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A Systematic error investigations

A.1 Pulse spacing order

As our protocol relies on performing the same pulse sequence with many different spacings,
we confirm that the order of these measurements does not impact the result by repeating
the protocol 3 times using different measurement sequences on the same hBN flake.(Fig. .
Measurement 1 was done by performing the measurements with separations from shortest to
longest. Measurement 2 was done with separations going from longest to shortest, and mea-
surement 3 was done with random pulse spacings. All three measurements are in agreement
within the errors.
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Figure S1: Singlet lifetime measurements on the same hBN flake while varying pulse spacing
order.

A.2 Laser power

To investigate the laser excitation power dependence of the singlet lifetime measurement,
we perform three measurements at different laser powers for both a large hBN flake (> 1
pum) and a sub-micron flake. Figure shows the data for the large flake, which exhibits a
decrease in singlet lifetime with increasing power. For sub-micron flakes, the singlet lifetime
shows no significant variation with laser power (Fig[S2p).

Additionally, Figure [S3| shows PL emission spectra for a sub-micron hBN flake at three
laser excitation powers. We do not observe an increase in PL emission as a function of laser
power in the range of ~675-775 nm, as found for flakes >1pum (see Fig. 5 of the main text).
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Figure S2: a) Singlet lifetime for a large hBN flake (> 1 pum) as a function of laser excitation
power. b) Singlet lifetime for a sub-micron flake as a function of excitation power.
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Figure S3: PL emission spectra for three laser excitation powers for a sub-micron hBN flake.



A.3 Laser Rise-Time

Figure shows the rise-time of our laser as measured by a photodiode placed before the
objective in the experimental setup and recorded on a fast oscilloscope (Rigol DHO4804).
The measurements demonstrate that the laser rise-time is shorter than the bin width (5 ns)
of the oscilloscope.
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Figure S4: a) Laser pulse temporal profile measured using a fast oscilloscope and a pho-
todiode placed before the objective. b) Zoomed-in of laser pulse rising edge showing the
rise-time is shorter than the 5 ns bin width of the oscilloscope.



B Extraction of Electronic Transition Rates from Energy
Level Model Fitting

B.1 T7-level model

We fit time-resolved PL data from thermal and polarized V; spin distributions. Transition
rates for the 7-level model are shown in Fig. 1 of the main text and quantified in the linear,
coupled set of ordinary differential equations (ODEs) below:
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Here, the rates ¢ and ~; represent non-radiative population transfer to the shelving
singlet state from the mg = 0 and my = £1 excited states, respectively. Likewise, ko and k;
govern population transfer from the singlet state to the m; = 0 and my = £1 ground states,
respectively. The optical pumping rate, k,, is proportional to incident laser power, P, and
quantifies spin conserving population transfer from the ground state triplet to the excited
state triplet. In the 7-level model fit, we extract the scaling of this rate with power, £/,
such that k, = P - k,,. k, quantifies the spin conserving radiative decay from the excited
state triplet to the ground state triplet. We set k, based on the ab initio DFT prediction of
the radiative decay rate [I]. We incorporate single quantum longitudinal relaxation between
spin sub-levels through the ky; rate [2], which is proportional to the inverse of the 7 time,
and was previously measured to be approximately 13-19 us [3, 4]. Fits are not sensitive to
Ty values within this range; therefore 77 is fixed to 15 us. We find that the time-resolved
PL data do not uniquely constrain the absolute magnitudes of 7y and v;, whereas the ratio
70/71 converges robustly across initializations; therefore, either vy or 47 must be constrained
by an independent measurement. We fix 7, using a literature average of directly measured
ms = 0 excited-state lifetimes, 7y [5] (0], [7], and treat the ratio 7o/7; as a fit parameter, from
which 7, is inferred. Using 79 = 1/(k, 4 7o), we compute 7 = 1/79 — k, (and note that
k, < 7o for the values used here).

With the above constraints, Eq. is solved numerically, and the resultant normalized
PL intensity over time at various powers is compared to time-resolved measurements for a
global fit to extract the electronic transition rates of the intersystem crossing. The 7-level



model fit is in reasonable agreement with measurements on sub-micron hBN flakes for lower
laser powers but fails at higher laser powers, as discussed in the main text. For example,
as shown in Fig. 5 of the main text, the 7-level model fit fails to capture the dynamic and
steady-state PL at the highest laser power (21.3 mW). The failure of the 7-level model with
regard to steady state PL is particularly apparent in Fig. S5, where we show measured PL
and fits to the 7-level model for the entire pulse sequence, rather than just for the first few
hundred nanoseconds of each laser pulse.
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Figure S5: Measured PL time traces for a sub-micron hBN flake, following the measurement
sequence described in Fig. 4a of the main text, showing thermal (left) and polarized (right)
V5 spin distributions and fits to the 7-level model for five laser powers. Here, data and fits
are shown from the full measurement sequence. The raw data is shown in a semi-opaque
color scale compared to the smoothed data and fits (solid lines).

B.2 9-level model

Based on the poor fit at high laser power using the 7-level model, we introduce a 9-level
model of V; transition rates, which is shown diagrammatically in Fig. 4 of the main text.
The dynamics of this expanded model are governed by the following set of 9 coupled ODEs
describing population transfer between the boron vacancy’s electronic energy levels:
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Here, all transition rates from the 7-level model are retained and we add two additional
levels, whose populations are denoted Ps and Py in Eq. [S2l We apply the same constraints
on k., Yo, and v, as in the 7-level model: k, is fixed to the ab initio DFT prediction, ~q is
fixed using a literature average, and the ratio vy /v, is treated as a fit parameter from which
~1 is inferred. We insert several new transition rates between the two new levels. Firstly, we
describe optical pumping between these two levels at a rate k2, which is linearly dependent
on incident laser power, P, such that ks = kyo, - P. In general, ks is not equal to k,.

We model both radiative and non-radiative decay from level 9 (higher energy) to level
8 (lower energy), which are described by rates k.o and k,,., respectively. We also allow for
photoconversion from the excited states of V; to level 8, as well photorecombination from
level 9 back to the V5 ground states. These two photo-driven processes are described by
rates k;; and k;o, which both depend on incident laser power, P. We test multiple power
dependency combinations for the photoconversion (k;;) and photorecombination (k;3) rates,
and find best fits to the data for the combination where k;; is quadratically dependent on
power such that k;; = ki, - P? and when k;y is linearly dependent on power such that
kio = ki, - P. Quadratic power-dependence of k;; produces only modestly improved fits
compared to linear dependence (k;; = k1, - P), as quantified by the sum of square residuals
or SSRs. To reflect this uncertainty, we run the full fitting procedure on both laser-power
dependencies for k;; (quadratic and linear) and incorporate the difference in fit parameters
into the final reported uncertainties (see more details in section [B.3).

We also incorporate dark conversion and recombination between the ground states of the
7 level system and the ground state of the additional 2 level system. These processes are
quantified by rates kg4 and kg, respectively. The transition rates kpa,, kr2, knr, ki1,, and
ko, are initially kept as free parameters in the model. In all test fits to PL data, the dark
transition rate kg is found to be very small, has negligible contribution to fit quality, and
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is therefore fixed to 0 for simplicity. We note that a non-zero recombination pathway (kg
and kjg,) from the 2 level system to the 7 level system is required to sustain a finite Vj
population in the steady-state; however, the sensitivity of our model and data is insufficient
to place meaningful bounds on these recombination rates.

We additionally test photo-assisted ground state and singlet state transition pathways
to the 2 level system, as previously observed for the NV center in diamond with regard to
photoionization from NV~ to NVO[8, [9, [10]. In all test fits to PL data, the rates of these
additional pathways converge to 0 and do not contribute to the overall fit quality compared
to k;1, and so the associated rate constants are fixed to 0 for the final fit. k;o, is found to be
many orders of magnitude smaller than the other photo-assisted rates for all laser powers,
does not robustly converge under the LHS scheme, and is therefore fixed to 0 in the final
fitting procedure. The best fit values of all parameters are extracted from a global fit to our
laser-power dependent datasets. PL data from the full measurement sequence (rather than
just from the first few hundred nanoseconds of each laser pulse shown in the main text),
along with 9-level model fits, are shown in Fig. S6.
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Figure S6: Measured PL time traces for a sub-micron hBN flake, following the measurement
sequence described in Fig. 4a of the main text, showing thermal (left) and polarized (right)
V5 spin distributions and fits to the 9-level model for five laser powers. Here, data and fits
are shown from the full measurement sequence. The raw data is shown in a semi-opaque
color scale compared to the smoothed data and fits (solid lines).



B.3 Details on fitting procedure and uncertainty estimation

We obtain rate estimates by minimizing the sum of squared residuals (SSR) between sim-
ulated and measured time-resolved PL traces across all time bins and all laser powers in a
single global fit. Prior to fitting, the PL traces are globally normalized, as the absolute PL
scale cannot be predicted without independent calibration of PL optical collection efficiency,
laser illumination spot size, and emitter number. This global normalization enforces consis-
tency of the relative PL scaling across laser powers. However, to account for observed PL
drift in sub-diffraction-limited spots, including effects from laser power fluctuations, axial
defocusing, and other collection efficiency variations, we include a per-power multiplicative
factor e, constrained to 0.9-1.1 (based on the typical amplitude of PL-scale fluctuations
observed over the duration of our measurements). In the SSR-selected fits used in the pro-
cedure described below, e, converged within the interval and did not reach the bounds. No
additional weighting is applied across laser powers or time bins.

To reduce sensitivity to local minima, we perform a multi-start fit in which 250 initial
parameter vectors are generated via Latin hypercube sampling (LHS) [11]. Transition rates
and SSR are convergent within 250 initial parameter vectors; there is negligible improvement
to SSR when the LHS procedure is extended to 1000 initial guesses. For rates with established
bounds, the LHS ranges encompass literature values; for weakly constrained rates in this
model, the ranges are widened to ensure broad coverage of plausible values. Certain rates
that are found to be very small and do not meaningfully affect the fit (as described in
section are fixed to zero. The measured PL traces are smoothed with a mean-shift filter
for the final SSR comparison between the 9-level and 7-level model to remove shot noise; and
for data visualization purposes. However, all fitting and uncertainty analysis are conducted
on the raw PL data traces after global normalization.

Statistical uncertainties are estimated by bootstrap resampling. In this procedure, re-
sampling and refitting are performed on the PL traces. In each resample, we select each
of three LHS solutions with the lowest SSRs. For each timebin ¢; with corresponding PL
value y;, synthetic data are drawn from a Poisson distribution with a mean \ = y;, and the
model is then refitted to this resampled dataset. Repeating this procedure 250 times yields
parameter distributions from which 95% confidence intervals are extracted as measures of
statistical uncertainty from photon shot-noise. The resulting uncertainties are negligibly
small (typically <1%), suggesting that photon shot-noise is not a limiting factor. Using al-
ternative bootstrap schemes such as the wild bootstrap method [12] leads to the same result.
The median parameter values obtained from the bootstrap procedure are consistent with the
top LHS fits to the original data and are reported as the nominal rates in Tables 2 and 3 of
the main text.

In order to capture systematic uncertainties beyond statistical noise, we perform jackknife
resampling to calculate how much our fitted parameters change when data taken at any single
laser power is excluded. This accounts for how much our results depend on specific choices
of laser powers. This procedure results in parameter distributions across the jackknifed
datasets, from which we extract the median absolute deviation (MAD) as a robust measure
of spread. For the 7-level model, we convert this spread to a standard deviation (multiplying
MAD by 1.4826) and add it in quadrature with the statistical uncertainty from the Poisson
bootstrap procedure (assuming that statistical counting noise and finite laser power selection



are approximately independent contributions).

For the 9-level model, we estimate a third source of uncertainty from the a priori unknown
dependence on laser power, P, of photo-assisted conversion pathways between the 7 level
and 2 level systems, as discussed in [B.2]above. Using the LHS procedure, linear dependence
on laser power (i.e., k;; = k1, - P) is found to produce slightly poorer SSRs than quadratic
dependence on laser power (i.e., ki = ki1, - P?), although variation in fitted rates is within the
uncertainties described above. A possible physical picture for the improved fits to PL data
provided by the 9 level model at high laser power is photoionization from Vj (described by
the 7 level system) to V3 (approximately described by the 2 level system). In the literature to
date, however, there is no ionization threshold energy measurement; and charge-transition
level calculations can plausibly support both two-photon and one-photon photoionization
from the Vg excited state [13, [14]. Lacking a definitive answer to this open question, we
elect to report the nominal rates for fits using quadratic laser-power dependence, but include
variations in the fitted rates between the two forms (quadratic and linear power dependence)
as part of our uncertainty budget. The resulting uncertainty is added in quadrature to the
statistical and systematic uncertainties described in previous paragraphs to result in the final
uncertainty displayed in Table 3 of the main text.

C b5-Level vs. 7-Level Model

We note that the 5-level model (used in [6] and [I5]) is functionally equivalent to the 7-level

model (used in this work, in [I6], and in [7]), since the V; m; = +1 and m, = —1 are
assumed to be indistinguishable. This equivalence is evident in Eq. and Eq. [S2], where
the population transfer rates for the m; = +1 and my = —1 are identical. We note, however,

that the transfer rate, k1 from the singlet state to the my = +1 ground state energy levels
must be multiplied by two to convert from the 7-level rate to the 5-level rate. This factor
is needed because the m; = 41 populations are combined into a single level for the 5-level
model, and so experience twice as much population transfer from the singlet to the combined
energy level as compared to the 7-level model, where the m, = +1 and m, = —1 populations
are not combined. In other words, the singlet state transfers to two distinct energy levels in
the 5-level model and three distinct energy levels in the seven level model. Mathematically,

1 1
= 2K and 7, = = )
5 H0+2}{1$euenleuel RO—"—Hlfivelevel

We express all rates in Table 2 of the main text in terms of the 7-level model, meaning
k1 as reported in [6] and [15] is divided by two.

Kllfivelevel

sevenlevel

D Impact of Laser Rise-Time on Normalized PL Predic-
tions

We simulate the variation in PL dynamics as a function of laser rise-time using the 7-level
rate equation model. We use an optical pumping rate of 20 MHz and electronic transition

rates reported in [5] . Then, we allow k,, to rise or fall to its maximum or minimum value over
the course of a specified rise/fall time corresponding to incident laser pulses. The calculated
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PL response from a polarized V; spin distribution to pulses with 0, 2, 30, and 50 ns rise-
times is shown in Fig. [S7 For a 2 ns rise-time, the calculated PL nearly matches the PL
for an instantaneous (i.e. 0 ns) rise-time. By contrast, the calculated PL for 30 and 50 ns
rise-times drastically underestimates the transient PL peak compared to the instantaneous
and 2 ns rise-times. Rise-times on the order of 30-50 ns are typical of AOM-based laser
pulses, while the modulated laser diode technology used in the present work allows for a
laser rise-time of <2.5 ns. The fast rise-times of our laser therefore allow us to probe the
early photophysics dynamics of V5 ensembles in hBN more accurately than previous studies
relying on an AOM.
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Figure S7: PL calculated with the 7-level model for an my = 0 polarized V; spin distribution
for various optical pumping rate rise-times.
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E Polarization to the Singlet State

We characterize the variation between sub-micron hBN flakes of Vj; polarization to the
singlet state for ~13.8 mW of 515 nm laser excitation power (measured at the sample).
Measurements are performed for a 2 us laser pulse, with lower bound on singlet state polar-
ization the contrast of observed dynamic PL peak height to the steady state PL value (Fig
S8a). The mean PL peak contrast for the 16 measured flakes ~42% with a standard devia-
tion of 1% (Fig ) This contrast can only be accurately measured using laser excitation
with fast rise times (~2.5 ns), since using an AOM to modulate laser excitation would result
in an underestimation of V; polarization (see Fig. . It should be noted that singlet
state polarization is laser-power dependent. Additionally, the 9-level model suggests that
the singlet state may not be the only dark state accessible to boron vacancy defects under
laser illumination.
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Figure S8: a) Example measured contrast of dynamic PL peak height to the steady state
PL value, during a 2 us laser pulse, gives a lower bound of Vj; polarization to the singlet
state in a single sub-micron hBN flake. b) Experimentally-determined peak contrast values
for each of 16 sub-micron flakes. The dashed line designates the mean peak contrast =42%
and the shaded region is 1 standard deviation of the mean.

F Optical Images of hBN Flakes

Optical images (Fig. S9) indicate that larger hBN flakes could be aggregates of smaller
flakes. Further investigation is warranted of the effects of hBN flake size and potential flake
aggregation and other properties (e.g., strain, edge effects) on observed V5 and other emitter
properties.
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Figure S9: Optical images of dropcast hBN flakes used in this study.
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