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ABSTRACT: Hexagonal boron nitride (h-BN) hosts pure single-photon |E)

emitters that have shown evidence of optically detected electronic spin
dynamics. However, the electrical and chemical structures of these optically
addressable spins are unknown, and the nature of their spin-optical
interactions remains mysterious. Here, we use time-domain optical and
microwave experiments to characterize a single emitter in h-BN exhibiting
room temperature optically detected magnetic resonance. Using dynamical
simulations, we constrain and quantify transition rates in the model, and we
design optical control protocols that optimize the signal-to-noise ratio for 1200 1300
spin readout. This constitutes a necessary step toward quantum control of

spin states in h-BN.
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ptically interfaced solid-state spins enable quantum
technologies with unprecedented capabilities for sens-
ing,l_4 communication,S quantum-coherent memories,6’7 and
exploration of fundamental physics.® Several host materials are
available” and new ones continue to be explored in search of
desirable properties.'"’ Hexagonal boron nitride (h-BN), a
wide-bandgap semiconductor that hosts numerous species of
optical defects, is especially promising for its low-dimensional
morphology that facilitates efficient photon collection and
device engineering advantages compared to three-dimensional
crystals."'
Recent observations have confirmed the potential of h-BN as
a host for quantum defects. Ensemble measurements have
facilitated exploration into the excited-state spin properties of
boron vacancies in h-BN.'*'®> On a single-defect level, room-
temperature optical emitters in h-BN have shown single-
photon emission.'* Select single emitters further exhibit
magnetic-field-dependent photoluminescence (PL), optically
detected magnetic resonance (ODMR), and quantum-
coherent spin oscillations,”>™? all of which are prerequisites
to establishing optically addressable spin qubits in h-BN.
Despite this progress, paramagnetic single-photon emitters
are a minority of those reported on in h-BN, with recent
observations noting a measurable ODMR signal in ~5% of
isolated defects."” Single emitters in h-BN can exhibit
heterogeneous optical and spin properties due to differences
in local environment, chemical structure, and sample
preparation.”” Many questions therefore remain about the
nature of these emitters. Ultimately, the informed design of
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spin control protocols that are optimized for applications
requires a detailed understanding of their optical and spin
dynamics.

In this letter, we investigate an emitter in h-BN that exhibits
single-photon emission and ODMR at room temperature. We
probe the emitter’s optical and spin dynamics using photon
emission correlation spectroscopy (PECS)*' and time-domain
optical and microwave control. We develop a model for the
emitter’s energy-level structure, and determine the rates that
govern its optical and spin dynamics using quantitative
simulations. We design a readout protocol for the spin state
that optimizes the signal-to-noise ratio (SNR).

The sample consists of a mechanically exfoliated h-BN flake
(<100 nm) suspended on a patterned SiO,/Si substrate.'#*°
In an area of ~25 X 25 um? only one emitter exhibited
magnetic-field-dependent PL, among ~20 nonmagnetic
emitters. We characterize the emitter’s optical dynamics
under ambient conditions using a confocal microscope.' ™’
The emitter is illuminated with either of two continuous-wave
(cw) lasers operating at 532 and 592 nm wavelengths, where
excitation power and polarization are controlled. Data
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recorded under 592 nm (532 nm) excitation are plotted in
orange (green) in the relevant figures.

Figure 1(a) shows the emitter’s PL spectrum under 532 nm
excitation. The excited state lifetime is found to be 7.8 ns
through PECS analysis (Supporting Information (SI), Sec.
4.3). The emitter’s optical excitation is highly polarized
(visibility 93 + 3%) and aligned for both 532 and 592 nm
excitation (Figure 1(b)). The emitted PL is polarized along the
same axis (SI, Figure S4). While previous observations have
noted heterogeneous polarization responses for h-BN’s
emitters, ******* indicating the presence of multiple elec-
tronic excited states, the aligned excitation and emission
dipoles observed for this emitter are consistent with a single
radiative excited state. Figure 1(c) shows the second-order
photon autocorrelation function, g(z) (7), at zero-delay (7 = 0).
After accounting for experimental uncertainties (SI, Sec. 3.2),
we observe noise-limited photon antibunching, g?(0) = 0,
independent of optical excitation power in the presence and
absence of an applied magnetic field.

This emitter’s PL intensity is modulated by applied dc and
ac magnetic fields. Magnetic fields affect a paramagnetic
defect’s PL intensity due to spin-selective transition rates that
govern its optical dynamics, although this can occur in different
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Figure 1. Optical characterization and ODMR. (a) PL emission
spectrum. The black dotted line represents the cut-on wavelength of a
long-pass dichroic filter in the collection path. Inset: u-PL image (2
pum X 2 um) of the single spin. The color scale ranges from 0 (blue)
to 41 (yellow) kets/s. (b) PL intensity as a function of linear
excitation polarization angle for 532 nm (green circles) and S92 nm
(orange circles) excitation. Solid curves are fits to the data. (c)
Optical-power-dependent g(z)(O) for two different in-plane magnetic
fields at 0° dipole orientation. (d) Time-averaged PL emission as a
function of an in-plane magnetic field for 0° and 15° dipole
orientation. (e) Continuous-wave ODMR spectrum (circles) at 470 G
applied magnetic field and 0° dipole orientation. A Lorentzian fit
(solid line) gives a resonance frequency of 1315.9 + 0.8 MHz and a
full-width half-maximum of 52 + 2 MHz (f) Spin resonance
frequency as a function of magnetic field, measured using a pulsed
ODMR protocol. The solid line is a linear fit to the data.
Uncertainties in field and frequency are similar size to the data
points. Error bars for (e) are propagated from Poissonian
uncerrtainties. All other error bars represent 68% confidence intervals.
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ways.'?*52% We apply a dc magnetic field parallel to the hBN
surface and rotate the sample about the optical axis to vary the
relative orientation of the optical excitation dipole to the field
axis (referred hereafter as dipole orientation). As observed in
Figure 1(d), the steady-state PL varies by 15% on increasing
the magnetic field strength from 0 to 470 G for both 0° and
15° dipole orientations. Accompanying variations in PECS
measurements confirm that the PL changes result from
magnetic modulation of the emitter’s optical dynamics (S,
Figure SS). Figure 1(e) shows an example of an ODMR
spectrum acquired as a function of applied microwave
frequency. The microwaves are amplitude modulated at 12.5
kHz, and the ODMR spectrum is normalized by dividing the
signal PL (microwaves on) by the reference PL (microwaves
off).

Figure 1(f) shows a linear fit to the best-fit ODMR center
frequency as a function of applied magnetic field at 1.8° dipole
orientation. We repeat this measurement for 34.2°, 66.6° and
90° dipole orientation (SI, Figure $12) and find an isotropic
Landeé g-factor, g & 2, consistent with the free-electron g-factor,
and an average zero-field-splitting (ZFS) of 9 + 10 MHz.
Given the order of magnitude of the ZFS and its consistency
with zero within experimental uncertainty, we interpret this as
an absence of ZFS. The scale of the ZFS agrees with prior
reports, although interpretations of its significance have varied
(SI, Sec. 6.2)."'” We observe no additional resonances at
higher frequencies up to 4.2 GHz. Thus, we postulate a

doublet (S = %) spin state. However, we acknowledge higher-

level spin configurations, while less likely, are possible (SI, Sec.
6.3).

Figure 2(a) shows the proposed model explaining the
observed optical dynamics. The model features a metastable
spin-1/2 doublet (IM,,)), coupled to a spinless manifold of
ground (IG)) and optically excited (IE)) states. We identify a
stochastic modulation of the optical decay pathway, fluctuating
between a raditative and nonradiative transition. Arrows
denote transitions with corresponding rates, kij, between states
i and j, with the spin relaxation rate labeled T7'. The number
and arrangement of levels are determined by a series of
experiments and corresponding simulations. PECS measure-
ments (discussed later), show clear evidence of photon
bunching associated with metastable dark configurations and
reveal the nature of the transition mechanisms between these
configurations.”' In addition to the optical excitation transition
rate, kg, PECS simulations imply that the rates ky; g and ky; g

each feature a power-dependent component in addition to a
spontaneous (power-independent) component (SI, Sec. 3.3).

We propose that the spin doublet state observed in ODMR
exists in a metastable configuration. This arrangement cannot
be determined by ODMR alone. Rather, it is confirmed by an
optical spin contrast experiment, shown in Figure 2(b-c),
which distinguishes between configurations where the spin
states exist in the optical excitation/emission manifold
compared to the metastable configuration. As shown in Figure
2(b), the laser is modulated on and off, with a dark time of
duration 7, and a microwave pulse can be applied during the
dark time following a wait time, 7,,. Figure 2(c) shows the PL
as a function of time during the laser pulse in situations when
the microwaves are applied (signal) or not (reference).

We consider in turn the expected dynamics for config-
urations with spin doublets in the optical ground and excited
states compared to the configuration shown, with a metastable
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Figure 2. Energy-level model and optical dynamics. (a) Energy-level
model made up of a singlet ground and excited state, and a metastable
doublet. The gray box highlights fluctuations between a nonradiative
decay path (black arrow) and radiative decay (red, wavy arrow).
Orange arrows depict excitation-power-dependent transitions. (b)
Pulse protocol for optical spin contrast measurements. “Reference”
and “Signal” denote timing windows during which photons are
counted. (c) PL counts in 1 us time bins corresponding to signal
(dark orange bars) and reference (light orange bars) readout, at 350
UW optical power, 470 G magnetic field, 20 ys wait time, and 40 us
microwave pulse time. The dashed line indicates the approximate time
contrast disappears, denoting a readout window. (d)—(f) PECS
measurements. The rates(d) y;, (e) 7, and (f) y; are shown as a
function of optical excitation power at 0 G magnetic field.

doublet. The former case (spins in optical manifold) would
predict zero initial spin contrast when the laser is turned on,
with a contrast evolving during the pulse due to spin-
dependent decay rates, whereas the latter configuration
(metastable spin) predicts a nonzero initial contrast that
decays as the system returns to the steady state (SI, Sec. 5.1).
Our observations are consistent with the latter case. This
finding and the power-dependent transitions from the
metastable state could indicate a transition between charge
manifolds, similar to the NV-center transition between NV~ (S

=1) and NV° (§ = %).25 Informed by classical rate equation

simulations of a spin contrast experiment for the model shown
in Figure 2(a), we estimate a maximum spin relaxation rate of
Ty ~ 0.01 MHz to achieve a similar initial contrast (7%) in
simulations.

After establishing the main features of the electronic level
structure, we next consider the rates that govern its optical
dynamics. Using PECS, we acquire g () at various optical
excitation powers. To analyze the data, we follow the
procedure from previous works (see ref.'*), evaluating the
Akaike information criterion and reduced chi-squared statistics
for n-time scale models. We determine the best-fit empirical
function to be a three-time scale model,

g(Z)(T) =1- Cle—yllrl + Cze—yzlrl + C3e—;/3|1| (1)

where 7 is the delay time, y; and C, are the antibunching rate
and amplitude, 7, and y; are the bunching rates, and C,, C; are
the associated bunching amplitudes. Both ¥, and y; increase
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monotonically as a function of optical excitation power
(Figures 2(d) and 2(f)), as expected for processes involving
optical pumping to the excited state. In contrast, y, shows no
clear trend with respect to power (Figure 2(e)).

Each PECS rate originates from transition pathways between
multiple electronic states that define a distinct process. In this
model, ¥, corresponds to optical excitation at rate kg followed
by relaxation back to IG) at rate kzg. For a direct optical
transition between two electronic states, as in this model, the
antibunching rate is given by y, X kgg + keg.”"?” The
observations in Figure 2(d) reflect the expected linear power-
dependence of kgg with a nonzero y-intercept equivalent to kgg
(SL, Sec. 4.3).

The bunching rates y, and y; represent processes through
which the system enters nonradiative configurations. The
power-dependence of y; is consistent with the process of
optical excitation to |IE) at power-dependent rate kg, followed
by nonradiative decay through IM,,) back to IG) at power-
dependent rates ky ¢ and ky; . In contrast, y, does not vary

significantly with optical excitation power, p. To account for
this, we propose a relaxation mechanism from [E) to IG) that
stochastically switches between radiative and nonradiative
configurations at rates kpy and kpp through a process
independent of p. This mechanism produces blinking, a
commonly observed phenomenon in quantum systems
consisting of periods of reduced PL due to charge quenching
or fluctuations in the local environment.** The power-
independence of y, suggests that the emission modulation
could be from environmental fluctuations, for example through
coupling to the state of a nearby defect. As shown by the
simulations in Figure 2(e), this process leads to bunching in
¢P(7) at a nearly constant rate y, ~ kpy + kgp, which closely
matches the experimental observations.

PECS analysis yields estimates for the overall rates
connecting [E), IM,,), and IG) through y;. However, an
analytical expression for y; in terms of transition rates is not
straightforward to derive. Therefore, additional measurements
are required to resolve the contributions of each individual
rate. The fluorescence recovery protocol (Figure 3(a))
involves varying the dark time, 7, between laser pulses and
recording the time-domain PL emission during each pulse.
Figure 3(b) illustrates the evolution of populations in IG) and |
E) during a fluorescence recovery experiment for two different
values of 7. The measured PL (shown in Figure 3(c) for 1§
different values of 7p) is proportional to the population in |E),
which depends in turn on the population in IG) at the
beginning of the laser pulse. The PL at the start of the laser
pulse (dashed line in Figure 3(c)) increases as a function of 7p,
with an extracted time constant of 73 & S us. During the laser
pulse, the PL decays to a steady-state value with a decay
constant of 7.9 + 0.4 us. The maximum contrast from the
initial to the steady-state PL is measured to be 62.2 + 0.2%.
These three features help constrain the metastable transition
rates in different ways. The time constant describing the
increase in PL at the start of the laser pulse is determined by
the power-independent components of ky g and ky . The

maximum contrast depends on the ratio, (ky;,c + ku,c)/ (kg
+ kgy,). The decay time from maximum to steady-state PL is

dependent on many rates but can be leveraged along with the
previous constraints to empirically determine a value for kg
through simulations.

https://doi.org/10.1021/acs.nanolett.4c01333
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Figure 3. Fluorescence recovery. (a) Pulse protocol for the time-
domain fluorescence recovery measurement. (b) Example of time-
domain ground (blue lines) and excited (yellow lines) state
populations during a fluorescence recovery experiment for short
(7py) and long (zp,) dark times between laser pulses, shown as solid
and dashed lines, respectively. (c) Time-domain PL as a function of
dark time between optical pulses, 7, acquired at 91 G in-plane
magnetic field and 34.2° dipole orientation, using 1 s time bins.
Black dots are data, and colored lines are simulation. The average
uncertainty of each data point is +£0.003 counts per bin.

We use a rate equation model for the level configuration
shown in Figure 2(a) to numerically simulate the state
populations for PECS and the fluorescence recovery pulse
protocol (SI, Sec. 4). The parameters kg and kgp are known
based on earlier considerations, as is the sum kpg + kgp. We
determine the remaining parameters by empirically matching
simulations of PECS rates (squares in Figure 2(c-e)) and
bunching coefficients (SI, Figure S8), spin contrast (Figure
2(c)), and fluorescence recovery PL (colored lines in Figure
3(c)) to the data. The simulated fluorescence recovery time
constants match those extracted from the data within fit errors,
and the maximum contrast matches within 5%. Discrepancies
between the PECS simulations and data are attributed to
variations of the spin-dependent rates through IM,,) due to
different applied magnetic fields for the PECS (no field) and
fluorescence recovery (91 G) experiments. The power-
independent ky; ¢ and ky; g components set an upper limit of

~30 ps on the metastable spin’s useful lifetime. The optimized
rates and details on the process of quantifying them can be
found in SI Sec. 4.3.

We model the ODMR experiments using the Lindblad
framework to capture coherent evolution of the spin states
along with semiclassical optical dynamics.”” Our experiments
indicate a variation of the ODMR contrast and line width as a
function of microwave power, pyyw (Figure 4(a)). We fit
Lindblad simulations to these data, using the optimized
optical-dynamics rates as fixed parameters. Free parameters
include the microwave coupling efficiency, 77, which determines
the power-dependent Rabi frequency according to
Qp/(27x) =1 \/m , as well as the spin dephasing time, T%.
The fits are plotted along with the data in Figure 4(a), and
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Figure 4. Spin properties. (a) ODMR data (points) with simulation
fits (lines) as a function of microwave frequency and power. The
average uncertainty of each data point is +0.5%. (b) ODMR full-
width half-maximum as a function of microwave power, extracted
from Lorentzian fits to the simulation and data. (c) Signal-to-noise
ratio as a function of microwave pulse duration for readout time, 7 =
S ps, at varying optical powers. All data are acquired at 592 nm
excitation and 470 G magnetic field.

Figure 4(b) compares the ODMR line width extracted from
the data to the best-fit simulation. Accounting for uncertainties
in the fit and in T,, we find # = 0.0189 + 0.0007 MHz/JW
and T¥ = 6.3 + 0.1 ns (SI Sec. 4.4).

Using this quantitative understanding of the emitter’s optical
dynamics, we can design optimized protocols for spin
initialization and readout. Spin polarization develops under
optical illumination due to the spin-dependent branching ratios
ken,/ken, and kg g/kyg. Our model implies a steady-state

population ratio IM,):IM;) ~ 30:1 at p = 350 uW. The
corresponding spin polarization ~97% significantly exceeds the
steady-state polarization for other spin defects such as the
diamond nitrogen-vacancy (NV) center. However, the
population develops over ~10 us, which is an order of
magnitude longer than typical NV-center initialization times.*’
To optimize spin readout, we consider the single-shot SNR in
a spin contrast experiment (Figure 2(b)),30

a —
Ja; + a, )

Here a; and aj are, respectively, the mean number of detected
photons for the signal (microwave on) and reference
(microwave off) recorded in a given readout window, 7y
(Figure 2(c)). Figure 4(c) shows the SNR as a function of
microwave pulse duration, for various settings of p. We find an
optimum SNR =~ 0.07 for p = 350 4W and 7 = S us. Since the
spin contrast experiment in Figure 2(b) compares the
polarized spin configuration with a fully mixed state, the
observed SNR is approximately half of what would be expected
for a full spin inversion. For comparison, the optimized spin-
readout SNR for a diamond NV-center with similar photon
count rate is only ~0.03.”" The spin contrast’s persistence over
an order of magnitude longer than in the NV-center,
contributes to a 4/10-times-increase in SNR.

The quantitative model presented in this work will directly
facilitate the use of single spins in h-BN for quantum

SNR =
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technologies. The inferred spin polarization of ~97% and spin-
readout SNR of ~0.15 are superior to the performance of well-
established room-temperature spin qubits, including NV
centers. More sophisticated initialization and readout protocols
could offer further improvements.30 The spin relaxation time,
T, = 100 us, is comparable to the spin lifetimes of NV centers
in nanodiamonds. The effective spin lifetime of ~30 us offers
opportunities for relaxometry imaging and chemical sensing.
The spinless ground state configuration can be beneficial to
protect the coherence of nuclear spin states.”’ The relatively
short dephasing time, TF = 6.3 + 0.1 ns, likely reflects
substantial hyperfine coupling to nearby nuclear spins. Hence,
with the design of optimized microwave antennas to drive
faster spin rotations, it will be possible to use dynamical
decoupling protocols to substantially extend the electron-spin
coherence time, and to address the states of coupled nuclear
spins.

The chemical structure of h-BN’s visible emitters remains a
mystery. Conclusive identification is needed to enable the
further optimization of materials, devices, and quantum control
protocols. The detailed empirical understanding of their
energy-level structure and dynamics developed through this
work will inform and constrain future theoretical models. More
generally, the framework followed in this letter can be used to
characterize and control the optical and spin dynamics of
single spins in any solid-state host material.
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