate than
the discrepancies caused by higher-order terms observed in the simulations.
Sequences with larger repetition numbers N exhibit narrower bandwidths,
effectively filtering out AC noise. As a result, the measured decoherence time
increases with N, as shown in Fig. 3d and e. In either case, I'vy_nv can be
reliably estimated using a large repetition number N in the XY8-N or XY16-
N sequence.

It is important to note that due to the I'; limit, the detectable NV-NV
interaction strength must exceed 0.1kHz, corresponding to an NV con-
centration of approximately 10 ppb. For such samples, Comparing the
fluorescence intensity against a reference sample is an effective way to
determine the NV concentration in this regime.

12 samples results

Using the presented methods, the dephasing characteristics of two groups of
diamonds are analyzed: six samples grown using the high-pressure-high-
temperature (HPHT) method (labeled H1-H6) and five samples grown
using the chemical vapor deposition (CVD) method (labeled C1-C5). The
initial nitrogen concentrations of the samples ranged from approximately 1
ppm to 30 ppm. The samples were irradiated and annealed under various
conditions to optimize the conversion rate of the NV centers (details in the
Methods). The results of the dephasing measurements are summarized in
Table 1. The example sample described in Section II corresponds to H2 in
Table 1. The longest T = 11.8us was measured with Sample C1, of which
the estimated N'V center concentration and the strain are the lowest among
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Table 1 | Summary of measured decay rates

No. T3 2 lbaz  Telec  Tstrain  Tc1z  Tnvenv
(kHz) (kHz) (kHz) (kHz) (kHz) (kHz) (kHz)

H1  165(1)137(15) 45 125 29 346  -30 2

H2  1291)117(1.2) 10 108 44 446 30 3

H3 581 30.0 595 6.5 34.5 ~5 5

H4 385 32.0 156 7.2 160.8 ~5 6.6

H5 741 109.0 405 11.8 253.2 ~5 13.3

H6 2800 625.0 1720 255 274.5 ~5 62

C1 96(1)85(1.3) 4.2 86 23 306 ~1 17

C2 167 8.0 77.5 3.5 88.5 ~1 2.1

C3 800 15(1) 96 6.2 1273.8 ~1 3

27(0.5)
C4 714 70.0 481 19 272 ~1 20
C5 555 83.0 277 — 363.0 ~1 22

the samples. Most samples exhibited a single exponential decay in the T3
measurements, except for a few with relatively long T? values, namely H1,
H2, and Cl1. A stretched exponential function was used to fit their T decay
curves. The stretch factors are noted in parentheses in the table, and the
dephasing rates obtained by forcing a single exponential decay fit are also
reported.

To visualize the results, we plot different decay rates as a function of the
NV center concentration, as shown in Fig. 4. The NV center concentrations
of the samples were determined by measuring the NV-NV interactions, as
described in Section II D. Since the strain distribution in diamonds strongly
depends on the crystal growth process, Isain is expected to be independent
of the NV center concentration, which is shown in Fig. 4b. T is plotted in
Fig. 4a, which is much smaller than the inhomogeneous strain, proving that
the S2 term in H , is primarily induced by the inhomogeneous strain rather
than the electric field. Interestingly, T exhibits a strong correlation with
the concentration of NV centers. These results confirm that the electric field
noise in diamonds is mostly induced by NV centers and their associated
electron donors, consistent with Ref. 31. The predicted scaling factor of I'gjc.
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with [NV] is 11.2 kHz/ppm®”, as indicated by the green line in the figure.
Furthermore, the results suggest that the upper limit of the NV con-
centration can be estimated from electric field noise measurements.

As described in Section II D, the dephasing rate I'; can be approxi-
matedasI'ng, + Iz To evaluate this approximation, Fig. 4c plots the ratio
(Tpqyz + I's)/T5. Most ratios fall within the 20% error margin, except for
Sample C3, where I'; is better fitted with a stretch factor of p = 0.5. This can
be attributed to the high strain-induced decay rate in this sample. The results
suggest that the independent-noise-source summation model generally
describes dephasing behavior, but may oversimplify interactions between
different noise sources, such as magnetic field noise competing with strain or
electric field noise, as discussed in ref. 48.

The Hahn-echo measurements of T',, shown with a linear fit in Fig. 4d,
reveal a strong correlation with the concentration of NV centers. I'; is mainly
contributed by: 1. NV-NV interactions, and 2. AC components of the spin
bath induced by the P1 centers. Both sources contribute linearly to the decay
rates, depending on their concentrations. With similar conversion effi-
ciencies from the P1 centers to the NV centers for all samples, the density of
the NV centers, the initial [N], and the residual concentration of the P1
centers should be correlated (Sample details are provided in the methods),
which leads to the correlations observed in Fig. 4d. Small deviations from the
fit for a few samples can be attributed to the variation of the conversion
efficiencies (details in the methods).

Since the sensitivity per volume of DC diamond magnetometry directly
depends on I'; and the concentration of the NV centers, the data are plotted
in Fig. 4f. As shown, the best-performing samples can achieve a T of up to
approximately 608 kHz/ppm. Based on the current results, we now consider

Fig. 4 | Characterization results from 11 diamond samples, where solid and
hollow markers represent CVD- and HPHT-grown diamonds, respectively.

a Decay rates induced by intrinsic electric field noise as a function of NV con-
centration, with the line showing the theoretical lower bound. b Strain and electric
field induced dephaisng rates. ¢ Ratio between I'; and I'pq /2 + T s2 (sum of dipolar-
induced and S2-related decay rates), where the shaded area represents deviations
within 20%. d T', measured using Hahn-Echo sequence, with the red line showing the
fitted linear relationship. e Relation between depahsing rate and initial nitrogen
concentration. f I'; measurements with an estimated lower bound achievable
through strain noise elimination. Calculated sensitivities based on measured I'y
values and theoretical limits using (g) Ramsey method and (h) CWODMR.

how to further enhance T3 - N. Given that all our samples underwent
relatively thorough irradiation and annealing, a significant portion of the P1
centers is converted into N™, NV’ and NV~ (as well as possibly other centers
such as NVH), as discussed in Section II C. Due to the hyperfine interactions
and the existence of four crystallographic NV axes, both N* and NV do not
contribute to spin bath noise. Thus, a significant reduction of [P1] should
lead to an improvement in T7 in theory, and the irradiation and annealing
processes does not introduce additional dephasing sources.

To investigate this, we analyzed the dependence of T, and T on the
initial nitrogen concentration in Fig. 4e. In these figures, we also plot the
theoretical relations between T5, T, and [P1] (when the P1 centers dom-
inate, i.e., without irradiation and annealing), as reported in ref. 26. Inter-
estingly, the results of the irradiated and annealed samples still reasonably
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follow the same trend with respect to the initial [P1]. It suggests that irra-
diation and annealing proportionally introduce other dephasing sources. A
key candidate could be the vacancy clusters, which may contain many
unpaired electrons—a possibility also hinted at in our DEER spectra. This
underscores the need to explore more efficient irradiation and annealing
protocols.

Furthermore, techniques such as double quantum (DQ) sensing
combined with spin bath driving can be employed to mitigate the effects of
strain and spin bath. This approach has been successfully demonstrated in
samples without irradiation and annealing, yielding multiple-fold
improvements. However, in irradiated and annealed samples, the sig-
nificantly reduced [P1] limits the effectiveness of spin bath driving. In ref. 49,
additional free electrons were driven to achieve an improvement of 2 times.
When NV centers themselves become the dominant source of decoherence,
pulse sequences such as WAHUHA, which is designed to suppress NV-NV
dipolar interactions, can be applied to further enhance T3. Therefore, we
estimate that T’ can be improved by at least a factor of 4 by combining the
DQ technique with the bath-driving technique, reaching around 150 kHz/
ppm, as indicated by the light gray line in Fig. 4f.

Finally, we evaluate the magnetic field sensitivity achievable by the
samples according to their dephasing properties. Ramsey and continuous-
wave ODMR are the two commonly used methods for DC magnetic field
sensing. The maximum fluorescence photon number is assumed to scale
linearly with NV density. This assumption, along with T and the estimated
NV concentrations, is used to calculate the shot noise limits based on the
Ramsey method”. For CW-ODMR, a five-level rate equation model is
applied to determine the sensitivity limit™. In the simulations, a volume of
0.04 mm’ was set for all diamonds. The results are shown in Fig. 4gand h. In
addition, the optimal sensitivity limits are plotted for both Ramsey and
CWODMR. The limits are derived from the optimal relationship between
I’; and the density of the NV centers (gray line in Fig. 4f),

Understanding the dephasing characteristics of the NV centers pro-
vides a pathway to improve sensitivity by extending T75. Improving the
dephasing times highly depends on both the growth process and after-
growth-treatments of diamonds. Low-strain diamonds, typically produced
using the HPHT technique, are particularly critical. Recently, advances in
the CVD method have enabled the growth of low-strain diamonds by using
high quality HPHT diamonds as substrates, as demonstrated by samples C1
and C2 in Table 1. Moreover, techniques that suppress specific dephasing
sources are essential for advancing NV center magnetometry. For instance,
the double-quantum manipulation technique combined with bath driving
effectively suppresses both strain and spin bath noises from the P1 centers™.
Residual dephasing from NV-NV interactions can also be mitigated using
dipole-dipole  decoupling sequences, such as WAHUHA and
MREV8 sequences, which suppress the NV-NV interaction term in the
effective Hamiltonian™'. Experimentally, the DC sensitivity determined by
the T} is a few pT/+/Hz for the 0.04mm® diamond. This is still an order of
magnitude away from the shot-noise limit. This discrepancy is primarily
attributed to technical noise, such as laser noise, which is challenging to
reduce further at the current stage. Thus, extending T’ through advanced
techniques represents the most effective approach to enhance DC sensi-
tivity. Unraveling the dephasing mechanisms of each sample enables the
combination of multiple noise-decoupling techniques to further extend T7.

Discussions

This work proposes and demonstrates multiple techniques to characterize
and understand the dephasing mechanisms of NV center ensembles in
diamonds. Diamonds grown and processed under different conditions were
systematically studied. Dephasing sources are classified into several groups,
and their corresponding decay rates are measured. Intrinsic strain and
electric-field noise were precisely characterized using a combination of the
strain-CPMG sequence and the zero-field ODMR spectrum. The decay rate
from dipolar noise, primarily due to the spin bath from P1 centers, is
measured by applying the duration-sweep DEER sequence for the samples
with low paramagnetic defect concentrations. For NV-NV interactions, we

employed XY8-N sequences to resolve weak couplings and infer NV con-
centrations. More importantly, understanding the dephasing sources for a
given sample provides guidance for selecting specific techniques to suppress
the dominant noises, thereby improving the DC magnetic-field sensitivity.
The sensitivity limit that could be achieved with the samples used in this
work is discussed. In addition to the techniques discussed, further
improvements are expected with advancements in diamond growth tech-
nology. For example, phosphorus-doped n-type diamond demonstrates a 1
ms dephasing time for single NV centers™. One-to-two-order improvement
in T can be expected. By improving the DC magnetic field sensitivity to the
sub-pT level, diamond magnetometry can be competitive with the state-of-
the-art high-sensitivity quantum magnetometers while maintaining the
sub-mm spatial resolution.

Methods

Setup information

The experimental measurements were performed using a custom-built
confocal-like microscopy setup but without a pinhole. We employed a
20 x, 0.4 NA long working distance objective (12 mm), resulting in an
excitation and detection volume of approximately 1 ym laterally and 40
pm axially. Since the detection volume can affect the influence of both the
By gradient and strain distribution on the resulting T?, we also conducted
control measurements on samples H1 and H2 using wide-field illumi-
nation that covered the entire diamond (0.5 x 0.5 x 0.5mm?). The results
showed no observable differences, indicating that the current detection
volume is sufficiently “macroscopic.” Therefore, the T values measured
under this setup can be reliably used for estimating the sensitivity of bulk-
based magnetic field measurements. The optical excitation system con-
sists of a high-power 532 nm laser (Lighthouse) for NV center excitation,
while the fluorescence detection system employs an avalanche photo-
detector (Thorlabs APD130A2M) coupled with a high-speed data
acquisition card (Spectrum M4i.4421) for signal recording. The micro-
wave (MW) driving field was generated using a combination of RF
sources: an Apsin Anapico 4010 serving as the local oscillator, mixed with
signals from an arbitrary wave generator (Spectrum DN2.6631), and an
additional RF source (Apsin Anapico 3000) specifically for DQ and Strain
sequence generation. The precise timing control of laser excitation,
fluorescence detection, and RF driving was achieved using a pulse gen-
erator (Spincore PulseBlasterESR-PRO).

Preparation of diamond samples

This section presents the growth conditions, post-treatment procedures,
and typical measurement data for the samples listed in Table 1. Detailed
growth and treatment parameters are summarized in Table 2. Sample C5

Table 2 | Sample characteristics and treatment details

No. ['*C](%) Electrons Irradiation Annealing Initial
Nitrogen
H1 99.970 2MeV,2x107e/cm®x2  1000°C2h 0.74 ppm
H2  99.970 2 MeV,7 x 10" e/cm? 1000°C2h 1.3 ppm
H3  99.995 2MeV,1x107e/cm?*x2  1000°C2hx2 3.5ppm
H4  99.995 2 MeV,1.5 x 107 e/cm? 1000°C2hx2 1.7 ppm
+2 MeV,0.5 x 10" e/cm?
H5  99.995 2MeV,1 x 10" e/cm?*x3  1000°C2hx3 6 ppm
H6  99.995 2MeV,1x 107 e/cm?*x5 1000°C2hx5 33 ppm
C1  99.999 1 MeV,4.8 x 10" e/cm? 800°C 10 h 0.96 ppm
C2  99.999 1 MeV,3.4 x 10" e/cm? +1200°C1h 1.9 ppm
C3  99.999 1 MeV,6.9 x 10" e/cm? 3.0 ppm
C4  99.999 4.5 MeV,5.8 x 10" e/cm? 12.8 ppm
C5 99.999 6 MeV,6.0 x 10" e/cm? 14 ppm

Note: N is used in the growth of sample C5, while the other samples are grown with "N.
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Fig. 5 | Zero-field ODMR measurements on three different samples.
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Fig. 6 | Parameter relation: 1. Ratio between the NV center density and T, 2. Ratio
between the electron irradiation dose and the P1 center density.

contains "N rather than "N atoms and lacks nuclear spin levels with spin =
0, preventing the observation of true zero-ODMR signals. Consequently, the
zero-field ODMR technique cannot differentiate between electric field and
strain noise contributions in this sample. Figure 5 presents representative
zero-field ODMR measurements from three samples, selected to demon-
strate the progression of increasing electric-field noise.

More details about HPHT samples are as follows. H1 and H2 were
grown at 6.1 GPa and 1430 °C by using a Fe-Al metal solvent. As the
’C-enriched solid carbon sources, CVD powder and "*C-enriched pyrolytic
carbon powder fabricated from '*C-enriched methane were used for H1 and
H2, respectively. H3-H6 were grown at 5.5 GPa and 1350 °C using Fe-Co-Ti
solvent and "C-enriched solid carbon source obtained by pyrolysis of
99.999 % 12C-enriched methane. The isotopic abundance ratio of the grown
crystals was determined by SIMS measurement. Nitrogen concentration
was controlled by changing the amount of nitrogen getter. H1 was irradiated
at 450 °C by irradiating the crystal on a platinum plate in a sealed silica-glass
tube. After two cycles of irradiation, H1 was annealed at 1000 °C for 2 h
under vacuum. Samples H2, H3, H4, H5, and H6 were irradiated with 2
MeV electrons at room temperature. Except for H2, the samples were
irradiated in multiple steps and annealed (1000 °C for 2 h under vacuum)
after each irradiation, as shown in Table. 2.

Here we analyze the observed linear relationship between NV
center concentration and I, and explain the deviations observed in
certain samples. Previous studies on diamonds with low P1-to-NV
conversion rates have identified P1 centers as the primary decoherence
source for T,*****, These studies established a decoherence contribution
factor of 6.3 kHz/ppm for P1 centers™. For cases where NV-NV inter-
actions dominate the decoherence process, the contribution factor is
20.6 kHz/ppm". In our samples, which exhibit high P1-to-NV conver-
sion efficiencies, I'; receives contributions from both P1 and NV centers.
Moreover, the observed deviations from linearity can be attributed to
varying conversion efficiency from P1 to Nv centers. Since the conver-
sion efficiency is directly related to electron irradiation, we verified our
interpretation by examining two key parameters: the ratio of NV center
density to I';, and the ratio of electron irradiation dose to initial P1 center
density. Both parameters should be proportional to the conversion
efficiency, and indeed, as shown in Fig. 6, they exhibit a linear rela-
tionship. The electron irradiation doses and initial P1 center con-
centrations used in this analysis are provided in Table 2.

Data availability
All data included in this study are available from the corresponding authors
upon reasonable request.

Code availability
All code included in this study are available from the corresponding authors
upon reasonable request.
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