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ABSTRACT 

Optically active spin defects in van der Waals (vdW) materials are a promising platform for quantum sensing, potentially 
enabling shorter standoff distances than defects in diamond and thus improved measurement signal-to-noise ratio (SNR) and 
spatial resolution. The most studied such defect is the negatively charged boron vacancy center ( 𝑉− 

𝐵 ) in hexagonal boron nitride 
(hBN), yet many of its electronic and spin transition rates and branching ratios remain unknown. Here, we use time-resolved 
photoluminescence (PL) measurements with a nanosecond rise-time 515 nm laser to directly measure the singlet state lifetime of a 
𝑉− 

𝐵 ensemble in neutron-irradiated, sub-micron flakes of hBN. We perform this measurement on 16 flakes at room temperature and 
obtain an average lifetime of 15(3) ns. Additionally, we probe the PL dynamics of thermal and optically polarized electronic spin 
distributions of the 𝑉− 

𝐵 ensemble in a sub-micron hBN flake, and fit our results to a 9-level model to extract electronic transition 
rates. Lastly, we present PL measurements that potentially indicate optically-induced conversion of 𝑉− 

𝐵 to another electronic state, 
or possibly the neutral charge state ( 𝑉0 

𝐵 ), in neutron-irradiated hBN flakes of size > 1 µm. 
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 Introduction 

esearch on optically-active spin defects in solid-state materials
as grown significantly in recent decades, enabling advances in
uantum technologies, including single quantum emitters [ 1 ],
uantum-based memories [ 2–4 ], and quantum sensing [ 5–8 ].
ichard A. Escalante and Andrew J. Beling contributed equally to this work. 
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The nitrogen vacancy (NV) center in diamond has emerged as
the leading solid-state platform in quantum sensing, particularly
for magnetometry [ 7, 9, 10 ], as well as for electrometry [ 11 ],
thermometry [ 12 ], strain sensing [ 13 ], and inertia measurement
[ 14 ]. However, NVs and other solid-state defects are typically
constrained by the need to reside at least several nanometers
was corrected to ’microseconds’ to reflect the original manuscript specifications.] 
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FIGURE 1 a) Illustration of 𝑉− 
𝐵 
defect in hBN. (b) 𝑉− 

𝐵 
energy level diagram showing the 7-level model. 
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TABLE 1 𝑉− 
𝐵 
singlet lifetime as reported in prior studies and directly 

measured in this work. Uncertainties in 𝜏𝑠 measurements are not reported 
in refs. [ 35 ] and [ 37 ]. 

Refs. 𝝉𝒔 (ns) 

Reimers et al., DFT calculation [ 36 ] 1.8 × 109 

Baber et al., indirect measurement [ 37 ] 12.7 
Whitefield et al., indirect measurement [ 38 ] 30(1) 
Clua-Provost et al., indirect measurement [ 34 ] 18(3) 
Lee et al., indirect measurement [ 35 ] 31.5 
This work, direct measurement 15(3) 
This work, 7-level model 14.4(4) 
This work, 9-level model 17.2(6) 
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rom the host-material surface, as they become unstable near the
aterial boundary [ 15 ]. A defect that remains stable at or near the
urface of a two-dimensional (2D) material could substantially
educe the stand-off distance to a given sensing target, potentially
roviding great value in diverse applications including: nuclear
agnetic resonance (NMR) of nanoscale samples [ 16, 17 ]; local
ressure imaging in diamond anvil cells [ 18 ]; and electronic
ircuit performance evaluation and authenticity validation [ 19 ]. 

exagonal boron nitride (hBN) is a van der Waals (vdW) material
nd promising spin defect host due to its wide band gap, chemical
nd thermal stability, and optical properties at room temperature.
ut of many optically active spin defects within the 2D hBN
attice [ 20 ], which can be created by both irradiation and defect
enter implantation, the negatively charged boron vacancy ( 𝑉− 

𝐵 )
Figure 1a ) has attracted interest for sensing due to its similarity
o the NV, including a ground state electronic spin triplet with S =
, optically detected magnetic resonance (ODMR), and optically
nduced spin polarization, as well as its good optical and spin
roperties in 3-5 layer flakes of hBN. [ 21–23 ] 𝑉− 

𝐵 ensembles
ave been used for sensing of magnetic fields, pressure, and
emperature, with electronic spin coherence times ∼0.1-1 µs [ 18,
4–28 ]. Additionally, 𝑉− 

𝐵 can be easily created in hBN using a
ariety of irradiation techniques [ 29–33 ]. 

he 𝑉− 
𝐵 energy level structure is typically approximated by a

-level model, including ground and excited state spin triplets
nd a metastable spin singlet state (Figure 1b ) [ 34, 35 ]. However,
espite extensive studies, 𝑉− 

𝐵 photoexcitation dynamics and
roperties are not fully understood. In particular, the lifetime of
he metastable singlet state ( 𝜏𝑠 ) has never been directly measured.
In the 7-level model of Figure 1b , the singlet lifetime is given by
he inverse of the intersystem crossing rates: 𝜏𝑠 = (2 𝜅1 + 𝜅0 )

− 1 .)
revious indirect measurements and theoretical studies report
onflicting values (Table 1 ) [ 34–38 ]. For example, Clua-Provost
t al. experimentally determined 𝜏𝑠 = 18(3) ns [ 34 ], while White-
ield et al. obtained 𝜏𝑠 = 30(1) ns [ 38 ], and Reimers et al. predicted
𝑠 = 2 s based on ab initio Density Functional Theory (DFT)
alculations [ 36 ]. These and other previous experimental studies
ndirectly extract 𝜏𝑠 from a fit of measured photoluminescence
PL) to an energy level model, switching the incident laser light
sing standard acousto-optic modulators (AOMs) that have a rise-
ime significantly longer than the expected 𝜏𝑠 ∼ 10–30 ns. [ 34–38 ]
 direct measurement of 𝜏𝑠 requires the use of the pulse recovery
rotocol, with switching of the incident laser light on a timescale
of 10
fast compared to 𝜏𝑠 , as was previously used to measure the singlet
lifetime of the NV center. [ 39, 40 ]. Here, we perform a direct
measurement of 𝜏𝑠 with the pulse recovery method, utilizing a
digitally modulated laser with a fast rise time ( ≲ 2 . 5 ns, Hubner
Cobolt 06-MLD). We perform the measurement on 16 neutron-
irradiated, sub-micron-size hBN flakes at room temperature,
obtaining a mean value of 𝜏𝑠 = 15(3) ns. 

𝑉− 
𝐵 electronic and spin transition rates are also of interest for

understanding the spin defect’s quantum dynamics; see Figure 1b .
Under optical excitation, the transition rate from the ground-state
triplet to the excited-state triplet is spin-conserving and given by
𝑘𝑝 , which is linearly proportional to the laser power 𝑃 such that
𝑘𝑝 = 𝑃𝑘𝑝0 

[ 34, 38 ]. The excited state triplet can undergo a spin-
conserving radiative decay back to the ground state at rate 𝑘𝑟 . It
should be noted that excited state lifetime measurements include
contributions from both radiative and non-radiative rates, where
the non-radiative rates are spin-dependent and denoted by 𝛾0 

and 𝛾1 . Additionally, the first excited state transition is optically
forbidden for unstrained hBN, and thus only occurs in the
presence of phonons or hBN lattice static distortions (e.g., local
strain and other defects); consequently, the quantum efficiency
of the 𝑉− 

𝐵 defect is very low [ 41, 42 ]. Ab initio calculations using
DFT predict 𝑘𝑟 ≈

1 

11 
MHz [ 36 ] and 𝑘𝑟 ≈

1 

20 
MHz,[ 43 ] which

is about 3 orders of magnitude weaker than the NV- radiative
decay rate [ 44 ]. Recent measurements using Förster resonance
energy transfer (FRET) report 𝑘𝑟 = 0 . 135 MHz ± 0.068 MHz
Advanced Optical Materials, 2026
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 45 ], in reasonable agreement with DFT predictions. In ref. [ 46 ],
𝑟 is inferred from excited-state lifetime measurements to be
quivalent for all 3 spin-states of 𝑉− 

𝐵 . Like the NV center, the 𝑉−
𝐵 

enter undergoes a spin-dependent non-radiative decay from the
xcited triplet to a metastable singlet. The excited 𝑚𝑠 = ± 1 levels
re more likely than the excited 𝑚𝑠 = 0 level to decay through this
athway, leading to spin-dependent PL brightness. Population in
he singlet state decays preferentially to the 𝑚𝑠 = 0 ground state,
ausing spin polarization to this brighter PL state, similar to the
V. (See ref. [ 7 ] for a thorough discussion of NV spin-dependent
L brightness.) 

o determine 𝑉− 
𝐵 transition rates between energy levels, we per-

orm optical pump-probe measurements of thermal and polarized
pin states in a single sub-micron hBN flake, and fit time-resolved
L data to the 7-level model, allowing us to extract the transition
ates, 𝜅0 , 𝜅1 , and 𝑘𝑝0 , as well as the ratio 

𝛾0 

𝛾1 

. Nanosecond rise-
ime laser pulses allow for both direct measurement of the singlet
ifetime 𝜏𝑠 and also finer resolution of the sharp PL peak at
he beginning of a pulse. The impact of laser rise-time on time-
esolved PL is summarized in the Supporting Information. We
lso study flake- and laser-power-dependent changes to the 𝑉−

𝐵 

mission spectrum and PL quenching recovery on time scales
onger than the measured singlet lifetime. We find that the time-
esolved PL data are better represented by a 9-level model of
he 𝑉− 

𝐵 energy structure, with additional laser-power dependent
lectronic transition rates between the original 7 states and the
 additional states. Lastly, we report distinct 𝑉− 

𝐵 photophysical
ehavior in large hBN flakes ( > 1 μm ), including a long PL decay
 ∼1 µs) for a laser pulse pair with a relatively long wait-time
etween pulse pair repetition (1 µs), with this long PL decay not
bserved for laser pulse pairs with a relatively short wait-time
100 ns). Additionally, continuous laser excitation and higher
aser powers produce an increase in PL intensity for large hBN
lakes within the ∼675–775 nm range. This behavior may arise
rom optically-induced recombination dynamics between defect
harge states 𝑉− 

𝐵 and 𝑉
0 
𝐵 . 

 Results and Discussion 

e investigate the PL behavior of ensembles of 𝑉− 
𝐵 defects in

rradiated hBN flakes at room temperature with a homemade con-
ocal microscope (details in Experimental Methods). Figure 2a
hows an example diffraction-limited PL scan of a typical set of
lakes. Using a nanosecond rise-time laser with excitation power
f approximately 13.6 mW at 515 nm, we identify flakes with a
L emission spectrum like that shown in Figure 2b , with peak
mission centered near 825 nm [ 32 ]. We report results on smaller
BN flakes ( < 1 μm ) separate from those on larger flakes ( > 1 μm )
ecause larger flakes exhibit a laser-power dependent change in
he PL emission spectrum, possibly indicating photoconversion
f 𝑉− 

𝐵 to other charge states such as 𝑉
0 
𝐵 , which can interfere with

he measurement of 𝜏𝑠 (see Figure S2 ). 

.1 Singlet Lifetime Measurement 

o perform the 𝑉− 
𝐵 singlet lifetime measurement for an individual

ub-micron hBN flake, we apply pairs of closely spaced 515
m laser excitation pulses and measure the resulting PL time
dvanced Optical Materials, 2026
trace (Figure 3a ). The pulses are 1 µs long and the spacing
between pulses (i.e., dark time 𝑡𝐷 ) is varied from 0 to 54.8 ns;
measurements are enabled by use of the nanosecond rise-time
laser. The wait-time between pulse pairs is 100 ns, which we
find to be sufficient to allow near-complete population decay to
the electronic ground state. This wait-time is chosen based on
the experimentally determined singlet lifetime of approximately
18 ns [ 34 ], ensuring near-total ground-state population recovery
within 100 ns; and is also significantly shorter than the previously
measured 𝑉− 

𝐵 spin-lattice relaxation time 𝑇1 ∼13–19 µs [ 23, 34,
47, 48 ] and possible recovery dynamics discussed in Sections 2.2
and 2.3 , ensuring minimal effect from spin-lattice relaxation and
additional relaxation processes during the measurement. For
each value of 𝑡𝐷 , we repeat the measurement protocol for ∼5 min
and signal average the results, with an entire set of measurements
for all 𝑡𝐷 values requiring ∼1 h. We observe a clear recovery in PL
peak height with increasing 𝑡𝐷 , due to excited state population
decaying to the ground state before the second pulse (Figure 3b ).
To extract the metastable singlet state lifetime 𝜏𝑠 , we take the ratio
of the (signal-averaged) height of the second PL peak to that of the
first peak and plot it as a function of the dark time, 𝑡𝐷 (Figure 3c ).
The measurement is then repeated on 16 hBN sub-micron flakes
from the same batch (Figure 3d ). Averaging results from all flakes,
we obtain a mean 𝜏𝑠 = 15(3) ns; this value is consistent with Clua-
Provost et al.,[ 34 ] which indirectly inferred 𝜏𝑠 = 18(3) ns. The
contrast of observed PL peak height to the steady state PL value
under laser excitation can give a lower bound estimate on 𝑉− 

𝐵 

polarization to the singlet state [ 49 ]. We report this value for the
16 studied sub-micron hBN flakes in Figure S8 . 

The modest observed variability in 𝜏𝑠 values from the studied
set of 16 sub-micron hBN flakes may be a result of differences
in flake properties. A prior study [ 46 ] observed variations in
excitation laser light absorption, PL collection efficiency, and
Purcell factor depending on flake thickness and defect depth.
Another possibility is variation in the susceptibility of different
flakes to optically-induced changes in defect charge state; e.g., if
the other charge state is dark (i.e., does not produce observable
PL), it would act as an additional shelving state and affect
determination of 𝜏𝑠 from PL recovery measurements. 

2.2 Measurements of Transition Rates 

To determine the 𝑉− 
𝐵 energy level transition rates, we measure

time-resolved PL from a single sub-micron hBN flake as a
function of laser power and initial ground-state spin distribution.
We apply pairs of 1 µs laser pulses, with a dark time between
pulses of 100 ns and a wait-time between pulse pairs of 100 µs.
𝑉− 

𝐵 PL is measured during the application of each laser pulse
(see measurement sequence in Figure 4a ). The wait-time is
chosen to be long compared to the 𝑉− 

𝐵 spin-lattice relaxation
time 𝑇1 ∼13–19 µs [ 23, 34, 47, 48 ], thereby allowing the 𝑉− 

𝐵 spin
population to fully relax to a thermal distribution between each
laser pulse pair. The 100 ns dark time between laser pulses
is short compared to 𝑇1 , but long compared to the measured
singlet lifetime 𝜏𝑠 , thereby allowing study of the photophysics of a
nearly spin-polarized 𝑉− 

𝐵 ensemble. The measured photophysical
response, i.e., PL dynamics, of the thermal and polarized 𝑉− 

𝐵 

electron spin distributions are shown in Figure 5a . We repeat the
measurements for five laser powers between 3.71 and 21.3 mW
3 of 10
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FIGURE 2 (a) Example scanned-confocal PL map of neutron irradiated flakes of hBN. (b) Typical 𝑉− 
𝐵 
PL emission spectrum for a sub-micron hBN 

flake with peak emission centered near 825 nm. 

FIGURE 3 (a) Example signal-averaged PL time traces from a sub-micron hBN flake induced by pairs of 1 µs laser pulses, with spacings between 
pulses (dark time 𝑡𝐷 ) ranging from 0 ns to 54.8 ns. (b) Zoomed-in display of PL time-trace data in a) from the second laser pulse showing PL peak height 
recovery for different 𝑡𝐷 . (c) Measured relative PL peak height as a function of 𝑡𝐷 for one sub-micron hBN flake. Red dashed curve shows exponential fit 
yielding metastable singlet state lifetime 𝜏𝑠 for this flake. (d) Fitted 𝜏𝑠 values and uncertainties from PL time-trace measurements of 16 sub-micron hBN 

flakes. Gray dashed line designates mean lifetime from all the flakes and shaded region is standard deviation: 𝜏𝑠 = 15(3) ns. 
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measured at the focus of the beam after the objective). Signal-
veraged PL from the first ∼200 ns of each laser pulse is shown in
igure 5a , with full PL data given in the Supporting Information.
or both 𝑉− 

𝐵 distributions, there is an initial PL peak followed by
L quenching and equilibration to a steady-state value, resulting
rom rapid optical initialization to the photoluminescent excited
tates and then partial population decay to the dark singlet state.
of 10
For the thermal distribution, PL recovers from a minimum to a
steady-state value as spin population is polarized to the relatively
brighter 𝑚𝑠 = 0 state. Optical initialization to 𝑚𝑠 = 0 occurs faster
for higher laser powers, with steady-state PL achieved within
∼100–300 ns. The exception to this behavior is at the highest
power (21.3 mW), where a decay in counts occurs on longer time
scales (Figure S5 ). 
Advanced Optical Materials, 2026
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FIGURE 4 (a) Measurement sequence used to probe PL from the thermal and polarized electronic spin distributions of ensembles of 𝑉− 
𝐵 
in a 

neutron irradiated flake of hBN. A pair of 1 µs laser pulses is applied with a dark time spacing of 100 ns. The 1 µs pulse duration allows partial spin 
polarization to the singlet state. The 100 ns dark time is sufficient for significant decay from the singlet state, preferentially to the 𝑚𝑠 = 0 ground state 
(see Figure 1b ), at which point the second laser pulse induces PL from the polarized spin distribution. The 100 µs wait-time between pulse pairs is 
significantly longer than the 𝑉− 

𝐵 
spin 𝑇1 to allow for full depolarization to a thermal spin distribution. (b) Modified 𝑉− 

𝐵 
energy level diagram (9-level 

model) including 2 additional states to better describe thermal and polarized spin distribution PL data. Additional conversion pathways between the 2 
additional states and the ground and singlet states of the 7-level model do not measurably influence fits to data and are thus are omitted. 

FIGURE 5 (a, b) Measured PL time traces for a sub-micron hBN flake at room temperature, following the sequence in Figure 4a ), showing thermal 
(left) and polarized (right) 𝑉− 

𝐵 
spin distributions and fits to the (a) 7-level model, (b) 9-level model. For each laser power, PL measurements are repeated 

and signal averaged over ∼15 min, with an entire set of measurements for all laser powers requiring ∼ 1.5 h. Raw data is smoothed with a mean shift filter 
and shown with a semi-opaque color scale compared to the smoothed data and fits (solid lines). (c) Histograms of fit residuals for all five laser powers, 
comparing the 7-level and 9-level model fits to the data. The distribution of 9-level model residuals is more sharply peaked around 0, indicating a better 
fit. d) Histograms of fit residuals for the highest laser power. The distribution of 7-level model residuals has a wider spread compared to (c); whereas the 
distribution of 9-level model residuals remains sharply peaked around 0. 

Advanced Optical Materials, 2026 5 of 10
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TABLE 2 Boron vacancy electronic transition rates from the 7-level model fit to time-resolved PL data from a single sub-micron hBN flake (details 
of fit presented in the Supporting Information) and from previous papers. 

Refs. 𝒌𝒑𝟎 
(MHz/mW) 𝒌𝒓 (MHz) 𝜸𝟎 (MHz) 𝜸𝟏 (MHz) 𝜿𝟎 (MHz) 𝜿𝟏 (MHz) 

This work, 7-level model 3.6(1) 0.091 from ref. [ 36 ] 1.003 ×103 (fixed) 2.14(1) ×103 58(1) 5.8(2) 
Baber et al. [ 37 ] Not stated 0.091 from ref. [ 36 ] 1.01 ×103 2.03 ×103 20 29.4 
Whitefield et al. [ 38 ] Not stated 8.8(3) ×102 1.3(3) ×102 1.15(3) ×103 13(1) 10(1) 
Clua-Provost et al. [ 34 ] 1.0(4) 0.091 from ref. [ 36 ] 8.2(6) ×102 1.8(2) ×103 41(8) 7(2) 
Lee et al. [ 35 ] Not stated 8.49 ×102 

< 51 . 44 1.286 ×103 22.7 4.54 
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or both thermal and polarized spin distribution measurements,
e first fit the time-resolved PL data to the 7-level model of the
− 
𝐵 electronic and spin energy levels (see Figure 1b ). To bound the
arameters more reliably and reduce sensitivity to local minima,
e use a multi-start fitting routine based on Latin hypercube
ampling (LHS) of the parameter space (see refs. [ 50 ] and [ 51 ]).
e keep 𝑘𝑝0 , 𝜅0 , 𝜅1 , and the ratio between non-radiative decay-
ates 𝛾0 

𝛾1 

as free parameters in the model and set the radiative
ecay rate 𝑘𝑟 to the DFT simulation value [ 36 ]. 𝑘𝑝0 

is a fit
arameter that determines the scaling of the optical pumping rate
𝑝 with laser power, 𝑃, such that 𝑘𝑝 = 𝑃 ⋅ 𝑘𝑝0 

. The LHS fitting
rocedure indicates that the absolute magnitudes of 𝛾0 and 𝛾1

re not uniquely constrained by the PL data, whereas the ratio 𝛾0 

𝛾1 

onverges robustly; therefore, either 𝛾0 or 𝛾1 must be constrained
y an independent measurement. Hence, we fix 𝛾0 determined
rom a literature average of directly measured 𝑚𝑠 = 0 excited
tate lifetimes ( 𝜏0 ) [ 34, 35, 37 ]. Using 𝜏0 =

1 

𝑘𝑟 + 𝛾0 

and 𝑘𝑟 << 𝛾0

 34, 36, 43, 45 ], yields 𝛾0 = 1∕ 𝜏0 . Fit parameter uncertainties are
alculated by adding in quadrature the statistical uncertainty of
he fit, obtained from bootstrap resampling of the data, and the
ystematic uncertainty estimated from jackknife resampling [ 52 ]
f data at different laser powers. Details of PL data fitting to
he 7-level model are given in the Supporting Information, with
esulting transition rates summarized in Table 2 and compared to
ast results. 

he fit results demonstrate that the 7-level model accurately
ccounts for normalized PL measurements at low laser powers.
rom the reverse intersystem crossing rates 𝜅0 and 𝜅1 , we extract
he singlet lifetime 𝜏𝑠 =

1 

𝜅0 + 2 𝜅1 

= 14.4(4) ns, which is consistent
ith our independent measurement of 𝜏𝑠 in Section 2.1 . However,
he 7-level model fails to give good fits to data at high laser powers.
t the highest laser power (21.3 mW), the model does not account
or the observed long-time PL quenching (decay) over the course
f the first laser pulse (Figure 5 and Figure S5 ). 

o achieve a better fit including PL quenching behavior at high
aser powers, we utilize a 9-level model that introduces coupling
o an additional 2-level system (Figure 4b ). The 9-level model
ncorporates optical pumping ( 𝑘𝑝2 ), radiative decay ( 𝑘𝑟2 ), and
on-radiative decay ( 𝑘𝑛𝑟 ) between the two additional levels, as
ell as transition rates between the 7- and 2-level manifolds
hrough dark conversion ( 𝑘𝑑𝑖 ), dark recombination ( 𝑘𝑑𝑟 ), photo-
onversion ( 𝑘𝑖1 ), and photorecombination ( 𝑘𝑖2 ). Similar to 𝑘𝑝0 

,
𝑝20 
, 𝑘𝑖10 

, and 𝑘𝑖20 
are fit parameters that determine the scaling

f the 𝑘𝑝2 , 𝑘𝑖1 , and 𝑘𝑖2 rates with laser power, respectively. The
xact laser power dependencies are defined in the Supporting
of 10

t

Information. As with the 7-level model, we fix 𝛾0 to a literature
average of directly measured 𝑚𝑠 = 0 lifetimes and leave the ratio
𝛾0 ∕𝛾1 free [ 34, 35, 37 ]. We base this modified 9-level energy struc-
ture and additional transition rates on prior work that models NV
charge-state photoexcitation dynamics [ 44, 53 ], wherein the NV 

0 

charge-state is modeled as a 2-level system connected to a 7-level
NV 

− charge-state manifold. 

Fits of time-resolved PL data to the 9-level model represent
observed behavior better than fits to the 7-level model (Figure 5a
vs. Figure 5b ). In particular, the 9-level model replicates the
observed PL quenching for the highest laser power. Quantita-
tively, the sum of squared residuals (SSRs) for the total dataset is
lower for the 9-level model (2.13) compared to the 7-level model
(3.44), demonstrating a ∼ 60 % better fit to the data. The improved
fit quality is more drastic for the highest laser power of 21.3 mW,
where SSRs are more than twice as small for the 9-level model
compared to the 7-level model. Figure 5c,d shows a histogram
of fit residuals between the data and each model for all 5 laser
powers and for the highest laser power only, respectively. In both
cases, fit residuals are more sharply peaked around 0 for the 9-
level model, indicating an improved fit quality, especially for the
highest laser power. 

Table 3 summarizes transition rates determined from 9-level
model fits to PL measurements for both polarized and thermal 𝑉− 

𝐵 

spin distributions at several laser powers, again setting 𝑘𝑟 to the
DFT simulation value [ 36 ]. Fit parameters 𝑘𝑑𝑟 and 𝑘𝑖20 

are found
to be very small and do not materially influence the fit when left
as free parameters, and thus are set to zero. We note that a non-
zero recombination pathway, represented by fit parameters 𝑘𝑑𝑟 

and 𝑘𝑖2 0 
, from the 2 level system to the 7 level system is required

to sustain a finite 𝑉− 
𝐵 population in the steady-state; however,

the sensitivity of our model and data is insufficient to place
meaningful bounds on these recombination rates. Fit parameter
uncertainties are calculated following the same procedure as for
the 7-level model, with an additional model-dependent contribu-
tion defined as the difference in fitted parameter values between
the quadratic- 𝑘𝑖1 and linear- 𝑘𝑖1 models, with the former providing
a modestly better fit, as described below. Details of the fitting and
uncertainty analysis are given in the Supporting Information. 

Further work is needed to understand the physical origin of
the additional 2 levels in the 9-level model, e.g., whether they
are related to a different boron vacancy charge state, such as
𝑉0 

𝐵 . We note that modestly improved fits to PL time-course
data are achieved for a quadratic laser-power dependence of
photoconversion ( 𝑘𝑖1 ) from the original 7-level excited states
Advanced Optical Materials, 2026
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TABLE 3 Boron vacancy electronic transition rates from the 9-level 
model fit to time-resolved PL data from a single sub-micron hBN flake 
(see fits and data in Figure 5b ). Details on the fitting procedure are given 
in the Supporting Information. 

Electronic transition rate 9-Level model fit 

𝑘𝑝0 (MHz/mW) 3.5(2) 
𝑘𝑟 (MHz) 0.091 (DFT) from ref. [ 36 ] 
𝛾0 (MHz) 1.003 ×103 (fixed) 
𝛾1 (MHz) 2 . 19(3) × 103 

𝜅0 (MHz) 56.0(8) 
𝜅1 (MHz) < 2 
𝑘𝑝20 

(MHz/mW) 84(11) 
𝑘𝑖10 

(MHz/mW2 ) 1 . 72(3) × 10− 2 

𝑘𝑖20 
(MHz/mW) 0 (fixed) 

𝑘𝑟2 (MHz) 4 . 5(3) × 10− 3 

𝑘𝑛𝑟 (MHz) 1 . 5(2) × 103 

𝑘𝑑𝑖 (MHz) 0.15(6) 
𝑘𝑑𝑟 (MHz) 0 (fixed) 
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o the additional 2-level manifold. Motivated by established
V photoionization dynamics [ 44, 54–56 ], we incorporate into
he rate equation fit three possible photoconversion pathways
rom the ground, singlet, and excited states to the two-level
anifold. Only the excited state pathway results in a non-zero
hotoconversion fit parameter that improves fit quality. The fitted
ates of the other two pathways converge to values several orders
f magnitude smaller than the excited-state photoconversion rate,
nd do not change fit quality when set to 0. Therefore, we
ix these rates to zero in the final fit. Charge transition level
alculations suggest 𝑉0 

𝐵 can possibly be converted to 𝑉
− 
𝐵 and vice

ersa under photo-excitation with 515 nm illumination [ 57, 58 ].
owever, recent theory work has emphasized that such ab initio
harge-transition thresholds can carry substantial uncertainty
nd should be treated as semi-quantitative indicators rather than
recise predictions [ 59 ]. Accordingly, although the additional two
evels in our 9-level description are consistent with the measured
L dynamics, we regard them only as a heuristic model. Detailed
nderstanding of the pathways, dynamics, laser-intensity depen-
ence, and wavelength dependence of 𝑉− 

𝐵 photoconversion are
mportant open questions for future experimental study. 

.3 PL Spectral Behavior and Dynamics for 
arger hBN Flakes ( > 1 𝛍𝐦 ) 

e observe distinctly different photophysical behavior in
eutron-irradiated hBN flakes with size greater than ∼1 μm .
igure 6a shows a PL confocal scan of one such large flake.
e characterize the PL behavior of a single large hBN flake
y applying two different laser pulse-pair sequences, with 1 µs
ulse time, dark time 𝑡𝐷 = 5 ns between pulses, and wait-times
etween pulse pairs of either 100 ns or 1 µs. We perform time-
esolved PL measurements using these pulse-pair sequences,
hile also monitoring the PL emission spectrum. The resulting
L time traces (signal averaged over ∼5 min for each wait-time
dvanced Optical Materials, 2026
sequence) are shown in Figure 6b . For the 1 µs wait-time, we
observe a long PL decay ( ∼1 µs) that is not observed for the 100 ns
wait-time. Full PL recovery after this long decay is on the order
of several hundreds of ns. 

For continuous laser excitation and the 100 ns pulse pair wait-
time sequence, we observe an increase in PL emission as a
function of laser power in the range of ∼675–775 nm, when
compared to measurements for the 1 µs pulse pair wait-time
sequence (see Figure 6c,d ). Each of these measurements are per-
formed using a broadband optical spectrometer with about 1 min
of signal averaging. This behavior contrasts with that observed
in sub-micron hBN flakes, for which no significant laser-power
dependence is observed in the normalized PL emission spectrum
(see Figure S3 ). Our working hypothesis to explain these obser-
vations is that a laser-power dependent increase in PL ∼675–775
nm in larger hBN flakes arises from enhanced conversion of 𝑉− 

𝐵 

to 𝑉0 
𝐵 (or perhaps another charge state) under continuous laser

excitation and the 100 ns pulse pair wait-time sequence; whereas
for the 1 µs wait-time sequence in larger hBN flakes — and also
for sub-micron flakes under any of the laser excitation protocols
— there is sufficient time for charge-state recombination back to
𝑉− 

𝐵 , and hence no enhanced PL ∼675–775 nm. This phenomenon
requires further investigations to fully understand the underlying
mechanisms, which could arise from strain, aggregates of smaller
hBN flakes, or edge effects, e.g., measurements of PL behavior as
a function of temperature and laser wavelength, as well as hBN
flake size and defect/material preparation. 

3 Conclusion 

In summary, we employ a nanosecond rise-time 515 nm laser
to perform a direct measurement of the singlet lifetime of an
ensemble of 𝑉− 

𝐵 (boron vacancy) defects in neutron-irradiated,
sub-micron flakes of hBN. We repeat the measurement on 16 hBN
flakes at room temperature and obtain a mean lifetime 𝜏𝑠 = 15(3)

ns. For a single sub-micron hBN flake, we measure photolumines-
cence (PL) time traces for thermal and polarized electronic spin
distributions of the boron vacancy ensemble. Fitting the PL time-
course data to a 9-level model of 𝑉− 

𝐵 electronic and spin levels,
we extract more accurate values for the electronic energy level
transition rates than for the conventional 7-level model, poten-
tially indicating optically-induced conversion to 𝑉0 

𝐵 or another
state. We also observe distinct PL behavior in large ( > 1 μm )
neutron-irradiated hBN flakes that may result from optically-
induced changes in boron vacancy charge state. This behavior
includes a long ( ∼1 µs) PL decay for an extended wait-time 
( ∼1 µs) between laser pulse-pairs; and an increase in PL emission
as a function of excitation laser power in the range ∼675–775
nm for continuous laser excitation or for a short (100 ns) wait-
time between laser pulse-pairs. These measurements add to the
growing understanding of the 𝑉− 

𝐵 defect in hBN. 

4 Experimental Methods 

4.1 Sample Preparation 

hBN samples (micro-powder from 2D Semiconductors, USA)
are neutron-irradiated in a Triga Mark IPR-R1 nuclear reactor
7 of 10
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FIGURE 6 (a) Example confocal PL map of a large ( > 1 μm ) flake of neutron irradiated hBN. These larger flakes display different PL behavior from 

sub-micron flakes. (b) Time-resolved PL measurements from a single large hBN flake for laser pulse pairs with 1 µs pulse time and dark time 𝑡𝐷 = 5 ns 
between pulses. The top set of signal-averaged PL measurements has a wait-time of 100 ns between pulse pairs while the lower has a 1 µs wait-time. The 
long decay ( ∼1 µs) observed during the first pulse of the 1 µs wait-time sequence may result from partial conversion of 𝑉− 

𝐵 
to 𝑉0 

𝐵 
within the ensemble 

of defects. (c) PL emission spectra for continuous laser excitation, the 1 µs pulse pair wait-time sequence, and the 100 ns pulse pair wait-time sequence, 
with all measurements performed using 11.6 mW laser power. Note the observed increase in PL in the ∼675–775 nm range for continuous excitation 
and the 100 ns pulse pair wait-time sequence, potentially due to enhanced conversion of 𝑉− 

𝐵 
to 𝑉0 

𝐵 
. This increase is not observed for the 1 µs sequence, 

potentially because this longer pulse pair wait-time is sufficient for recombination back to 𝑉− 
𝐵 
. (d) PL emission spectra of a large hBN flake for 4 laser 

excitation powers. In both (c) and (d), the sharp cut-off observed at ∼660 nm is from the dichroic mirror (Thorlabs DMLP650R). 
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CDTN, Brazil), with thermal neutron flux of 4 × 1012 n cm 

− 2 s− 1

p to a total dose of 2 . 3 × 1017 n cm 

− 2 (16 h). Considering that
hermal neutrons are blocked by a Cd capsule, and the fast
nd epithermal neutron flux is about one order of magnitude
ower, the total neutron dose to the hBN samples is about 2 . 3 ×
016 n cm 

− 2 . Compared to electron, proton, and ion irradiations,
ast neutrons have no electrical charge, and therefore present
omogeneous and high penetration depths in almost all materials
 60 ]. Irradiated hBN samples are pre-characterized by electron
aramagnetic resonance (EPR) in the 10 to 300 K temperature
ange, from which the presence of 𝑉− 

𝐵 defects is inferred [ 61 ].
rradiated samples, consisting of flakes up to 5 μm in size, are
onicated in solution and dropcast on a glass cover slip. 

.2 Photoluminescence (PL) Measurement 
etup 

easurements are performed using a home-built confocal micro-
cope with a digitally modulated fast rise-time 515 nm laser
Hübner Cobolt 06-MLD). To control the laser modulation, we
se a Pulse Streamer 8/2 (Swabian Instruments) along with a TTL
uffer (Texas Instrument SN64BCT25244DW) to raise the pulse
of 10
signal from 2.6 to 5 V, which is the optimal voltage to drive the
Cobolt 06-MLD. To excite boron vacancy photoluminescence (PL)
from an hBN sample, a dichroic mirror (Thorlabs DMLP650R)
is used to steer the incident laser beam to an infrared objective
(0.7 NA OptoSigma PAL-100-NIR-HR). PL is focused through a
pinhole and split with a 50-50 beam splitter (Thorlabs CCM1-
BS014). All mirrors after the pinhole are broadband dielectric
mirrors (Thorlabs BB1-E03-10). One path is filtered using a 700
nm long pass (Thorlabs FEL0700) and a 900 nm short pass
(Thorlabs FESH0900) and coupled via a fiber to a photodetector
(Excelitas SPCM-AQRH-W5-FC). The other path is filtered with
a 550 nm long pass and directed to a spectrometer (Ocean Optics
QE Pro). Time-resolved PL measurements are performed using a
Swabian Time Tagger 20 to record pulses from the photodetector.
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