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I. SAMPLE PREPARATION

hBN nanosheets were exfoliated from a high-quality hBN single crystal synthesized by a
high-pressure process to 10-100 nm thick with tapes and transferred onto a Si substrate at 80
°C. To perform ion implantation, we mounted the sample in a home-built ion implanter based
on an ion source from PSP Vacuum Technology. The chamber pressure was first pumped
to 1077 torr to get rid of oxygen residue, and then increased to 10~* torr by filling with a
pure helium gas. The ion implantation was operating at this pressure while a current meter
was connected to the conductive sample mount to monitor the ion current and estimate the
dose density. The sample was implanted with 2.5 keV helium ions with a dose density of
10'* ecm—2.

For fabricating the microwave coplanar waveguide (Figure [SI[a)), a photoresist was first
spun on a sapphire wafer. Then, the photoresist corresponding to the metallic parts of the
microwave waveguide was exposed by a Heidelberg DWL66F'S laser writer and removed by
the developer. After that, we deposited a 10 nm Ti film as the adhesion layer. Then a
300 nm silver film was deposited over the whole area with an e-beam evaporator. At the
end, a liftoff process removes the silver film between the center and the ground conducting
region of the waveguide.

The hBN nanoflakes with spin defects were transferred onto the silver coplanar waveg-
uide (CPW) using a stamp consisting of a thin polycarbonate (PC) film mounted on a
polydimethylsiloxane (PDMS) block on a glass slide. The hBN flakes and PC stamp were
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Figure S1. (a) Optical image of the coplanar waveguide. (b)Emission spectra of Vj; defects under

3 mW laser excitation before (on a Si substrate) and after being transferred to the silver waveguide.
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aligned and made contact by using a micropositioner under a microscope. The temperature
was raised up to 80 °C to make hBN flakes adhere to the PC film as it was lifted off the
substrate. Then the silver CPW was placed on the heater and aligned with hBN flakes.
After we made the PC stamp and CPW into contact, the temperature was slowly heated
up to 150 °C, which allowed the PC film to melt and attach onto the CPW. Finally, we
lifted off the glass slide with the PDMS block and used chloroform to dissolve the PC film
from the CPW. On the silver coplanar waveguide, the PL intensity of hBN Vj; defects was
enhanced by approximately 17 times (Figure [SI(b)) [I]. All data shown in the main text

were taken from the same hBN nanosheet.

II. V5 DEFECTS AND ELECTRON SPIN DENSITY
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Figure S2. Energy level diagram of the V; defect in hBN [2, [3].

In this work, our ODMR and ODNMR experiments are based on an ensemble of negatively
charged boron vacancy defects (V) in hBN. The energy level diagram of the Vj; is shown in
Figure[S2[[2, [3]. The optical cycle includes: laser excitation from the 3 A}, triplet ground state
(GS) to a triplet 3E” excited state (green solid lines); non-barrier relaxation from *E” with

a higher symmetry (Ds) to a lower-symmetry (Cb,) Ay excited state (light blue dashed
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lines); spin conserving radiative decay (dark red solid lines) from the 3 A, excited state to the
3 Al, ground state ; and a non-radiative dacay channel through inter system crossing (ISC,
gray dashed lines). Due to electron spin-spin interaction, the *A} ground state and the 3A,
excited state have zero field splittings Dys = 3.5 GHz and D, = 2.1 GHz, respectively. The

L and

PL decay rates are spin dependent and have been demonstrated to be 7§ = 1.01 ns™
v¢ = 2.03 ns™! [3]. Our first principles DFT calculation provides the spin density of the 3 A/,
ground state, the E” excited state and the A, excited state, as depicted in Figure The
spin density of the 34, excited state shows a reduction of the symmetry, which will has an

impact on the electron-nuclear spin hyperfine interaction in the excited state (see Section

1T0).
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Figure S3. Simulated spin density for ground state and excited states.

III. AB INITIO CALCULATION OF THE HYPERFINE INTERACTION

We use the open source plane-wave code Quantum Espresso (QE) [4] and the Vienna
Ab-initio Simulation package (VASP) [5] to calculate hyperfine parameters and compare
the results. The hyperfine interaction between nuclear spin and electron spin includes the
isotropic (Fermi contact) term at the nucleus site N and the anisotropic dipole-dipole inter-

action term near the nucleus site N

20
Aiso(N> = ?OgeuegN,uNpspin(R) (1>
Mo 3 3cos?0 — 1
Aam’so(N> - Ege,uegNHN/d Tpspin(r)T (2)

where g is the the permeability of vacuum, g. is the electron Landé g-factor, p. is the

Bohr magneton, gy is the Landé g factor of nucleus, py is the nuclear magneton, r is the
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displacement between electron at r. and nucleus at R, ppin is the spin density, and 6 is the

angle between r and symmetry axes [0, [7]. gy is the input in our calculations that is taken

from Ref. [§].

Both ground-state and excited-state hyperfine parameters are calculated in this work. We
benchmark our calculation by comparing the ground state hyperfine parameters with pre-
vious experiment [9] and theoretical results [10], which shows good agreement in Table
The ground state (*A4}) hyperfine parameters also have three-fold rotation symmetry, con-
sistent with the structure symmetry of Vg defect [9]. The excited state (*Ay) hyperfine
parameters, on the other hand, shows one N different from the other two. This indicates the
structure symmetry of Vi in the excited state reduces to Cs, or lower from Dsj, which is

through a barrierless relaxation process (*E"” — 3A,) with a short relaxation time in ps [2].
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Figure S4. hBN lattice with a Vj; defect used to study the HFI parameters. N1, N2 and N3 are
the three atoms whose hyperfine parameters are calculated. oy is the mirror symmetry plane that
belongs to both D3, and Cy, point groups, which describe the ground state 3 A’ and excited state
345 of V5 [2], respectively. The z-axis is perpendicular to the hBN flake. The z-axis is parallel to

the mirror symmetry plane.



Table S1. Hyperfine parameters of Vi;. The applied-field direction (quantization axis) is in out-of-
plane (z-axis) in our experiment. Our calculated hyperfine parameters in this table are rearranged
by rotating the N atom site vector to symmetry axis [11], as can be seen in Figure GS stands
for the ground state, and ES stands for the excited state. We found consistent results by using

VASP and QE with differences less than 1 MHz.

Site Ayx (MHz) Ayy (MHz) A,, (MHz) Ay, (MHz)

N3  80.219 57.486 47.957 19.687
Calc. [10] N1  46.110 91.571 47.935 -0.004
N2 80.202 57.479 47.935 -19.687

N1  46.944 90.025 48.158 0.000
This cale. (GS 345, QE) N2 79.406 58.170 48.159 -18.391
N3  79.406 58.170 48.159 18.391

N1  46.355 89.222 47.555 0.000
This calc. (GS 3A,, VASP) N2  78.655 57.522 47.555 -18.302
N3  78.655 57.522 47.555 18.302

N1 24915 45.972 39.283 0.000

This cale. (ES 3E”, VASP) N2  38.323 45.972 36.403 -1.663
N3  38.323 45.972 36.403 1.663

N1 2.850 2.700 41.685 0.000

This cale. (ES 34,5, QE) N2 46.398 53.140 43.027 -5.839

N3  46.222 52.888 42.889 9.773

N1  3.621 3.464 42.752 0.000
This calc. (ES 345, VASP) N2 45570  52.339 42185  -5.862
N3 45541 52301  42.161 5.854

IV. SIMULATION OF NUCLEAR SPIN POLARIZATION

In this section, we decribe how the optical pumping and level anticrossing help to polarize
nuclear spins in hBN. We use a numerical model that incorporates a spin triplet ground state,
a spin triplet excited state and a spin singlet metastable state. Here, the nonradiative decay

channel via the two singlet metastable states ! E and ' A; is simplified by using only one state.
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Figure S5. Simplified energy level diagram of the Vj defect in hBN used for nuclear spin polar-
ization simulation. This includes a triplet ground state (*45), a triplet excited state (3Ay) and
a singlet metastable state (*E’, 'E"). Due to the electron-nuclear HFI and QI, each electronic
state (ms = 0,1, —1) splits into non-degerate states. This gives a totally 189 states for the coupled
electron-nuclear spin system. Here, the 3E’ triplet excited state is ignored since it has negligible

effect on spin polarization, owing to its barrierless decay (sub-ps) to the 3As excited state.

This gives a total of seven electron spin states for a V5 defect. For the nuclear spin states,
we consider that the three *N nuclei surrounding the defect are coupled to the electron spin
via the hyperfine interaction. This yields 27 nuclear spin sublevels. Combined with the 7
electronic levels, we get a total of 189 states. The ground state and excited state Hamiltonian
of the system include electron spin-spin interaction, electron-nuclear hyperfine interaction,
electron and nuclear spin Zeeman splitting, and nuclear spin quadrupole interation. Both

of the Hamiltonian take the form of

Hgs(es) :D[Sg — S(S + 1)/3] + Z SAjIj + erBOSz

j=1,2,3
, (3)
— > wBol+ Y Qi — Li(I;+1)/3).
j=1,2,3 j=1,2,3



Here D and E are the ZFS parameters, 7, is the electron gyromagnetic ratio, and B is the
magnetic field. @; denotes the nuclear Quadrupole term, vy is the 1*N nuclear gyromagnetic
ratio. The vector operators S are the spin-1 operators for the electron spin, and the I_; are
the spin-1 operators for the nuclear spin. A; denotes the hyperfine tensor operator for the
three N nuclei under consideration. The full Hamiltonian is a combination of the ground
state and excited state Hamiltonian, which operates in a 189 dimensional Hilbert space. It
is noted that the Hamiltonian of the metastable singlet state is a constant, and thus it is
not shown in the full Hamiltonian. The effect of the metastable state will be included in

terms of the Lindblad superoperator in the master equation as will be discussed below.

The evolution of the density matrix of the state can be modeled by using the Lindblad
master equation [12-14]:
dp i -
—=——|H L 4
O = 1]+ Ep (@
Here H is the full Hamiltonian of the combined system, and L is the Lindblad superoperator.

This equation is used to describe depopulation and decoherence processes in open quantum
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Figure S6. Simulated nuclear spin polarization as a function of magnetic field. The calculation is
based on the diagram shown in Figure The inter system crossing rates play an important role
in the final value of nulcear spin polarization. Here we use 7§ = 2.03 ns~! and v = 1.01 ns!
that are taken from ref.[3]. We found that when 7 /7§ ~ 0.1, the simulation agrees well with our

experimental observation.



systems[I2H14]. The full expression of the Lindblad superoperator is as follows:
. 1
Lp=) Tw(LrpLi — 5{L{Lk, p}). (5)
2

Here the {} denotes the anticommutator, I'y is the transition rate of the process under
consideration and operators L; describe the depopulation, dephasing and decay of the ele-
ments of density matrix p. L, = |j) (i| denotes a depopulation-type transition from the state
i) to the state |j). The processes well described by this operator are transition between the
ground and excited state of the m, = 1 triplet (Spin conserving optical Pumping I', and
spin conserving fluorescence I'), intersystem crossing from the excited to metastable state
(76.1) and from the metastable to ground state(y§ ;) and the electronic and nuclear T} type
processes (Figure [SB]). The operator Ly = |j) (j| — |¢) (¢| describes all T5 type processes that
lead to spin-spin relaxation and decoherence. This occurs in the nuclear spins as well as the
ground and excited states of the electron spin.

We can then obtain the steady state density matrix for the system under time evolution.
We define the nuclear spin polarization as follows [L5]:

I p;
po 2iliri
322 pi

where the I7 denotes the total z component of the nuclear spin and p; denotes density matrix

(6)

element related to the total z component in the steady-state ground state density matrix.
We transform the density matrix into Fock-Liouville Space and then find the eigenvector of
the resultant superoperator matrix [16], 17]. The population of each steady spin state can be

extracted from the matrix element, allowing us to calculate the polarization value by using

Eqld] (Figure [S6).

V. SIMULATION OF THE NMR TRANSTIONS

The V; defect has a missing boron atom with three equivalent nitrogen atoms as nearest
neighbors. The electron of Vj; defects mainly couples to these three nitrogen nuclear spins
via hyperfine interaction. Nitrogen naturally occurs as the *N isotope with a nuclear spin I
=1 (99.6%). Thus, the N isotope is ignored in our simulation. Considering the fact that
the three nearest nitrogen nuclei are on the three lattice sites of a triangle structure, these

nuclear spins have different transverse hyperfine interaction parameters (A,, and A,,) in the
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lab coordinate defined by external magnetic fields (Table . The number of non-degenerate
energy sublevels of the m; = -1 branch becomes totally 27 in this coupled electron-nuclear
spin system (Figure , . The 27 energy spin sublevels can be assigned into 7 groups
represented by the total nuclear spins my . Within each group, there are multiple spin
sublevels with slightly different energies, corresponding to different combinations of the
nuclear spin states (|my1),|mr2),|mrs)) that give the same total nuclear spin number
|mriot = mp1+mra+mrs). As will be discussed later, increasing the magnitude of the
magnetic field > 1 T can reduce the nuclear-nuclear spin interaction mediated by the electron
spin, and help to reduce the splitting of the nuclear spin sublevels. As shown in Figure (b)7
in a strong magnetic field (> 1 T), many spin sublevels become nearly degenerate.

The relative transition amplitudes and frequencies of the intra-electronic spin transitions

can be calculated from the eigenstates of the Hamiltonian via Fermi’s golden rule
Uiy = [ (f| Harive |7) ’27 (7)

where (f| Harive |7) is the matrix element of the perturbation Hy.i,. between the final and
initial states. And Hyype = A-xcos(wt) is the RF driving Hamiltonian. The matrix elements
I'; ¢ give the relative strength of the transition at the energy FE,, — E,. These are plotted
for various values of the magnetic field in Figure [S9|

In a weak external magnetic field (B < 1 T), the large electron-mediated nuclear-nuclear
spin interaction leads to a rich feature of nuclear spin transitions (Figure . The allowed
nuclear spin transitions contain a large number of transition frequencies ranging over a range
more than ten MHz. By increasing the magnetic field, we expect to observe a decrease of
the number of nuclear spin transition lines. In a strong magnetic field (> 1 T), the number
of transition frequencies decreases to only two for each electron spin branch (m; = 0, £1),
which agrees with the observation using the conventional ESR spectrometer at 3.3 T in a

former report [1§].
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Figure S7. Energy levels in the (a) ground state (*A%) and (b) excited state (*As) of V5 defects

as a function of magnetic field.
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VI. PULSED ODMR MEASUREMENTS

To get access to the spin dynamics of the V; defects and to further control the nuclear
spins using the V5, we perform pulsed ODMR measurements. By applying microwave
pulses resonantly of variable length, we coherently manipulate the electron spin state via
Rabi oscillation. Figure[S10{(a) shows a Rabi oscillation driving with a 0.35 W microwave at
74 mT. A characteristic frequency f = 21.9 MHz is observed along with a depahsing time
Ty = 96 ns. In addition, using the microwave m-pulse known from the Rabi experiment, we

measure the T} relaxation time of 14.0 us (Figure [S10[(b)).
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Figure S10. Pulsed ODMR measurements. (a) Rabi oscillation. The fitting result shows a Rabi
frequency at 21.9 MHz. (b) T1 measurement using the m-pulse known from the Rabi experiment.

The magnetic field is 74 mT. The microwave power is Py = 0.35 W.
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VII. ENHANCEMENT OF “N NUCLEAR GYROMAGNETIC RATIO NEAR
LEVEL ANTICROSSING

Based on second-order perturbation theory, the gyromagnetic ratio of the nuclear spins
that couple to the spin defects can be effectively enhanced in the presence of a magnetic field
near the GSLAC [19, 20]. Such an enhancement will speed up initialization, coherent control
and readout of the nuclear spins. The enhancement factor o = Yy erf/ VN pare iNCreases
dramatically around GSLAC but remains at a relatively large value over a large range of
magnetic even at ESLAC.

In our nuclear spin control measurement, we observe a fast controlling rate which is
supposed to originate from the enhancement of nuclear spin gyromagnetic ratio. To estimate
the expected enhancement, here we numerically calculate the enhancement factor a as a

function of magnetic field.

107 ' ' '

Enhancement

0 0.05 0.1 0.15 0.2
Magnetic Field (T)

Figure S11. Enhancement of Gyromagnetic Ratio in the ground state of V5 center in hBN. The

dashed line marks the magnetic field where we perform the ODNMR, measurements.

To calculate the enhancement factor, we neglect the nuclear-nuclear spin interaction as
it is much weaker than the electron-nuclear coupling. In this context, we can consider
the gyromagnetic ratio enhancement of each “N nuclear spin individually. We write the

Hamiltonian of a single nuclear spin coupled to a spin-1 electron ground state in the presence

15



of an external magnetic field. Here we ignore the nuclear spin quadrupole interaction since

Q < D — ~.B. The secular part of the Hamiltonian takes the form:
H = DSz2 + 'YeBzSz - /yNBzIz + AzzSzIz7 (8>

and under the rotating wave approximation, the nonsecular part can be written as:

A +A

Hy = Agp ol + AyySyly = 4 F(S I+ S5-I, (9)

where I, = I, +il,, S+ = S, £15, and A;; denote the components of the hyperfine tensor.
This nonsecular Hamiltonian leads to the coupling between the states |mg, m;) =10,1) +—
|1,0) and between [0,0) <— |—1,1). This is then diagonalised by rotating via unitary
transformation U = e~y *"+95¥")  The matrices in the exponent are of =i(]1,0) (0, 1] —
0,1) (1,0]) and o, =i(|0,0) (~1,1] — [=1,1) (0,0]). The rotation angles are given by:
Ape +A
tan(2v") = = L 10
( ) D + ’YeBz + ’VNBZ ( )
- _(Am + Ayy)
tan(2v™) = 11
( ) D_erBz_'VNBz_Azz ( )
Following this rotation we get the gyromagnetic ratio enhancement factors for the three

electron spin states as follows:

ay = cos(v) — lsin(lfr) (12)
TN

ag = cos(vT)cos(v™) + lsm(ﬁ —v7) (13)
TN

a_y =cos(v™) + ksin(l/_). (14)
TN

We then plot these values to see the expected result of large enhancement for the mg = 0, —1
states but small enhancement for the my, = +1 state. This is due to the fact that the
mg = 0, —1 states interact via the Hyperfine tensor at the Level Anticrossing whereas the
ms = +1 does not.

As shown in Figure the nuclear spin gyromagnetic field remains at a large value
within a broad range of the magnetic field. At ESLAC, the enhancement of the nuclear
spins coupled to mg = —1 state is predicted to be around 420. With nearly the same RF
or MW driving power at 0.35 W, the Rabi frequency of the nuclear spin and electron spin
are 0.847 MHz (Figure 4 in the main text) and 21.9 MHz (Figure [S10{(a)), respectively.
Therefore, the enhancement is measured to be approximately 351, which is close to the

theoretical prediction.
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VIII. ELECTRON-MEDIATED NUCLEAR-NUCLEAR SPIN COUPLING

In our coupled electron-nuclear spin system, the electron spin of Vj;* are mainly coupled
to the three neighboring N nuclear spins. Without the electron, bare nuclear-nuclear spin
interaction is very weak since (yn/7e)*> ~ 107%. However, by coupling to the V5 electron
spin via HFI, the nuclear spins can be indirectly coupled to each other [21, 22], making the
nulcear spin energy sublevels non-degenerate according to the second-order perturbation.
To gain more insight on this electron mediated nuclear spin coupling mechanism, we de-
scribe this coupling dynamics by obtaining the effective electron-mediated nulcear-nuclear
spin interaction Hamiltonian. Here we utilize the second order perturbation theroy to adi-
abatically eliminate the electron spin from the original Hamiltonian, which is valid when
|D —~.B| > vnvB, X We begin from the Hamiltonian

H=AS.+ Y AvLj+ > (AwjSeLj+ AwejSulaj + AyyiSyly;), (15)
Jj=123 j=1,2,3
where A, = £D + 7.B, and Ay = —yn B, are the splittings of the electron and nuclear

energy sublevels, respectively. We separate the Hamiltonian into two parts

H = Hy+ Vi (16)

where
H[) = AeSZ+ Z AN[z,j + Z Azz,jSz[Z,j (17)

=123 j=1,2,3
and
A ran,j
Vip=>_ %(SJ_J + 5.1, ;). (18)
§=1,2,3

Here Ayran,j = (Assj +Ayy,;)/2 is the transverse hyperfine interaction parameter. To find an
effective Hamiltonian that eliminates the electron-nuclear spin flip-flop term V¢, we choose
an operator S, such that [Hy, S| = V. With the operator S, the effective Hamiltonian can
be obtained by using Schrieffer-Wolff transformation

1
Heff = GSHeis = Hg + 5[5, fo]. (19)
We choose the operator
1 1 1
= - A ; I_;— iy 2
S 2 Z tran,](Ae _ AN:EAzz,j S+ N Ae _ANiAzz,jS +,j)7 ( O)

§=1,2,3
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for the my, = +1 and m, = —1 branches, respectively. Inserting Eq. into Eq. we

obtain the effective Hamiltonian

H_y =(D = %B) = Auejlj— Y ynB.l.;
§=1,2,3

1 A ran A ran
4z tran,j‘tran,k (I_ Iy, + 1o 0 4) (21)

and
Hyy =(D+7.B) + Awjly— Y wB.L,

j=1,2,3

1 Atran jAtran k
- E : : 1_.1 I, .1
Y12 DB Bt A, ekt el (22)

AQ

tran,j

N Iz ;)
2 j_z D+ ’YeB + ’YNB + Azz,j 7

for the my = —1 and mg = +1 branches, respectively. The second last terms in H_; and
H ., are the electron-mediated nuclear-nuclear spin couplings.

Based on H_;, we can introduce a nuclear-nuclear spin coupling constant Cy ;; for the

ms = —1 branch in the ground state:
1 A ran A ran A ran A ran
CNNjk = = ( tran,j < trank + tran,j < trank ) : (23)
2 DGS - 7@8 - ﬁ)/NB - Azz,j DGS - VeB - P)/NB - Azz,k

From our calculated hyperfine parameters for GS (*A)) with the VASP method as shown
in Table S1, we have Aq,1 = 67.789 MHz, Ajpan o = 68.089 MHz, Aypqn3 = 68.089 MHz.
Thus Ayrant = Awan2 = Atrans = Atran = 68 MHz due to the symmetry of the ground
state. When the system is far away from GSLAC, we have (Dgs — 7B — B — A,. ;) ~
(Dgs —veB —yvB — A, k) = (Dgs — 7.B). Thus the absolute value of the nuclear-nuclear

spin coupling constant Cyy ;x for the my = —1 branch in the ground state can be simplified
as ONN:
A2
|Das — e Bl (

It increases when the system is close to the GSLAC, and decreases when the magnetic field is
very large. The value of Cyy is about 3.4 MHz around ESLAC, and Cyy = 50 kHz at 3.3 T.

In comparison, the direct nuclear spin dipolar coupling strength is dyy = f10(7n)2h/ (273 x) =

18



34 Hz. The enhancement of the nuclear-nuclear spin coupling due to the electron spin is
shown in Figure [S12] At ESLAC, the enhancement factor reaches 10° and gives a much

stronger effective nuclear-nuclear spin coupling strength.

10°

Enhancement
S
(@) ]

—
o
N

0 0.05 0.1 0.15 0.2
Magnetic Field (T)

Figure S12. Enhancement of the nuclear-nuclear spin coupling due to the Vj electron spin as a

function of the magnetic field.
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