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I. Experimental setup

All the measurements were carried out at room temperature using a home-built confocal microscope system. We use
a continuous-wave 532-nm laser to initialize and detect hBN defect spins. The laser is shuttered by an acousto-optic
modulator (ISOMET, M1205-T110L-1) in a double-pass configuration to achieve > 10°:1 on/off ratio. An objective
lens (NA=0.9) is used to focus the laser beam and collect the fluorescence from the samples. The collected fluorescence
is separated from the laser beam by a dichroic mirror, filtered through a long-pass filter, coupled into a multi-mode
fiber and finally detected by a single photon counting module (Excelitas, SPCM-AQRH). The sample is mounted on a
3D translational stage to control the position. The lateral scanning is enabled by an galvanometer scanner (Thorlabs
GVS212).

To control the electron spin, we use two microwave sources (Stanford Research Systems SG386) to generate mi-
crowaves and select one of the microwave sources as the input by using an RF switch (Mini-Circuits ZASWA-2-
50DRA+). For most ODMR and ODNMR measurements, only one microwave source is used. The second microwave
source is used for estimating nuclear spin polarization, where two distinct microwave frequencies are needed in the
same pulse sequence. The amplitude of the microwave field is modulated by another RF switch (Mini-Circuits
ZASWA-2-50DRA+) and then amplified by an amplifier (Mini-circuits ZHL-10W-202s or ZHL-16-43-s+).

For controlling the nuclear spins, we add an additional RF driving field using a signal generator (Teledyne LeCroy,
T3AFG200). Similarly, the RF field is switched by an RF switch (Mini-Circuits ZASWA-2-50DRA+) and then
amplified by an amplifier (LZY-224). The microwave and RF fields are combined using an RF splitter (ZFRSC-42-
S+). Prior to this, we add the long pass filter (Mini-Circuits, VHF-1080+) at the microwave input and low pass
filter (VLF-490+) at the RF input to prevent signal interference and ensure proper signal routing. The instruments
are gated through a multi-channel pulse streamer (Swabian Instruments Pulse Streamer 8/2) with 1 ns temporal
resolution.

In our experiments, an external magnetic field is applied along the out-of-plane (z-axis) direction using a permanent
magnet mounted on a 3D translational stage. The magnetic field is aligned and calibrated using boron vacancy (V5)
defects in hBN, which have a well-characterized g-factor of 2. The non-resonant PL signal of boron vacancy defects
exhibits a characteristic response to changes in the magnetic field magnitude and orientation [I}, [2]. We leveraged this
feature to calibrate and align our magnetic field along the z axis.

The calibration procedure consists of the following steps:

1. We align the magnet to the laser beam (without the objective lens) to ensure that the laser hits the center of
the magnet. The reflected beam is adjusted to overlap with the incoming beam, providing an initial rough alignment.

2. After reinstalling the objective lens, we mount the hBN sample containing boron vacancy defects. The x and
y positions of the magnet stage are fixed, and the magnetic field is adjusted along the z-axis to locate the level
anti-crossing (LAC) position.

3. At the LAC, we scan the (x, y) positions and plot a 2D PL map to identify the local maximum signal. The
magnet is then finely tuned to this optimal (x, y) position. This method ensures an alignment uncertainty of the
magnetic field orientation of less than 0.5°.

In the experiments, we use different microwave powers depending on the specific measurement being performed.
For ODMR contrast mapping, we typically apply a low microwave power (~30 mW) to minimize power broadening
and better resolve defects with distinct hyperfine features. At this power level, the thermal drift of the sample is
small—typically less than 500 nm per day for continuous measurements. After acquiring a scan, we locate the target
defect based on the ODMR contrast map and then perform a fine-positioning scan around the region of interest. This
fine scan takes only a few seconds, during which drift can be neglected.

The strong microwave drive (up to 1 W) is used only during pulsed ODMR experiments such as Rabi oscillations, T
and Ty measurements for fast coherent control. This power level refers to the microwave power during the pulse, which



typically lasts tens to hundreds of nanoseconds. For most of the sequence duration, including the laser initialization
(~10 ps or more) and readout (~10 us or more), the microwave is off. As a result, the average microwave power applied
to the sample remains low (typically <100 mW, often less than 10 mW), minimizing sample heating and drifting. In
nuclear spin resonance experiments, the RF pulses are stronger and longer, and thermal drift is more noticeable.
However, it stabilizes over time. To actively compensate for any residual drift, we implemented a peak-finding routine
that re-optimizes the laser focus on the defect after each scan or when position shifts are detected. This feedback
control allows us to maintain precise alignment with the target defect throughout extended measurements.

II. Sample preparation

A monocrystalline hBN (from 2D Semiconductors) was tape exfoliated into thin flakes, which were transferred onto
Si substrate (with a 285 nm SiO layer). The hBN flakes were irradiated with 2.5 keV ionized *CO3 (99.0% 2C,
Sigma-Aldrich) using a home-built ion implanter with a dose density of 1012 cm~2. The sample is then annealed at
1000 °C at 1075 torr for 2 hours. After annealing, the hBN flakes were transferred to a coplanar waveguide. The
waveguide is made of 200 nm thick silver with a 5 nm thick Al;O3 layer on top which helps stabilize the charge state
of spin defects. The hBN contains a large number of unstable emitters just after annealing. We further treat the flake
by a 2D confocal scan with strong laser exposure (~500 W) for 100 ms at each pixel (step size 50 nm).

Our sample preparation method yields approximately 20-30% ODMR-active defects. Among these, around 10%
belong to Group II and Group III, while the remaining are primarily Group I defects, along with a small fraction of
unidentified spin defects. Additionally, the thickness of the hBN flake also affects defect yield efficiency and stability.
The optimal thickness for achieving a high yield of single ODMR-active emitters is typically 10-30 nm (Figure .
In thicker hBN flakes, we generally observe higher PL background, reducing single-photon purity. Conversely, if the
hBN is too thin, the defect’s proximity to the metallic waveguide substrate can impact charge stability, leading to
more pronounced blinking effects, particularly when the thickness is below 10 nm. Introducing a protective layer
between the hBN and the waveguide could further improve defect stability.
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Figure S1. (a) Confocal image of a hBN flake with single spin defects taken with 20 uW laser excitation. The region enclosed
by the red dashed line has been performed by a 2D confocal scan with 600 uW laser exposure. The region outside has not been
treated by strong laser exposure. Scale bar: 10 um. (b) Optical image of the flake. Scale bar: 20 pm. (c) A profile measured
by AFM showing a flake thickness of 25 nm.

III. Spin defects in *CO; doped hBN

After ion implantation and thermal annealing, we observe a large density of bright emitters within the flake, but
these emitters are nearly continuously distributed and most of them are unstable under laser excitation. To obtain
stable single spin defects, we perform a 2D confocal scan with a relatively strong laser exposure (~500 W) over



the flake. The strong laser exposure quenches most unstable defects, after which the number of emitters significantly
decreases and isolated spots can be resolved (Figure [S1)).

Next, we perform continuous wave (CW) ODMR, measurements to identify the spin resonance spectroscopy. An
external magnetic field is applied along the c-axis of hBN (out-of-plane). The Hamiltonian of the spin system in this
condition can be written as

H=DS?+E(S; —S;) +7%B S+ S-4;-Li +1,B- L, (1)

3

where S is the spin operator, -, is the electron spin gyromagnetic ratio, B is the external magnetic field, -, is the
nuclear spin gyromagnetic ratio. D and E are the longitudinal and transverse zero field splitting (ZFS) parameters.
The hyperfine interaction between the electron and surrounding nuclear spins I; are characterized by the hyperfine
interaction strength tensor A;.

Among the isolated spots, several different types of ODMR spectra are observed. Figure 1 in the main text shows
three main types of ODMR spectra measured at room temperature. In all the groups, we see a center resonance at the
frequency proportional to the external magnetic field, and we also observe two side resonance approximately 1 GHz
away from the center. Within the center branch, there can be different numbers of peaks, and we assign them into
Group I to IIT by the peak number from 1 to 3, respectively. The splitting among these center peaks is attributed to
the hyperfine interaction with the proximate '3C nuclei. Here, we also note that some defects show more complicated
spectra in the ODMR measurements. But since they are rarely observed and hardly reproducible, we assign them into
Group Others. The defects in Group I do not show hyperfine splitting, indicating a weak coupling with >C nuclear
spins or the presence of 2C instead of *C.

Figure 1(g) in the main text illustrates an example ODMR spectrum of a Group I defect, wherein only one resonance,
1-2, is discernible at the center branch. Despite employing weak microwave driving to minimize the linewidths to as
small as 20.9 MHz (I-2) and 10.8 MHz (I-1, I-3) (Figure S22-S25 in Supplementary Information), hyperfine structure
is unresolved for any of the three resonances (I-1 to I-3). It is worth noting that the minor peak to the left of I-1 does
not represent an additional resonance but rather originates from the resonance I-2, driven by the second harmonic
leaked from the microwave amplifier.

Figure 1(h) shows an ODMR spectrum of a representative Group II defect, featuring a two-peak hyperfine structure
(I1-2 and I11-3) at the center. The 130 MHz separation between I1-2 and II-3 suggests the presence of a **C nuclear spin
strongly coupled to the defect electron spin. In contrast, three side peaks (II-1, II-4, and II-5) exhibit no discernible
hyperfine structure. This observation implies that the center branch and the additional resonances stem from different
spin systems with distinct hyperfine coupling strengths with the '*C nuclear spins. Here,we also note that the II-5
transition is not always observed in every defect. This peak is absent or falls below our ~0.5 % contrast noise floor
in many defect.

The ODMR spectrum of Group IIT defects contains three peaks (III-2, ITI-3, and III-4) within the center branch,
as depicted in Figure 1(i). Individual ODMR contrasts within the center branch can reach as high as 50% (Figure
S13 in Supplementary Information). With weak microwave driving, an additional splitting is observable at peak I1I-3,
showing a separation of 34 MHz. We anticipate that resonance II1-3 corresponds to a different spin separate from the
spin associated with resonances I11-2 and III-4. Specifically, the electron spin contributing to ITI-2 and ITI-4 interacts
with a single *C nuclear spin with a coupling strength of 300 MHz. Conversely, the electron spin involved in I1I-3
exhibits weaker coupling to a '*C nuclear spin, with a strength of 32 MHz. Further supporting evidence will be
provided in subsequent discussions.

Figure|S2|a) shows confocal map a *C doped hBN sample after just strong laser exposure. We further map out the
ODMR contrast spatial distribution by driving the microwave at three different frequencies (S2(b)-(d)). 2.01 GHz is
around the center frequency at 71.8 mT where we see many high contrast spots in the flake. By driving the microwave
at II-2 resonance of Group II and ITI-2 resonance of Group III, the numbers of high contrast spots are much fewer.
Group I defects are the most commonly observed defects in a new sample just after strong laser exposure. But more
than half of the Group I defects show blinking or quenching during the ODMR experiments, which may come from
charge dynamics. Most spin defects that shows significant blinking will finally become spin inactive during the ODMR
measurements (usually in a few minutes). For the defects without obvious blinking effect, they mostly remain stable
for more than several weeks of measurements. Despite relatively low occurrence of Group II and III defects compared
to the Group I defects, most of these defects (Group II and III) exhibit good stability under a weak laser excitation
(~15 uW).
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Figure S2. (a) Confocal PL map of a *CO. implanted hBN after strong laser exposure. (b)-(d) ODMR contrast map by
driving the microwave at (b) I-2, (c) II-2, and (d) III-2. An external magnetic field of 71.8 mT is applied along the out-of-plane
direction. The microwave power was set to 30 mW to minimize linewidth broadening due to power effects and reduce sample

drift, while maintaining a reasonable ODMR contrast. Contrast fluctuations outside the hBN flake arise from low photon
counts in the background. Scale bars are 10 pym.

IV. Spin defects in Group II

A. Ground state ODMR spectroscopy

Figure [S3| (a) displays the evolution of the ODMR spectra of Defect 2 (Table [S1|in Section [VII)) in different out-of-
plane magnetic fields. The spectrum reveals five distinct resonances, labeled II-1 to II-5, at frequencies v; (i =1-5).
Resonances II-1 to II-4 exhibit a g-factor of g = 2, confirming their electronic spin nature. Resonance frequencies
of I1-2 and II-3 scale linearly with the external magnetic field without ZFS. Fitting the resonance II-1 and II-4, we
extract ZFS parameters of D = 1.1 GHz and E = 0.4 GHz, suggesting a S>1 state with an out-of-plane intrinsic
quantization axis.

The resonance frequency of II-5 shows a steeper slope (an effective g-factor of 4) as a function of the external
magnetic field. To gain further insight into this transition, we performed a finer scan over the energy-level crossing
between II-4 and II-5. Notably, a LAC is observed near 37 mT (Figure [S3(b)). Additionally, the frequency vs of R5
turns out to be vy + 14 (v4 — 1), when B > 37 mT (B < 37 mT). These findings suggest that II-5 originates from
the same spin system as II-4 and may correspond to a double-quantum transition.

Next, we examine the pulsed ODMR spectrum of this defect (Figure [S3(d)). The experimental sequence includes
a 10 ps laser initialization pulse, a 5 us readout laser pulse, a 5 us wait time between them, during which a 30
ns microwave pulse is applied. The pulsed ODMR spectrum reveals the same resonance peaks as the cw-ODMR
spectrum, indicating that the corresponding spin states reside either in the ground state (GS) or in a long-lived
metastable state with a lifetime exceeding 5 us.

To further understand the ODMR spectrum, we conduct CW ODMR measurements at different laser excitation
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Figure S3. ODMR of Defect 2 in Group II. (a) cw-ODMR spectrum as a function of magnetic field. (b) A fine scan of

cw-ODMR spectrum near 37 mT. (¢) A cw-ODMR spectrum measured at 62.5 mT. (d) Pulsed ODMR of Defect 2 measured
at 62.5 mT.

powers as shown in Figure[S4 The steady-state ODMR contrasts of resonance II-1 and II-2 are plotted as a function
of the incident laser power. Both contrasts initially increase, then peak at a laser power of 20 W, and finally start
to drop when the laser intensity is ramped up further. Meanwhile, the PL count increases when the laser excitation
power increases (Fig. [SH).

In addition, we also determine the saturation contrast and unsaturated linewidth of the ODMR spectra by per-
forming the microwave power dependent measurements. As shown in Figure [S6] under a weak microwave driving,
the unsaturated ODMR of II-1 has a narrow linewidth of around 16 MHz at 71.5 mT. No visible hyperfine splitting
is observe in II-1, indicating that the upper limit of hyperfine coupling to the *C nuclei is less than 16 MHz. By
applying a strong microwave (> 100 mW), II-1 saturates in contrast and displays a large distorting in the lineshape. In
contrast, II-2 does not show saturation behavious in ODMR with an increasing microwave power in our experimental
range. Instead, the contrast shows a rapid increase when we further ramp up the microwave power beyond 100 mW.

B. Electron spin manipulation and verification of spin multiplicity

All defects in hBN have symmetry not higher than Dgp, and most complexes have symmetry not higher than
Cg, symmetry. Since the electronic states of a system with Csy, or lower symmetry are nondegenerate, it is more
energetically favorable for electrons to pair up in one level than fill in the next unoccupied electronic level, unless the
level splitting energy is smaller than the paring energy. Consequently, for the defects with Csy, or lower symmetry,
a singlet (S=0) GS is more favorable if they have even number of electrons, and doublet (S=1/2) GSs are more
common when the defects have odd number of electrons. It can be even more difficult in terms of energy to form a
quartet (S=3/2) defect. So far, we haven’t found one defect whose GS can be in high spin (S>3/2). As S=3/2 state
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Figure S4. cw-ODMR measurements at different excitation laser power (Defect 6). (a) cw-ODMR contrast and (b) linewidth

of II-1 as a function of the incident laser power. (c¢) cw-ODMR contrast and (d) linewidth of II-2 as a function of the incident
laser power. Measurements are performed at 71.8 mT.
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Figure S5. PL count rate as a function of the laser power (Defect 6).

is generally energetically unfavorable and consequently of low possibility, we don’t consider S=3/2 spin state as the
picture for explaining our experimental optical observation.

To explain the multiple transitions in the ODMR, we propose two spin systems with S=1/2 and S=1 coexist in the
same defect that may come from different charge states. Resonances II-2 and II-3 are attributed to a spin-1/2 system
that strongly couples to a single *C nuclear spin. Meanwhile, II-1, II-4 and II-5 originate from a spin-1 system that
weakly couples to the surrounding nuclei. Such coexistence of spin-1 and spin-1/2 systems in a single defect has been
recently discovered in hBN. The previous observation showed an in-plane intrinsic quantization axis [3], different from
the out-of-plane spin axis that we observed.

To verify our argument on the spin multiplicity, we further perform the spin coherent control on these transitions
and compare their Rabi frequencies. 1I-1 to I1-4 shows clear Rabi oscillations when we vary the duration of a resonant
microwave pulse (Figure [S7). Driving in resonance with II-2, we observe a Rabi oscillation with a decay time of
TRavi,11—2 = 97 ns (Figure b)). The Rabi oscillation of II-1 persists for Trapi 17—1 = 0.75 us at a Rabi frequency
of 46 MHz, resulting in a quality factor of = pulse Q = Trapi/T» = 69 (Figure c)) Resonance II-1 requires two
closely spaced Rabi frequency components (frqpi1 = 44.56 MHz, fropi2 = 43.07 MHz) to fit the oscillation data,
which hints a possible splitting due to the weak hyperfine coupling with a '>C nucleus.

The spin multiplicity can be obtained by comparing the Rabi frequencies at different resonances. The Rabi frequency
is determined by the microwave driving Hamiltonian

Hd = PYGBmwSxCOS(met%

(2)
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Figure S6. cw-ODMR measurements at different excitation microwave power (Defect 6). (a) cw-ODMR contrast and (b)

linewidth of II-1 as a function of the microwave power. (c) cw-ODMR contrast and (d) linewidth of II-2 as a function of the
microwave power. Measurements are performed at 71.8 mT.

where S; (i = x,y, z) is the GS spin operator. When the microwave frequency is in resonance with the spin transition
frequency, the Rabi frequency is determined by the microwave field strength and the spin states. Considering the
transition from |ms) to |ms + 1), the Rabi frequency is given by

Bm
h

eBmw
JTm(SH) — mg(ms + 1).

Ql :76

- <ms +1[Sz |m5>
(3)

For S=1 GS, this gives a Rabi frequency of Qg—1 = Ve Bpw/v/2h and, for S=1/2 GS, the Rabi frequency is Qs—1/2 =
YeBrmw/2h. The multiplicities of S=1 and S=1/2 give a factor of v/2 difference in Rabi frequency when the microwave
field magnitude B,,,, is fixed.

In the experiment, we compare the Rabi frequencies of II-1 and II-2 at the same input microwave power. To get rid
of the frequency dependent microwave transmission which affects the Rabi frequency at different driving frequencies,
we tune the magnetic field to make the resonance frequencies of II-1 and II-2 be the same. Figure b) shows the
Rabi oscillations of II-1 and II-2 at 98.4 mT and 62.5 mT, respectively. A ratio of 1.37 is obtained by fitting the
oscillation frequencies, agreeing well with the expected ratio between S=1 (II-1) and S=1/2 (1I-2).

C. Optically detected NMR and coherent control of *C nuclear spin

To understand the hyperfine interaction and gain more insight into the chemical structure of the defect, we perform
the optically detected nuclear magnetic resonance (ODNMR) to detect and directly control the most strongly coupled
13C nuclear spin. Figure [S9| shows the measured nuclear spin resonance spectrum obtained by setting the microwave
frequency in resonance with II-2 and sweeping the frequency of the RF pulse. The clear nuclear spin transitions at
65.0 MHz and 66.6 MHz are consistent with the hyperfine splitting ~130 MHz in the ESR spectrum together with a
spin-1/2 model involving in the II-2 transition (Figure[S9b)). In addition, the ODNMR spectrum also shows another
broad resonance at around 9.2 MHz due to hyperfine coupling with other nearby nuclear spins.

Furthermore, by parking the RF pulse at either 65.0 MHz or 66.6 MHz and increasing the pulse duration, we obtain
coherent Rabi oscillations of the proximal *C nuclear spin with Rabi frequency up to 0.7 MHz (Figure|S10)). We also
confirm that nuclear spin Rabi frequency Q¢ rapi shows a linear dependence on the square root of the RF power.

The fast coherent control of the '3C nuclear spin is enabled by the gyromagnetic ratio enhancement due to the
hyperfine interaction with the defect electron spin [4]. For a S=1/2 nuclear spin that couples to a spin-1/2 electron
spin, the enhancement factor is related to the electron spin state. These factors can be expressed as [5]
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Figure S7.

Coherent control of the electron spin. Rabi oscillation by driving the transition at the resonance (a) II-2,

(b) II-5, and (c) II-1. (d) Fitting the Rabi oscillation of resonance II-1. Two oscillation frequencies are extracted into a major
component of frqpi,1 = 44.56 MHz with a decay time of Trapi,rr—1 = 0.75 us, and a minor component of frqpi2 = 43.07 MHz
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a1y = cos(B) + j—esmw) (4)
a_1/s = cos(B) — %sin(ﬂ) (5)
where § is given by
Ay

tan(25) = (6)

P)/eBz - 'YnBz ’

where A is the transverse hyperfine interaction strength. In the regime of strong external magnetic field, such that
Al < veB. =B, at1/ can be exact up to the first order:

Y AL/2
ai1/2=1ﬂ:7—27%32_7n32. (7)

The transverse hyperfine coupling strength A can be estimated from the enhancement factors.

D. Other examples of Group II spin defects

Figureshows three spin-active defects (Defect 5-7 in Tablein Section |VII)) in Group II with the corresponding
PL, ODMR and ODNMR spectra. The PL spectra show a relatively large variation of the zero phonon lines (ZPL)
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over tens of nanometers. The ODMR spectra of all the three defects show both resonance from spin-1/2 and resonance
from spin-1. The resonances of spin-1 transition do not always locate at the same frequencies despite the same external
magnetic field. This may originate from different local strain environment at different positions in the flake or different
separation of donor-acceptor pair that we propose to explain the chemical structure of the Group II spin defects. We
further characterize the nuclear spin resonance at the center hyperfine peaks (Figure (¢),(f),(i)). All the three
defects shows two resonances at nearly the same frequencies in the ODNMR, spectra. Both ODMR, spectra and
ODNMR spectra suggest that Defect 5-7 have the similar chemical structure as Defect 2 despite different PL spectra
among these defects.
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Figure S11. Other examples of Group II defects. (a) Optical, (b) ODMR and (c) ODNMR spectra of Defect 5. (d) Optical, (e)
ODMR and (f) ODNMR spectra of Defect 6. (g) Optical, (h) ODMR and (i) ODNMR spectra of Defect 7. Other information
about these defects can be found in Table in Section [VII
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V. Spin defects in Group III

A. ODMR spectroscopy

Figure shows the ODMR spectra of Defect 3 (Group III, Table in Section . In the CW ODMR, five
resonances are observed: three central resonances (III-2,I11-3,I1I-4) and two side resonances (III-1,III-5) (Figure
S12(a)). A fine scan near the side resonances III-1 and III-5 using a weak microwave drive reveals that each of these
resonances splits further into two peaks. This splitting, approximately 70 MHz, is attributed to hyperfine interactions
with a ¥C nuclear spin.

Pulsed ODMR measurements were also performed to identify the ground-state spectroscopy. Unlike the Group II
defects, Defect 3 exhibits only the central three resonances (III-2 to I1I-4). In this measurement, the waiting time
between two laser pulses is set to 100 ns, indicating that III-1 and III-5 involve short-lived states with lifetimes
significantly shorter than 100 ns.

The evolution of the ODMR spectrum as a function of an externally applied magnetic field is shown in Figure
S12{(c). The magnetic field is aligned to out-of-plane axis. The frequencies of ITI-2 to ITI-4 are linearly proportional to
the magnitude of the magnetic field without obvious ZFS parameters. III-1 and III-5 shows a ZFS of D = 950 MHz
and E = 300 MHz.

Based on these results, it is speculated that resonances I11-2 to ITI-4 originate from a spin-1/2 system, while IT1-1
and III-5 correspond to a spin-1 system. The spin-1/2 origin will be further verified in subsequent discussions using
ODNMR measurements. However, since I1I-1 and III-5 are not observed in the pulsed ODMR spectrum, no additional
experiments were conducted to confirm their spin multiplicity.
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Figure S12. ODMR of Defect 3 in Group III. (a) CW-ODMR spectrum measured at 71.8 mT. (b) Pulsed ODMR of Defect

3 measured at 71.8 mT. (¢) CW-ODMR spectrum as a function of magnetic field. (d) CW-ODMR spectrum measured at 35.4
mT.

Interestingly, when we scan the magnetic field near the LAC of III-1, we observe an imbalanced amplitudes in the
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ODMR spectrum between II1-2 and I1I-4 (Figure [S12|(c)-(d)). This imbalance hints a finite nuclear spin polarization
induced by the electron spin near LAC. However, such an imbalance is observed only near 35.4 mT when III-1 goes
to zero. Either increase or decrease the magnetic field will reduce the imbalance and finally make it disappear. This
hints that the nuclear spin polarization is induced by the LAC of resonance III-1, but is detected by the electron spin
involved in ITI-2 and I1I-4. Additionally, the contrast of all transitions decrease near the LAC of III-1. These results
suggest a strong relation among these transitions and need more investigation to better comprehend this complex
dynamics.

We further characterize the GS ODMR spectroscopy at different microwave powers to obtain the best ODMR
contrast of Defect 3. Figure (a) shows the contrasts of I1I-2 to III-4 as a function of microwave power. Strikingly,
ODMR contrasts of resonance I11-2(I1I-4) and I1I-3 reach 40% and 60% , respectively (Figure [S13(d)). A significant
power broadening is also observed under the strong microwave driving (Figure b)) By applying a weak microwave
(0.3 mW), we extract the natural ODMR linewidth of 16 MHz and 25 MHz for III-2 and I1I-3, respectively. In this
condition, a splitting with a separation of 34 MHz at III-3 can be resolved (III-3a and III-3b in Figure c¢)). The
splitting of III-3 can originate from the hyperfine coupling with a '3C nuclear spin. This hints that there are two spin
GS with different hyperfine coupling strengths contributing to the center three resonances. Therefore, we anticipate
that III-2 and III-4 are from the same spin system with a hyperfine coupling strength of ~ 300 MHz, while III-3
originates from another spin system with a relatively weaker hyperfine coupling strength (34 MHz). The two spin
systems may come from a closely spaced two defects or different charge states of the same defect.

The high ODMR contrast and relatively narrow linewidth give rise to an improved sensitivity for sensing application.
Here we take DC magnetic field sensing as an example. The DC magnetic field sensitivity can be written as

87 ov (8)
Nbc = 73\/3% 70\/-7,

where I denotes the photon count rate, dv is the ODMR linewidth and C' is the contrast. Given the 170 kcts/s

photon count rate of Defect 3 under 15 pW laser excitation, we obtain an optimized senstivity of 5 puT'/v Hz if we
use ITI-2(III-4) for the measurement (Figure [S14)).
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Figure S13. ODMR of as a function of microwave power. (a) ODMR contrast as a function microwave power. (b) ODMR
linewidth as a function microwave power. The linewidth of III-3 for Py > 100 mW is obtained by using single lorentzian
fitting. The linewidth of III-3 for Pyw < 100 mW is obtained by using double lorentzian fitting and taking the average of
the linewidths of two hyperfine peaks I11-3a and III-3b (as shown in (c)). (¢) CW-ODMR spectrum with weak microwave
driving (0.3 mW). Two hyperfine peaks with a separation of 34 MHz are resolved at the center resonance I1I-3. (d) CW-ODMR
spectrum measured with 1 W microwave driving.



Figure S14. DC magnetic field sensitivity as a function of the microwave power. Laser power is fixed at 15 ypW.
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B. Spin coherence and readout efficiency
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Next, we characterize the spin coherence properties of Defect 3. As shown in Figure the defects shows a high
contrast (~30%) Rabi ocillation signal with a decay time of Tgqp; = 169 ns. More impressively, the relaxometry
measurement give a strikingly long 7% of 144 us, a order of magnitude higher than the V5 defects in hBN. Figure
S15{(c) presents spin coherence measurements using Hahn Echo sequence using a single refocusing 7 pulse. The
extracted coherence time is 131 ns, comparable to that of V5 defects.
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Figure S15. Spin coherence of Defect 3 in Group III. (a) Coherent control of the electron spin resonance at III-2.
The defects shows a high contrast (~30%) Rabi ocillation signal with a decay time of Trapi,e = 169 ns. (b) Ti . relaxation

measurement at I11-2, showing a relaxation time of 144 ps. (c) Hahn Echo measurement revealing T3 . = 62 ns.

We also observe that the Rabi oscillations of Group IIT defects exhibit significantly lower asymmetry compared to
other defect groups. As microwave power increases, the asymmetry becomes even less pronounced. This subtle asym-
metry suggests the possibility of a GS spin-1/2 manifold, where minor asymmetry could arise from an inhomogeneous
hyperfine environment created by surrounding nuclear spins or from the transfer of population between a metastable
state and the ground state. In the latter case, this effect can be largely canceled through differential measurements
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by performing a reference measurement using the same pulse sequence but without a microwave pulse, as done in our
experiments.

As microwave power increases, the transverse driving field becomes stronger, reducing the relative influence of the
static magnetic field in the z-direction caused by nuclear spin coupling, leading to an overall increase in the Rabi
contrast. At low microwave power, the contrast is smaller, making the Rabi asymmetry more prominent.
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Figure S16. Optimizing electron spin readout efficiency of Defect 3 in Group IIIL. (a) A schematic of the pulse
sequence to estimate the readout efficiency. Rabi measurements are performed by tuning the microwave duration 7 at different
readout times treqqd- (b) An example of Rabi oscillation measured at 71.8 mT. (¢) ODMR contrast of the Rabi oscillation
as a function of readout duration time t,eqq. (d) Number of photons collected from the darker state in each readout pulse
as a function of treqq. (e) Estimated electron spin readout efficiency as a function of treaq. (f) ODMR contrast of the Rabi
oscillation as a function of microwave power Pasw. (g) Estimated readout efficiency as a function of Pasw. (h) Rabi frequency
as a function of v/ Pyrw. The laser power is fixed at 15 pW.

Now, we estimate the spin state readout efficiency by estimating the signal to noise (SNR) ratio of a single optical
readout pulse in Rabi measurements. The SNR takes the form [6]:

Qg —
SNR = ——— 9
Voo Tar’ )
where g and a7 are the mean numbers of detected photons for a single measurement of the brighter state and darker
state, respectively. The dimensionless spin-readout uncertainty of a single readout measurement, o, is directly related
to SNR, following the equation [6]:

2 oo + o
Os =1+ — = J1+2—" "1 10
° SNR? (g — 1)? (10)
After N times of repetitive measurements and averaging, the uncertainty can be reduced to
on = 2. (11)

2
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To make the uncertainty o at 1, a number n = (1/ 05)2 of measurements are required. Therefore, here we define the
single-time readout fidelity by making an inverse of the spin readout noise for a single measurement:
—1/2
g + aq
=1/os=14+2—- . 12
m=1o, = (1200 (12)

Figure presents the optimization results to maximize the readout efficiency by tuning the readout duration time
and microwave power in the pulsed ODMR experiments. The pulsed ODMR contrast reach ~18% when the readout
duration is 5 ps under 15 pW laser pumping. If we further ramp up the readout duration time, the contrast starts
decreasing. The long readout time window hints a relatively long-live metastale state involved in the spin polarization
process. In addition, we see a monotonic increase of the contrast when we increase the microwave power. Finally, the
readout efficiency reaches up to 0.12 in a single-time spin-state measurement when we apply a 2 W microwave drive.

C. Optically detected nuclear spin magnetic resonance

To understand the hyperfine interaction of Defect 3, we perform the optically detected nuclear magnetic resonance
(ODNMR) measurements. Figure shows the measured nuclear spin resonance spectrum obtained by setting the
microwave frequency in resonance with III-4 and sweeping the frequency of the RF pulse. The clear nuclear spin
transitions at 147.3 MHz and 151.4 MHz are consistent with the hyperfine splitting ~300 MHz in the ESR spectrum
together with a spin-1/2 model involving in the III-2 transition (Figure [S9|(b),(c)). This resonance is also observed
when the microwave is resonance with III-2. However, if the microwave frequency is set in resoance with I11-3, no
ODNMR spectrum is observed near 150 MHz. Instead, we observe two clear resonances near 16 MHz. The different
resonance frequencies observed at III-2(ITI-4) and III-3 hint that IT1I-2(I11-4) and III-3 belong to two S = 1/2 spin
systems that couples to nuclear spins with different strengths.
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Figure S17. ODNMR of Defect 3 in Group III. (a) A schematic of the pulse sequence. (b)-(d) ODNMR spectra when the
microwave is parked in resonance wtih (b) III-4 (c) III-2 and (d) III-3. The measurements are perform at 71.8 mT.
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D. Coherent control of **C nuclear spin using Defect 10

In the main text, we present the optical detection and coherent control of a >C nuclear spin using Defect 10. Here
we present one more example of nuclear spin coherent control using Defect 10. As shown in Figure the ODMR
contrasts of resonances III-2 to I11I-4 reaches 33 % and the T3 is 156 us. By performing the same pulse sequence shown
in Figure 3 in the main text, we achieve a nuclear spin polarization of 60%.
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Figure S18. Coherent control of a nuclear spin using Defect 10 (a) The electron spin ODMR spectrum of Defect 10.
(b) ODNMR spectrum measured at I1I-2. (c) Electron spin Rabi oscillation. (d) 7 relaxation time at room temperature. (e)

Estimation of nuclear spin polarization by measuring the ODMR spectrum after the SWAP gate. (f) '*C nuclear spin Rabi
oscillation.

E. Other examples of Group III spin defects

Figure shows two additional examples of Group III defects (Defect 8-9 in Table in Section . Their
ODMR spectra exhibit three central peaks, although the relative intensities of I1I-2 and III-3 differ between defects.
In particular, the ODMR spectrum of Defect 9 shows a significantly weaker contrast at I1I-3 compared to III-2 and
ITI-4. Under strong microwave driving ( 1 W), III-3 becomes unresolved due to power broadening, resulting in only two
prominent peaks at the center. When the microwave power is reduced to mitigate broadening effects, a low-contrast
resonance at ITI-3 reappears.

The ODNMR of both defects, shows two peaks at 146 MHz and 150 MHz, respectively. We note that the ODNMR,
frequencies of Group III defects can vary by 5-10 MHz, likely due to local variations in the spin wavefunction caused
by strain or nearby defects. The overall agreement in both ODMR and ODNMR, spectra supports the conclusion that
Defects 8 and 9 share the same chemical structure as Defect 3.
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In addition, we can also observe single Group III spin defects exhibiting negative contrast as shown in Figure
Such defects are rarely seen in our samples and typically do not show measurable contrast in pulsed ODMR,
experiments even with dark times on the order of hundreds of nanoseconds between laser pulses. This behavior suggests
differences in their optical cycling or spin initialization dynamics compared to the more common positive-contrast
defects.
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Figure S19. Other examples of Group III defects. (a) Optical, (b) ODMR and (¢) ODNMR spectra of Defect 8. (d) Optical, (e)
ODMR and (f) ODNMR spectra of Defect 9. The inset of (e) shows the center branch of Defect 9 taken under a weak microwave
drive, which reveals the center resonance I11-3 with a hyperfine splitting (A.. ~ 30 MHz). All the ODNMR measurements are
taken at 71.5 mT at resonance III-2 (¥v=1.86 GHz). Other information about these defects can be found in Tablein Section
VI
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Figure S20. (a) Optical spectrum of Defect 15. (b) Second-order intensity-correlation measurement (g (7)) showing a single
defect. (¢) A CW ODMR spectrum measured at 54.5 mT, showing a negative contrast.
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VI. Spin defects in Group I
A. GS ODMR spectroscopy and spin coherence properties

In the '3CO, implanted hBN flakes, the most frequently observed spin defects belong to Group I, which do not
show hyperfine splitting in their ODMR spectra. This absence of hyperfine splitting indicates weak or no coupling
to the '3C nuclear spins. These defects are likely associated with intrinsically present carbon impurities, which are
predominantly composed of naturally abundant '2C.

The stability of Group I defects varies across different defects. More than half of the observed defects display
blinking behavior during ODMR measurements and may quench within a few minutes. In contrast, the stable defects
remain optically active throughout the entire duration of the measurements when using weak laser excitation (15
uW), and can persist without degradation for several weeks under continuous experimental conditions.

Here, we characterize the stable spin defects in Group I to gain more insight into their properties. Figure shows
the ODMR spectra of Defect 4 (Tablein Section. Both CW ODMR and pulsed ODMR reveal three resonances.
The center resonance does not show hyperfine structure. In Figure [S22] we present CW ODMR measurements at
different microwave powers. The ODMR contrast reaches up to 70% at 1 W microwave power. The best DC magnetic
field sensitivity of Defect 4 is 4.7 T-Hz~ /2. Under a weak microwave driving (< 1 mW), the linewidth of I-1 and
I-2 are < 20 MHz and no hyperfine structure is observed in any resonances. Therefore, we expect no 1*C atoms to be
directly involved in the Group I defects, as the hyperfine coupling strength with '>C nuclear spins are expected to be
> 50 MHz for point defects containing 3C atoms according to the ab initio calculations [7].

We further investigate the spin coherence properties of Group I defect. As presented in Figure Defect 4 shows
clear coherent oscillation at all three resonances in the Rabi measurements. The central resonance (I-2) shows a
long relaxation time up to 216 ps, while the two side resonances (I-1,I-3) show a relatively short Ty of ~ 6 pus. The
coherence times of 11-13 measured by Hahn Echo sequence are approximately 120 ns.
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Figure S21. ODMR of Defect 4 in Group I. (a) CW-ODMR spectrum measured at 71.8 mT. (b) Pulsed ODMR spectrum
measured at 71.8 mT. Laser power is fixed at 15 pW.
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Figure S22. ODMR of Defect 4 in Group I as a function of the microwave power. (a) CW-ODMR contrast as
a function of microwave power. (b) ODMR linewidth as a function of microwave power. (c) DC magnetic field sensitivity

measured at resonance I-2 and I-3. Laser power is fixed at 15 pW.
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Figure S23. Coherence properties of Defect 4 in Group I. (a)-(c) Rabi oscillations measured at (a) I-1, (b)
I-3. (d)-(f) T relaxations measured at (d) I-1, (e) I-2 and (f) I-3. (g)-(i) T2 measured by Hahn Echo sequence at
I-2 and (i) [-3. Laser power is fixed at 15 uW. A 71.8 mT external magnetic field is applied.

B. Other examples of Group I defects

I-2 and (c)
(g) I-1

(h)

Figure shows four additional examples (Defect 10-12 in Table [S1]in Section [VII) of Group I defects. The CW
ODMR contrast can reach up to 200%, meaning that the photoluminescence with the microwave on is three times
brighter than when the microwave is off. Additionally, the Rabi measurement also shows a remarkably high ODMR
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contrast of 100 %.

However, in the Rabi measurements, Defects 11 and 13 show poor coherence and irregular oscillation profiles
(characteristic of beating patterns) at the central resonance I-2. Instead of well-defined oscillations, the signal displays
a sharp initial increase in contrast upon microwave excitation, followed by a gradual rise with ambiguous modulation

as the microwave duration increases. These behaviors suggest a metastable-state configuration of a spin-pair system,
which will be discussed in detail in Section [XII
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Figure S24. Other defects in Group I. (a)-(d) ODMR spectra of Defect 11-14. (e)-(h) Rabi oscillations of Defect 11-14.

C. Variation in Zero-Field Splitting (D) of S = 1 Transitions

The ZFS parameters D and F for S = 1 transitions exhibit noticeable variations across different defects. While local
strain is often considered the primary source of these variations, another contributing factor may be the alignment of
the external magnetic field relative to the defect’s intrinsic quantization axis. Unlike diamond NV centers or hBN Vi
defects, which exhibit clear ODMR contrast at zero field, the carbon-related defects in our samples show no detectable
signal without an applied magnetic field. As a result, the determination of ZFS relies on fitting of ODMR spectra at
finite magnetic fields. In such cases, a small misalignment between the applied field and the quantization axis could
introduce a bias in the estimated ZF'S splitting. Magnetic-field-dependent ODMR measurements of selected defects
indicate a misalignment of approximately £3° from the expected z-axis, likely due to local distortions such as wrinkles
in the hBN flake. This misalignment introduces an estimated uncertainty of approximately 150 MHz (~15%) in the
determination of D. To account for these effects, we include this uncertainty in the D values in Table

Here we also note that the ZF'S D exhibit a large variation across defects, as listed in Table exceeding what can
be accounted for by angular misalignment alone. For example, Figure shows a Group I defect with a noticeably
smaller ZFS D, suggesting additional contributing factors such as local strain variations or subtle differences in defect

chemical composition. These observations underscore the influence of the local hBN environment in shaping the spin
properties of the defects.
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Figure S25. An example of magnetic field dependent ODMR for a Group I defect with a relatively small ZFS parameter D.
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VII. Summary of defect examples

List of defect examples in **COy implanted hBN
De- ||Group| Counts Apeak Spin Contrast | T To.e D A..
fects
D1 T |110 kets/s| 604 nm Cénter(I—Z): S=1/2 50% 18 us | 100 ns - -
Side(I-1,I-3): S=1 3% 1.07£0.16 GHz -
D2 I |130 kets/s| 704 nm Cen.ter(II-27II-3): S=1/2 9% 17 ps | 89 ns - 130 MHz
Side(I-1,11-4): S=1 9% | 33 pus | 109 ns| 1.140.16 GHz ;
Center(III-2,I11-4): S=1/2| 35% |144 ps|131 ns - 299 MHz
D3 IIT 170 kets/s|602 nm |  Center(II1-3): S=1/2 50% | 146 ps| 96 ns - 34 MHz
Side(IIL-1,ITL-5): S=1 (*) |  14% 0.95+0.14 GHz
D4 I [180 kets/s| 579 nm Ce.:nter(I—Z): S=1/2 65% | 216 ps| 174 ns - -
Side(I-1,I-3): S=1 11% 6 pus | 120 ns | 0.8+0.12 GHz -
D5 1 |210 kets/s| 627 nm Cen.ter(II-ZII-S): S=1/2 % 18 s - 130 MHz
Side(II-1,11-4): S=1 6% | 17 s 0.9240.14 GHz| -
D6 11 |170 kets/s| 594 nm Cen'ter(II—2,H—3): S=1/2 14% 24 ps - 130 MHz
Side(I-1,11-4): S=1 12% | 26 s 1.34+0.2 GHz -
. 11 |20 kets)s| 557 am| Corter(2I03): S=1/2 [ 20% ~[8.5 ps - 130 MHz
Side(II-1,II-4): S=1 30% 8.8 us 0.894+0.13 GHz -
Center(III-2,111-4): S=1/2 6% 114 ps| 116 ns - 296 MHz
D8 IIT {120 kets/s|571 nm |  Center(III-3): S=1/2 7% 115 ps| 150 ns -
Side(IIL-1,ITI-5): S=1 (*) | 0.6 % 1.05+0.16 GHz
Center(III-2,111-4): S=1/2| 22% 37 ps | 101 ns - 296 MHz
D9 III {130 kets/s| 579 nm |  Center(III-3): S=1/2 11% - ~30 MHz
Side(III-1,IT1-5): S=1 (*) | 3% 1.140.16 GHz | ~70 MHz
Center(IT1-2,111-4): S=1/2| 33% | 156 us - 300 MHz
D10 IIT |110 kets/s| 610 nm | Center(I11-3): S=1/2 33% | 132 us - ~51 MHz
Side(ITI-1,IIL-5): S=1 (*) | 10% 1.140.16 GHz
D11 I [170 kets/s| 659 nm |~ Center(-2): S=1/2 26% | 1T ps ] -
Side(I-1,1-3): S=1 3% 0.85+0.13 GHz| -
D12 T |140 kets/s| 586 nm C(?nter(I—Q): S=1/2 26% 24 ps | 92 ns - -
Side(I-1,I-3): S=1
D13 I 450 kets/s| 702 nm Center(l-2): S=1/2 20% | 75 ps ) )
Side(I-1,I-3): S=1 8% 0.7£0.1 GHz -
D14 T |450 kets/s| 579 nm Ccinter(I—Q): S=1/2 200% | 91 us - -
Side(I-1,1-3): S=1 50% 1.140.16 GHz ;
D15 || 111|150 kets/s| 568 | COer(TI2 ) S=172] 1% - 300 Mz
Center(I11-3): S=1/2 1% -
D16 || 11 |330 kets/o| 85 | Ceter(I2113): S=1/2 | 10% - 130 MHz
Side(II-1,II-4): S=1 10% 0.894+0.14 GHz -

Table S1. Summarized information of defect examples. The laser power is set at 15 uW and the microwave power is at 25
dBm. An asterisk (*) indicates that the spin state does not exhibit pulsed ODMR contrast; in such cases, the spin multiplicity
is inferred and not experimentally confirmed. A dash (—) denotes parameters that could not be resolved or were not observable.
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VIII. Spin defects in 2CO, implanted hBN

As a comparison, we also create spin defects with '2CO, ions using the same procedure as described in Section
We first perform the PL and ODMR confocal map as presented in Figure In the ODMR contrast maps, we
observe non-zero contrasts only when we drive the microwave at 2.01 GHz (71.8 mT), indicating that Group II and
Group III defects do not exist in the 2C implanted hBN. Figure present three example ODMR spectra that we
typically observe in the 2CO5 implanted hBN. We observe both spin S=1/2 and S=1 transitions in single defects at
different spots. None of the defects show hyperfine structure due to the lack of *C atoms.

(a) PL confocal map (b)  ODMR map at 2.01 GHz 5
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Figure S26. (a) Confocal PL map of a '?CO, implanted hBN after annealing and strong laser exposure. Scale bar is 10 pm.
(b)-(d) ODMR contrast mapped by driving the microwave at (b) 2.01 GHz, (c) 1.95 GHz, and (d) 1.86 GHz. The scanned

area is marked by the white dashed line (a). A 71.8 mT external magnetic field is applied along the out-of-plane axis. The
microwave power is set at 30 mW. Scale bars are 5 pm.
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Figure S27. Examples of observed ODMR spectra in *2CO2 implanted hBN samples. A 69.3 mT external magnetic is applied.
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IX. Spin defects in Helium ion implanted hBN

To better understand the origination of these defects, we further prepare a sample using Helium ion implantation
followed by thermal annealing. As shown in Figures we observe spin defects similar to those found in
12C0Og-implanted hBN. Since carbon is often present as an unintentional impurity during the growth of hBN, these
defects may originate from naturally occurring 2C within the material.
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Figure S28. (a) Confocal PL map of a He implanted hBN after annealing and strong laser exposure. (b)-(d) ODMR contrast
mapby driving the microwave at (b) 2.01 GHz, (c) 1.95 GHz, and (d) 1.86 GHz. A 71.8 mT external magnetic field is applied
along the out-of-plane axis. Scale bars are 5 pm.
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Figure S29. Examples of observed PL spectra and the corresponding ODMR spectra in the He implanted hBN flake. A 71.8
mT external magnetic is applied.
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X. Non-implanted hBN with thermal annealing

The helium-implanted samples suggest that intrinsic carbon impurities in hBN can contribute to the formation of
spin defects similar to those observed in COs ion-implanted samples. Additionally, we note that as-received hBN
without any treatment does not exhibit bright single-photon emitters. To further investigate whether implantation
is a necessary step in defect formation, we performed thermal annealing on hBN samples without implantation and
characterized the resulting emitters.

(a) (b)

PL confocal map (c) ODMR map at I-2

(%) 1senuod

N

Figure S30. (a) Optical image of an hBN flake without implantation after annealing. Scale bar: 10 pm. (b) PL confocal
image of the flake, showing low overall brightness with some emitters appearing near the crack. Scale bar: 5 ym. (¢) ODMR
map of the same flake, showing no detectable ODMR signals. Scale bar: 5 pm.

As shown in , after annealing, some emitters appear, but their density is significantly lower compared to
implanted samples. Furthermore, these emitters predominantly appear near cracks or defect-rich regions in the flakes,
while most regions remain dark under PL imaging. The overall brightness of the observed emitters is also notably
weaker than those in ion-implanted samples. Most importantly, ODMR, measurements reveal that nearly all of these
emitters (>99%) do not exhibit detectable spin resonances, making them irrelevant for quantum sensing applications.
In our investigation of four different unimplanted, annealed hBN flakes, only one spot exhibited an ODMR signal,
but it rapidly quenched within a few minutes.

These findings suggest that ion implantation plays a crucial role in creating a high density of spin-active defects,
while thermal annealing alone is insufficient to reliably generate such defects. This can be understood in the context
of defect formation under high-temperature annealing. Ion implantation introduces a large number of vacancies,
which become mobile at high temperatures and can capture nearby carbon and oxygen impurities, leading to the
formation of stable defect complexes. Additionally, during annealing, the vacuum level in our system is maintained
at approximately 10~° Torr, but occasionally rises above 10~# Torr when ramping the temperature near 1000 °C due
to minor outgassing from system components. This residual gas environment may introduce additional carbon and
oxygen impurities, further facilitating defect formation.

In summary, while annealing alone can produce some emitters, its efficiency in generating stable, spin-active defects
is very low. The combination of ion implantation and annealing provides a significantly more robust and reproducible
approach for spin defect generation in hBN.

XI. DFT calculations of possible defect candidates

To gain more insight into the defect structures, we perform density functional theory (DFT) calculations using
Quantum Espresso (QE) [8], an open-source plane-wave software. Both the Perdew-Burke-Ernzerhof (PBE) functional
and the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional (the factor of 0.32 for Fock exchange) [9} [10] are employed for
the exchange-correlation interaction. We use Optimized Norm-Conserving Vanderbilt (ONCV) pseudopotential [11]
[12] for the calculations of excitation energy, and the GIPAW pseudopotential [13] for the calculation of hyperfine
interaction parameters and zero-field splitting (ZFS). We set the kinetic energy cutoff to be 55 Ry, which is adequate
for converging the relevant properties. Geometry optimizations are carried out with a force threshold of 0.001 Ry/Bohr.
We select the 6 x 6 x 1 or higher supercell size of hBN for the calculations of hyperfine parameter and excitation
energies. For these calculations, we sample a k-point mesh of 3 x 3 x 1 for the calculation of excitation energies [14],
and T point for the hyperfine parameters and ZFS [4] [14]. We calculate the zero-phonon line (ZPL) by the constraint
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occupation DFT (CDFT) method [15], the hyperfine parameters using the QE-GIPAW code [16], the ZFS by using
the ZFS code [14], and we cross compare results between ZFS code and the PyZFS code [17].

Because of the spurious electrostatic interaction between the periodic images containing charged defects and the
interaction of charged defect with the homogeneous compensating background charge, it is necessary to calculate the
charged cell correction to obtain reliable total energies. The total energy after taking the charged cell correction into
account becomes

E(d) = Efoy(d) + Eecorr, (13)

where EZ,(d) is the total energy of the charged defect of charge ¢, and Ecq,, is the charged cell correction. By using
the techniques developed in Refs. [18] [19] and implemented in the JDFTx code [20], we explicitly perform the charge
cell correction for the charged defect calculations in this work.

A. Hyperfine Interaction

The hyperfine interaction between nuclear spin and electron spin includes the isotropic (Fermi contact) term at the
nucleus site I and the anisotropic dipole-dipole interaction term near the nucleus site I:

2410
Aiso(l) = TQeUegIMIpspin (R) (14)
_ Ho 3 3cos?f —1
Aaniso(I) - Ege/féegf;uf /d Tpspin(r)T (15)

where g is the permeability of vacuum, g. is the electron g-factor, u. is the Bohr magneton, gy is the g-factor of
nucleus I, py is the nuclear magneton, r is the displacement vector between the electron at r. and the nucleus at R,
Pspin is the spin density, and 6 is the angle between r and the symmetry axis [21), 22]. The values of g; used in our
calculations are taken from Ref. [23].

B. Zero-Field Splitting

The zero-field splitting is due to the spin-spin interaction. In the first-order, the interaction is described by the
following hamiltonian,

2
HSS _ @ (geh)
4 b

[3(51 . I‘)(SQ . I') — (51 -52)7"2] . (16)

Here, g is the magnetic permeability of vacuum, g, is the electron g-factor, 7 is the Planck’s constant, s; and sg
denote the spins of the first and second electrons, respectively, and r is the displacement vector between these two
electron. According to the derivation presented in [24], the spin-spin interaction can be reformulated as the product
of the ZF'S tensor D and effective total spin S,

H=S8"DS (17)
where the ZFS tensor contains the interaction details as below,

P26ab — 3rarb
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Here, a and b can represent any of the Cartesian coordinates x, y, or z. The indices 7 and j correspond to all occupied
states in both spin-up and spin-down channels. The parameter x;; is 1 for parallel spins and —1 for anti-parallel
spins. The function ¥;;(ri,rs) is a two-particle Slater determinant constructed from the Kohn-Sham wavefunctions
of the i-th and j-th electronic states. Using the ZFS code and PyZFS [14] 17], we determine the axial and rhombic
ZFS parameters, D and F, of the defect candidates in hBN. The eigenvalues of the ZFS tensor are arranged in the
descending order as D, > Dy, > Dg,.
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C. Results and discussion

Previous DFT-based studies mostly relied on comparisons with optical spectra or ODMR linewidth. This can be
inconclusive due to the broad variability in emission wavelengths observed across hBN defect emitters. In contrast,
our approach focuses on comparing hyperfine interaction parameters derived from first-principles calculations with
experimental ODMR and ODNMR data. The use of '3C-enriched samples introduces well-resolved hyperfine splittings,
providing more robust and defect-specific spectroscopic fingerprints. This allows us to significantly narrow down the
list of plausible defect structures and exclude many configurations that do not match the experimental hyperfine
features.

Our experimental results suggest that each defect electron spin in Group II and III couples strongly to one 3C
nuclear spin with characteristic hyperfine splittings. This can help identify defect structure, whose hyperfine param-
eters can be predicted by DFT calculations. Here, we consider six main defect candidates: isolated point defects Cx
and Cp, CpCy donor-acceptor pairs (DAPs), CyCy dimer, C5Op dimer and CgOy dimer in their neutral (q=0),
negative (q=-1) and positive (q=+1) charged states. We first focus on the center branch of spin defects with S=1/2
GSs, as they exhibit clear hyperfine structures. Recently studies suggest the metastable configuration of the S=1/2
spin manifolds, while the optical transitions are supposed to come from the singlet GS to a singlet excited state (ES)
(S=0) [25] 26]. Therefore, for the simulation of ODMR using hyperfine tensors, we mainly focus on the S=1/2 spin
manifolds. And we compare the optical spectra to the calculated ZPLs in the singlet manifolds.

A previous study investigated the point defects Cp and Cy [7]. The neutrally charged Cp and Cy defects exhibit
S = 1/2 states and couple to the carbon nuclear spin with a strengths of 231 MHz and 156 MHz, respectively. C%
defects show a hyperfine value close to that of the Group II defects. However, the ZPL of C%; is predicted to be at
500 nm, which is significantly different from the observed results.

Recent studies also suggest a DAP model to explain the carbon-related defects, and their S=1/2 charged state
(q=1) couples strongly to only one carbon nucleus at the Cy lattice site[7]. The CgCn-DAP-L defect has a CgCp
dimer structure but with a larger separation (L lattice distance) between the two point defects. For the neutrally
charged CgCpn-DAP-L, an electron will transfer from Cp towards Cy and form a nonparamagnetic structure (CECJ_\,-
DAP-L). A positively charged state can be created by removing the excess electron from Cj, resulting in a DAP
with S=1/2 GSs (C5C%-DAP-L). Since the spin density is primarily localized at Cn and is barely affected by the
distance L, the hyperfine coupling strengths barely change at different L (Figures . The hyperfine coupling
strength to the nearest 1'B nuclei is about -17.6 MHz (Table . Indeed, this hyperfine value qualitatively agrees
with the additional ODNMR transition frequency at around 9.2 MHz (Figure b)), which is expected to be half
of the hyperfine interaction strength. According to these results, the ODMR spectrum is expected to resolve two
hyperfine peaks with a separation of ~135 MHz (Table , which is close to our observations in Group II defects.
Additionally, the ODMR linewidth of CEC(}V—DAP—L is calculated to be 74 MHz, matching the natural linewidth of
75 MHz we observed at 1I-2 and II-3 (Figure [S6(d)).

To explain the large hyperfine strength (300 MHz) of the Group III defects, the electronic spin density should be
localized at the Cp lattice site since an isolated point defect Cp shows a large hyperfine strength. A positively charged
CpOn (gq=1) defect (Figures with Cg, symmetry contains a S=1/2 manifold. The hyperfine strength with
the C'3 nuclear spin is calculated to be A,, = 314 MHz (Table , in good agreement with the experimental
observation (300 MHz). The linewidth is calculated to be approximately 23 MHz, which is similar to the observed
linewidth (25 MHz) at resonance III-2 of Defect 3 using a weak microwave driving. CpOp also has a negatively
charged state (q=-1) with S=1/2 manifold. The hyperfine strength is 0.1 MHz, which is much smaller than 34 MHz
that we observed at ITI-3. Therefore, the additional peak ITI-3 is supposed to be a different electronic spin.
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Figure S31. (a) Tllustration of a C;C%-DAP-2 defect. The labeled atoms are the main contributors to hyperfine interactions.
(b) The Kohn-Sham diagram of the C5CR-DAP-2 defect at the GS and the ES by CDFT at the HSE level of theory. (c)
The corresponding wavefunctions of the single-particle states that are labeled in the Kohn-Sham diagram. a1, a2 and by are
the irreducible representations of Ca, point group. bz and b5 label the different electronic states of the same character. The

isosurface is set to 5% of the maximum for as, bo and bs. The isosurface is set to 50% of the maximum for a; for better
visualization.
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Figure S32. Calculated spin density function for different CgCn-DAP-L.
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(a) Hlustration of a CpOxn defect. The labeled atoms are the main contributors to hyperfine interactions. (b)

The Kohn-Sham diagram of the CgOn (q=1) defect at the ground state (GS) and the excited state (ES) by CDFT at the HSE
level of theory. (¢) The corresponding wavefunctions of the single-particle states that are labeled in the Kohn-Sham diagram.
a1, az, by are the irreducible representations of Cs, point group, and by and b5 label the different electronic states of the same
character. The isosurface is set to 5% of the maximum.
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Summary of the spin defect candidates Chemical structure, spin density and energy level diagram of (a)

the positively charged CgOx defect. (b) the neutrally charged CgOn defect. (c) the positively charged C5C-DAP-2 defect.

(d) the neutrally charged C;Cy-DAP-2 defect.
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Method Defect Symmetry | Charge state (q) | ZPL (eV) | Spin, S GS? |D (MHz)|E (MHz) |A.. (MHz)
HSE CpOn Ca, 0 1.39 0 Yes - - -
HSE CpOn Ca, 0 1 No 1648 534 153
HSE CsOn Cav 1 2.17 1/2 Yes - - 314
HSE CsOn Cav -1 0.33 1/2 Yes - - 0.1
HSE CpCn-DAP-2 Ca 0 2.76 0 Yes - - -
HSE CpCn-DAP-2 Cav 0 1 No 1542 493 144
HSE CpCn-DAP-2 Cav 1 1.75 1/2 Yes - - 166
HSE || CgCn-DAP-/7 C1 0 2.14 0 Yes - - -
HSE || CCn-DAP-V/T C 0 1 No 1805 598 139
HSE || CgCn-DAP-/7 Cy 1 2.02 1/2 Yes - - 173
HSE || CpCn-DAP-v/13 (o 0 1.84 0 Yes - - -
HSE || CpCn-DAP-v/13 Cy 0 1 No 1565 1038 142
HSE ||CpCn-DAP-v/13 Cy 1 2.19 1/2 Yes - - 171
HSE CpCn-DAP-4 Cav 0 1.75 0 Yes - - -
HSE CpCn-DAP-4 Cav 0 1 No 1562 1067 141
HSE CpCn-DAP-4 Cav 1 2.23 1/2 Yes - - 173

Table S2. Calculated ZPLs, total spins, ZPS parameters (D and E) and longitudinal hyperfine coupling strengths A, with
13C of several possible defect candidates. The calculations are performed at the HSE (exx=0.32) level of theory.

Method Defect Symmetry | Charge state (q) | ZPL (eV) | Spin, S GS? |D (MHz)|E (MHz)|A.. (MHz)
PBE CnCn Cay 0 1.42 1 Yes 560 60 75
PBE CnCn Cay -1 1.34 1/2 Yes - - 70
PBE CpOn Cay 0 0.59 0 Yes - - -
PBE CgOn Cay 0 1 No 869 139 120
PBE CgOn Cay 1 1.75 1/2 Yes - - 247
PBE CBON CQU -1 0.21 1/2 Yes - - 4
PBE CpOp Cy 0 1.97 0 Yes - - -
PBE CpOs Ci 0 1 No 1179 443
PBE CpOsB Ci -1 0.22 1/2 Yes - - 138
PBE CpCn-DAP-2 Cay 0 2.50 0 Yes - - -
PBE CpCn-DAP-2 Cay 0 1 No 816 25 111
PBE CpCn-DAP-2 Can 1 1.02 1/2 Yes - - 135
PBE CpCn-DAP-\/7 Cy 0 2.07 0 Yes - - -
PBE CpCn-DAP-V/7 Cy 0 1 No 1089 117 106
PBE || CpCn-DAP-v/7 C1 1 1.28 1/2 Yes - - 151
PBE ||CzCn-DAP-V13 Cy 0 1.82 0 Yes - - -
PBE ||CzCn-DAP-V/13 Cy 0 1 No 960 468 109
PBE ||CsCn-DAP-/13 C1 1 1.43 1/2 Yes - - 153
PBE CpCpn-DAP-4 Cay 0 1.75 0 Yes - - -
PBE CpCn-DAP-4 Cay 0 1 No 984 490 108
PBE CpCn-DAP-4 Cay 1 1.49 1/2 Yes - - 156

Table S3. Calculated ZPLs, total spins, ZPS parameters (D and E) and longitudinal hyperfine coupling strengths A.. with
13C of several possible defect candidates. The calculations are performed at the PBE level of theory.



Calculated hyperfine tensors of the CgOpn (q=1) defect at HSE

Atom Label Azz (MHz) | A,y (MHz) | A.. (MHz)
C C1 53.38 53.07 313.82
B B15 1.83 -1.32 7.35
B B26 1.83 -1.32 7.35
B B21 -1.74 -1.91 0.84
B B27 -1.74 -1.91 0.84
B B14 0.32 1.7 -2.34
B B20 0.32 1.7 -2.34
B B28 -0.36 -0.39 0.4
N N15 -8.37 -9.36 2.63
N N21 -8.37 -9.36 2.63
N N16 -0.03 -0.47 1.07
N N27 -0.03 -0.47 1.07
N N14 0.13 -0.28 2.50
N N22 -0.18 -0.2 -0.06
N N28 -0.18 -0.2 -0.06
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Table S4. Calculated hyperfine tensors of a positively charged CpOn (q=1) defect at HSE (EXX=0.32). Atoms are labeled in

Figure

Calculated hyperfine tensors of the CgOn (q=1) defect at PBE

Atom Label Azr (MHz) | A,y (MHz) | A.. (MHz)
C C1 9.76 9.22 247.04
B B15 3.12 0.17 12.15
B B26 3.12 0.17 12.15
B B21 -1.45 -1.58 0.81
B B27 -1.45 -1.58 0.81
B B14 1.23 -1.17 4.19
B B20 1.23 -1.17 4.19
B B28 -0.33 -0.35 0.4
N N15 -7.61 -8.00 3.05
N N21 -7.61 -8.00 3.05
N N16 -0.39 -0.79 1.06
N N27 -0.39 -0.79 1.06
N N14 -0.43 -0.82 2.38
N N22 -0.16 -0.17 -0.03
N N28 -0.16 -0.17 -0.03

Table S5. Calculated hyperfine tensors of a positively charged CgOn (q=1) defect at PBE. Atoms are labeled in Figure



Calculated hyperfine tensors of the CgCn (q=1) defect at HSE

Atom Label Azz (MHz) | A,y (MHz) | A.. (MHz)
C C1 0.61 -0.93 4.25
C Cc2 -6.05 -6.17 165.72
B B14 -18.87 -18.42 -23.76
B B15 -18.69 -15.21 -24.68
B B21 -18.69 -15.21 -24.68
B B8 -1.35 -0.87 -2.70
B B20 -1.35 -0.87 -2.70
B B9 -2.37 -2.64 -1.22
B B26 -2.37 -2.64 -1.22
B B16 -1.03 -1.41 -0.18
B B27 -1.03 -1.41 -0.18
B B22 -0.71 -0.73 -0.17
B B28 -0.71 -0.73 -0.17
N N22 0.09 -0.08 2.53
N N15 -0.05 0.10 -0.63
N N21 -0.05 0.10 -0.63
N N16 -0.08 -0.09 0.03
N N28 -0.08 -0.09 0.03
N N10 0.15 -0.02 0.88
N N27 0.15 -0.02 0.88
N N9 0.11 -0.52 6.82
N N20 0.11 -0.52 6.82
N N8 0.03 -0.59 3.03
N N14 0.03 -0.59 3.03
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Table S6. Calculated hyperfine tensors of a positively charged CgCn (q=1) defect at HSE (EXX=0.32). Atoms are labeled in

Figure



Calculated hyperfine tensors of the CgCn (q=1) defect at PBE

Atom Label Azz (MHz) | A,y (MHz) | A.. (MHz)
C C1 -0.06 -1.35 3.92
C Cc2 -7.45 -7.55 135.31
B B14 -14.01 -12.76 -17.74
B B15 -12.31 -9.25 -17.62
B B21 -12.31 -9.25 -17.62
B B8 -1.39 -0.65 -2.42
B B20 -1.39 -0.65 -2.42
B B9 -2.21 -2.46 -1.10
B B26 -2.21 -2.46 -1.10
B B16 -1.08 -0.49 -1.70
B B27 -1.08 -0.49 -1.70
B B22 -0.92 -1.17 -0.38
B B28 -0.92 -1.17 -0.38
N N22 -0.39 -0.54 3.35
N N15 -0.17 -0.61 0.43
N N21 -0.17 -0.61 0.43
N N16 0.01 -0.07 0.12
N N28 0.01 -0.07 0.12
N N10 -0.14 -0.029 1.82
N N27 -0.14 -0.029 1.82
N N9 -1.10 -1.59 7.02
N N20 -1.10 -1.59 7.02
N N8 -0.62 -1.05 3.47
N N14 -0.62 -1.05 3.47
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Table S7. Calculated hyperfine tensors of a positively charged CpCn (q=1) defect at PBE. Atoms are labeled in Figure



35
XII. Modeling spin dynamics: spin pair, charge state conversion and energy levels

In the preceding sections, we characterized the key properties of three distinct types of spin defects. Groups II and
III defects were identified as arising from '3C substitution introduced via ion implantation. Although Group I defects
lack hyperfine structure, some may share similar chemical and electronic structures to those in Groups II and III,
with the primary distinction being the presence of intrinsic '2C substitution instead of implanted 3C.

First-principles DFT calculations provide insight into possible defect chemical structures and show good agreement
with our ODMR observations. However, these calculations alone cannot fully account for the origin of multiple spin
transitions observed within a single photon emitter. To further understand the nature of these defects, we turn our
attention to several key features revealed in the ODMR measurements, which offer valuable clues into their electronic
structure and spin dynamics:

(1) Multiple ODMR Peaks: The presence of multiple peaks in ODMR spectra, corresponding to two distinct
spin numbers S within a single defect, suggests a significant role of charge states in determining their spin dynamics.

(2) Asymmetric Rabi Oscillations: Some Rabi measurements reveal clear asymmetry and beating patterns.
The beating signal in Rabi oscillations points to an underlying spin-pair model for these defects. And the defect with
highly asymmetric Rabi oscillation likely host a metastable spin manifold.

(3) Correlation Between Spin Manifolds: The S=1/2 ODMR contrast in Group III defects decreases signif-
icantly as the S = 1 transition approaches the LAC. Similarly, the contrast of both S = 1 and S= 1/2 transitions
vanishes or falls below the detection limit at zero magnetic field (at the LAC of the S = 1/2 manifold). These behav-
iors suggest a strong correlation between the two spin manifolds, likely involving direct state transitions or coupling
between them.

(4) Nuclear spin polarization at the S = 1 LAC: At the LAC of the S = 1 manifold, the hyperfine structure
asymmetry in the S=1/2 ODMR suggests that both spin manifolds couple to the same nuclear spin for some defects
in Group IIT (Defect 3 for example).

Connecting these observations across defect groups enhances our understanding of their electronic structures and
spin dynamics. In this section, we delve deeper into the origins of the multiple ODMR peaks and explore the physical
mechanisms underlying these observations.

Recent studies propose a spin-pair model to explain the finite ODMR, contrast observed in S = 1/2 spin defects[25].
According to this model, each optically active spin color center comprises two electrons localized at separate point
defects a few nanometers apart (Figure a)). These defects, forming a donor-acceptor pair, exhibit different
electronic structures. One electron can transfer between the two defects without altering the total charge of the defect
pair. When the electrons occupy separate defects (labeled A and B), they form a weakly coupled S = 1/2 spin pair
(Figure [S35(b), right panel). Conversely, when both electrons reside at a single defect (defect A), they form either a
singlet or triplet state (S = 0 or 1). Laser pumping can induce charge transfer between these two states.

The actual GS, which is also the optically active state, is determined by the lowest-energy charge state and depends
on the specific defect species and the Fermi level. Consequently, two possible energy level configurations arise, as
illustrated in Figure (c) and (d).

In Model 1 as shown in Figure[S35)(c), the GS is a singlet (S = 0), where both electrons occupy Defect A. Following
optical excitation, the electron may decay radiatively or via a S = 1 metastable state through non-radiative intersystem
crossing (ISC). The latter one leads to the observed S = 1 resonances. Additionally, one electron may hop to Defect
B, forming a metastable S = 1/2 spin pair state. This charge transfer process is significantly accelerated up under
laser excitation [26]. The energy levels of the spin pair manifold are labeled as Ty, Ty and S, with the corresponding
transitions giving rise to the observed S = 1/2 ODMR peaks.

In Model 2 as shown in Figure d), the spin pair manifold resides in the GS and has an optically active ES
(Figure [S35{(d)). Laser excitation can induce charge transfer to form the strongly coupled spin states as illustrated
by the blue arrows.

Here, we note that in both cases, we place the S = 1 manifold in the metastable state based on DFT calculations.
However, while the possibility of an S = 1 ground-state manifold is low, it cannot be fully excluded. In the following
sections, we validate the spin-pair model and investigate these two electronic structures through numerical simulations.



Figure S35. (a) Two possible electron configurations of a single spin color center in different internal charge states.
corresponding energy structures when the defect is in different internal charge states.
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states depends on the nature of the two defects. (c)-(d) Energy level diagrams and transition rates between states, considering

two different models.
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A. Asymmetry and Beating in Rabi oscillation

Asymmetry in Rabi Experimentally, we observed that some defects exhibit highly asymmetric Rabi oscillations,
where the contrast continuously increases as the microwave pulse duration is ramped up (examples in Figure .
This phenomenon typically indicates the presence of a long-lived metastable state with a lifetime comparable to the
microwave pulse duration[27]. In such cases, a finite population from the metastable state transfers back to the GS
(optical manifold) during the dark time, leading to an overall increase in the defect’s brightness.

In Rabi measurements, the contrast is determined by comparing the PL counts with and without the microwave
pulse. For both cases, the initialization and readout laser pulses are separated by the same duration, which remains
fixed for different microwave pulse durations. This setup eliminates the influence of spin-independent transitions
between the MS and GS on the Rabi contrast. Consequently, the observation of highly asymmetric Rabi oscillations
suggests that these defects likely host a metastable S = 1/2 manifold.

However, defects exhibiting only subtle asymmetry in their Rabi oscillations are also observed, particularly in Group
II1. These defects also exhibit relatively long 7T relaxation times, most exceeding 40 us and many surpassing 100 us.
To further investigate this behavior, we performed two types of pulsed measurements (for the S = 1/2 manifold), as
shown in Figure These sequences are commonly used to determine the spin relaxation time. However, if the spin
manifold resides in a metastable state, the measured decay time is also influenced by transition rates from the MS to
the GS.

In these measurements, the microwave 7 pulse is placed either at the end (Sequence 1) or at the beginning (Sequence
2) of the dark time. For a GS spin configuration, we expect both sequences to yield similar decay times. However, the
situation will be different for an MS spin configuration. Because the positive contrast indicates that the laser pulse
initializes the MS into a long-lived state, a microwave 7 pulse will flip the spin into a short-lived state. Consequently,
if the 7 pulse is applied at the beginning of the dark period, we expect to observe a shorter decay time than when
the 7 pulse is applied at the end, particularly for defects exhibiting high Rabi asymmetry.

For Group IIT defects, we find that the T; relaxation time and contrast remain nearly identical, regardless of
whether the 7 pulse is applied at the beginning or end of the dark interval (Figure [S36{c)). This suggests that a GS
spin-1/2 manifold (Model 2) is possible. In contrast, the MS spin-1/2 manifold (Model 1) appears more common,
as 171 measurements typically yield a shorter decay time when the 7 pulse is applied at the beginning of the dark
time—an effect frequently observed in many Group I defects with high Rabi asymmetry (Figure (b))

(a) Sequence 1 (b) 1.1 (C) 1.15
n-end o m-begin, 7, =15.1 us ° r-end, 55.5 us
Laser 1.08\ ¢ o m-end, 7y = 27.3 us ° w-begin, 55.0 us
T ° X,
Mw . — S106f "\, ERE
Count - LU‘/ AN 0 S’., o
Sequence 2 —11.04 ° ° — %
n-begin o Ve R o 0 1.05 Y
S o o <
Laser 1.02 B N i . e
P R ’ Tt e AR,
MW 1 3 1 i
Count | . 0 20 40 60 0 50 100 150 200
7 (us) 7 (us)

Figure S36. (a) Ilustration of the two pulse sequences used for relaxation measurements. For Sequence 1, the 7 pulse is applied
at the end of the dark time. For Sequence 2, 7 pulse is applied at the start of the dark time. The reference count is taken with
the same sequence but without a microwave pulse. (b) An example of relaxation measurements using a Group I defect, where
two sequences show significant difference in the decay time: Tiena = 27.3 & 3.9 ps, and Ti pegin = 15.1 £ 2.4 ps. (c) An
example of relaxation measurements using a Group III defect, where two sequences show nearly the same decay time: T eng
= 55.0 £ 3.2 pus, and Ty pegin = 55.5 £ 3.7 ps.

Beating patterns in Rabi One crucial piece of evidence supporting the spin-pair model is the characteristic
beating pattern in Rabi oscillations. This phenomenon is observed in Figure for Group I defects. To illustrate
this further, Figure presents three examples of Rabi measurements on a Group I defect at different microwave
powers. At relatively low microwave power, the Rabi curve shows multiple superimposed oscillation components.
Fast Fourier Transform (FFT) analysis reveals two distinct frequency components, with one approximately double
the other. The lower frequency corresponds to the expected standard Rabi oscillation frequency. As the microwave
power increases, the double-frequency component becomes more pronounced, ultimately dominating the oscillation
at 35 dBm (Fig. [S37|(c),(f)), where the standard Rabi component is nearly suppressed.

Theoretical Modeling To explain this phenomenon, we use the quantum master equation to simulate the Rabi
oscillations based on a simplified energy level structure, focusing on the spin-1/2 transitions. We use a simplified
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Figure S37. (a)—(c) Rabi oscillations of a Group I defect at the I-2 transition (S=1/2) under microwave driving powers of

(a) 22 dBm, (b) 29 dBm, and (c) 35 dBm. (d)—(f) Fast Fourier transforms of the corresponding Rabi oscillations in (a)—(c),
respectively.

model including a singlet GS |g) and a spin-pair metastable-state manifold (Figure a)). Spin-dependent charge
hopping enables transitions from the spin-pair manifold to the singlet ground state, dictated by selection rules with
different rates, |T') and |STp). Electrons in the spin-pair state relax to the GS |g) with rates I'}. and I'Z, respectively.
These varying transition rates provide insight into the spin-1/2 component observed in the ODMR signal.

Using the density matrix formalism, the system dynamics are described by the Lindblad master equation[28]:

p = —i[H, p(t)] + Xk:Fk [Lkp(t)LL - ; {LLLk,p(t)}} : (21)

where p(t) is the time-dependent density matrix, I'y represents transition rates, and Lj are the associated Lindblad
operators. The first term describes the coherent evolution, while the second accounts for incoherent processes like
electronic state transitions and spin dephasing.

The system Hamiltonian consists of two independent components: the GS manifold (H,) and the spin-pair manifold
(Hpqir), connected by incoherent transitions:

4x4
Hpair

H = Hpoir & Hy = (22)
H1><1
g

The spin-pair Hamiltonian in the rotating wave approximation (RWA) is expressed as:

Hpair = HSA + HSB + Hcoupling + Hdisorder + Hda (23)

where Hoa s = (@ — Wu) S.a,B = AS, 4 p represents the Hamiltonian of the individual spins. Here, By is

the external static magnetic field, w, is the microwave frequency, and A is the detuning frequency between the
driving microwave field and the resonant transition frequency. The spin-spin coupling, represented by Hcoupiing, 1S
assumed to be weak enough. In this case, we consider only the coupling along z-direction between the two spins:
Heoupling = JS:45. 5, where the coupling constant J depends on the distance between the two spins. Additionally, a
microwave driving term, Hy = Q1(Sz4 + Sz5), is applied to coherently coupling the spin levels with a Rabi frequency
Q1. When the two spins are in different local environments such as nuclear spins, environmental variations cause
random shifts, €4 and ep, from the resonant frequency, leading to detuning of the energy levels. The disorder
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Figure S38. (a) Energy level diagram for Rabi simulation. (b) An illustration of the spin pair model in Rabi measurements.
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microwave fields.

Hamiltonian is Hgisorder = €45.4 + €3S.p. To incorporate incoherent processes, Lindblad operators are introduced

for each transition, as shown in Table

incoherent interactions

transition rates

Value (I';/27)

lindblad operators

Charge hopping from |T%) to |g)

95 kHz

Ly = |g) (T|

Charge hopping from [STp) to |g)

38 kHz

Lj = lg) (STo|

spin dephasing in S = 1/2 spin pair

475 kHz, 895 kHz

Ty =S, forie {A, B}

Table S8. Construct the Lindblad operators for each of the above incoherent interactions for Rabi simulation.

Using the theoretical framework outlined above, the lindblad equation is solved using the Liouville superoperator,

L, by calculating the matrix exponential:

p(t) = explL(t —to)]p(to)

(24)

From the density matrix, we can obtain the simulated PL signal by assigning different brightness values to the

corresponding spin states

Ipr, = aopg + a1pst, + aopry, (25)

where p;, 1 € {g, STy, T+ } is the population of state |i), derived from the diagonal elements of the density matrix. The
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Figure S39. Simulated Rabi oscillation compared with experimental results.

coefficients a; correspond to the PL intensity of these states. Based on selection rules, we assume that the brightness
of the |T4) and |T_) (|Tp) and |S)) states is identical, a reasonable approximation.

Under ideal readout conditions, the contrast should depend only on the population of the GS. However, in our
calculations, the contrast also incorporates contributions from the metastable state populations. This is because, if
the laser can read out in an extremely short time, the contrast would only depend on the GS populations. But when
the readout time and transition rate are of comparable timescales, population cycling occurs during measurement.
Consequently, the metastable population will influence the PL signal, i.e., a1 2 # 0.

Figure ¢)-(d) presents the simulated Rabi results within the spin pair charge state manifold. As the microwave
pulse length increases, the spin pair exhibits clear Rabi oscillations. In addition to the sinusoidal pattern, a beating
effect is evident, especially at relatively weak microwave drive. The FFT analysis of the simulated Rabi signal reveals
two peaks, with one frequency being approximately twice that of the other.

This power-dependent beating behavior arises from environmental disorder, which affects the two spins in the pair
differently. Specifically, when the driving field of B; is smaller than the disorder-induced field |ABpy,|, the Rabi
oscillations predominantly drive only one spin in the pair b)) Assuming the spin was initialized to [11) state
after the first laser pulse, the spin under microwave driving evolve as:

I+ + V) |T> )

M =1 = M) =M nd IR (26)

When B; increases to a value comparable to |ABhyp|, the microwave can be in resonance with both spins and thus
drive them simultaneously. In this case, the spins partially evolve as:

[0+ 1) 1+ 1) 1 =) 1 =1

ity iy - L gy - D2y gy (27)

Because the PL signal depends on the total spin state of the spin pair, both |1) |1) and |}) |[{) exhibit similar brightness.
Consequently, after half a cycle, the PL intensity returns to its original brightness, giving rise to the observed
double-frequency components. At even higher microwave power, the driving field overcomes the difference in Larmor
frequencies caused by the disorder. At this stage, the Q; + Qs component becomes dominant, and the Q ()
component is significantly suppressed, where ; and )5 are the Rabi frequency of the individual electron spin in the
pair.

Figure (d) shows the Fourier frequency components as a function of the driving field B;. As expected from the
Rabi frequency equation, both frequency peaks scale linearly with B;. Additionally, the ratio of the peak magnitudes
changes with B; varies, with the beating signal weakening at lower driving fields.

We further refine our simulation by adjusting the disorder strength to 3.15 MHz and the spin-spin coupling strength
to 14.5 MHz. Under these parameters, the simulated Rabi oscillations closely match the experimentally observed data,
as shown in Figure The agreement between simulation and experiment reinforces the validity of the spin-pair
model in describing the observed beating pattern and asymmetry in Rabi oscillations. This consistency further
supports the hypothesis that environmental disorder plays a crucial role in differentiating the two spins within the
pair in a Group I defect, leading to distinct oscillation frequencies that merge as the microwave driving power increases.

Rabi oscillations in the presence of strong hyperfine interaction The irregular beating pattern observed
in Figure arises from environmental differences between the two spins, leading to distinct hyperfine interactions.
These hyperfine variations, comparable to the microwave broadening, result in both spins being driven simultaneously
but at slightly different Rabi frequencies. This effect complicates high-fidelity spin control of individual spins. In
principle, reducing the microwave driving field could mitigate simultaneous driving. However, this approach is limited
by spin decoherence, which sets a lower bound on the microwave power that can be effectively used.

A more robust solution emerges when one of the electron spins is strongly coupled to a single nuclear spin, while
the other electron spin remains weakly coupled to the surrounding nuclear environment, a scenario observed in Group
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Figure S40. Simulated Rabi oscillation of the spin pair when (a) two spins are near degenerate, (b) one of the spins strongly
couples to a nuclear spin (A4.. > Q).

IT and III defects. In this case, the resonance frequencies of the two electron spins become significantly separated, far
exceeding the microwave broadening. As a result, selective driving of individual spins becomes feasible, allowing for
well-defined microwave control without interference from the second spin.

Figure illustrates simulated Rabi oscillations in two scenarios: (a) when the two spins are nearly degenerate,
leading to strong beating effects, and (b) when one spin is strongly coupled to a nuclear spin (A., > 1), effectively
isolating the spin response and enabling independent control. These results highlight the advantage of strong hyperfine
coupling in achieving precise spin manipulation within spin-pair systems.

B. Modeling B-field dependent ODMR spectra

In the Rabi simulation, we used a simplified model that excluded the spin-1 manifold, assuming the metastable
nature of the spin-pair manifold. This assumption is reasonable since the microwave driving predominantly acts
within the spin-pair manifold, which is less influenced by other electronic states.

To develop a more comprehensive understanding of the electronic structure, we now analyze the ODMR spectra
and their dependence on an external magnetic field. A key feature observed is that the ODMR contrast of the S =
1/2 transition decreases near the LAC of the S = 1 transition. Similarly, a reduction in overall contrast is observed
near zero magnetic field, corresponding to the LAC of the S = 1/2 manifold. This behavior suggests a direct coupling
between the S = 1/2 and S = 1 manifolds, where state mixing in one manifold influences the other.

To investigate this effect quantitatively, we numerically simulate CW ODMR, using two different models: one in
which the ground state is a singlet charge state (Model 1) and another in which the ground state is a weakly coupled
S = 1/2 spin-pair charge state (Model 2).

1. Model 1: Singlet GS, metastable S = 1 states, and metastable spin pair

In the first model, illustrated in Figure ¢), the optical manifold consists of a singlet GS and a singlet ES.
Within the same internal charge state, the defect hosts a metastable spin S = 1 state, which is connected to the
singlet manifold via intersystem crossing (ISC) transitions. Under laser excitation, spin-dependent charge hopping
can alter the internal charge state, leading to the formation of a metastable spin-pair state in which two electrons are
separated and weakly coupled.
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Figure S41. (a) Energy level diagram of model 1 for simulation. The dashed arrows indicates a weak transition compared to
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field. The small variation is due to the finite frequency resolution in the simulation. (d) Two ODMR, examples considering the
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The system Hamiltonian is given by:
88
Hp(l>.<’LT‘
H = Hpai?“ 2 Hm,Sl S Heg = Hg;fgl (28)
H4><4
eg

where H., and Hpq, describe the optical manifold and spin-pair states. H,, s1 represents the spin S=1 metastable
state Hamiltonian. Each Hamiltonian includes a '2C nuclear spin coupled to the electron spin. In the weakly coupled

spin-pair state, this nuclear spin strongly interacts with only one of the electron spins, and the Hamiltonian Hpq;,
can be written as

Hyir = 7B -Sa+7.B-Sp +S4JSp +S4AIL ++,B -1, (29)

where S; (i = A,B) and I represent the S = 1/2 electron spins (A and B) and I = 1/2 nuclear spin, respectively. J is
the coupling strength between two electron spins, and A is the hyperfine tensor between the electron spin A and the
13C nuclear spin. In the S = 1 manifold, the Hamiltonian is written as:

HS1 = DS%,Z + E(SIQ,Q: - Sl2,y) + %B -S1 +S1Al+ fYnB : Ia (30)

where S; is the spin S = 1 operator. D and E are the ZFS parameters. We ignore the coherent dynamics within the
singlet manifold, and thus Hamiltonian is assumed to be an zero matrix.

The energy level diagram in Figure c¢) shows multiple possible non-radiative decay channel from the ES to
the GS. However, the strong correlation between the ODMR transitions of S = 1 and S = 1/2 states indicates that
the transition from the metastable S = 1 state to the metastable spin pair state should dominate the non-radiative
process. This implies that o is expected to be significantly larger than x; and the ISC rate from S = 1 state to the
GS. Additionally, we note that the reverse ISC from the S = 1 to the S = 0 ground state is expected to be much weaker
than the charge transfer process. This is supported by the observation that the S = 1 ODMR contrast significantly
decreases and vanishes at zero magnetic field, together with S = 1/2 ODMR, despite a ZFS of D ~ 1 GHz. If the
reverse ISC were strong, a detectable ODMR contrast for the S = 1 transition would be expected at zero field. Such
weak reverse ISC rates can be theoretically expected for defects with Co, symmetry.
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Based on these considerations, we simplify the model to the diagram shown in Figure a). The incoherent
transitions between different spin manifold are introduced by Lindblad operators as listed in Table

incoherent interactions transition rates  Value (I';/27]) lindblad operators
Spin preserving optical pumping T, 1.5 MHz L, =e) (g]
Spin preserving radiative decay Trad 10 MHz Lyaqd = |g) (€]
Non-radiative transition from |e) to |£1) § 10 MHz Ly, =|m) (e|, for m € {+1, -1}
Non-radiative transition from |e) to |0) 5 1 MHz L§ = 10) {e]
Non-radiative transition from |+1) to |g) r, 100 Hz Ly =|g) (m|, for m € {+1, -1}
Non-radiative transition from |0) to |g) ry 500 Hz LY = |g) (0]
Charge hopping from |£1) to |T4) I 2 MHz LS = |Tx) (m], for m € {+1, -1}
Charge hopping from |0) to |T4) Y 100 kHz & = |Tx) (0]
Charge hopping from |£1) to |STo) T 200 kHz LG = |STy) (m|, for m € {+1, -1}
Charge hopping from |0) to |STp) e 2 MHz $ = |STo) (0]
Charge hopping from |[T%) to |g) ry 160 kHz LY =1g) (T4]
Charge hopping from [STo) to |g) ry 400 kHz L5 = |g) (STo|

Table S9. Construct the Lindblad operators for each of the above incoherent interactions for ODMR simulation using model 1.

The transition rates introduced above were based on the assumption that the external magnetic field is well aligned
with the intrinsic quantization axis (defined by the ZFS) and that the system is far from the LAC, where the previously
defined spin energy levels correspond to the eigenstates. However, when there is a finite misalignment of the magnetic
field or in the presence of hyperfine, spin state mixing occurs, particularly near the LAC, leading to new eigenstates
that are linear combinations of the original eigenstates:

Ip) = Zam(B) i), (31)

where |i®) and |p) represent the original and new eigenstates, respectively. This state mixing alters the spin-dependent
transitions, resulting in modified transition rates given by:

Lpg = Z |04pi|2|aqj|2rija (32)
4,J

where ay; and «ag; are the coefficients describing the contributions of the original eigenstates to the new eigenstates,
and I';; are the transition rates between the original states. The simulated ODMR spectrum is shown in Figure
which captures the key feature of the magnetic field dependence.

2. Model 2: GS spin pair and metastable triplet states

In the second model shown in Figure [S35(d), the spin-pair manifold resides in the GS and is optically active. A
laser excites the spin pair to an ES while conserving its spin state, assuming the spin energy levels in the ES are
similar to those in the GS. Electrons in the ES can either decay radiatively back to the spin-pair GS or transfer to
a spin S = 1 metastable state via charge hopping, resulting in different internal charge states. Because the S = 1
and S = 1/2 manifolds are strongly correlated, the dominant non-radiative pathway is ES — S = 1 state — spin pair
GS. Therefore, here we neglect the S = 0 singlet manifold, assuming transitions into the singlet state are negligible
compared to those into the S = 1 manifold. A schematic of this simplified model is presented in Figure (a).

The Hamiltonian for this model is expressed as:

8x8
pair,g

H = Hpair,g 53] Hpair,e S Hm,Sl = HSX'g ) (33)

where H,, g1 represent the metastable S = 1 Hamiltonians defined by Eq Hygir.g and Hpgir g correspond to the
spin-pair Hamiltonians in the GS and ES, respectively. Hpquir,y was defined by Eq For simplicity, we neglect
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coherent interactions in the ES due to limited information about its spin structure. This assumption does not affect
the key features we aim to analyze in this model. Consequently, the ES Hamiltonian is treated as an zero matrix.
Similarly, we introduce the incoherent transitions, as summarized in Table and recalculate the new transition
rates at different magnetic fields using Eq.

incoherent interactions transition rates  Value (I';/27]) lindblad operators
Spin preserving optical pumping Ty 1.5 MHz L, = l|e) (g|
Spin preserving radiative decay | 10 MHz Lyaa = |g) (€]
Charge hopping from |T4,e) to |+1) e 10 MHz LT = |m) (T, e, for m € {+1, -1}
Charge hopping from |74, €) to |0) ree 1 MHz Ly = [0) (Tx, el
Charge hopping from [STo, €) to |£1) ;e 125 kHz L3¢ = |m) (STo, e, for m € {+1, -1}
Charge hopping from |STo, €) to |0) I 2.4 MHz L5 =10) (STo, ]
Charge hopping from |+1) to |T%, g) I'r, 5 MHz L7, =Tk, g) (m|, form € {+1, -1}
Charge hopping from |0) to |T%, g) Iy, 1 MHz L%, =|Tx,g) (0|
Charge hopping from |£1) to |STo, g) r's, 200 kHz 1.9 = 1570, g) (m|, for m € {+1, -1}
Charge hopping from |0) to |STo, g) re, 2.1 MHz L%, , = |5To, €) (0]

Table S10. Construct the Lindblad operators for each of the above incoherent interactions for ODMR simulation using model
2.

The simulated ODMR spectrum using Model 2 also exhibits a clear LAC near 35 mT, as shown in Figure
Additionally, a noticeable decrease in the ODMR contrast of the spin pair is observed near 35 mT, which originates
from state mixing within the metastable manifold. Both features align well with the experimental observations of
Group III ODMR, as shown in Figure 1 in the main text and Figure c¢). Furthermore, the imbalance in the
hyperfine structure indicates a net nuclear spin polarization of the *C nuclei detected by the spin pair. This nuclear
spin polarization occurs only near 35 mT (LAC of spin S = 1), and thus it is mediated through hyperfine interactions
with the spin S = 1 manifold, further corroborating the experimental findings for Group III defects.
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Figure S42. (a) Energy level diagram of model 2 for simulation. (b) Simulated ODMR as a function of B field. (c) Simulated
ODMR contrast of III-3 as a function of B field. The small variation is due to the finite frequency resolution in the simulation.
(d) Two ODMR examples considering the magnetic field at LAC (34.6 mT) and far from LAC (50 mT).
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Discussion Both models successfully capture key experimental features, including the reduction in ODMR, contrast
at the LAC, the hyperfine structure, and the interplay between the S = 1/2 and S = 1 manifolds. The primary
difference between the two models lies in the location of the spin-pair charge state—Model 1 assumes a singlet GS
with a metastable spin-pair state, while Model 2 assumes a spin-pair GS with a metastable triplet state.

Although both models capture the key features of ODMR behaviors, Model 1 appears more likely overall. This is
because most defects exhibit pronounced asymmetry in their Rabi oscillations—a feature that is best explained by a
metastable spin configuration and is not readily accounted for by ground-state spins alone.

Building on the discussion of the spin-pair model and our DFT calculations of candidate defect structures, we
can propose a more complete picture of the possible defect configurations. The spin-pair model involves two closely
spaced defects—one acting as a donor and the other as an acceptor. Our DFT calculations of CgCyn-DAP (for
Group II) and CgOp (for Group IIT) assume single-defect configurations and thus identify only one member of the
defect complex. The second defect, whether donor or acceptor, remains unidentified, due to the absence of a distinct
hyperfine signature. Further identification of both defect constituents may be possible by using high-purity hBN
to suppress intrinsic 2C impurities, combined with higher *C doping density. This approach would increase the
likelihood that both Defect A and Defect B are coupled to host 3C nuclear spins, enabling clearer spectroscopic
identification of both members in the spin pair.

For Group II defects, we assign the CgCyn-DAP to be the candidate as one of the defect pair members (Defect B),
where a *C atom resides at the Cy site. In the positively charged state (C5C%), this defect exhibits an S = 1/2
spin configuration. We propose that it is weakly coupled to a nearby S = 1/2 spin center (Defect A), located a few
nanometers away, forming a spin pair. Upon accepting an electron from Defect A, CEC?V becomes neutral (C4C%,),
leading both defects to adopt S = 0 singlet ground states. One of these defects, more like to be Defect A, is optically
active and hosts a metastable S = 1 state. Since no hyperfine structure is observed for the S = 1 transitions, we
attribute the hyperfine interaction to the S = 1/2 state of Defect B and the S = 1 manifold to Defect A.

Similarly, for Group III defects, the CgOpn structure accounts well for the large observed hyperfine splitting. In its
positively charged state (C%O%), this defect exhibits an S = 1/2 spin and is likely weakly coupled to another nearby
unidentified S = 1/2 defect, forming a similar spin pair. When C%O?\} accepts an electron from the adjacent defect, it
transitions to the neutral charge state (C%0%;), expected to be a singlet. Notably, the S = 1 state observed in Defect
3 shows clear hyperfine coupling with a '*C nuclear spin, and this same nuclear spin is also coupled to the S = 1/2
state in COBO} (suggested by the nuclear spin dynamical polarization via S = 1 LAC). These observations suggest
that the singlet ground state likely hosts a metastable S = 1 state that retains coupling to the 13C nucleus, while the
second spin defect in the pair is optically inactive.

These results highlight the importance of charge dynamics in determining the spin properties of quantum emitters
in hBN. Future experiments, such as charge-state-selective spectroscopy and single-shot readout, could provide further
insights into the microscopic origins of these spin-pair states and their potential applications in quantum sensing and
information processing.

To further improve the reliability of theoretical predictions, it will be important to benchmark against higher
levels of theory beyond standard DFT. On one hand, higher-level approaches such as Green’s function methods
GW/BSE[19, 29], quantum defect embedding theory[30], or quantum Monte Carlo[31] can offer more accurate predic-
tions of excitation energies, oscillator strengths, and radiative lifetimes by better accounting for static and dynamical
correlations. More importantly, a deeper understanding of spin—photodynamics, particularly charge dynamics between
paired defects, can guide DFT-based modeling. This mechanism is distinct from conventional single-defect spin cen-
ters like NV centers in diamond. In this context, quantum kinetic theory based on density-matrix formalism[32H34],
time-dependent DFT [25], which can capture non-equilibrium charge and spin dynamics, may play an essential role
in future efforts to model these two-defect spin pair systems more realistically.
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