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Acoherence-protection scheme for quantum
sensors based on ultra-shallow single
nitrogen-vacancy centers in diamond

Anton Pershin 1,2,6, András Tárkányi 3,4,6, Vladimir Verkhovlyuk 1,6,
Viktor Ivády 3,4 & Adam Gali 1,2,5

High spatial resolutionquantum sensingof near-surface nitrogen vacancy (NV)
centers in diamond has enabled detection of magnetic, electrical, and thermal
signals at the nanoscale. At depths of just a few nanometers, NV centers serve
as localized quantum probes for external spins or low-dimensional materials,
but their proximity to the surface also enhances decoherence caused by
fluctuating nuclear spins. While advances in surface engineering have stabi-
lized the charge state of NV centers at depths of tens of nanometers, achieving
both ultra-shallow implantation (0.5-2 nm) and long-term spin coherence
remains a central challenge. In this work, we show using first-principles mod-
eling that, by exploiting the interaction of surface-induced strain and weak dc
magnetic fields, the spin coherence times of 1-nm-deep NV centers can be
greatly improved near the spin-phonon-confined regime at room temperature
in 12C-rich diamonds.We also demonstrate that this protocol benefits ~ 10-nm-
deep NV centers in natural diamond, enabling vector magnetometry at the
nanoscale.

Quantum sensors utilizing NV− centers in diamond have the potential
to revolutionize nuclear magnetic resonance (NMR) spectroscopy and
quantum magnetometry1–10. However, their effectiveness hinges on
optimizing thedistanceofNV− centers fromsurfaceswhilemaintaining
qubit state control, both crucial for enhancing the signal-to-noise ratio.
The strength of NV-NMR signal diminishes with the cube of the dis-
tance to the target spins (d)3, necessitating the placement of NV−

centers close to surfaces. However, shallow NV− centers (5-15 nm from
the surface) often exhibit reduced Hahn-echo coherence times (T2),
which critically impacts spectral resolution11. This arises fromelectrical
and magnetic interactions with the surrounding charges and spins.
Controlled interfacial band bending can mitigate electric noise and
stabilize the negative charge state of NV− centers12–14; critical for very
shallow NV− centers susceptible to converting to the neutral NV0

state15. The challenge of residual magnetic noise remains.

A promising approach to address magnetic noise involves oper-
ating in specific magnetic fields, where the qubit levels are protected
from magnetic fluctuations, also known as clock transitions16. Achiev-
ing this requires a finite transverse zero-field splitting, which is difficult
for NV− centers due to their inherent symmetry. Previous attempts to
harness this technique for shallow NV− centers have yielded only lim-
ited success. Specifically, an enhancement of the free-induction decay
time (T�

2) for NV
− centers located deeper within high-quality diamond

(~15 nm)was reported, yet the effect vanished at nanoscale17. Similarly,
only amodest increase inT�

2 time associatedwith a hyperfine level anti-
crossing innanopillarswasobserved18. They further demonstrated that
a biasfield createdby adjacent 13C nuclear spins could shift the avoided
crossing to higher fields, offering a potential avenue for AC magne-
tometry. Concurrently, the use of spin dyads—which involve the cou-
pled electronic spins of NV− and P1 centers—has shown promise in
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enhancing coherence times through analogous mechanisms19,20.
However, no strategy has convincingly demonstrated a clear advan-
tage for ultra-shallow NV− centers.

In parallel, a distinct challenge in quantum magnetometry is the
need to ascertain the complete vector of the target magnetic field,
rather than merely its projection onto the NV− quantization axis. To
address this issue, various strategies have been proposed, primarily
involving multiple NV− centers or the coupling of electronic spins of
NV− centers to surrounding nuclear spins21,22. While these approaches
have demonstrated success, they often require specific configurations
of nuclear and electronic spins within the sample, which can be diffi-
cult to control experimentally. Alternative schemes have also been
explored, including those leveraging optical vortex technique23, and
this area of research is currently under active development.

In this study, we investigate the coherence times of ultra-shallow
NV− centers, focusing on theirmanipulation through appliedmagnetic
fields. Our theoretical analysis reveals that surface strain is crucial for
optimizing conditions that protect qubit states from magnetic noise,
allowing high coherence times even at distances as close as 1 nm from
the surface. Experimentally, we observe that surface strain enhances
coherence in shallow NV− centers, linked to a hyperfine level anti-
crossing. These findings have important implications for quantum
sensing, suggesting that minor adjustments to the external magnetic
field can substantially improve the signal-to-noise ratio. Moreover, we

found that the measured T�
2 coherence times exhibit asymmetry due

todirectional residualfields,whichholds promise for advancing vector
magnetometry techniques.

Results
Suppression of magnetic noise close to the diamond surface
We begin our investigation with a theoretical analysis of how the sur-
face affects electronic and magnetic properties of the NV− center. To
this end, we performed DFT calculations on a large (001) slab of dia-
mond featuring a 2 × 1 surface reconstruction pattern, see Fig. 1. Two
surface terminations were considered: a fluorinated surface and a
mixed fluorine-hydrogen termination with a ratio of 70–30%. This
selection is based on recent advances in the modification of the dia-
mond surface by wet chemistry24 and previous work on plasma treat-
ment of the diamond surface25. Our previous (theoretical) study
indicated that both terminations stabilize the negative charge state
due to positive electron affinity24. In our calculations, we varied the
distance of the NV− center from the surface and closely monitored
changes in the electronic structure and transverse zero-field splitting
(ZFS) parameters, E.

For NV− centers situated near the surface, we observed the lifting
of e-orbital degeneracy, yielding an energy splitting of up to 20meV.
As depicted in Fig. 1c, this symmetry-breaking resulted in a calculated
E-value that attained a local maximum of ~30MHz at ~9Å (see

Fig. 1 | Electronic structure of ultrashallow NV center with electric field
noiseless surface termination of diamond. a Schematic representation of (001)
diamond slab of ~2.1 × 2.1 × 4.5 nm3 used in DFT simulations. The bottom panel

shows the 2 × 1 surface reconstruction. b Electronic structure of the NV− center in
bulk (left) and close to the surface (right). c E-splitting as a function of NV− depth.
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Supplementary Note 1 for details). Importantly, this effect was con-
sistent between both surface types, leading to substantially larger E-
values compared to those reported for the (N, H)-terminated (111)
surface26. It should be noted that the fluorine-terminated diamond
exhibits a shallow acceptor surface state at ~0.1 eV below the con-
duction band minimum, which is absent in the F/H-termination case.
As the NV− center approaches this surface state, no further increase in
E-value was observed. In contrast, for the mixed termination case, the
absence of surface states facilitates an even greater maximum E-value
of ~40MHz.

To illustrate the formation of avoided crossings in the presence of
finite E-splitting, we further consider a typical scenario of a (001) dia-
mond with shallowly implanted 15NV centers. The hyperfine energy

level structure of the NV− center interacting with 15N and one or three
13C nuclear spins is shown in Fig. 2. Due to the hyperfine interaction
with the nitrogen spin, at zeromagnetic field, a gap opens between the
pairs of states ∣mS,mN

� 2 ∣+ 1, "�, ∣� 1, #�� �
and ∣+ 1, #�, ∣� 1, "�� �

,
where former is the higher while latter is the lower in energy. Applying
a small magnetic field along an axis splits the electron spin eigenstates
according to the parallel component geμBBz = geμB cosθ0B0 of the
applied magnetic field where θ0 is the polar angle between B0 and the
NV symmetry axis. Similarly, the coupling between the nuclear spin of
a nearby carbon and the electron spin of the NV− splits the following
state pairs, from higher to lower energies: ∣+ 1, " , "�, ∣� 1, # , #�� �

,
∣+ 1, " , #�, ∣� 1, # , "�� �

, ∣+ 1, # , "�, ∣� 1, " , #�� �
, ∣+ 1, # , #�,�

∣� 1, " , "��. The nonzero transverse zero-field splitting mixes the

Fig. 2 | Hyperfine energy level structure in the ground state and coherence of
the NV− center in diamond. a–c Coupling of the electron spin to the 15N and a
nearby 13C nuclear spin close to zeromagnetic fieldswith a polar angle θ0 = 60∘. The
abscissa of all figures shows the total magnitude of the applied magnetic field. A
transverse zero-field splitting of E = 1.25MHz is applied to mimic the effect of the
surface. a, b Depict the case when there is 0 and 1 13C nuclear spin coupled to the
NV− center. Shift of positionof the level avoided crossings inducedby the E splitting

is proportional to the Azz hyperfine coupling term. c Shows multiple closely posi-
tioned splits due to two additional weakly coupled 13C nuclear spins. d Calculated
free induction decay time curves of the NV− center as a function of applied mag-
netic fields for different values of the E-splitting. e Calculated T2 time as a function
of distance from the surface for a shallow NV center at selected magnetic fields.
f Comparison between the T2 curves computed for the NV centers in fluorinated
and mixed terminations.
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∣+ 1i and ∣� 1i states of the electron spin, leading to multiple avoided
crossings (clock transitions) at magnetic field values determined by
the energy-level splittings described above, more precisely by the Azz

components of the hyperfine matrices, scaled by Azz= cosθ0. These
clock transitions give rise to coherence-protected subspaces, where
the system is immune to first-order magnetic field fluctuations. As
additional weakly coupled 13C spins are introduced, several closely
spaced splits and clock transitions appear, resulting in an energy level
structure that incorporates the unique signatures of each nuclear spin
interacting with the NV− center.

To understand the potential impact of E-splitting on the coher-
ence properties of NV− centers and DC magnetic sensing, we con-
ducted spin-dynamics simulations using 13C hyperfine and ZFS
parameters from our bulk DFT calculations. The dependence of T�

2

coherence time on themagnitude of transverse zero-field splitting and
applied axial magnetic field can be seen in Fig. 2d.When the E-splitting
reaches a value larger than the Azz value of the strongest coupled
nuclear spin, the coherence time increases by orders of magnitude at
the magnetic field values of the clock transitions, see Fig. 2a–c. In this
regime, the larger the E-splitting, the longer the coherence time.
Supplementary Note 2 contains additional results and an in-depth
analysis of the parameter dependence of the free induction
decay time.

To further comprehend the impact of E-splitting on the coherence
properties of NV− centers, we study the evolution of spin-echo T2 time
as a function of the applied magnetic field (B0) with and without
transverse zero-field splitting. In bulk diamond (where E is zero), T2
time shows a smooth increase, plateauing at highmagnetic fields27 (c.f.
Supplementary Fig. 1a). At lowmagnetic fields, the dominant source of
magnetic noise is the precession of the 13C nuclear spins induced by
the electron spin27,28. This noise is suppressed by the Zeeman splitting
of the nuclear spinswithin theBz∈ [3, 100] Gauss transition interval. At
higher magnetic fields, Hahn-echo decoherence is instead dominated
by a different mechanism, i.e. the flip-flop interactions between
nuclear spins. The E-splitting introduces a sharp peak at the level anti-
crossing close to B = 0G,where higher E-values increase T2 and extend
the range of magnetic fields over which this effect persists (see Sup-
plementary Fig. 1b).

Figure 2e shows the calculated T2 times for the NV centers in
fluorinated 12C enriched diamonds as a function of depth in various
magnetic fields. As NV centers approach the surface, their interaction
with surface (nuclear) spins substantially reduces T2 times compared
to bulk values for B = 100 Gauss and B = 1000 Gauss. However, the T2
values remain stable at the clock transition (c.f. Fig. 2e, f).We observe a
drop in the T2 values due to the decreasing value of the E splitting
calculated. Our simulations suggest that an optimal balance between
high coherence time and implantation depth occurs when the NV−

center is about 12Å from the surface, predicting a six-fold increase in
T2 time compared to highmagnetic fields. Notably, mixed termination
yields even longer coherence times at the clock transition, with the
maximum T2 time of ~1ms, which closely approaches the value for the
bulk NV− center. This enhancement is due to the differing gyromag-
netic ratios of thehydrogen andfluorinenuclear spins, whichdecouple
the two spin baths. Similar phenomena have been reported in the
diatomic silicon carbide (SiC)29 and hexagonal boron nitride hosts28.

Near surface NV− centers in diamond nanopillars
After discussing our first theoretical findings, we now present experi-
mental results demonstrating how specific magnetic fields enhance
coherence time in Ramsey interferometry for the currently available
near-surface NV centers with natural abundance of carbon isotopes in
diamond.We identified two shallowNV− centers, NV1 andNV2, within a
diamond nanopillar, confirmed by the antibunching observed in the
g(2)-function measurements (c.f. Fig. 3a) that are located at around 8

nm deep from the surface (see also Methods). The continuous-wave
optically detected magnetic resonance (cw ODMR) spectrum shows
doublet peaks for these centers, with a peak splitting of 3.1MHz
attributed to hyperfine interaction with the nuclear spin of 15N30.
Comparing simulations with experimental ODMR spectra revealed an
E-splitting of 0.65 MHz and an angle of θ0 = 61.3 degrees between the
external magnetic field (10 G) and the symmetry axis of NV1. We
measured the π-pulse width to be 1μs using a Rabi pulse sequence
(c.f. Fig. 3c), and the typical Ramsey spectrum for NV1 together with
the pulse scheme are shown in Fig. 3d.

Given the theoretical results in Fig. 2 and taking into account the
inclination of the NV− center in (100) diamond relative to the applied
magnetic field B0, the avoided crossing should be expected at ~1.1 G
(Bz

0 � 0:55 G), which corresponds to half of the 15N hyperfine constant.
The ODMR spectra (Fig. 3b) show no visible splitting due to nearby 13C
nuclear spins. Therefore, we expect avoided crossings to appear as
multiple closely positioned splits (c.f. Fig. 2d). Additionally, amagnetic
environment including Earth’s field acts as a bias field of ~0.45G (Br),
further shifting clock transition positions relative toB0 = 0G.Note that
our theoretical T�

2 curves set a new upper limit that surpasses all pre-
viously reported experimental values (e.g. 5–12μs31)—provided that (i)
the transverse splitting E is driven to ~32MHz (e.g., via surface
proximity or engineered strain), (ii) the sample exhibits near-perfect
isotopic purity and minimal electric-field noise, and (iii) only nuclear-
spin bath decoherence is operative. In practice, electric-field fluctua-
tions and surface spins in standard CVD diamonds may reduce the
experimental T�

2 well below these idealized curves.
We proceed by exploring the coherence properties of the NV−

centers in nanopillars in the vicinity of the avoided crossing regions.
The time evolution of the qubit state shows the oscillations that are
driven by a single frequency, corresponding to a detuning of 1 MHz
from the nearest hyperfine line. For NV1, the measured magnetic field
dependence of T�

2 coherence time displays a complex behavior, par-
ticularly within the ±1 G range (see Fig. 4a). The expected features at
the avoided crossings are not pronounced for this NV− center, which
we attribute to the small E-value of 0.65MHz (see Fig. 4a). However,
several peaks and dips are discernible against a noisy constant
background.

To theoretically support our measurements, we perform CCE-1
free induction decay simulations by taking into account the conditions
of the measurements, including (i) the angle of the applied magnetic
field and the symmetry axis of the center; (ii) the presence of the
residual magnetic field of Earth; and (iii) the presence of a small
transverse zero-field splitting. To account for the hyperfine shift and
splitting of the clock transitions, we consider two strongly coupled
nuclear spins, the 15N of the NV− center with resolvable hyperfine
splitting (see Fig. 3b) and a 13C, which is adjacent to the nitrogen. To
accuratelymodel relevant dynamics, we go beyond the standardCCE-1
method by including three spins, the electron spin and the 15N and 13C
nuclear spins in the central core of the system, and four spins in each
subsystem of the first-order expansion of the weakly coupled bath of
farther 13C nuclear spins. Bath spin lattice positions are selected ran-
domly, with the constraint that their AðbathÞ

zz hyperfine coupling
terms are smaller than the AðCÞ

zz coupling term of the 13C nuclear spin in
the central spin system. This ensures that the 13C nucleus included in
the central system is the most strongly coupled carbon spin and that
the bath does not cause resolvable hyperfine splittings in the energy
spectrum, similarly to our experimental observations.

Similarly to our experiments,weobserve a complex structurewith
multiple sharp peaks and dips standing out from an overall constant
magnetic field dependence of the T�

2 curve, see Supplementary Fig. 2.
We note that the features are connected to the zero-magnetic field
region and they are absent at higher fields. The peaks and dips are
centered around the clock transitions and B0 = 0G. Details of the
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curve, such as the baseline of the T�
2 plot as well as heights and depths

in the curve act as unique fingerprints of the arrangement of the
surrounding 13C bath (beyond the hyperfine resolved close 13C), which
we selected randomly in our simulations. Considering the baseline, we
observe that the distribution of the T�

2 values extends in the interval of
~1μs and ~4μs with a maximum around ~2μs. Our findings thus
suggest that the nuclear spin bath and the induced quasi-static mag-
netic field fluctuation are the dominant sources of decoherence in our
experiments. However, a large enhancement of the T�

2 values at clock
transitions for the NV1 center is neither observed in the experiment
nor in the simulations, due to the comparable value of the E-splitting
(0.65 MHz) and the hyperfine splitting of a close 13C nuclear spin, see
Supplementary Notes 2 and 3.

To further comprehend the decoherence of NV− centers in
nanopillars, we study yet another center named NV2. The magnetic
field dependence of the ODMR spectrum for the NV2 center is illu-
strated in Fig. 4c. Compared to NV1, this center exhibits a substantially
larger E value of 1.25MHz. Furthermore, Fig. 4 shows that the T�

2 time
reduces to 1μs on average across all fields, except at (one of the) clock
transitions, which corroborates our theoretical predictions. The com-
bination of these two factors leads us to conclude that NV2 is located
closer to the surface than NV1. Consequently, the peaks at the level
anti-crossing become more pronounced for NV2. The observed peak
splitting near B0 ~1.5 G can be attributed to the presence of another
closely coupled 13C spin, with a hyperfine coupling constant of
~0.6MHz, which falls below the resolution of ODMR measurements.
Importantly, the T�

2 time at the avoided crossing, reaching 1.8μs, is the
longest observed across all studied magnetic fields within the range
of ±100G.

As shown in Supplementary Fig. 4, our calculations for the NV2
center also confirm the maximum of the T�

2 time at the avoided
crossing. Furthermore, we highlight the detrimental role of 13C nuclear
spins with coupling strength comparable to the transverse zero-field
splitting, which are responsible for a two-fold decrease of the coher-
ence time at the clock transition. Indeed, in the absence of 13C nuclear
spins, the nitrogen nuclear spin is always present, but does not hinder
coherence time enhancements. We attribute the distinct effect of
nuclear spins on the T�

2 time to two factors: the off-diagonal pseudo-
secular Hamiltonian coupling terms arising from nonzero Axz and Ayz

hyperfine terms, and the increased system dimensionality, giving rise
to multiple clock transitions of decreasing relevance. For complete-
ness, we also explored various combinations of E-values and hyperfine
constants in the Hamiltonian, as well as the impact of different
hyperfine coupling terms, with the results summarized in Supple-
mentary Notes 2 and 3.

Most strikingly, the pronounced asymmetry in the T�
2 time as a

function of the magnetic field B is consistently observed across all our
calculations for E > 1MHz, irrespective of the spin-bath composition,
see Supplementary Figs. 5 and6. Theprimaryorigin of this effect lies in
the difference between the magnitudes of transverse magnetic field
components (∣B?∣) at the different clock transition regions. Combined
with the AxxŜx Îx and AyyŜyÎy hyperfine spin-flipping terms between the
electron and nitrogen spin, these components inducemixing between
eigenstates ∣1 #� $ ∣0 "� and ∣� 1 "� $ ∣0 #� of the NV center, see
Supplementary Note 3. This effect diffuses the coherence-protected
regions of clock transitions by transforming the coherent spin state
corresponding to the avoided crossing into a state much more sensi-
tive to magnetic field fluctuations along the NV-axis. The frequency of
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Fig. 3 | The measured experimental characterization of the NV1 center. a g (2)-
function. b cw ODMR spectrum where the angle θ0 = 61.3 degrees between B0 and
the symmetry axis of the NV center. The red line shows the simulation performed
using the EasySpin package. c Themeasured Rabi oscillation simulated by a cosine

function with an exponential decay with time TRabi
2 (red curve). d The measured

Ramsey oscillations at B0 = −1.8 G simulated by a cosine function with exponential
decay with time T *

2 (red curve). The inset in b–d shows the measurement protocol.
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this transition depends linearly on ∣B?∣; thus, when the relative azi-
muthal angle of the applied magnetic field and the biased magnetic
field (φ in Fig. 5a) is 180°, the field vectors are collinear and ∣B?∣ is the
same for both clock transition regions. Therefore, the curve is sym-
metric under this condition. In turn, the difference in ∣B?∣ and conse-
quently the asymmetry is maximal for the case when φ =0°.
Numerically, the strength of this effect is amplified at higher E-values,
indicating that T�

2 times can be optimized by carefully controlling the
orientation of both fields.

Surprisingly, themaximum coherence time for a given NV− center
is achieved when B0 is antiparallel with the target field rather than it is
aligned with the NV− axis, see Fig. 5b. This finding opens interesting
possibilities for vector magnetometry. Specifically, following an
increase in T�

2 at the avoided crossing upon rotating the applied
magnetic field, the maximum T�

2 value would indicate the configura-
tion when both fields are aligned, corresponding to B0 k ðBx

r ,B
y
r ,B

z
r Þ.

The accurate magnitude of Bz
r can be determined from the shift of

positions of avoided crossings, see Figs. 2 and 4b, d.We anticipate that
this straightforward approach might facilitate the determination of
complete vectors of target fields, and is applicable to most of single
shallow NV− centers without the need for special techniques.

Discussion
High spatial resolution quantum sensing with near-surface NV centers
represents a rapidly advancing class of applications, where the NV-to-
sample distance plays a critical role. Unlike quantum networking or
bulk material sensing, which typically employ NV centers tens of

nanometers below the surface32,33, nanoscale sensing requires NVs
positioned within just a few nanometers of the diamond surface34,35. At
these shallow depths, NV centers function as highly localized quantum
probes for detectingmagnetic, electric, or thermal signals fromnearby
targets such as two-dimensional materials, biological molecules, or
ions in solution. Magnetic dipole detection depends strongly on
dipolar coupling, which decays rapidly with distance, making shallow
implantation essential for detecting weak external signals from single
electronic or even nuclear spins36–38.

In this paper, we theoretically investigated ultra-shallowNV centers
and worked out coherence protection mechanisms relying on strain
induced by the surface. We identified specific magnetic fields at certain
strain levels that protect the qubit states of NV− centers from magnetic
noise. The precise values of these fields depend on the implantation
depth, which defines the strain, and the magnetic environment, which
induces a shift of the clock transitions. Minor adjustments to the
external magnetic field, typically around 0.5 G, can substantially
enhance coherence for shallow NV− centers. Our experimental demon-
strations on single NV− centers in a diamond nanopillar validate these
predictions, showing a 2.4-fold enhancement in coherence time for the
NV− center. Furthermore, our calculations indicate that using mixed
fluorine/hydrogen surface terminations can further enhance coherence
by reducing surface states and magnetic interaction among similar
atoms, especially when the applied and bias fields are aligned.

These findings provide the design rules for quantum sensors with
potentially improved signal-to-noise ratios and applications in vector
magnetometry. Furthermore, combining the optimization of photo-
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structures (F) for bNV1 and dNV2, derived from the positions of themaxima in the
cw ODMR spectra. The solid lines represent simulations based on the indicated

zero-field splitting parameters, while splits due to distant spins are omitted for
clarity. B0 is the appliedmagnetic field generated by the coil. The curves are shifted
from the zero magnetic field by 0.4 G for NV1 and by 0.5 G for NV2 due to the
projection of the biasing magnetic field onto the NV-axis.
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excitation for reducing spectral diffusion39 and external magnetic
fields for elongating the coherence times may lead to superior NV-
based spin-photon interfaces, engineered into diamond nanopillars.

Methods
Theory
The density functional theory calculations were performed by the
VASP code40,41 using a plane wave basis. Projector augmented wave
(PAW) potentials42,43 were used with a cutoff energy of 400 eV. A 2447-
atom supercell model of 21.4020× 21.4020 × 45.4020Å3 diamond slab
was constructed to avoid the interactions of defect with its periodic
images and to apply the Γ-point sampling scheme. The geometry
optimization and calculation of electronic properties were performed
with the PBE functional. The convergence threshold for the forces was
set to 0.01 eV/Å.

In the calculations, we computed both T�
2 and T2 times as a

function of applied field and surface proximity. Note that T�
2 is the

dephasing time, measuring how long an unrefocused qubit (or
ensemble) maintains phase coherence in the presence of quasi-static

field offsets, whereas T2 is the coherence time, representing the ulti-
mate limit once those offsets are refocused by echo pulses. Simula-
tions of free induction decay of NV− centers were performed using the
first-order generalized cluster correlation expansion (gCCE-1) method
with an extended zero-order subsystem of three spins. The spin bath
contains 13C nuclear spins of natural abundance within a cutoff radius
of rbath = 30Å. To uncover unique features in coherence dynamics, we
donot averageover randomizedbath configurations and instead study
the dependence on specific spin distributions, see Supplemen-
tary Note 4.

TheHamiltonian used tomodel the system, consisting of a central
electron spin and the surrounding nuclear spin bath, takes the fol-
lowing form:

Ĥ = Ĥe�b + Ĥe + Ĥb =
X
i

Ŝ
T
AðiÞ Î

ðiÞ
+

D Ŝ
2
z � SðS+ 1Þ=3

� �
+ E Ŝ

2
x � Ŝ

2
y

� �
+

geμBB
T Ŝ�

X
i

gðiÞ
N μðiÞ

N BT Î
ðiÞ
+
X
i< j

Î
TðiÞ

JðijÞ Î
ðjÞ
,

ð1Þ

where Ĥe�b is the interaction Hamiltonian describing hyperfine cou-
plings between the NV− and its environment. Ĥe and Ĥb are the sepa-
rated electron spin and bath Hamiltonians, encoding the zero-field
splitting of the NV− center, the Zeeman-interaction, and the magnetic
dipolar interaction of nuclear spins, respectively. Note that accurate
hyperfine tensors for the 13C nuclear spins were derived from first-
principles calculations, avoiding finite-size effects44.

In order to numerically study the Hahn-echo coherence time of
bulk and near-surface NV centers in diamond, we implemented the
second order generalized cluster correlation expansion method
(gCCE-2)45–47. Coherence time calculations in bulkmodels were carried
out by considering a 13C nuclear spin bath with natural abundance. The
simulations included ~1000first order subsystems and ~2000 second-
order subsystems, i.e., the convergent cut-off radii were set to
rbath = 50Å and rdip = 8Å (see ref. 47).

In our calculations for slab models, we took into account only the
spin bath of the termination due to 19F and 1H nuclear spins. We used
rbath = 30Å and rdip = 6Å cut-off radii that defined 300–400 first-order
subsystems and 3000–4000 second-order subsystems depending on
the distance of the NV center from the surface. In all cases, we carried
out averaging by taking 25 random initial state for the spin bath. The
nitrogen nuclear spin of the NV center was neglected in our simula-
tions. As a consequence, the level avoided crossing due to the trans-
verse zero field interaction appears a zero magnetic field. In physical
samples, the position of the avoided crossing is shifted as demon-
strated by our measurements. Accurate hyperfine tensors for the 13C
nuclear spins were obtained from finite-size effect free first principles
calculation using the method developed in ref. 44.

Experiment
To locate a shallow single NV− center in diamond with a natural
abundance of carbon isotopes, we used a specialized enhanced single
NV array with a pillar structure containing 15N isotopically substituted
NV− centers. According to the provider (QZabre), the nitrogen
implantation energy used for the creation shallow NV centers was
7 keV, which corresponds to an average NV depth of approximately
8–10 nm based on stopping and range of ions in matter (SRIM)
simulations48. ODMR measurements were performed using a home-
built confocal setup with a 520 nm laser (10 mW). Emission up to
700 kCs/s/center was collected through a 0.9 NA Carl Zeiss objective,
filtered with a 650-nm long-pass filter, and focused into a 50:50 fiber
optic coupler (Thorlabs TW670R5F1) serving as both a pinhole and
beam splitter for twoAPD detectors (Excelitas SPCM-AQRH-44), which
generated 10 ns TTL pulses for data acquisition via a TimeTagger Ultra

Fig. 5 | Simulated coherence times as a function of external constantmagnetic
fields. a Illustration of magnetic field orientations relative to the NV− center and its
neighboring carbon atoms. The z-axis corresponds to the symmetry axis of the NV
center, B0 and Br denote the applied and Earth’s residual magnetic field, respec-
tively. The dashed lines lay in the plane perpendicular to the z-axis. For our simu-
lations θ0 = 60∘ and θr = 120∘. The latter is calculated from the shift of the
experimental energy level spectra from B0 = 0 G. b Calculated curves of free
induction decay time as a function of small applied magnetic fields for the case
E = 15MHz. φ denotes the relative azimuthal angle between the applied and Earth’s
residual magnetic field.
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(Swabian Instruments) module. The detectors were employed for g (2)-
function measurements (Hanbury-Brown-Twiss interferometry). The
microwave field was generated by a microwave source (WindFreak
SynthNV) together with a high-power amplifier (Mini-Circuits
ZHL-16W-43+), a Mini-Circuits ZASWA-2-50DRA+ switch, and a micro-
wave stripped antenna located under the sample. The resulting
microwave power was 40dBm. The scheme of the setup can be found
in Supplementary Note 5.

The relaxation time T�
2 was measured using the Ramsey pulse

sequence. NV− centers were initially polarized to thems =0 state with a
4μs optical pulse. A microwave pulse train π/2 ⟶ τ ⟶ π/2 was
applied, followed by a second optical pulse with variable duration τ to
readout the spin state. A 3μs pulse gated the timer tagger input at the
start of the second optical pulse, and an identical pulse normalized
the first. A similar protocol was used for Rabimeasurements, replacing
themicrowave sequence with a single τ-pulse while scanning the pulse
duration value τ. Pulse sequencesweremanaged by Pulse Streamer 8/2
(Swabian Instruments), with all ODMR signals recorded at room tem-
perature (297 K). An external magnetic field was applied perpendicu-
larly to the diamond surface using a Helmholtz coil, producing a
homogeneousmagneticfieldof ±100G, controlled by a high-precision
power supply (Keithley 2280S-32-6).

Data availability
Themain data supporting the findings of this study are availablewithin
the article and its Supplementary Figs. The source data underlying
Figs. 1–5 are provided as a Source Data file. Additional details on
datasets and protocols that support the findings of this study will be
made available by the corresponding author upon reasonable
request. Source data are provided with this paper.

Code availability
The codes that were used in this study are available upon request to
the corresponding author.
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