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With their optical addressability of individual spins and long coherence time, nitrogen-vacancy (NV)
centers in diamond are often called “atom-like solid spin-defects”. As observed with trapped atomic
ions, quantum interference mediated by indistinguishable photons was demonstrated between
remote NV centers. In high sensitivity DC magnetometry at room temperature, NV ensembles are
potentially rivaling with alkali-atom vapor cells. However, local strain induces center-to-center
variation of both optical and spin transitions of NV centers. Therefore, advanced engineering of
diamond growth toward crystalline perfection is demanded. Here, we report on the synthesis of high-
quality HPHT (high-pressure, high-temperature) crystals, demonstrating a small inhomogeneous
broadening of the spin transitions, of T2

* = 1.28 μs, approaching the limit for crystals with natural 13C
abundance, that we determine as T2

* = 1.48 μs. The contribution from strain and local charges to the
inhomogeneous broadening is lowered to ~17 kHz full width at half maximum for NV ensemble within
a > 10mm3 volume. Looking at optical transitions in low nitrogen crystals, we examine the variation of
zero-phonon-line optical transition frequencies at low temperatures, showing a strain contribution
below 2GHz for a large fraction of single NV centers.

The electron spin of the negatively charged nitrogen-vacancy (NV) center is
one of the leading platforms for quantum technology applications due to
outstanding properties allowing optical initialization and readout, coherent
manipulation by microwave pulses, and a long coherence time. As a
material, diamond is an ideal host for electron spinqubits, becauseof its high
Debye-temperature (due to strong covalent bonding), its weak spin-orbit
coupling for the carbon orbitals, and the lownatural abundance ofmagnetic
nuclei (13C: 1.07%). All these factorsmake environmental fluctuations small

and their coupling to the electron spin weak. However, the optical and spin
properties of NV centers can be affected by imperfections of the host crystal
such as the presence of other paramagnetic spin species, and crystalline
quality (strain). Since “quantum-grade” purity with the concentration of
substitutional nitrogen (Ns

0, S = 1/2) < 1 ppb is attainable, homoepitaxial
diamond films grown by microwave plasma assisted chemical vapor
deposition (MPCVD) are the primary source of material for quantum
applications1–3. With this technique, besides the high purity,
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12C-enrichment1–3, preferential orientation4, as-grown flat surface3, and
delta-doping5,6 were achieved. However, the presence of crystal defects
(strain) is still an impediment in the context of some quantum applications.

Growth of large (~6mm) colorless synthetic diamonds by the tem-
perature gradient method in high-pressure and high-temperature (HPHT)
growth was reported in 19727. Large type-IIa crystals (~7mm) with the
content in impurities (N, B, Ni) < 0.1 ppmwere realized in 19968. Recently,
larger (~12mm), high-crystalline-quality crystals with low density of dis-
locations and stacking faults were grown9. Large, type-IIa HPHT crystals of
high crystalline quality are demanded for designing the optical elements of
synchrotron X-ray radiation beam applications10. The present work
demonstrates that HPHT diamonds of such quality could make up for the
currently immature part of the CVD (chemical vapor deposition) growth
technology with respect to lowering the density of dislocation toward
crystalline perfection.

In DC magnetometry using NV ensembles, the inhomogeneous
broadening (1/T2

* in time domain) of the optically detected magnetic
resonance (ODMR) spectrum limits the sensitivity. By using CVD dia-
monds with low nitrogen concentrations, it was inferred that 13C spins at
natural abundance limit the dephasing time so thatT2

*≤ 1 μs11, however, the
13C-determined limit has not been precisely established. In the present
investigation, by using high-crystalline-quality HPHT diamond decreasing
unwanted contributions to the dephasing time such as strain,T2

* = 1.28μs is
obtained. Besides, T2

* = 1.48 μs is found as the 13C-determined limit for
natural abundance.

Long-distance entanglement protocol for quantum networks, which
could use NV centers, rely crucially on the spin-photon interface12 and
indistinguishable photons from remote spins13,14. At low temperatures
( < 10 K), the zero-phonon line (ZPL) ofNVconsists of distinct six resonant
lines split by spin-orbit coupling, spin-spin interaction, and transverse strain
(δ⊥)

15. A low strain environment (δ⊥≲2 GHz) provides high-fidelity initi-
alization and readout12,16. Although dc Stark-shift tuning is applicable17,18,
narrowing down the distribution of the ZPL frequencies caused by strain is
desired. In the present work, single NV centers were created by low fluence
electron irradiation and subsequent annealing in high-crystalline-quality
and high-purityHPHTcrystals of [Ns

0]=3 ~ 4 ppb. A large fraction of single
NV centers show δ⊥<2GHz.

Results
Inhomogeneous broadening of NV spin transitions in a high-
quality HPHT crystal
The inhomogeneous broadening of the electron spins resonant transi-
tions constitutes one of the factors that limits the sensitivity of DC
magnetometry based on NV ensembles (among others, such as the NV
center density and optical readout contrast)11. The resonance fre-
quencies of single NV centers can be determined from the spin
Hamiltonian, which reads (neglecting 14N hyperfine and nuclear Zee-
man interactions)

Ĥ ¼ μBB
TgŜþ DŜ
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2
z þ εx Ŝ
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where B is the external magnetic field, g is the g-tensor, g|| = 2.0029,
g⊥ = 2.003119 where the “‖” subscript indicates the [111] crystal direction (z
axis),D is the zero-field splitting of theNVcenter, the terms εx; εy; εz; ε

0
x; ε

0
y

are related to strain or electric field. In case of an electric field
Π ¼ ðΠx;Πy; ΠzÞ, one has ðεx; εy; εzÞ ¼ ðd?Πx; d?Πy; djjΠzÞ with
d‖ = 0.35Hz·cm·V−1 and d⊥ = 17Hz·cm·V−1 20,21, and
ðε0x; ε0yÞ ¼ ðd0?Πx; d

0
?ΠyÞ. To our knowledge, d0? has not been experimen-

tally determined, however, it is expected to be of the same order of
magnitude asd?

22,23. ĤNV�bath describes themagnetic couplingbetweenNV
and the “bath” of paramagnetic species, that includes 13C nuclei (I = 1/2,
natural abundance 1.07%), electron spins such as isolated substitutional
nitrogen Ns

0 (also called P1 centers), neighboring NV centers.

Different NV centers will not have their Hamiltonian parameters
exactly equal inmagnitude, leading to a spread in the transition frequencies.
In the case of Lorentzian broadening, the decay of the FID (free induction
decay) is single exponential with T2

* = 1/[πΔν1/2] where Δν1/2 is the full-
width at half-maximum (FWHM). The dephasing timeT2

* of ensembleNV
is determined by several contributions11,
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The first four terms represent the contribution of the coupling to the
spinbath, that isNV-13C,NV-Ns

0,NV-NVorNV-X interaction, using ‘X’ to
denote paramagnetic spins other than Ns

0 or NV. The fifth and sixth terms
represent the contributions from lattice strain and the coupling to electric
fields generated by local charges21,22,24. The seventh and eighth terms
describe the contributions from the magnetic field inhomogeneity over the
sample volume and decoherence.

Bath spins, in general, induce a local magnetic field on the NV center.
Thismagneticfield varies fromonecenter to anotherdue tochanging spatial
arrangement of the bath species, and variation in their quantum state (e.g.
mI =−½ of +½ for a 13C nuclear spin, I = 1/2), ultimately leading to
inhomogeneous broadening. In the case of dilute bath spins (of fraction
x < 0.01), each contribution gives a Lorentzian broadening proportional to
the spin concentration11,25. For instance, considering the two first con-
tributions, one can write:

1
T�
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� �

13C

¼ A13C
13 C
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; ð3Þ
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s
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s
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� 	
: ð4Þ

A reliable value of AN0
s
was experimentally obtained as 101 ±

12ms−1ppm−1, since T2
*was measured for a wide range of [Ns

0] in samples
in which T2

* is predominantly determined by Ns
011,26. On the other hand,

A13C has not been precisely determined, since preparing samples of a wide
range of [13C]with relatively small contributions of other sources is not easy.

Based on T�
2;DQ (0.445 μs) measured for ensemble NV by double-

quantum (DQ) Ramsey FID and considering [Ns
0]=0.4 ppm,

A13C≈0.100ms−1ppm−1 was estimated11,26. In this measurement, the trans-
verse and longitudinal strain contributions were suppressed by using a bias
field of 150 G and DQ protocol, respectively. By using
A13C≈0.100ms−1ppm−1, T2

* limited by natural abundance (13C: 1.07%)
evaluates to about ≈0.93 μs, so that the estimate “T2

*≈1 μs (to better than
10%)” was retained11.

However, a precise description of the FID in the regime where the
hyperfine interaction fromNV to surrounding 13C largely dominates is still
missing, in such samples with natural isotopic abundance. In the present
work, the properties of ensemble NVs in a high-quality HPHT crystal
(sample-A), with 1.07% 13C, were investigated.We will outline several steps
taken during the preparation of sample-A to mitigate the influence of all
terms listed in Eq. (2), except for the 13C contribution.

First, a method for creating NV (by conversion of Ns
0 incorporated in

diamond during growth) was chosen so as to induce minimal deterioration
of the host crystal. A protocol, consisting of high temperature (800 °C)
electron irradiation and subsequent annealing at 1000 °C (2 h in vacuum),
was employed to lower the formation of residual paramagnetic radiation
damages such as divacancy (S = 1) and vacancy chains (S = 1)27. This should
help mitigating the third contribution in Eq. (2).

To mitigate the fifth contribution (strain) in Eq. (2), a high-quality
HPHT sample of low density of crystal defects such as dislocations and
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stacking faults was employed as base material. X-ray-topography mea-
surements (Supplementary Information, section S4), indicate that sample-A
has a lowdensity of dislocations, ~200 cm-2. Besides, the low strain character
of sample-A is proved by the narrow EPR linewidth of Ns

0 measured before
electron irradiation. The central line of the 14N (I = 1) hyperfine structure of
Ns

0 in slow-passage, X-band, continuous wave (CW) EPR spectrum of
unirradiated sample-A is shown in Fig. 1d. A narrow linewidth
(ΔBpp = 0.08 G) reveals the anisotropy of the central line position (resulting
from the second order effect of the 14N hyperfine interaction, and a weak g-
anisotropy28,29) which was reported so far by using 12C-enriched crystals28.

To reduce the impact of the second contribution in Eq. (2), we used a
crystal with low Ns

0 density. The uptake of nitrogen in sample-A and the
resulting formation region for NV centers are confined in the {111} and
{100} growth sectors as revealed by the fluorescence image under short-
wavelength UV excitation shown in Fig. 1b, taken using DiamondView
(Diamond Trading Company, De Beers Ltd.)30. EPR imaging shown in
Fig. 1c indicates that the local Ns

0 concentration, [Ns
0]loc is similar between

the {111} and {100} sectors. Both before irradiation, and after irradiation
followed by annealing, [Ns

0]loc was obtained by utilizing the instantaneous
spectral diffusion effect in two-pulse echo decay31,32, which is an effective
method for extracting the local concentration using pulsed EPR. Being free
of power-saturation effects, pulsed EPR yields, for paramagnetic species of
long spin-lattice relaxation time, more precise spin number determination
than CW-EPR techniques. The instantaneous diffusion method also cir-
cumvents the need for a reference sample. Two-pulse echo decaymeasured
as a function of the flipping angle (θp) of the secondmicrowave (MW)pulse
consists of flipping-angle-dependent and independent terms:

E 2τð Þ / exp �2bτð Þ exp � 2κτð Þβ� �
; ð5Þ

where the second term represents spectral diffusion induced by random
spinflips of neighboring spins, while the decay rate in thefirst term is related
to the instantaneous spectral diffusion effect31,32:

b ¼ π

9
ffiffiffi
3

p μ0 gμB
� �2
_

C sin2 θp=2
� �

þ b0; ð6Þ

whereC is the volume concentration of the S = 1/2 electron spins excited by
the MW pulses and b0 is a parameter that represents an additional back-
ground exponential contribution. The datasets acquired at different θp are
fitted globally to the model in Eq. (5), where b is allowed to vary across
datasets, see Supplementary Information (SI), Section S5.1. The con-
centration C is then extracted by a linear fit of b as shown in Fig. 1f. Con-
sidering that only one of the 14Nhyperfine lines is excited by theMWpulses,
it is obtained that [Ns

0]loc is 166 ± 2 ppb and 47 ± 2 ppb before irradiation
and after irradiation followed by annealing, respectively (Fig. 1e, f). After
irradiation and annealing, acquisition with pulsed EPR of transient echoes
ofNVandNs

0 in thedark allows estimating the overall number of spins ratio
of NV overNs

0, which is found equal to 0.41 (see SI, section S5.2). SinceNV
centers are created in the growth sectors where nitrogen is present, that is
{111} and {100} (Fig. 1c), it follows that [NV]loc = 0.41 × 47 = 19 ± 1 ppb
(using the above determination of [Ns

0]loc).
Last, while we also expect the neutral charge state NV0 (S = 1/2) to

be formed, the contribution of NV0 centers to the decay rate (1/T2
*) of

negatively charged NV centers (via the third term in Eq. (2)) is likely to
be negligibly small, indeed, the dipolar field from NV0 is averaged out
due to its short spin-lattice relaxation time caused by the dynamic
Jahn–Teller effect33.

The present study of the T2
* of NV centers is based on pulsed EPR

measurements at X-band (~9.7–9.8 GHz). EPR allows manipulation of
spins with fairly homogeneous driving and static bias fields within large
sample volumes (several tens of mm3), and thus enables high-throughput,
high S/N ratio, investigation ofmacroscopic samples.With pulsed EPR, one
can recordT2

* decays as time domain transients (FID or spin echo), that are
equivalent to aRamseymeasurement11. Figure 2a compares theFIDwith the
outcomeof theHahn echo sequence for sample-A—where the echo signal is
recorded from itsmaximum, therefore representinghalf of the full echo.The
crystal was aligned to bring the magnetic field close (<1°) to the NV axis
([111]) for one out of the four possible NV orientations. The magnetic field
value (B = 2436G) was set so that the MW frequency (νMW= 9.7 GHz)
matches, for the mS = 0↔+ 1 transition of this NV center subset, the
central line of the 14N (I = 1) hyperfine structure.Weused constant 200mW
laser illumination (532 nm) to enhance the NV signal ~800 times, enabling
faster data acquisition. All three 14N hyperfine lines were excited owing to
the large Rabi frequency (Ω1 = (2π) 25MHz). The initial part (~100 ns) of

Fig. 1 | Characterization of sample-A.
a Photographs of sample-A before and after NV
formation. b Fluorescence image under short-
wavelength UV (taken using DiamondView) before
and after NV formation.c Top: EPR imaging of Ns

0

(before NV formation) exhibiting the growth sector
dependence of the uptake of Ns

0. Bottom: Distribu-
tion of growth sectors. d Slow-passage, cw-EPR of
the central line of 14N hyperfine structure of Ns

0

demonstrating a narrow linewidth (ΔBpp = 0.08 G)
enabling to resolve the anisotropy of the central line
position. With the C3v symmetry, Ns

0 has magneti-
cally distinguishable four symmetry-related sites.
With B//[001] all four sites are equivalent. With B//
[111] and B//[011], the central line splits into two
lines with the intensity ratio 3:1 and 2:2, respectively,
owing to the second-order effect of the 14N hyperfine
interaction and the g-anisotropy28,29. e Hahn-echo
decay of Ns

0 before and after NV formation.
f Instantaneous diffusion of Ns

0 before and after NV
formation. The inverse of the time constant of two-
pulse echo decay is plotted against sin2(θp/2) where
θp is the flipping angle of the second MW pulse.
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the FID is not detected,which corresponds to the so-called deadtime, typical
of EPR experiments.

To obtain the spectrum, Fast Fourier Transform (FFT) was imple-
mented using half-echo, as using the FIDwould result in spectral distortion
due to the information lost during the deadtime. The FFT spectrumconsists
of three primary lines, as expected, corresponding to the three possible states
of the 14N nuclear spin (mI =−1,0,+ 1), with a separation very well
matching the known hyperfine (hf) splitting, |Ahfs | = 2.14MHz19. The
primary lines themselves are well described by a set of Lorentzian functions
of equal width, as illustrated by the fit in Fig. 2b. Uneven intensities among
these lines is a typical feature of EPR spectra acquired under optical
pumping of theNVcenter and reflects nuclear spin polarization of the 14N34.
The fit yields Δν1/2 of 248.7 ± 3.1 kHz as the Lorentzian width (FWHM),
which corresponds to T2

* of 1.280 ± 0.016 µs (T2
* = 1/[πΔν1/2]).

We now discuss quantitatively the possible contributions to the
observed broadening of the primary lines from the various terms in Eq. (2).
First, we consider the inhomogeneity of the externally applied
magnetic field over the NV ensemble volume, corresponding to the term
1
T�
2

h i
B�inhom

. This inhomogeneity, ΔB, provides a contribution to the

broadening Δν1/2,B-inhom = g∥μBΔB. Within sample-A, as described in the
Methods section, we determined ΔB/B = 1.83 ± 0.73 ppm. For the
magnetic field applied in the present acquisition (B = 2436G), it corre-
sponds to Δν1/2,B-inhom = 12.5 ± 4.9 kHz. As we see as well from Eq. (2), the
interaction of NV to different electron spin species (Ns

0, “X”, or other NVs)
can participate in the T2

* process. Using the value ANs0 = 101ms−1‧ppm-
1 (ref. 11, 26), the interaction with neutral substitutional nitrogen
([Ns

0]loc = 0.047 ppm) is expected to yield T2
* = 210 μs (Δν1/2 = 1.51 kHz).

Similarly, one can consider the fourth term in Eq. (2), that represents the
effect of NV-NV interaction. Based on considerations of the spin multi-
plicity, and on the possibility of having both resonant and off-resonantNVs,
165ms−1ppm−1 <ANV < 245ms−1ppm−1 was estimated11. With the
obtained value [NV]loc = 0.019 ppm, the T2

* determined by NV-NV
interaction therefore evaluates to 214 μs < T2

* < 319 μs, corresponding to
0.99 kHz <Δν1/2, NV-NV < 1.48 kHz. In addition, as remarked earlier, the
high temperature irradiation technique should lead to very low density of
defects such as divacancies (S = 1) or vacancy clusters (S = 1), thuswe expect
the third term in Eq. (2) to be negligible. Following measurement of the
Hahn echo decay of NV, we determine that the broadening contribution
from the last term (1/T2) in Eq. (2), verifies Δν1=2;T2

¼ 1=½πT2� < 0.75 kHz
(see SI, section S5.3).

We now turn our attention to the contribution from strain and local
charges. To separate this contribution from that of the other terms inEq. (2),
a possibility is to use the DQ protocol. This protocol relies on observing the
dephasing in the DQ basis {+1, −1}, which typically is performed by
applying MW pulses of two different frequencies, corresponding to the |
0〉↔ |+ 1〉 and |0〉↔ |−1〉 transitions respectively, in order to create the

coherent state superposition (1/
ffiffiffi
2

p
)(|−1〉+|+1〉)11,26. The broadening due

to the longitudinal strain or electric field (term εz), which causes common
energy shift in bothmS =−1 andmS =+1 states, is suppressed. Moreover,
setting a magnetic field along the NV axis, so that g jjμBB≫ jε

x
j; jεyj and

avoiding themagnetic field of the ground state level anticrossing or GSLAC
(at Bgs ¼ D=gjjμB ~ 1024 G) ensures that the transverse terms εx; εy; ε

0
x; ε

0
y

are removed (SI, section S7). At the same time, the broadening due to the
magnetic terms is enhanced by a factor of two, due to the ΔSz = 2 character
of the transition11,26. For NV at B > Bgs, the transition frequencies obey ν10 –
ν-10 = 2D = 5.74 GHz (SI, section S7), which poses a challenge for applying
the DQ protocol with single frequency systems, such as in conventional
EPR. Here, as a workaround, we use the possibility to excite the “forbidden”
ΔSZ ≈ 2 transition, where “forbidden” refers to the weaker transition dipole
(in comparison to usual or “allowed” transitions), and Z is the axis of the
magneticfield, possibly tilted from theNVaxis, z. This transition appears in
the spectral region labeled in the EPR literature as “half-field” (due to its
resonant magnetic field, B ~ hνMW/2 gμB, being roughly half of that of the
bare electron g = 2.0024 resonance)35, however, with the magnetic field
aligned to the NV axis, the transition probability is zero. The ingredient
required for having a non-zero probability is a weak degree ofmixing in the
spin eigenstates, which can be obtained by tilting the magnetic field slightly
away from the NV axis. Indeed, with a small tilt (Θ), |−1〉, |+1〉 evolve into
different eigenstates reading, at first order in Θ, |−1Θ〉 = |−1〉 + η−10|0〉,
|+1Θ〉 = |+1〉+ η10|0〉 (see SI, section S8.1). This implies that the |−1Θ〉↔
|+1Θ〉 transition can be driven byMWpulses of single frequency. Thus, we
now describe how is extracted the inhomogeneous broadening of the half-
field transition,Δν1/2,half-field(Θ). In the limitΘ~0, it is expected to converge
towards that in the {+1,−1} basis, that we label Δν1/2,DQ.

Figure 3 shows echoes and the corresponding FFT spectra obtained on
the forbidden ΔSZ ≈ 2 transition for different magnetic field tilts down to
Θ=3° (full echoes are recorded instead of half-echo as in Fig. 2, which helps
in improving S/N for the weak, forbidden transitions). The magnetic field
and microwave frequency were adjusted to excite the central line of the 14N
hyperfine structure (mI = 0). Owing to the low transition dipole of the
forbidden transition, the attainable Rabi frequency at a certain microwave
power is reduced compared to the allowed case. Here, at each value ofΘ, the
MW power was adjusted to ensure a constant Rabi drive, Ω1 = (2π)
3.125MHz. The central primary line (mI = 0 for 14N) lies well within the
excitation bandwidth, which is important to avoid distortion in the echo/
FFT for this contribution. Lorentzian fits of the central line provides the
dependencyΔν1/2,half-field(Θ), as shown inFig. 3b.Wenote that the outer 14N
lines, mI =−1,+ 1, are far detuned and thus imperfectly driven. Con-
sidering that Δν1/2,half-field should be an even function with respect toΘ, we
perform a quadratic fit, Δν1/2,half-field(Θ)= Δν1/2,DQ+ cΘ2. The latter yields
Δν1/2,DQ = 456.6 ± 10.0 kHz corresponding to T�

2;DQ = 0.697 ± 0.014 μs (1/
[πΔν1/2,DQ]). The data shows a downward evolution trend of Δν1/2,half-field
with Θ (c < 0), which we attribute to the increase in the degree of state

Fig. 2 | Half-echo and FFT of ensemble NV in
sample-A. a Superposition of half-echo (gray solid)
measured with Hahn echo sequence and FID (blue
dashed) for ensemble NV in low-strain HPHT
crystal (sample-A) with B//[111]. In both cases, the
signal corresponds to the real part, that is the
dominant quadrature after phasing. The initial
points (first ~100 ns) of the FID, within the EPR
spectrometer’s deadtime, are not recorded.
b Spectrum obtained by FFT of half-echo (black)
and fit of NV primary lines with three Lorentzian
functions with equal linewidth (purple). The spec-
trum corresponds to the real part of the FFT, com-
puted from both quadratures of the echo signal. The
blue shaded areas with a width of 360 kHz each
correspond to the fitted regions of the spectrum. The
value ofT2

* estimated from thefit is 1.280 ± 0.016 µs.
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mixing with the tilt (SI, section S8.1), lowering the impact of the magnetic
interaction terms (such as the hyperfine interaction to 13C) on the
dephasing, and therefore resulting in lower inhomogeneous broadening
upon increasing the tilt (0 <Θ<11°).

We calculate T�
2;DQ=T

�
2;allowed =Δν1/2,allowed / Δν1/2,DQ = 0.544 ± 0.017.

This value is larger than the ratio (1/2) expected if the dephasing is caused
solely by magnetic interactions such as NV-13C, NV-Ns

0, NV-NV dipolar
interactions and the external field inhomogeneity. The extra part of the
dephasing inΔν1/2,allowed = 248.7 ± 3.1 kHz occurs through the contribution
of the terms due to strain and local charges in Eq. (2). In fact, the con-
tribution from strain and charges can be estimated from the difference
between Δν1/2,allowed and 0.5 × Δν1/2,DQ. That is, Δν1/2,strain+charges =Δν1/
2,allowed - 0.5 ×Δν1/2,DQ – δinhom, where δinhom = 3.6 ± 1.4 kHz is a correction
term accounting for the slightly lower inhomogeneity of the bias magnetic
field in the DQ measurement (see Methods section). Subsequently, we
obtain Δν1/2,strain+charges = 17 ± 6 kHz. Local charges correspond to defects,
such as neighboring NV centers (negatively charged) or Ns

+. As NV are
obtained following charge transfer from Ns

0, it is expected that
[Ns

+] = [NV], thus the total concentration of charges ([Ns
+]+[NV]) is

ρC = 2[NV]= 38 ± 2 ppb. The corresponding broadening contribution,Δν1/
2, charges, is found following numerical calculation of the electric field24. This
approach, detailed in SI, section S11 yieldsΔν1/2, charges = acharges×ρC

2/3, with
acharges = 19.0 kHz·ppm-2/3, which leads to Δν1/2, charges = 2.15 ± 0.08 kHz.
All determined contributions to the inhomogeneous broadening are sum-
marized in Table 1. The 13C contribution is found (by removing the con-
tribution from the other terms) as Δν1/2,13C = 216 ± 6 kHz, which
corresponds to T�

2;13C = 1.48 ± 0.04 μs.
Now, we point out that the 13C spins occupying a considerable number

of proximate carbon sites do not contribute to T2
* of the primary lines.

Looking at the FFT spectrum of half-echo in a wider frequency range
(Fig. 4), one can see six sets of 13C satellite lines accompanying the primary
lines. We attribute these satellites to the carbon groups labeled in ODMR

studies of single centersA(6), B(3), C(3),D(6), E(6)/F(3), andG(6)/H(3)36,37.
When the magnetic field is oriented along the defect C3v symmetry axis (as
in Fig. 4), each carbon site consists of either three- or six-equivalent carbon
atoms as indicatedby thenumbers inparentheses. In addition,weaker 13Chf
splittings are resolved as small shoulders at both sides of each primary line,
and the three nearest-neighbor (NN) carbons sites are responsible for outer
satellites, which are too far detuned from the primary lines to appear in the
range of the FFT, owing toAhfs ~ 130MHz38. The validity of our attribution
of satellites is demonstrated by a spectralfit, shownaswell inFig. 4 (details in
SI, section S10), in which the weights are constrained considering the
number of equivalent carbon positions in each group.We find that the total
count of carbons sites giving resolved satellites, distinct from the primary
lines, equals 60.This importantnumber is a consequenceof the spreadof the
electronic spin density around the NV center, that results in strong Ahfs for
some carbon sites (see also SI, section S10.3). Considering the 1.07% 13C
abundance, the probability of having zero 13C spin in any of these 60 loca-
tions is (1–0.0107)60 = 0.52, which corresponds to the weight of the pri-
mary lines.

Having reviewed the contributions from all sources in Eq. (2) in the
observedbroadeningof theprimary lines inFig. 2b,wehave established that,
for sample-A, the term related tomagnetic dipolar interaction to distant 13C
is largely dominant. Removing the contribution from strain and local
charges as well as that from other sources in Eq. (2) (see Table 1) we obtain,
as the 13C-imposed limit T�

2;13C = 1.48 ± 0.04 μs. The 13C occupying carbon
sites among 60 lattice positions near the NV center do not contribute to the
T�
2 of the primary lines but provide satellites.

Strain-induced splitting of optical transitions of individual single
centers
The contribution of the zero-phonon line at 637 nm (1.945 eV) in the spin-
conserving optical transitions between the 3A2 ground state and the 3E
excited state is ~4%when compared to thewhole fluorescence spectrum. At

Fig. 3 | Echoes and FFT for the forbidden (ΔSZ ≈ 2) transition of ensemble NV in
sample-A, at different tilt angles. a Echoes as a function of the tilt (Θ) of the
magnetic field axis from the [111] direction. For clarity, traces are vertically offset
and only the real quadrature is shown. b Left: spectrum obtained by FFT of echoes,
where both real and imaginary parts were used to compute the spectrum and only
the real part of the FFT is shown. The frequency range, of 4 MHz width, is chosen to
show the primary line corresponding to themI = 0 state of 14N, and shoulders related
to weakly coupled 13C with |Ahfs | ~1 MHz (the splitting equals 2|Ahfs| due to the
ΔSZ ≈ 2 character of the transition). Due to the lower transition dipole for the

forbidden transition compared to the allowed ones, the lines corresponding to
mI =−1,+ 1 (detuned by twice the amount compared to allowed transitions,
~ ± 2A14N;jj ¼ ±4.28 MHz), as well as other 13C satellites lines, are not efficiently
driven. The dashed lines show Lorentzian fits of the primary line for each
dataset, considering as fitting region the blue shaded area (of 720 kHz width) to
extract Δν1/2(ϴ). Right: Lorentzian widths Δν1/2(ϴ) (with ±σ error bars), and
quadratic fit using the function Δν1/2(Θ)= Δν1/2,DQ+ cΘ 2, allowing determination
of the broadening (Δν1/2,DQ) in the basis {−1, +1}, as usually measured using the
DQ protocol.

Table 1 | Separation of individual broadening contributions for ensemble NV in sample-A (ms = 0↔+ 1 transition atB = 2436G)

13C NV-Ns
0 NV-NV strain charges B-inhom. decoherence

T2

Δν1/2 (kHz) 216(6) 1.51(4) <1.48 15(6) 2.15(8) 12(5) <0.75

T2
* (μs) 1.48(4) 211(5) >214 15 to 35 148(5) 18 to 42 >426

The listedbroadeningcontributionscorrespond to thedifferent sources inEq. (2). Summationover theΔν1/2 fromeachsourcematches theLorentzianwidthof theprimary lineobserved inFig. 2 (Δν1/2= 248.7±3.1kHz).
The second row reports, for each contribution, T2

* = 1/[π Δν1/2].
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room temperature, the 3E excited state has two sub-levels, |ms = 0〉 and |
ms = ±1〉, similar to the 3A2 ground state, however with a smaller zero-field
splitting of 1.4 GHz.Non-resonant excitation using phonon-assisted optical
absorption allows for initialization and readout—e.g., by shining 532 nm
laser light. The ZPL, which is broadened owing to coupling of electronic
excitations to phonons under ambient conditions, is narrowed with the
decrease of temperature. At low temperature (< 10 K), the 3E excited state is
split into distinct sub-levels, therefore, the ZPL consists of several
resonance lines.

While the electron spin-spin interaction splits the 3A2 triplet ground
state into |ms = 0〉 and |ms = ±1〉 sublevels separated by the zero-field
splitting (D = 2.87 GHz), the axial parts of the spin-orbit and electron spin-
spin interactions split the 3E triplet excited state into four levels,A2,A1, Ex,y,
andE1,2 (see SI, section S12)

39. Under no strain,Ex,y andE1,2 are both doubly
degenerate, and the resonant optical transitions between the 3A2 ground
state and the 3E excited state are either linearly polarized (for |ms = 0〉↔ |
Ex,y〉) or circularly polarized (for |ms = ±1〉↔ |A2〉, |ms = ±1〉↔ |A1〉 and |
ms = ±1〉↔ | E1,2〉).

Strain lowers the C3v symmetry and induces splitting, shifting and
mixing of the excited state levels. As a result, excitation spectra of single NV
centers show typically six spin-selective resonant transitions (SI, section
S12)12,15. While the longitudinal strain shifts all sub-levels together, con-
serving the fine structure of optical spectrum, the transverse strain splits the
sub-levels. The splitting (by 2δ⊥) betweenEx andEy indicates the strength of
the transverse strain. The mixing of the excited levels changes the polar-
ization properties of the resonant optical transitions. At low strain, the
mixing is small and consequently the polarization properties of the resonant
optical transitions are preserved. In these conditions, the spin-selective
resonant excitation provides access to high-fidelity initialization and
readout16, spin-photon entanglement12, and was used for generation of
indistinguishable photons17,18 or entanglement between remote NV
centers13.

Therefore, engineering of diamond lattice with low strain, minimizing
the presence of structural defects such as dislocation and stacking faults, is
required. We choose high-crystalline-quality, high-purity (samples-B and
-C of [Ns

0]avg = 3 ~ 4 ppb) HPHT crystals grown using, as seed crystal, a

defect-free (001)-oriented diamond. In the resulting HPHT crystals, the
(001) growth sector, which extends straight upward from the seed surface,
contains very fewdislocations and stacking faults in the upper part8. Besides,
the low nitrogen concentration ensures good spectral stability of the
transitions40.

The fine structure of the 3E state is revealed by PLE (photo-
luminescence excitation) spectrum in which the resonant excitations by
scanning a 637 nm tunable diode laser are detected by PL (photo-
luminescence) into the phonon side band. To detect all transitions, the
ground state spin transition |ms = 0〉→|ms = ±1〉 is continuously driven by
microwave with resonance frequency 2.87GHz, enabling the electronic
transition connected to ms = ±1. The splitting (2δ⊥) of the sub-levels con-
necting to the ms = 0 ground state into Ex and Ey is proportional to the
transverse strain (δ⊥), where 1MPa corresponds to 1 GHz splitting41.
Therefore, by measuring the splitting of the Ex and Ey levels, we can
determine the local lattice strain probed by the NV center. The sensitivity is
limited by the linewidth of the optical transitions, that is less than 12MHz.

In sample-B and -C, single NV centers were observed in the central
(001) sector. In the {110} sector, NV centers were not formed, as little
nitrogen is incorporated. In the {111} sector, the NV centers were not
detected, as a result of the preferential boron incorporation.Overall, in these
samples, the percentage of NV centers showing δ⊥<2 GHz is more than
60%, as shown in Fig. 5.With thisweak perturbation (δ⊥≲2 GHz),Ex andEy
retain a sufficient ms = 0 character, and the resonant excitation of a cyclic
transition j0i3A2

! jExi or j0i3A2
! jEyi allows high-fidelity readout.

This also enables the generation of spin-photon entanglement, as illustrated
in Togan et al.12: experiments utilizing the |A2〉 state (which decays with
equal probabilities to j � 1i3A2

through σ+-polarized photons and to
j þ 1i3A2

through σ--polarized photons) were possible using a single NV
center with small strain splitting (δ⊥≈1.28 GHz).

Discussion
In the present work, T2

* = 1.280 ± 0.016 μs has been attained for a natural
abundance HPHT crystal (sample-A). This is achieved through material
control steps, which enable reducing the contributions to T2

* from the
different sources (Table 1).

The 13C-limit is determined as T�
2;13C = 1.48 ± 0.04 μs

(Δν1/2,13C = 216 ± 6 kHz), which exceeds the previously reported T2
* = 1

µs11,26. It is likely that the highmagnetic fields ( ≥ 1731 G) we employed play
a considerable role in the difference to the previous determination, obtained
at 150 G11,26. Indeed, theoretical work42 predicted that T2

*
13C in natural

abundance varies with the bias magnetic field, through a transition range
(100 G < B < 1000G), in between a low-field limit of 1.63μs, andahigh-field
limit of 2.92 μs. The origin of this variation is the change in the quantization
axis for a 13C spin in between low field (ν13C <<Azz) and high field
(ν13C >> (Azx

2 + Azy
2 +Azz

2)1/2 =A) regimes42. Here, ν13C is the 13C NMR
frequency and Azx,zy,zz are elements of the hyperfine coupling tensor. This
effect consistently explains variations of T2

* reported in experiments on
single NV43.

In our results, 13C at ~60 carbon sites (NN(nearest-neighbors)(3),
A(6), B(3), C(3), D(6), E(6)/F(3), G(6)/H(3), IJKL+(21), in decreasing
order of the magnitude of hf splitting), provide separated 13C satellites.
The T�

2;13C (primary lines) is determined by couplings to the 13C sites
giving weaker hf splitting, such as those labeled M, N, O in ref. 36, and
further ones. At 1731 G (ν13C = 1.854 MHz), 13C sites contributing to
T2

*
13C satisfy ν13C > > A so that our measurements ( ≥ 1731 G) belong to

the high-field limit. In contrast, at B = 150 G (ν13C = 0.161MHz, as in
ref. 11,26), an important number of 13C sites contributing to the primary
lines satisfy ν13C <<Azz, indicating a regime closer to the low-field limit.
Noticeably, our determination of T�

2;13C lies lower than the theoretical
estimate of T�

2;13C = 2.92 μs42. It is expected that our work should sti-
mulate further theoretical studies considering factors determiningT�

2;13C
revealed by our observation of the 13C satellite lines: not only a number of
carbon sites do not contribute to T�

2;13C, but also, significant delocali-
zation of the NV center electronic wavefunction occurs44.

Fig. 4 | Wide-range view of the FFT spectrum of ensemble NV in sample-A. The
spectrum for B//[111] (same acquisition data as in Fig. 2b) is fitted with a model
including both primary lines and 13C satellites. To describe the individual lines, we
fixed Δν1/2 = 248.7 kHz as the Lorentzian broadening (T2

* = 1.28 µs) consistently
with the determination in Fig. 2b. We find the hyperfine splittings of groups A(6),
B(3), C(3), D(6), E(6)/F(3), G(6)/H(3) to be |Ahfs | = 13.82, 12.90, 8.90, 6.50, 4.25, and
2.17MHz respectively. For the shoulders of the primary lines, corresponding to
several unresolved carbon sites (that we label ‘IJKL+’), we obtain |Ahfs | =0.96 MHz.
Detailed fit results are given in SI, Section S10.2.
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Our 13C limit at natural abundance (1.07%) yields the proportionality
constant in Eq. (3), A13C ¼ 0.063 ± 0.002ms−1ppm−1. By 99.97% 12C
enrichment ([13C] =0.03%), we predict the 13C contribution to be reduced to
T�
2;13C ≈ 50 μs (Δν1/2,13C = 6.0 kHz). Keeping other contributions as in sam-

ple-A,T2
* > 10μs is predicted, forNVensemblewithin the same largevolume,

without using sophisticated protocols such as spin-bath driving and DQ.
In sample-A, the terms from strain and local charges are smaller by one

and two orders of magnitude, respectively, compared to that from
the interaction with 13C (Table 1). In sample-A, we have found
Δν1/2,strain+charges = 17 ± 6 kHz for NV within a >10mm3 volume, which is
compared to Δν1/2,strain+charges =Δν1/2,allowed - 0.5 × Δν1/2,DQ = 25.3 kHz
measured for 3×3×0.07 mm3 in a CVD sample45.

Looking at optical transitions, we noticed that a large fraction of single
NV centers created in high-crystalline-quality and high-purity ([Ns

0]~3-4
ppb) HPHT crystals (sample-B and C) exhibit small transverse strain
(δ⊥ < 2GHz) in spin-selective optical transitions between the sublevels of
the 3A2 ground state and those of the 3E excited state at low
temperature (8 K).

Overall, our observations highlight that crystalline quality is of crucial
importance, to preserve spin/optical transition properties. The density of
dislocations is expected to be reduced both, in HPHT growth using high
crystalline quality seed crystals9, and in CVD growth using a low-strain
HPHTsubstratewithproper surface processing (polishing andetching)46, to
similarly low levels. For further improvement, the growth in the diamond
thermodynamic stability region (as inHPHT)might be favorable compared
to CVD growth performed under non-equilibrium conditions. It was
demonstrated that close-to-theoretical FWHM of the synchrotron X-ray
rocking curve is achievable with the HPHT method9,47. The present work
suggests HPHT growth is worth exploiting to attain superior crystal quality
for quantum applications.

Methods
Samples
Three natural abundance (13C: 1.07%) diamond crystals (samples-A∼C)
were grown by the temperature gradient method at high-pressure, high-

temperature (HPHT) conditions of 5.5 GPa and 1350 °C using high-purity
Fe-Co solvents towhich nitrogen getter (Ti) was added. (001)-oriented seed
crystals (0.5 mm× 0.5mmplates) cut from high-crystalline quality type-IIa
syntheticHPHTdiamond crystals were used. Sample-Awas irradiatedwith
2MeV electrons (total fluence 6×1016 e/cm2) at 800 °C and annealed at
1000 °C (2 h, in vacuum). See SI, section S2 for a description of the high-
temperature irradiation setup used for sample-A. Samples-B and -C were
irradiated with 2MeV electrons at room temperature to the total fluence of
5×1010 e/cm2 and 1×1011 e/cm2, respectively followed by annealing at
1000 °C (2 h, in vacuum). See SI, section S1 for further information on the
samples, including photographs.

X-ray topography
Synchrotron X-ray topography of sample-A was measured at the 1-km
beamline (BL29XULEH4) of Spring-8. The topographs with three different
reflection indices were acquired under quasi-plane wave incidence using
appropriate Si collimators (see SI, section S4, Supplementary Table 1 for
details). The reflection beam images were taken by a CCD-based X-ray
camera with a pixel size of 6.5 μm.

Electron paramagnetic resonance
Continuous-wave (cw)-EPR spectra were performed with a Bruker E500
X-band spectrometer. The slow-passage cw-EPR spectra of sample-A
(Fig. 1d) were taken using the 100 kHz magnetic field modulation with the
amplitude 1 μT, field scan rate 1 mT/168 s, microwave power 0.2 μW. The
signals are partly saturated by the microwave power and broadened by the
100 kHz (0.0035 mT) modulation. For measuring low concentrations of Ns

0

which is easily saturated by the microwave power, standard slow-passage
conditions are not favorable for attaining signal sensitivity. For quantifying
[Ns

0] of sample-Band -C, rapid-passage technique19,48 was employedbyusing
a Bruker ER4122SHQ cavity (the loaded Q-factor: QL ~ 10,000). Details on
the rapid-passage EPR acquisitions for sample-B and -C and corresponding
EPR spectra are available in SI, section S3. [Ns

0]avg measured for samples B
and -C are 4 ppb and 3 ppb, respectively. Suffix “avg” indicates that these
(100)-oriented HPHT plates have non-uniform distributions of Ns

0.

Fig. 5 | Summary of PLE experiments done in
sample-B and -C at T= 8 K. a PLE spectra of two
single NV (NV04 and NV05) in sample-B. The
resonant optical excitations to the 3E excited state
sublevels, |ms = 0〉→ |Ey〉, |ms = ±1〉→ | E2〉, |
ms = ±1〉 → |E1 〉, |ms = ±1〉→ |A2〉, |ms = ±1〉→
|A1〉 and |ms = 0〉→ |Ex〉 are labeled from (1) to (6),
respectively (see Supplementary Fig. 23). b Histo-
grams showing the distribution of transverse strain
(δ⊥) of single NV centers in sample-B and -C.
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Spatial distribution of Ns
0 of unirradiated sample-A was characterized

by EPR imaging using high-power gradient accessory Bruker E540 GCX2
(2D gradients with 20 mT/cm) and Bruker ER4108 TMHS resonator.
Rapid-passage technique was utilized in the imaging measurement48.

Pulsed EPR measurements were carried out using a Bruker ELEXSYS
E580 X-band spectrometer, together with a 9.5” magnet. Elements of the
EPRbridge used in pulse acquisitions are represented in SI, section S6.2. The
concentration of Ns

0 in sample-A was measured by utilizing instantaneous
diffusion effect in two-pulse echo decay.While the EPR linewidth is affected
by dipolar broadening among all paramagnetic species present, the
instantaneous spectral diffusion effect is determined by the dipolar inter-
action only among the fraction of electron spins that are excited by the
microwave (MW) pulses. Pulse sequence (θp/2— τ— θp— τ— echo) was
used for measurement before electron irradiation. The flip angle θp was
varied by varying the pulse height fixing the pulse durations of the first and
the second pulses at 16 ns and 32 ns, respectively. Pulse sequence (π/2— τ
— θp — τ — echo) was used for the measurement of [Ns

0] after electron
irradiation and subsequent annealing. The flip angle θp was adjusted by the
duration of the pulse tp, after measuring that 32 ns corresponds to an
inversion (tp = 32 ns ‧ θp/π).

For NV FID or echo acquisitions, the Bruker SpinJet AWG was used
and acquisitions were made in transient recorder mode. Experiments were
performed under CW illumination with green (532 nm) light, 200mW, to
enhance the EPR signal. The initial part ( ~ 100 ns) of the FID is not
detected, which corresponds to the so-called deadtime, typical of pulsed
EPR experiments. The deadtime is an interval during which the signal is
prevented from reaching the preamplifier, to protect the components in the
detection channel from high power microwave. The latter can occur both
due to the ringing following pulses, and to the noise of the traveling wave
tube amplifier (TWTA). For the allowed transition ofNV(data in Fig. 2) the
π pulse duration was 20 ns and the pulse spacing τ was chosen, so as to
minimize Electron Spin Echo EnvelopeModulation (ESEEM) effects on the
13C satellites, which can be made by choosing τ near a revival in a standard
ESEEMmeasurement (π/2— τ—π— τ— echo). Optimal valuewas found
at τ = 330 ns for the allowed transition at B = 2436 G. 4-steps phase cycling
was used to compensate for the effect of pulse and detection errors. To avoid
artefacts related to leakage microwave within the EPR bridge, the pulses
were defined using the Bruker SpinJet AWG so that the excitation carrier
frequency (νMW) is offset from that of the microwave Gunn source (νGunn)
of the bridge. For the allowed transitions, the offset was set to 5.6MHz. The
pulse carrier frequency was made resonant with the central (mI = 0) line of
the NV hyperfine structure (thus, due to the applied offset, the frequency of
the Gunn source was detuned by 5.6MHz from the central line). Effects of
amplification of leakage signals, that occur typically at the microwave fre-
quency of the Gunn diode, are therefore efficiently avoided, which allows
obtaining a distortion-free signal. The detection was made in quadrature
mode.Thus,while, in thefigures, only the real part of the timedomain signal
is represented, it consists, in fact, of two quadrature components (real and
imaginary). In the EPR bridge, the signal is demodulated at the frequency
νGunn. The as-recorded signal was numerically transformed
(× e2iπðνGunn�νMWÞt), to re-center the spectrum with respect to the excitation
frequency νMW as detailed in SI, section S6.2. Both quadratures of the time-
domain signal were used to compute the FFT (in the figures, only the real
part of the FFT is shown).

For acquisition of theNV forbiddenΔSZ ≈ 2 transition signal (Fig. 3), a
similar protocol was employed as for the allowed transitions (in particular,
the same illumination conditions were applied). However, a few modifica-
tions were made to adapt to the significantly lower dipole. First, in order to
perform efficient driving and improve S/N, the resonator Q-factor was
increased to Q ~ 300. Second, the FFT shown in Fig. 3b was performed on
full echoes, instead of half-echoes, providing another slight increase in S/N.
As in the allowed transition measurement, the microwave excitation fre-
quency was detuned from the Gunn diode frequency, here using 11MHz
detuning (to avoid driving any of the 14N mI =−1,0, +1 satellites). The
Gunn diode frequency was set to 9.691 GHz, so that the 11 MHz-detuned

excitation matches the precise resonator dip position, found at
νRes = 9.68 GHz. The interpulse spacing τ = 8200 ns was used in the Hahn-
echo (in order to be able to record the time trace over a sufficient duration
before the echo maximum). At a certain microwave power, the Rabi fre-
quency for the half-field transition depends on the magnetic field tilt angle
Θ. Here, the microwave power was adjusted, for each echo in Fig. 3b to
ensure constant RabiΩ1 = (2π) 3.125MHz, corresponding to a 160ns-long
πpulse. Further details on the acquisition protocol for the forbiddenΔSZ ≈ 2
transition including precise measurement parameters (such as microwave
power, number of averages) are given in SI, section S9.

To determine the magnetic field inhomogeneity in the NV ensemble
volume of sample-A, we observe the T2

* for the ms = 0↔−1 transition of
NV, by setting the magnetic field to B = 4480G and repeating the acquisi-
tion and analysis as in Fig. 2. The corresponding echo and FFT shown in
Supplementary Fig. 14 provide T2

* = 1.228 ± 0.012 μs, corresponding
toΔν4480G1=2 = 259.2 ± 2.5 kHz.ThewidthsΔν1/2 of theprimary lines obtained
in the differentmeasurements described in ourmanuscript, at fields 1731G
(DQ in Fig. 3), 2436 G (allowedms = 0↔+ 1 transition, Fig. 2) and 4480 G
(allowed, ms = 0↔−1 transition, Supplementary Fig. 14) obey:

0:5 ×Δν1731G1=2;DQ ¼ Δν1=2;NV�½13C;N0
s ;NV� þ Δν1731G1=2;B�inhom þ Δν1=2;1=T2

;

Δν2436G1=2 ¼Δν1=2;NV�½13C;N0
s ;NV� þ Δν2436G1=2;B�inhom þ Δν1=2;1=T2

þ Δν1=2;strainþcharges;

Δν4480G1=2 ¼Δν1=2;NV�½13C;N0
s ;NV� þ Δν4480G1=2;B�inhom þ Δν1=2;1=T2

þ Δν1=2;strainþcharges;

where Δν1=2;NV�½13C;N0
s ;NV� represents the total contribution from NV-13C,

NV-Ns
0, NV-NV interaction. In between the 2436 G and 4480 G

measurements, only the contribution from the bias field inhomogeneity is
expected to change. The magnetic field inhomogeneity (ΔB) is expected to
increase linearly with the set magnetic field49. It follows:

ΔB
B

¼
Δν4480G1=2 �Δν2436G1=2

ðg jjμBÞ× ð4480G�2436GÞ

¼ ð259:2 kHz�248:7 kHzÞ
ð2:8032MHzG�1Þ× ð4480G�2436GÞ ¼ 1:83 ± 0:73 ppm

Correspondingly, the contribution of the bias field inhomogeneity to
the quantities Δν2436G1=2 and 0:5×Δν1731G1=2;DQ is found to be Δν2436G1=2;B�inhom ¼
12:5 ± 4:9kHz and Δν1731G1=2;B�inhom ¼ 8:9 ± 3:5kHz, respectively. The differ-
ence in the bias field inhomogeneity must be taken into account when
extracting the contribution from strain and local charges from the values of
Δν1/2,allowed (determined at 2436 G) and 0.5×Δν1/2,DQ (determined at
1731 G): Δν1=2;allowed�0:5×Δν1=2;DQ ¼ Δν1=2;strainþcharges þ δinhom where
the contribution from the difference in bias field inhomogeneity
is δinhom ¼ Δν2436G1=2;B�inhom�Δν1731G1=2;B�inhom ¼ 3:6 ± 1:4kHz.

PLE measurements
Low temperature PLE (photoluminescence excitation) experiments
were performed using home-built confocal microscope setup to address
individual NV centers optically. The setup is described in Supplemen-
tary Fig. 24. The sample is inside a Janis ST-500 cold finger Helium flow
cryostat at T = 8 K. The off-resonant 532 nm laser (CNI Laser) polarizes
the 3A2 ground state intoms = 0. The resonant excitation to the 3E excited
state sublevels is carried out with tunable narrow-band 637 nm laser
(Velocity New Focus). Both lasers are pulsed by a double-pass AOM
configuration to get over 60 dB on/off ratio. The PL (photo-
luminescence) is collected by a Nikon LU Plan Fluor 100× air objective
(N.A. = 0.9) mounted on a NPoint NPXY100Z25− 102 nanoposition
stage.With scanning the frequency of the tunable narrow-band laser, the
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phonon side band emission is detected by Perkin-Elmer avalanche
photodiodes (APDs) after Semrock FF01-731/137-25 filter. In order to
observe all six optical transitions from the ground state sublevels,
microwave excitation is applied. When microwave is not applied, only |
ms = 0〉 → |Ey〉 and |ms = 0〉→ |Ex〉 transitions are observed. The
microwave source is a Rohde&Schwarz SMIQ signal generator. Triple
switches (from Minicircuits) in serial configuration yields over 180 dB
on/off ratio tominimize the leakage. Rubidium atomic clocks are used to
synchronize timing among the equipment and to stabilize frequencies of
the MW/RF outputs. The FPGA based 12-channel pulse generator with
1.5 ns resolution controls the pulsing sequence. The other FPGAboard is
designed as the time resolved counting system with 20 ps resolution.
Both are from Swabian Instruments.

Data availability
All data supporting the findings in this study is available from the corre-
sponding author upon (reasonable) request.
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