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ABSTRACT

Charged boron vacancies (V;) in hexagonal boron nitride (hBN) have emerged as a promising platform for quantum nanoscale

sensing and imaging. While these primarily involve electron spins, nuclear spins provide an additional resource for quantum

operations. This work presents a comprehensive experimental and theoretical study of the properties and coherent control of

the nearest-neighbor '*N nuclear spins of V-ensembles in isotope-enriched h'°B'*N. Multi-nuclear spin states are selectively

addressed, enabled by the state-specific nuclear spin transitions arising from spin-state mixing. We perform Rabi driving between

selected state pairs, define elementary quantum gates, and measure longer than 10 us nuclear Rabi coherence times. We observe

a two orders of magnitude nuclear g-factor enhancement that underpins fast nuclear spin gates. Accompanying numerical

simulations provide a deep insight into the underlying mechanisms. These results establish the foundations for leveraging nuclear

spins in V; center-based quantum applications, particularly for extending coherence times and enhancing the sensitivity of 2D

quantum sensing foils.

1 | Introduction

Spin defects in wide bandgap semiconductors have emerged as a
promising platform for nanoscale quantum sensing, dominated
by the nitrogen vacancy (NV) center in diamond [1, 2], thanks to
its long coherence times [3] and efficient optical spin polarization
at room temperature [1, 2]. NV centers can be applied in dense
ensembles to reach pT/ \/ﬁ level sensitivities [4, 5], or mounted
individually in diamond tips to probe magnetism with nanoscale
spatial resolution [6, 7]. There is growing interest in directly
integrating quantum sensors [8] with the probed system to
achieve higher spatial resolution. Examples include introducing

spin defects in nanoscale particles to biological samples [9-11],
and direct integration of the system of interest with a quantum
sensing chip [12-14]. This is challenging with NV centers, as
the diamond host is difficult to process, and the NV coherence
time is substantially degraded when located close to the sample
surface due to charge trapping effects. In contrast, with hBN,
the defects remain effective when they are in 2-3 nm proximity
of the material’s surface [15]. Consequently, they can be in
proximate contact or be embedded within the target system, and
are inherently well-suited to heterogeneous integration thanks
to well-developed pick and place fabrication methods. This
approach has been applied to study magnetism in 2D [16-18]
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and bulk [19, 20] magnetic materials, with ensembles of boron
vacancy defects V; in hBN flakes directly integrated with the
target platforms.

The V; has been thoroughly studied by experiments [21] and
theory [22, 23], testifying the keen interest and potential of spin
defects in 2D materials. Like the NV center in diamond, V is a
radiative spin triplet system (total spin quantum number, S = 1).
It has ground- and excited-state zero-field splitting of ~3.5 GHz
[21] and ~2.1 GHz [24, 25], respectively. Spin initialization can be
achieved through optical pumping. One important shortcoming
of the V, center, compared to the NV center in diamond,
is its low intrinsic quantum efficiency [22], which prohibits
single-defect measurements. This limitation may, however, be
counterbalanced by the efficient creation of V; centers by neu-
tron irradiation, which may lead to high densities of V; centers
even in ultrathin hBN samples. [15] Room-temperature electron
spin relaxation, T, and spin coherence, T,, times are ~ 20 us [26]
and ~ 100 ns [27-31], respectively. Various dynamical decoupling
schemes can effectively extend T, [28, 29, 32], and enhance
sensing performance [29, 33, 34]. Consequently, the V, center
is an alternative to the NV center due to its potentially superior
performance in near-surface sensing and imaging applications.
[35]

Strong hyperfine coupling provides a mechanism to polarize and
control the three nearest neighbor nitrogen nuclei via the V
electron spin [36-41]. Optical pumping via spin mixing near
the avoided crossings of the excited and ground states (ESLAC
and GSLAC) has been shown to partially polarize the nitrogen
nuclei [36, 38-40], while coherent control of the nuclear spins can
be achieved using electron-nuclear double resonance (ENDOR)
techniques [36, 38, 41].

In this article, we explore and demonstrate the coherent control
of '*N nitrogen nuclear spins adjacent to the V; center in an
isotopically enriched hBN crystal [42]. We perform an electron-
nuclear double resonance study and selectively address the
four nuclear spin states of the three identical spin-1/2 nitrogen
nuclei. Theory predicts that this selective addressability arises
from electron-nuclear hyperfine coupling, which induces state-
dependent mixing of the two spin species. This mixing results in
distinct shifts lifting the degeneracy of the transitions. Hyperfine
mixing significantly enhances the nuclear g-factor, resulting in
an increase of the Rabi frequency by approximately a factor of 164
compared to that of pure nuclear spin states. In addition, Rabi
oscillation of the nuclear spin has a coherence time exceeding
10 us, and there is an unexpected loss of nuclear polarization
when pumping the defect optically. The narrow magnetic res-
onance line width, long coherence time, and fast nuclear spin
control make nuclear spins adjacent to V; centers a desirable
platform for quantum applications, especially in the field of
quantum sensing.

Before presenting our results, we briefly review the most relevant
properties of the V; center that provide the basis for our
discussions. The V3 center is a planar defect in hBN with D,
symmetry. The defect electronic states in the bandgap arise
from in-plane nitrogen dangling bonds, which define the spin
density (see Figure 1a), and from the out-of-plane p, orbitals
of the neighboring nitrogen atoms. The latter orbitals play an

important role in forming the optically excited triplet state [22,
43]. Each lattice site in hBN contains a nuclear magnetic moment
that interacts with the electron spin through dipole-dipole and
Fermi contact hyperfine interaction terms obtained from the
spin density distribution of the defect. In our experiments and
simulations, we study boron-10 and nitrogen-15 isotope enriched
h!°B!>N crystals. Due to the localized nature of the defect orbitals
and thus the spin density, see Figure 1, the V; center couples
most strongly to the three nearest-neighbor N nuclear spins
(I =1/2). Indeed, the dynamics of the V; electron spin cannot
be considered separately from its first neighbor nuclear spins, and
these four spins form an entangled core. [37, 44] The second and
third-strongest hyperfine interactions are approximately one and
two orders of magnitude smaller [22, 44], respectively, allowing
us to investigate the properties of the electron spin and its
three nearest-neighbor nuclei independently of the surrounding
nuclear spin bath in first order.

Hyperfine interaction with the nearest neighbor N spin is
crucially important in our study, thus, we examine different terms
of the coupling and their effect in the presence of an external
magnetic field separately. In this study, we employ a constant
B magnetic field parallel to the symmetry axis of the defect,
which is also aligned with the preferential quantization axis of
the defects set by the zero-field splitting interaction of the ground-
state electron spin. The static Hamiltonian for the electron and
the three N nuclear spin can be written as,

3
A=DS+7.8,B+ Y (yiyl,B+SAL) )

i=1

where y, and sy are the gyromagnetic ratios of the electron
and the nuclear spins, S and I; are the electron and nuclear
spin operator vectors, respectively, and D is the parallel zero-field
splitting parameter. The transverse zero field splitting parameter
E is neglected in our study, since we focus predominantly on the
150-250 mT magnetic field range, where E has a negligible effect.
Finally, A; are the hyperfine coupling tensors of the first neighbor
nuclear spins, for which we initially use published theoretical
tensors [22] and later scale to perfectly match our experimental
nuclear magnetic resonance spectra. Throughout this article, we
use a common Cartesian frame to express the hyperfine tensors
A;, in which the z axis is perpendicular to the plane, and the x and
y axes lie in the plane, with the x axis passing through one of the
first-neighbor nitrogen atoms. In this frame, A,, = A accounts
for the diagonal (secular) term of the Hamiltonian, while A,,,
Ay, and A, = A,, account for the mixing of the electron and
nuclear spins. It is worth noting that the rotationally invariant
mixing term appearing in perturbation theory is given by A =

\/ (Ap +A,,) " +442,

Magnetic field dependence of the spin eigenstates of the four-
spin system is depicted in Figure 1b. The eigenstates are separated
into three branches according to the electron spin mg quantum
numbers, except at the ground state level avoided crossing
(GSLAC) where the mg = 0 and the mg = —1 states are heavily
mixed by the hyperfine coupling of the first neighbor nuclei
15N, see Figure 1b. Away from the GSLAC, the secular hyperfine
couplings A,, of the three first neighbor spin-1/2 1N nuclear spins
give rise to a characteristic four-peak hyperfine structure [39] of
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FIGURE 1 | Configuration and fine electronic structure of the V5 center in h1°BISN. (a) Structure and electron spin density (dark orange lobes) of

the V -center in hBN. Green and deep blue spheres depict nitrogen and boron atomic positions. (b) Magnetic field dependence of the spin energy levels.
The inset depicts the energy levels at the ground state level avoided crossing (GSLAC) region of strong electron-nuclear spin mixing. (c) Emergence
of the hyperfine structure in the mg = —1 branch in h'°B>N away from the GSLAC in secular approximation. (d) ODMR spectra of the V5 center in

h'°BI5N at 212 mT fitted with a sum of four Gaussian curves.

the mg = +1 branches of the V center with 1-3-3-1 degeneracies
in h1°BN, see Figure 1c. Figure 1c details how the degenerate
states are formed, assuming each added nuclear spin splits the
energy levels equally (see the dashed blue lines), corresponding
to the secular A,, component for each nucleus. Since the system
exhibits a 120° rotation symmetry, all first neighbor °N A4,,
components are the same.

2 | Results

First, we carry out optically detected magnetic resonance
(ODMR) on the ensemble of V5 in h'*BN by driving the mg =
0 & mg = —1 transition at 212 mT. A characteristic four-peak
hyperfine structure is observed, see Figure 1d, where the peaks
are labeled as P,-P, in order of increasing energy for the mg = —1
state, and correspond to m;, = {+3/2,+1/2,-1/2,-3/2} quan-
tum numbers of J, = Y. I,; in the secular approximation, i.e.,

Rl

when only the diagonal elements of the spin Hamiltonian are
considered. When the nuclear spins are not polarized, i.e., all
states are occupied with equal probability, the areas under the
ODMR peaks P;-P, are proportional to the 1-3-3-1 degeneracy of
the hyperfine levels.

To selectively address the nuclear spin states of the V; center, we
carry out pulsed ENDOR studies on our isotope-enriched sample,
see Methods for further details. We first initialize the electron
spin predominantly in the mg = 0 subspace by a blue (488 nm)
laser pulse and apply a microwave (MW) 7-pulse with frequency
w; to selectively populate one of the peaks P,-P,. This transition
is nuclear spin state selective (CNOT gate). Assuming a uniform
population of the nuclear spin states, the population transferred
to the mg = —1 state after the MW pulse is proportional to the
number of the hyperfine levels involved in the transition, see
Figure 1c. After some population is transferred to the mg = —1
branch, a radiofrequency (RF) pulse with a varying frequency
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Electron nuclear double resonance of first neighbor nitrogen nuclear spins. (a) Pulse sequence of nuclear spin state control. Sage

green, slate blue, and gray rectangles represent laser, microwave (MW), and radio frequency (RF) pulses, while the terracotta pink rectangles represent
the period of photon collection. The pulse durations are not to scale. (b) Electron nuclear double resonance (ENDOR) spectra of the V; center in
hl°BISN. Green, blue, terracotta, and gray curves show the ENDOR contrast C;; obtained by initializing and measuring the same P; hyperfine sublevel,

see Figure 1d. Here, an external magnetic field of 212 mT is used in the measurements. (c) The amount of mixing of the electron spin mg = +1 states with
the dominantly mg = 0 state. The value 0.01 means 1% mixing. Blue lines depict the mixing of the hyperfine resolved states obtained by diagonalizing the
full Hamiltonian, while the dashed gray line depicts the result of a simple analytical formula assuming only electron spin state splitting and hyperfine

mixing terms of strength A, see text. (d) Magnetic field dependence of the ENDOR resonance peaks for C; , (light) and C; 5 (dark). The spectra in (b)
and (d) are offset for clarity. The actual ENDOR contrast falls in the range of 0.6-1.5%. (e) simulated wide field magnetic dependence of the ENDOR
resonance peaks. The density map p is obtained by summing up all C;; curves at all magnetic field values. (f) Close-up view of the magnetic field

dependence of the energy levels of the mg = 0 branch.

is applied to drive resonant transitions between the populated
and unpopulated hyperfine states. The duration of the pulse is
set to approximately perform a 7-pulse between the hyperfine
states when the RF drive is resonant with the transition, which
we do by performing a Rabi-oscillation and selecting the duration
corresponding to the first minima in the contrast. Finally, another
MW r-pulse with frequency w; is applied to selectively test the
population of peak P;. After performing this pulse sequence,
the electron spin population carries information on the success
of the nuclear spin transition, which is then read out via the
photoluminescence intensity at the beginning of the next laser
pulse. The sequence is repeated without applying the RF pulse
for better contrast. Finally, the pulsed ENDOR signal is obtained
as

-1
s T (2)
Iz
off
where I;r’l (off) is the PL intensity detected while addressing peaks

P; and P; with MW transition frequencies w; and w; for RF drive
on (off).

Sample ENDOR spectra are depicted in Figure 2b. In each
measurement, we populate peaks P, P,, P;, or P, with the first
MW pulse and examine the population of the same peaks after
the RF pulse (C;; signals), see Figure 2a. Dips in the contrast
indicate successful nuclear spin population transfer from the
initial hyperfine state i to other hyperfine states with Am;, ~ +1.
As can be seen in Figure 2b, starting from the lowest energy
P, state, there is only one nuclear resonance transition. For the
case of middle P, and P; states, there are two possible transition

frequencies, while for the P, state, again, a single transition
energy is revealed. Altogether, three distinct transition energies
labelled «, B, and y are observed, see Figures 1c and 2b. Our
protocol thus enables selective initialization of the 4-spin system
in all the hyperfine states in the mg = —1 branch.

Strikingly, the a, 8, and y nuclear spin state transition energies
exhibit notable differences. Considering only the secular, diag-
onal terms of the system’s spin Hamiltonian, one would expect
that these transition energies are equal, see Figure 1c, since the
A,, component of the hyperfine tensors of the first-neighbor
nitrogen atoms, causing the nuclear spin state splitting in first
order, is identical due to the threefold rotational symmetry of
the structure. However, the non-secular A, A,,, A, and A,
elements are significant, ranging from 20 to 92 MHz, which give
rise to a mixing between the different m; electron spin states.
This mixing induces nuclear-spin-state-dependent shifts that, in
turn, lead to measurable differences in the a, 8, and y transition
energies. Moreover, since the degree of mixing varies across the
investigated range of the external magnetic fields (Figure 2d),
the a-y transition energies consequently exhibit magnetic-field
dependence. A comprehensive discussion and a perturbation-
theory analysis of the mixing and the resulting energy shifts are
provided in Note S1 and S2.

To test our theory, we perform pulsed ENDOR measurements at
various magnetic field values as depicted in Figure 2d. The posi-
tion of the nuclear resonance dips shows considerable magnetic
field dependence in the examined 169-240 mT magnetic field
interval, in agreement with the theoretical expectations. Closer
to the GSLAC, we observe not only the shift of the a-y transition
energies, but also the splitting of the § transition.

4 0f10
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The measurement in Figure 2d enables us to determine the
hyperfine coupling of the first-neighbor nitrogen atoms with high
accuracy. Utilizing exact diagonalization of the spin Hamiltonian
and the method detailed in the Note S3, we fit the theoretical
transition energies to the experimental results in the 187-240 mT
magnetic field range. To obtain a good fit, a constant 0.947
isotropic scaling of the theoretical >N hyperfine tensors [22] was
required. Thus, the secular and the mixing hyperfine tensor terms
are A,, = A =—63.7 MHz and A, =190.2 MHz, respectively.
In Figure 2 and in the rest of this study, we use the fitted
hyperfine tensors.

Using accurate hyperfine values in our numerical simulations,
we further extend the investigated magnetic field interval to 0-
500 mT, see also Note S4. A density map of the population transfer
summed up for all possible transitions is depicted in Figure 2e.
Close to the GSLAC, in the 100-150 mT region, the deviations
in the transition energies «, 8, and y become significant and
reach the 10 MHz range. Interestingly, the characteristic three-
peak transition energy spectrum is also resolved on the low-field
side of the GSLAC, in the 10-100 mT interval, indicating that our
ENDOR protocol can be applied at these magnetic fields as well,
see also Note S5.

We also theoretically investigate the possibility of selectively
driving the nuclear spin state at high magnetic fields. This
requires that the differences between the -8 and -y transition
energies exceed the width of the ENDOR lines. Both the splitting
and the linewidth depend on the magnetic field through the
degree of state mixing between the electron spin and the nuclear
spins. Describing the splitting requires at least fourth-order
perturbation theory, and thus the splitting scales as ~ B, while
the RF/MW broadening of the ENDOR lines is proportional to the
g-factor enhancement, which scales as ~ B! at high magnetic
fields (B> D/g.uz). Due to this magnetic-field dependence,
power broadening will exceed the splitting of the transition lines
at some critical magnetic field, which will then merge into a
single transition.

Under the conditions used in our experiments, we estimate that
the loss of nuclear-spin-state selectivity due to the merging of the
lines occurs around 0.6 T. However, with lower-power RF/MW
driving, the nuclear spin states may remain separable even above
1 T, where the electron spin coherence time is significantly
enhanced [30,31]. See Note S6 for further details.

Note that the splitting of the hyperfine states happens not only in
the mg = +1 branches but also in mg = 0 branch due to the mixing
of the states. As can be seen in Figure 2f, the hyperfine splitting of
the predominantly mg = 0 states ranges between 2 and 20 MHz
in the magnetic field interval of 0-500 mT. Therefore, nuclear
spin state control is also possible in this RF frequency range in
the mg = 0 branch. The nuclear spin eigenstates in this branch
are distinct from the I, eigenbases since the splitting merely
originates from the mixing of the nuclear spin states caused by
the A, hyperfine term. Consequently, these states exhibit a highly
irregular magnetic field dependence in the 0-500 mT interval, see
Figure 2f.

Next, we study the Rabi drive of selected multi-nuclear spin
state [36, 38] transitions a, 3, and y. For this study, we set

the external magnetic field to 212 mT and employ the pulse
sequence depicted in Figure 3a, where the width of the RF
pulse is swept. With this ENDOR sequence, the contrast is
approximately twice that of the standard sequence shown in
Figure 2a. This enhancement arises because the sequence probes
the population difference between two hyperfine states selected
by the microwave pulses. When the RF field is resonant with
a transition between these states, the population of one state
increases while that of the other decreases, producing a differen-
tial signal. By contrast, the standard ENDOR sequence measures
only the decrease in population of a single probed state, and
therefore yields a smaller contrast (see also Note S7). An example
of the Rabi oscillation between hyperfine sublevels P; and P,
(transition y) is depicted in Figure 3b. The power dependence
of the Rabi frequency, studied on the Fourier spectrum of the
nuclear spin oscillation, is shown in Figure 3c. We observe a single
Fourier peak whose position linearly depends on the amplitude
of the RF drive in accordance with the expectations. Next, we
consider Rabi oscillation between hyperfine peaks P, and P;,
both of which are threefold degenerate in secular approximation,
but possess unresolvable fine structure at 212 mT. As seen in
Figure 3e,f, the dominant Rabi oscillation is perturbed by the
other lower frequency oscillations that we attribute to the lifted
degeneracy of the three states forming peaks P, and P;. The fine
structure of the peaks and the varying transition dipole moments
of the nuclear spin state transition are depicted in Figure S1.

Next, we examine the dominant frequency of the Rabi oscilla-
tions. Setting the magnetic field to B, = 212 mT, we drive both
the electron spin state transitions between the mg = 0 and mg =
—1 states, as well as the 8 and y nuclear spin state transitions.
Assuming that the MW and RF power are identical, the ratio
of the Q, electron spin Rabi frequency and the Q, nuclear spin
Rabi frequency is measured to be Ygective = Qe/Qy ~ 56. These
values are considerably smaller than the theoretical values for an
isolated >N nuclear isotope, which iS Yisaed = Qo/Qisy = 9180.
Consequently, the Rabi frequency of the first neighbor nuclear
spin states of the V; center in h'°BN is enhanced compared
to an isolated "N nuclear spin by a factor of Yisiaea/ Xexperiment =
g /gy & 164, which is in the same order as the observations
of Ref. [38]. The enhancement of the nuclear g-factors is due
to the non-negligible mixing of the electron and nuclear spin
states in the presence of a strong hyperfine interaction. Due to
the large gyromagnetic ratio of the electron spin compared to the
15N nucleus, even a small mixing, see Figure 2c, can give rise to a
large increase in the strength of the effective Zeeman interaction
term. To quantify this, we derive the enhancement factor in the
coupled basis of the three nitrogen >N nuclear spins, opposed to
Ref. [38] where the nuclear spins are treated independently, and
obtain the following formula for the largest enhancement factors
for P, & P; and P,(;) < P, transitions,

o) () (3)
A% + A2+ AQ

|D - ge#BBz|

& g

~ 3)
3 8uisnMN (

where AE:))C is the xx element of the hyperfine tensor of nuclei i, D
is the zero field splitting, B, is the external magnetic field, and
& takes the value of 2 and \/5 for the +1/2 & -1/2 (P, & P;)
and the +1/2 & +3/2 (P, « P, and P; < P,) transitions in the
quartet subspace of the coupled basis, see Note S8 for more details.
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FIGURE 3 | Rabi drive of nitrogen nuclear spin states. (a) Differential ENDOR pulse sequence used for detecting the nuclear Rabi oscillation (b)
Measured Rabi oscillation between hyperfine states P; and P,. (¢) Fourier amplitude map (gray scale) as a function of RF drive amplitude. The frequency

of the Rabi oscillation varies linearly with the RF amplitude. (d) Computed nuclear g-factor enhancement resulting from the mixing of the electron and

nuclear spin states. (e) Rabi oscillation between hyperfine peaks P, and P53, and (f) the corresponding Fourier map. For the P, < P; transition, the Rabi
oscillation modulates due to the underlying structure of peaks P, and P; unresolved in our ENDOR spectra at the same B-field (212 mT).

The latter factor originates directly from the < +1/2

¢/ 2)( -1 /2>
and <il /2 |Sf/ 2)| +3/ 2> matrix element of the ladder operator
of the quartet spin. From our theory, we obtain that the frequency
of the Rabi nutation between peaks P, < P, is faster by a factor
of n=2/ \/5 = 1.154 than the frequency of the Rabi nutation
between the P, & P, and P; <& P, peaks at the same RF power.
This ratio is close to the experimentally measured ratio of
1.216 obtained from the measured nutation frequencies of f; =
0.777 MHz for transition C,; in Figures 3d and f = 0.639 MHz
for transition C,, in Figure 3b. Altogether, we identify ten nuclear
spin state transitions with y > 1, see Figure 3d and Note S8. At
212 mT, the theoretical g-factor enhancement is 416, which is in
the same order of magnitude as the experimental value of ~ 164,
but a factor of 2.5 larger, presumably due to the uncertainty in the
MW and RF power delivered to the sample and neglecting the
other nuclear spins.

From a damped exponential fit to the data in Figure 3b, the
Rabi coherence time is Ty,,; ~ 12 us and trends downward with
increasing RF drive amplitude. (see Note S9). This indicates the
order of the T for the nuclear spin states in the weak drive limit
(Travi = T3) and is approximately two orders of magnitude longer
than the T, coherence time of the electron spin.

Finally, we study the lifetime of the nuclear spin population under
continuous optical drive. The pulse sequence used in the mea-
surements is detailed in Figure 4a. For this measurement, we set
the magnetic field to 212 mT. After populating a selected nuclear
spin state with a MW and a subsequent RF pulse, we apply a laser
pulse to repump the electron spin. The relative occupation of the
nuclear spin states is then measured by sweeping the frequency of
the microwave readout pulse for different repump pulsewidth ¢.

The nuclear spin polarization is calculated from the electron spin
resonance spectra by fitting a sum of four Gaussian functions. The
area of the four Gaussians, J,, are used to estimate the nuclear
polarization as:

P = (meam,>/<226m1> @

As can be seen in Figure 4b,c, after polarizing the nuclear
spin system into the m; = —1/2 sublevel, P = —0.27, we observe
a fast depolarization of the nuclear spin when the repump
laser pulse is inserted. The optical cycling of the V, center
completely thermalizes the nuclear spin within 1 us. Appar-
ently, this timescale is shorter than the measured order of
10 us nuclear spin Rabi T} coherence time and much shorter
than the expected T, time of the nuclear spins in the ground
state.

Since the observed nuclear spin relaxation is a consequence of
optical pumping, it can be attributed either to the spin and
orbital momentum carrying optical excited *E” state or to the
orbital momentum carrying 'E’ shelving state. The latter state
may interact with the nuclear spins with the orbital hyperfine
coupling enabled by the non-zero orbital and magnetic moment
of the 'E’ state. On the other hand, the effective angular and,
thus, the magnetic moment of the metastable state can be
quenched substantially compared to a free-standing atom. For
the excited state of the NV center in diamond, the effective [
quantum number of L? operator is measured to be < 0.1 [2]. We
assume the quenching to be in a similar order for the V; center.
Consequently, orbital hyperfine coupling is at least an order of
magnitude smaller than the electron spin hyperfine coupling
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FIGURE 4 | Loss of nuclear spin polarization under optical pumping. (a) Pulse sequence used to study the repump laser duration dependence

of the nuclear polarization. (b) ODMR map at B = 212 mT after employing a repump laser of varying duration. The maximal ODMR contrast in our
measurements is ~5%. (c) Polarization of the >N nuclear spin state as a function of the duration of the repump laser, see Figure 2a.

in the ground state. Since the stronger electron spin hyperfine
coupling gives rise to slower nuclear spin relaxation in the ground
state, we exclude orbital hyperfine coupling, and this way the *E’
state is the main cause of the optical pumping-induced nuclear
spin relaxation.

We thus tentatively attribute the observed relaxation effects to the
SE” state. While fine details of this electronic state are still not
well understood, from the preliminary studies [22, 43], we know
that this state goes through significant Jahn-Teller distortion.
Such a distortion does not imply a significant change in the
hyperfine coupling [36], however, it may lead to new electron
spin relaxation pathways through dynamical processes arising
when transitions between the Jahn-Teller minima are enabled
by temperature, which can shorten the lifetime of the electron
spin. It is plausible that the electron spin states’ fast relaxation
can affect the nuclear spin through the spin state mixing caused
by the hyperfine coupling.

3 | Discussion

Our results demonstrate that the three nearest-neighbor °N
nuclear spins of the V, center in isotope-enriched hBN are
not merely a decoherence source, but instead provide a con-
trollable quantum resource. By exploiting hyperfine-mediated
mixing between electron and nuclear spin states, we selectively
address multi-nuclear configurations and coherently manip-
ulate specific state pairs with well-defined Rabi oscillations.
The observed enhancement of the nuclear g-factor by more
than two orders of magnitude compared to isolated >N nuclei
enables rapid driving of the nuclear spin. Furthermore, the
Rabi coherence times are one to two orders of magnitude
longer than the electron spin T,, underscoring the potential of
nuclear spins mitigating decoherence in hBN-based quantum
devices.

The fast control, long coherence times, and spectral selectivity
of the strongly coupled nuclear spins provide a foundation for
nuclear-assisted dynamics, quantum memories, and enhanced
sensitivity in quantum sensing foils. The inherent 2D nature of
hBN and stability of the V center in few-layer samples [46]
facilitates direct integration with van der Waals heterostructures,
opening new avenues for nanoscale quantum technologies for
sensing [35].

4 | Methods
4.1 | Sample and Device Fabrication

Isotopically enriched h'°BN crystal flakes are grown by the
atmospheric pressure high temperature (APHT) method, previ-
ously described in detail [42, 47, 48]. Briefly, the process starts
by mixing high-purity 99.2% enriched boron-10 with nickel and
chromium with mass ratios of 3.72:48.14:48.14, respectively. The
mixture is then heated at 200°C/h under 97% enriched nitrogen-
15 and hydrogen gas at pressures of 787 and 60 torr, respectively,
to 1550°C, to produce a homogeneous molten solution. After
24 h, the solution is slowly cooled at 1°C/h, to 1500°C, then
at 50°C/h to 1350°C, and 100°C/h to room temperature. The
h!°BN solubility is decreased as the temperature is reduced,
causing crystals to precipitate on the surface of the metal. The
h!°B!>N flakes are exfoliated from the metal with thermal release
tape. The free-standing h'°B'*N crystalline flakes are typically
greater than 20 um thick.

Thin flakes are tape-exfoliated and dry-transferred on top of
a NbTIN/Cr/Au (100/5/200 nm) coplanar waveguide (CPW)
on a sapphire substrate. The NbTiN layer was included for
superconducting experiments, not reported here. After transfer
to the CPW sample, the hBN was implanted with 2 keV He ions
at a dose of 1 x 10" cm™ to induce the V; ensemble.

4.2 | Experimental Setup

The experiments were performed under ambient conditions in
a home-built scanning confocal microscope. A 488 nm diode
laser is focused onto the sample using a high numerical aperture
objective lens (NA = 0.8) and is modulated by an acousto-optic
modulator. The boron vacancy photoluminescence is collected
with the same objective, filtered by a 750 nm long pass filter
(Thorlabs FELHO0750) and coupled, via a multi-mode fiber to a
single photon avalanche diode. The photon counts were recorded
with time tagging electronics (Swabian Time Tagger 20). The
microwave excitation was applied via the coplanar waveguide.
The MW (electron) and RF (nuclear) pulses were generated
by two independent channels of an arbitrary waveform gener-
ator (Keysight M8195A), amplified (Agilent 83017a for MW and
Mini-Circuits TVA-R5-13 for RF), and then combined with a
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power combiner (Mini-Circuits ZX10R-2-183-S+). The optical and
microwave pulses and PL readout were synchronised using a
pulse-pattern generator (Swabian Pulse Streamer 8). A perma-
nent magnet is mounted below the sample on an XYZ-translation
stage. The magnet’s XY-position is adjusted to align the magnetic
field parallel to the hBN hexagonal axis by maximizing the
electron Rabi coherence time (see Note S10). All experiments are
performed under ambient conditions.

4.3 | Numerical Simulations

For the theoretical part of this study, two main approaches
were employed. The dynamics of the closed spin system were
investigated through numerical simulations, with the governing
equations implemented in C++. The system’s time evolution was
computed by solving the Liouville-von Neumann equation for
the density operator, using a fourth-order Runge-Kutta integra-
tion scheme. The total simulated time was set to 600 ns, with a
time step of 0.000005 ns.

The system was initialized in different quantum states to analyze
nuclear spin transitions. Specifically, the density operator of the
electronic spin was initially set to thermal equilibrium, while
decoherence effects were neglected. Since the nuclear spin sub-
system has a total of eight possible configurations, configurations
with the same number of specific spin states were averaged
to reduce computational complexity. The hyperfine interaction
parameters used in the numerical simulations were obtained
from ab initio calculations [22].

Transition matrix elements and fitted hyperfine values were
computed using Mathematica. The Hamiltonian of the closed
four-spin system was decomposed into two distinct components:
the diagonalized Hamiltonian and the off-diagonal elements. The
diagonalization was performed exactly, without any approxima-
tions. Transition matrix elements were then calculated for each
pair of states.
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