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Investigating spectral dynamics and spin signatures
of a mechanically isolated quantum emitter in ZBN

Sajedeh Shahbazi * Alexander Pachl , Kathrin Schwer®, Patrick Maier®, and Alexander Kubanek t

Institute for Quantum Optics, Ulm University, D-89081 Ulm, Germany

® (Received 17 April 2026; revised 6 July 2026; accepted 24 August 2026; published 18 September 2026)

Mechanically isolated defect centers in hexagonal boron nitride are promising coherent quantum
emitters, yet spectral instabilities persist, and their spin-related nature remains unclear. Here we investigate
a single mechanically isolated quantum emitter in 21BN integrated onto a coplanar waveguide. The emitter
exhibits exceptionally bright photoluminescence excitation signals with saturation count rates exceeding
10 Mc/s. High-resolution spectroscopy reveals two closely spaced zero-phonon-line transitions origi-
nating from the same defect complex. Time-resolved spectroscopy shows that these transitions exhibit
markedly different spectral diffusion dynamics, consistent with distinct donor-acceptor-pair-like recom-
bination pathways with different sensitivities to local electrostatic fluctuations. Off-resonant blue
illumination redistributes emission between the two transitions and increases the emission duty cycle
without significantly modifying the dominant spectral diffusion rates at low temperature, indicating
repumping from long-lived shelving states. Magnetic-field-dependent photoluminescence, optically
detected magnetic resonance, and pump-probe measurements reveal millisecond-scale relaxation
dynamics and magnetic-field-dependent fluorescence contrast, demonstrating spin-dependent population
dynamics in the metastable shelving state. These results clarify how charge-driven spectral fluctuations

and spin-dependent shelving jointly shape the optical cycling dynamics.

DOI: 10.1103/m3gt-9g4v

I. INTRODUCTION

Defect centers in hexagonal boron nitride (#BN) have
emerged as bright and spectrally narrow solid-state quan-
tum emitters compatible with van der Waals material
platforms [1-3]. A variety of defect families have been
reported in 21BN, showing a wide range of characteristics
and applications. Among these, mechanically isolated
quantum emitters are attractive due to their narrow optical
linewidths, which can persist up to room temperature [4].
Their reduced coupling to low-energy in-plane phonons
makes them promising candidates for coherent optical
control. Indeed, resonant optical driving and Rabi oscil-
lations have been demonstrated at cryogenic temperatures
up to 20 K [5]. Despite these encouraging results, key
questions remain regarding the microscopic origin of these
emitters, the mechanisms underlying their spectral insta-
bilities, and the existence of optically accessible spin
states.
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Several defect families have been proposed in #BN and
demonstrated to host optically addressable spin states [6-9].
The coexistence of bright, coherent optical transitions and
microwave-addressable spin degrees of freedom raises the
prospect of spin-photon interfaces; nevertheless, spectral
instability remains a central challenge for coherent optical
control.

Emitters frequently exhibit spectral diffusion, discrete
spectral jumps, and fluorescence intermittency (blinking) on
timescales ranging from nanoseconds to seconds [3,10,11].
Spectral diffusion refers to stochastic temporal fluctuations
of the optical transition energy, typically caused by changes
in the local electrostatic, dielectric, or strain environment.
Depending on the microscopic origin and the relevant
observation timescale, these fluctuations may appear as
continuous spectral wandering or as abrupt switching
between distinct emission energies. Blinking and long-lived
shelving states further interrupt optical cycling and reduce
the emission duty cycle. These effects are commonly
attributed to charge trapping and detrapping, local elec-
tric-field fluctuations, and coupling to nearby defects [12—
14]. Such instabilities broaden the optical linewidth, reduce
photon indistinguishability, and complicate resonant coher-
ent driving, requiring that the optical Rabi frequency exceed
the characteristic spectral diffusion rate.

Recent studies interpret several ABN emitters within a
donor-acceptor-pair (DAP) framework, in which radiative
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recombination occurs between spatially separated donor
and acceptor states [15,16]. In such a picture, the emission
energy depends sensitively on the donor-acceptor separa-
tion and the local electrostatic environment, making DAP
transitions naturally susceptible to spectral diffusion [14].
Various recombination pathways within a single defect
complex can therefore lead to multiple zero-phonon lines
(ZPLs) with different sensitivities to environmental charge
fluctuations [17]. However, whether such pathway-depen-
dent recombination channels exhibit distinct spectral
dynamics and how they relate to long-lived shelving
processes remains largely unexplored.

Spin-based measurements introduce complementary
constraints. Optically detected magnetic resonance
(ODMR) and pulsed pump-probe protocols rely on
spin-selective optical cycling and population transfer into
metastable configurations. The efficiency of spin initial-
ization and readout depends not only on the spin
Hamiltonian but also on branching ratios between bright
and dark states, which can vary with excitation conditions
and magnetic-field orientation [18]. A unified understand-
ing of spectral diffusion, blinking, and spin-dependent
shelving is therefore essential for optimizing both optical
coherence and spin control.

In this work, we investigate a mechanically isolated
single emitter in ABN that exhibits high brightness under
resonant excitation. Within the donor-acceptor pair (DAP)
framework, we examine its spectral stability. High-reso-
lution spectroscopy reveals two closely spaced ZPL
transitions originating from the same emitter that exhibit
distinct spectral diffusion dynamics, suggesting separate
recombination pathways with different sensitivities to
local electrostatic fluctuations. We further investigate
the emitter’s spin dynamics using magnetic-field-depen-
dent photoluminescence, ODMR, and time-resolved
pump-probe measurements. These measurements reveal
long-lived relaxation dynamics on the millisecond time-
scale and excitation-dependent population pathways.

II. METHODS

A. Sample preparation and setup

The hBN samples were prepared by dissolving com-
mercially available microsized hBN powder (2D
Semiconductors) in ethanol and spin-coating the solution
onto a tapered coplanar waveguide. After deposition, the
sample was annealed under vacuum at 800°C for 1 h. The
sample was cooled from 800°C to room temperature over a
period of 2 h.

The coplanar waveguide was fabricated on a sapphire
substrate using standard optical lithography and lift-off
processes. It consists of a 200-nm-thick gold layer depos-
ited on a 20 nm titanium adhesion layer. The width of the
center conductor and the gap spacing were chosen as 47
and 20 pm, respectively, to achieve an impedance of 50 Q

and minimize microwave reflections. The AZBN emitter
studied in this work is located on the signal line in
proximity to the edge of the gap where the microwave
electric field is strongest.

The sample was then mounted on a custom copper cold
finger and placed in a vacuum-sealed flow cryostat
(CryoVac) that can be cooled with liquid nitrogen or
liquid helium. A high-NA (NA = 0.9) objective was
mounted inside the cryostat, enabling efficient excitation
and emission of the ABN defect with a confocal setup. For
acquiring PL spectra, an off-resonant 532 nm laser was
used to excite the emitter, and the emission was collected
by the spectrometer after filtering the excitation laser with
a 550 nm long-pass filter. For PLE measurements, a
tunable dye laser was used to excite the emitter resonantly
and the signal from the phonon sideband was collected
after filtering the ZPL signal with a tunable long-pass
filter. The optical power from both off-resonant and
resonant lasers was stabilized using a home-built PID
controller feedback loop connected to an acousto-optic
modulator, resulting in relative power fluctuations below
1% over the investigated power range. Photon detection
was performed using avalanche photodiodes (SPCM-
AQRH-14-FC, Excelitas), which exhibit a photon detec-
tion efficiency exceeding 70% at a wavelength of 650 nm.

Magneto-photoluminescence measurements were per-
formed using a horseshoe permanent magnet mounted on a
motorized rotation stage positioned in close proximity to
the sample. The magnet was aligned such that the magnetic
field was predominantly in the plane of the sample surface.
Based on magnetostatic simulations and considering the
uncertainty in the emitter position over the lateral scale of
the sample, we estimate a possible deviation of the field
direction from the sample plane of approximately +12°. To
estimate the magnetic-field amplitude, we additionally
placed NV nanocrystals on the coplanar waveguide and
measured their ODMR response in the presence of the
applied magnetic field. Combining these ODMR measure-
ments with magnetostatic simulations and an estimated
magnet-sample separation of 6 + 1 mm, we estimate the
magnetic field at the emitter location to be approxi-
mately 40 + 10 mT.

III. ULTRA BRIGHT MECHANICALLY ISOLATED
EMITTER

Figure 1(a) shows the photoluminescence (PL) spec-
trum of the emitter measured at 77 K, exhibiting a ZPL at
585 nm with linearly polarized emission, as shown in
Fig. 1(b). A weaker emission line is also observed at
579 nm with a different polarization dipole, indicating that
this feature originates from a neighboring emitter located
close to the investigated emitter and is therefore not
associated with the defect studied in this work. The PL
spectrum further shows the presence of an energy gap
between the ZPL and the first acoustic phonon mode, with
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FIG. 1.

Photophysical characterization of a single emitter in ABN. (a) Photoluminescence spectrum of the emitter recorded at 77 K

(purple). The inset shows an enlargement of the ZPL region, highlighting the spectral gap between the ZPL and the first acoustic
phonon sideband of 2 £ 0.5 THz. The dashed lines mark the centers of Gaussian fits (dark red) to both peaks, from which the gap is
extracted. The two phonon sidebands marked by red lines at 631.6 and 645.0 nm are characteristic signatures of mechanically isolated
hBN emitters. The gray-shaded region shows the PL spectra of the emitter at room temperature. (b) Polarization-resolved
photoluminescence for both excitation (purple) and emission (orange) under off-resonant excitation, detected through a narrow
band-pass filter centered on the ZPL. (c) Photoluminescence excitation scan across the ZPL using a tunable resonant laser. The data are
fitted with a Gaussian (dashed line), yielding an inhomogeneous linewidth of 44 + 3 GHz. (d) Saturation behavior (purple) extracted
from time-resolved fluorescence traces acquired at different resonant excitation powers after subtraction of the linearly increasing
background contribution (orange). (¢) AFM scan of the emitter located on the gold-coated region of the coplanar waveguide.

a value of 2+ 0.5 THz [inset of Fig. 1(a)]. This gap
suggests a reduced coupling between the electronic orbital
states and low-energy phonon modes. The presence of
two optical phonon sidebands at 631.6 and 645.0 nm,
corresponding to the phonon energies of 157 and
197 meV, respectively, is consistent with previously
reported mechanically isolated emitters in hexagonal
boron nitride [2,19,20].

Figure 1(c) shows a photoluminescence excitation
(PLE) scan of the ZPL using a tunable resonant laser.
The emission peak exhibits spectral diffusion; conse-
quently, temporal fluctuations in its spectral position result
in spectral line broadening. The distribution of peak
positions extracted from multiple scans follows a
Gaussian profile with a full width at half maximum of
44 £+ 3 GHz, corresponding to the inhomogeneous line-
width. After performing the PLE measurements, resonant
saturation measurements were carried out by setting the
laser wavelength at the center of the inhomogeneous
linewidth. Time traces of the emitted fluorescence were
then recorded using a single-photon counter module.

The bin size for the recorded time traces was chosen
based on the spectral diffusion timescale of the emitter,
which is discussed in detail in the following section. By
recording time traces at different resonant laser powers, the
emitter’s saturation behavior was extracted. An example of
a recorded time trace is shown in Appendix A, Figs. 6(a)
and 6(b). For each excitation power, the emitter was
classified as being in the ON state whenever the detected
count rate exceeded the threshold indicated in Fig. 6(b).
The saturation curve was then constructed from the
average photon count rate of multiple ON-state intervals.
The measured count rate as a function of excitation
power was fitted using the standard saturation model,

P

I(P)=1, ——,
P+Psat

1)

where I(P) is the detected fluorescence count rate at
excitation power P, I is the saturation count rate, and
P, is the saturation power [Fig. 1(d)]. From the fit, we
obtain a saturation power of Py, = 7.6 £ 1.5 pW and a
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saturation count rate of I, = 12.5+ 1.5Mc/s. A weak
background contribution exhibiting an approximately linear
dependence on the excitation power was observed and
excluded from the analysis prior to fitting. Consequently,
the saturation model was applied only to the emitter
fluorescence after background subtraction. The high satu-
ration count rate can be analyzed considering the detection
efficiency of the setup, the Debye-Waller factor, and the
quantum efficiency of the emitter. For a microscope
objective with a numerical aperture of 0.9, the collection
efficiency for an in-plane electric dipole in a homogeneous
medium is approximately 33%. This value represents a
lower bound, since it is calculated assuming an air interface.
In the present experiment, the emitter is located on a gold
substrate, where the angular emission pattern can be
significantly modified. Figure 1(e) shows the AFM image
of the emitter located within a micrometer-scale cluster of
hBN flake. Depending on the emitter-surface separation,
interference with the reflected field and modifications of the
local density of optical states, including plasmon-mediated
effects, can preferentially redirect emission toward the air
side. This redirection can increase the fraction of photons
collected by the objective and lead to more directional
emission [21]. Taking into account the objective collection
efficiency, the transmission of the detection path, and the
detector quantum efficiency, the overall detection efficiency
of the setup is estimated to be approximately 10%, without
considering possible modifications due to the gold substrate.

From second-order autocorrelation measurements, an
excited-state lifetime of 7 = 1.26 £0.11 ns is extracted,
corresponding to a Fourier-transform-limited linewidth of
1/(277) = 126 £+ 11 MHz. The corresponding maximum
decay rate, 'y, = 1/27, is (397 £35) x 10° s='. The
Debye-Waller factor of the emitter is estimated to be
approximately 20%. To determine this value, the ZPL
contribution was obtained from the integrated area of a
Gaussian fit to the ZPL peak in Fig. 1(a). The phonon-
sideband contribution was independently determined
by resonantly exciting the emitter and detecting its
phonon-sideband emission, thereby strongly suppressing
the broadband background contribution. Since the off-
resonant and resonant spectra were acquired under differ-
ent excitation conditions, the resonant excitation was
rescaled to the off-resonant PL spectrum by matching
the amplitude of the optical phonon sideband, such that the
PSB maxima in the two spectra overlap. Taking into
account the measured saturation count rate under resonant
excitation, the detection efficiency and the phonon side-
band fraction, the lower limit for the quantum efficiency of
this emitter is estimated to be 33 £ 9%. Direct measure-
ments of the quantum efficiency of single-photon emitters
in ABN have reported values ranging from 40% up to a
record value of 87% for emitters with zero-phonon lines
near 580 nm [22,23], placing the value obtained here well
within the range reported in the literature.

IV. ZPL SPECTRAL STRUCTURE AND
DYNAMICS OF DAP-LIKE PATHWAYS

A high-resolution PL spectrum reveals two closely spaced
ZPL lines separated by approximately A4 = 0.12 nm. The
intensity of the weaker line is approximately one-third of the
dominant peak. This observation raises the question of
whether the two lines originate from the same emitter or
from two distinct emitters.

Off-resonant, second-order autocorrelation measure-
ments, taking both ZPLs into account, yield ¢(¥(0) =
0.443, indicating primarily single-photon emission from a
single emitter [Fig. 2(d)]. However, since the second ZPL
line is weaker than the dominant peak, its contribution
to the measured autocorrelation function is reduced, and
this measurement alone cannot conclusively rule out the
presence of two closely spaced emitters.

To further investigate the origin of the two ZPL lines,
time-resolved PL spectroscopy was performed. Figure 2(a)
shows a sequence of PL spectra recorded under off-
resonant green excitation at 532 nm. Each spectrum was
acquired with an integration time of 1 s over a total
duration of 250 s. The intensities of the two ZPL peaks
fluctuate with time. Of note, these fluctuations are strongly
anticorrelated: when the intensity of the dominant peak
decreases, the intensity of the weaker peak increases.

Further insight is obtained by introducing an additional
off-resonant blue laser at a wavelength of 405 nm, as
shown in Fig. 2(b). As blue laser power increases, the
intensity of the dominant ZPL peak decreases, while that
of the weaker peak increases. This redistribution of
intensity again exhibits a clear anticorrelation, with the
total integrated ZPL intensity remaining constant. These
observations indicate that the blue excitation modifies the
population branching between two emissive states of the
same emitter rather than activating a second independent
emitter.

Additional confirmation is provided by resonant exci-
tation measurements. The phonon sideband spectra
obtained by resonantly exciting each of the two ZPL
peaks overlap and are identical to the sideband observed
under off-resonant excitation, as shown in Fig. 2(c). The
identical phonon sideband profiles indicate that both ZPL
transitions couple to the same type of phonon modes.

The observed anticorrelated intensity fluctuations
between the two closely spaced ZPLs, together with the
conservation of their total integrated intensity and identical
phonon sideband spectra, indicate that the two lines
correspond to competing radiative channels of a single
defect complex. This behavior is consistent with recent
studies that attribute spectral jump and line switching in
hBN to the dynamical selection of nonlocal donor-
acceptor-pair (DAP)-like recombination pathways involv-
ing electronic states derived from nitrogen z* orbitals
[17,24]. The introduction of off-resonant blue illumination
further modifies the relative intensities of the two ZPL
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FIG. 2. Correlations between two closely spaced ZPL transitions from a single emitter. (a) Time-resolved photoluminescence spectra
under off-resonant green excitation, showing discrete spectral switching between two closely spaced ZPL transitions, with ZPL,
(purple) as the dominant peak and ZPL, (green) as the weaker emission line. (b) Photoluminescence spectra illustrating the effect of
additional off-resonant blue illumination, which redistributes the emission intensity between the two ZPL peaks. The corresponding
ZPL intensities on the right panel were extracted from Gaussian fits to the two individual ZPL peaks, with the orange curve indicating
the sum of the two fitted Gaussians. (c) Phonon sideband spectra obtained under resonant excitation of each ZPL transition (purple and
green), showing identical sideband profiles that also coincide with the phonon sideband observed under off-resonant excitation (orange
spectrum). The spectra are vertically offset by + 1 for clarity. (d) Second-order autocorrelation function measured under off-resonant

green excitation, showing g (0) = 0.443.

transitions while conserving their total emission, indicat-
ing that the blue laser perturbs the local charge configu-
ration and alters the branching ratio between these
competing recombination pathways.

V. POWER-DEPENDENT SPECTRAL DYNAMICS
UNDER RESONANT EXCITATION AT 77 AND 8§ K

Spectral diffusion is a major limitation for emitters in
hBN, as it can hinder coherent optical control. In this
section, we investigate the spectral diffusion dynamics of
the two closely spaced ZPL transitions under resonant
excitation as a function of excitation power, at two
different temperatures, and in the presence of additional
off-resonant laser excitation.

Spectral diffusion measurements were performed by
tuning the resonant laser to the center of the inhomo-
geneous ZPL linewidth and recording the fluctuations of
the time-resolved fluorescence traces. The emitter was
classified in the ON state when the detected count rate
exceeded a threshold of 36, where ¢ denotes the standard
deviation of the background count rate; all lower count
rates were assigned to the OFF state. An example time
trace together with the applied threshold is shown in
Appendix A, Figs. 6(a) and 6(b).

A. Spectral diffusion of the dominant ZPL transition

Figure 3 summarizes the spectral diffusion dynamics of
the dominant ZPL transition under resonant excitation at

77 and 8 K. For each resonant excitation power, indepen-
dent time traces were recorded and analyzed to extract the
durations of ON and OFF intervals. The resulting distri-
butions follow approximately exponential decays,
allowing characteristic time constants to be obtained from
linear fits to semilogarithmic histograms. The off-rate,
which quantifies how rapidly the emitter switches to the
off state, is given by the inverse of the average ON time.

At 77 K, the off-rate increases monotonically with the
resonant excitation power [Fig. 3(a)], indicating that
resonant driving accelerates the spectral diffusion dynam-
ics. When an off-resonant blue laser is introduced
[Fig. 3(b)], the off-rate increases by approximately a factor
of 2 across the explored power range and the scaling
becomes sublinear. Although the average ON time is
reduced under additional blue illumination, the probability
of finding the emitter in the ON state, i.e., the fraction of
time the emitter is active, increases from below 1% to
nearly 20% for certain excitation powers [Fig. 3(c)]. This
behavior indicates that blue illumination modifies the
switching kinetics by activating additional charge-related
processes in the local environment, while biasing the
system toward the resonant configuration.

Upon cooling to 8 K [Fig. 3(d)], the spectral diffusion
rates decrease only moderately. For example, at a resonant
power of 20 pW, the off-rate decreases from approxi-
mately 85 kHz at 77 K to approximately 63 kHz at 8 K,
indicating weak temperature dependence of the dominant
noise source mechanism. At this temperature, the addition
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FIG. 3. Spectral dynamics of the dominant ZPL transition.
(a),(b) Power dependence of the off-rate (purple) of the dominant
ZPL transition measured at 77 K under resonant excitation only
(a) and with the addition of a 5 pW blue laser (b). (c) Corre-
sponding power dependence of the on-state probability at 77 K,
comparing resonant excitation with (green) and without (orange)
blue illumination. (d),(e) Power dependence of the off-rate of the
dominant ZPL transition measured at 8 K under resonant
excitation only (d) and with additional blue illumination (e).
(f) Corresponding power dependence of the on-state probability
at 8 K.

of blue illumination has little effect on the extracted off-
rate, and the power dependence becomes approximately
linear [Fig. 3(e)], demonstrating that thermally activated
charge dynamics are largely frozen out. Nevertheless, blue
illumination still increases the ON-state probability
[Fig. 3(f)], consistent with repumping from a long-lived
shelving state—potentially involving a spin-related
configuration—into the radiative manifold. We also per-
formed saturation measurements with the blue laser
switched on, for which the extracted saturation count rate
remained within the error bars of the value obtained
without blue illumination. This is consistent with the
interpretation that the blue laser primarily increases the
duty cycle and ON-state probability, rather than the
fluorescence count rate during the ON state.

B. Spectral diffusion of the nondominant ZPL
transition

An analogous analysis was performed for the non-
dominant ZPL transition, as shown in Fig. 4. At 77 K,
this transition exhibits substantially stronger spectral
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FIG. 4. Spectral dynamics of the nondominant ZPL transition.
(a),(b) Power-dependent switching rates of the nondominant ZPL
transition at 77 K, showing the off-rate (purple) under resonant
excitation only (a) and in the presence of additional off-resonant
blue illumination (b). (c) On-state probability as a function of
resonant excitation power at 77 K, comparing measurements
with (green) and without (orange) blue illumination.
(d),(e) Power dependence of the off-rates of the nondominant
ZPL transition at 8 K under purely resonant excitation (d) and
with added blue illumination (e). (f) Corresponding power
dependence of on-state probability at 8§ K.

diffusion than the dominant peak, with off-rates approx-
imately three times larger over the explored excitation
powers. In contrast to the dominant transition, the intro-
duction of blue illumination has only a minor effect on the
extracted switching rates, indicating that the diffusion
mechanism for this transition is largely insensitive to
photo-induced charge reconfiguration.

A pronounced temperature dependence is observed for
the nondominant transition. Upon cooling from 77 to 8 K,
the off-rate is reduced by approximately a factor of 5,
demonstrating that the dominant diffusion mechanism is
strongly thermally activated. Despite this strong temper-
ature dependence, blue illumination does not significantly
alter the spectral diffusion rates at either temperature,
while consistently increasing the ON-state probability.
This indicates that off-resonant excitation primarily affects
population dynamics, such as repumping from long-lived
shelving states, rather than the fluctuator responsible for
spectral diffusion.

The off-rate of the nondominant transition exhibits a
nonlinear power dependence under blue illumination at
77 K, suggesting that multiple thermally activated
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dynamical processes contribute to the switching behavior
in this regime. At 8 K, the power dependence becomes
approximately linear, consistent with the suppression of
thermally assisted charge- or configurational-pathway
processes.

C. Distinct spectral dynamics arising from separate
DAP-like recombination pathways

The contrasting spectral diffusion behavior of the
dominant and nondominant ZPL transitions provides
insight into the microscopic origin of the emission dynam-
ics. Despite originating from the same defect complex, the
two transitions exhibit different sensitivities to temperature
and off-resonant excitation. The dominant transition dis-
plays relatively weak spectral diffusion with modest
temperature dependence, whereas the nondominant tran-
sition exhibits larger diffusion, which is strongly sup-
pressed at low temperature, indicating coupling to a
thermally activated fluctuator.

These observations suggest that the two optical tran-
sitions correspond to distinct radiative channels that differ
in their effective charge distribution and electrostatic
sensitivity. Although both channels experience the same
local lattice and vibrational environment, differences in
their electronic configuration lead to distinct coupling
strengths to environmental fluctuations. The response to
blue illumination further supports this interpretation,
revealing that population dynamics and spectral diffusion
can be tuned independently.

VI. MAGNETIC-FIELD-DEPENDENT SPIN
PHOTODYNAMICS AND RELAXATION

To investigate the presence of a spin-dependent optical
response, magneto-photoluminescence measurements
were performed. The PL signal was spectrally filtered
with a band-pass filter transmitting wavelengths between
583 and 595 nm to isolate the ZPL emission. Under oft-
resonant green excitation, the magnet was rotated within
the sample plane while recording the integrated ZPL
photon counts as a function of magnetic-field orientation.

Figure 5(a) shows the ZPL-integrated PL intensity as a
function of magnetic-field angle. A sinusoidal modulation
of the emission intensity is observed, with a minimum near
50° and a maximum near 140°. Such angular dependence is
consistent with magnetic-field-induced modification of
spin populations through anisotropic spin mixing, as
previously reported for ABN quantum emitters [6]. The
observed modulation indicates that the emitter’s optical
cycling efficiency is influenced by the orientation of the
external magnetic field, suggesting the presence of a spin-
dependent relaxation pathway.

To directly probe microwave-addressable spin transi-
tions, ODMR measurements were performed at 77 K in
the presence of the external magnetic field. A resonance
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FIG. 5. Magnetic-field-dependent photoluminescence and spin
relaxation of the emitter. (a) Integrated zero-phonon line photo-
luminescence intensity as a function of magnetic-field angle
under off-resonant excitation. A sinusoidal modulation is ob-
served, with a minimum near 50° and a maximum near 140°
indicating magnetic-field-dependent spin mixing. (b) ODMR
spectrum measured at 77 K in the presence of an external mag-
netic field, showing a resonance at (1.87 £0.10) GHz with a
contrast of (2.65 4 0.20)%. (c) Pump-probe recovery measure-
ments under off-resonant excitation at 77 K. Orange circles
correspond to a magnetic-field orientation of 50°, purple circles
to 140°, and green circles to zero magnetic field. Dashed lines are
single-exponential fits used to extract the relaxation time 7.
(d) Pump-probe recovery measurements under resonant excita-
tion. Purple circles denote measurements in the presence of the
magnetic field, and green circles denote measurements without
the magnetic field. Dashed lines are single-exponential fits. The
magnetic-field dependence of both the recovery time and fluore-
scence contrast indicates spin-dependent relaxation dynamics.

was observed at (1.87 +0.10) GHz with a contrast of
(2.65 £ 0.20)% [Fig. 5(b)]. The ODMR spectrum was
recorded for both 140° and 50° magnet orientations;
however, no significant variation in contrast or linewidth
was observed between the two angles within experimental
uncertainty.

An ODMR resonance near 1.87 GHz has been reported
for carbon-related spin defects in BN exhibiting similar
PL spectra [8,25]. The measured full width at half
maximum (FWHM) of the resonance in our experiment
was approximately 200 MHz. This linewidth is substan-
tially broader than intrinsic values reported for isolated
single defects under optimized conditions and may origi-
nate from unresolved hyperfine structure or the overlap of
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two nearby spin transitions [7,26,27]. At an applied field of
approximately 40 mT, misalignment between the static
field, microwave driving field, and defect quantization axis
can further contribute to inhomogeneous broadening [28].

The ODMR signal was reproduced multiple times
within the same cooling cycle and was spatially localized
to the emitter position in the confocal scan. However, the
resonance was not reproducible after a subsequent thermal
cycle. Simultaneous measurements of the ZPL position
revealed spectral shifts between 584.7 and 585.5 nm
[Fig. 7(c)] across different cooldowns. This corresponds
to an energy shift of approximately 3 meV, within the range
previously reported for ABN defects and attributed to strain-
induced modifications of the local crystal field as well as
electrostatic fluctuations giving rise to Stark shifts and
spectral diffusion [3,10,29]. In ZBN defects, variations in
the local crystal field (e.g., due to strain or electrostatic
changes) can modify orbital level splittings and state
mixing, thus may renormalize effective spin-Hamiltonian
parameters and alter spin-dependent relaxation pathways
that govern optical spin polarization and readout [18,30].
This environmental sensitivity may explain the disappear-
ance of the ODMR signal after thermal cycling.

To further probe the underlying spin dynamics, pulsed
pump-probe recovery measurements were performed [see
Fig. 7(b) for the pulse sequence and corresponding time
trace]. In this protocol, an optical pulse initializes the
system, followed by a variable waiting time 7, after which
a readout pulse probes the recovered fluorescence. During
the readout pulse, the fluorescence decays exponentially as
optical excitation transfers the population to a darker, long-
lived state. The amplitude of this decay depends on 7, and
its recovery follows a single-exponential behavior from
which a characteristic relaxation time 7' is extracted. The
contrast refers to the relative difference between the early-
time and steady-state fluorescence within each readout
pulse. The extracted 7', therefore represents an optically
conditioned population recovery time that reflects spin
relaxation under the given initialization and readout
conditions.

Under off-resonant excitation at 77 K and in the presence
of the magnetic field, the recovery dynamics yield 7} =
(5.6 £0.8) ms for a magnet orientation of 50° with a
fluorescence contrast of approximately 18%, and T| =
(5.1 +1.3) ms for 140° with a contrast of approximately
16% [Fig. 5(c)]. When the magnetic field is removed, the
recovery becomes faster, with T'; = (1.2 +0.5) ms, and
the contrast reduces to approximately 11%. The slightly
higher contrast at 50° is consistent with the enhanced
initialization fidelity, supporting a reduced spin-mixing
rate for this field orientation. The larger transient contrast
observed at 50°, together with the reduced steady-state
photoluminescence intensity, indicates that this field ori-
entation enhances population transfer into the metastable
shelving state. In contrast, the higher PL and reduced

contrast at 140° suggest suppressed branching into the dark
configuration. These observations are consistent with
magnetic-field-controlled spin mixing that modulates the
coupling between bright and dark pathways [31].

The reduction of 7' in the absence of the magnetic field
indicates that the relaxation dynamics are sensitive to
Zeeman splitting. At a finite field, the degeneracy of spin
sublevels is lifted, and spin-mixing pathways are modified,
which can suppress relaxation channels driven by trans-
verse magnetic noise or cross-relaxation with nearby spin
impurities. Consistently, we also observe a reduced fluo-
rescence contrast at zero field (approximately 11% com-
pared with approximately 16%—18% with field). This
suggests that, in the absence of a magnetic field, the
optically prepared population imbalance partially relaxes
already during the waiting time z, leading to a smaller
transient signal during readout. Similar magnetic-field-
dependent longitudinal relaxation behavior has been
reported for negatively charged nitrogen vacancy center
(NV) in diamond, where cross-relaxation processes are
strongest near degeneracies and can be tuned by applying a
magnetic field [32].

Under resonant excitation, a longer recovery time of
T, =(9.9+1.3) ms with a contrast of approximately
28% is observed in the presence of the magnetic field
[Fig. 5(d)]. When the field is removed, the relaxation time
decreases to Ty = (7.2 +£2.1) ms and the fluorescence
contrast is strongly reduced to approximately 5.5%. Here,
both the relaxation time and the contrast are strongly field-
dependent under resonant excitation. This indicates that
resonant optical cycling is more spin-selective and there-
fore more sensitive to magnetic-field-induced modifica-
tions of spin mixing.

The higher fluorescence contrast observed under reso-
nant excitation in the presence of the magnetic field,
compared with off-resonant excitation, reflects enhanced
spin selectivity of the resonant optical transition. Resonant
excitation addresses a specific transition within the
excited-state manifold, strengthening spin-dependent
branching and optical pumping into particular spin sub-
levels. In contrast, off-resonant excitation can populate a
broader set of excited states and engage additional relax-
ation and charge-conversion pathways [33,34], which can
reduce the effective spin selectivity of the optical cycle. A
similar enhancement of spin readout contrast under res-
onant excitation compared with nonresonant excitation has
been reported for NV centers in diamond under cryogenic
conditions [35]. Additionally, a recent study on ABN
demonstrates that the dependence of ODMR contrast on
excitation wavelength arises from different coupling
strengths between optically excited states and optically
inactive metastable states, further underscoring the role of
excitation-selective spin dynamics [36].

Interestingly, at zero magnetic field, the fluorescence
contrast under off-resonant excitation exceeds that
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obtained under resonant excitation. This indicates that the
mechanisms generating the contrast differ between the two
excitation schemes. Under off-resonant excitation, the
contrast primarily reflects efficient optical pumping into
a long-lived metastable state during the readout pulse, a
process that is relatively insensitive to spin degeneracy. In
contrast, resonant excitation relies more strongly on spin-
selective optical cycling between well-defined sublevels;
enhanced spin mixing at zero field reduces this selectivity
and diminishes the differential fluorescence signal.

The transient decay observed during the readout pulse
evidences a long-lived metastable shelving state. Its
pronounced magnetic-field dependence in both recovery
time and fluorescence contrast indicates a spin-dependent
origin. These results establish a connection between spin-
dependent shelving and the emission dynamics discussed
above. The observed repumping behavior under weak blue
illumination is consistent with depopulation of such
shelving states, while the spectral diffusion remains
dominated by charge fluctuations. Together, this supports
a picture in which spin-dependent shelving governs
emission intermittency, whereas environmental charge
dynamics determine spectral stability.

VII. CONCLUSION

In summary, we investigated the spectral stability and
spin-dependent relaxation dynamics of a single, mechan-
ically isolated quantum emitter in hexagonal boron nitride
integrated on a coplanar waveguide.

The emitter exhibits a high resonant saturation count
rate of I, = 12.5 + 1.5 Mc/s, confirming its exceptional
optical brightness and suitability for quantum photonics
applications. Combined with a moderate Debye-Waller
factor and a nanosecond excited-state lifetime, this photon
flux places the defect among the brightest ABN emitters
reported to date. The measured spectral-diffusion rate
remains sufficiently slow to enable future coherent opti-
cal-control experiments. At an excitation power of 20 pW,
the dominant transition exhibits a spectral-diffusion rate of
approximately 80 kHz, corresponding to a characteristic
timescale of approximately 12.5 ps, much longer than the
optical lifetime. At detected count rates above 10Mc/s,
more than 100 photons can be collected within this time
window, providing favorable photon statistics for resolv-
ing resonant optical dynamics.

High-resolution resonant spectroscopy reveals two
closely spaced ZPL transitions originating from the same
defect complex. Within the DAP framework, these two
lines are interpreted as distinct recombination pathways
with different sensitivities to the local electrostatic envi-
ronment. Such a DAP-like character could also be advanta-
geous for future coupled-emitter devices, since the
associated electric dipole moment may allow emitters to
interact over larger distances and reduce the need for near-
atomic defect placement [37]. A detailed analysis of their

spectral dynamics shows that the dominant transition
exhibits comparatively weak temperature dependence
and moderate spectral diffusion, whereas the nondominant
transition is strongly influenced by thermally activated
fluctuations. We further show that weak off-resonant blue
illumination significantly increases the emission duty cycle
without proportionally enhancing spectral diffusion rates at
low temperature. This behavior indicates that the blue laser
primarily acts as a repumping mechanism, restoring pop-
ulation from long-lived shelving states into the radiative
manifold rather than modifying the charge environment
responsible for spectral wandering which provides a prac-
tical route to increase optical cyclicity and resonant photon
collection, thereby reducing the integration time required
for future coherent optical-driving measurements.

Magnetic-field-dependent photoluminescence, optically
detected magnetic resonance, and pulsed pump-probe
recovery measurements reveal millisecond-scale relaxation
dynamics and excitation-dependent spin selectivity. The
strong magnetic-field dependence of the relaxation time
and fluorescence contrast indicates that the metastable
shelving state involved in the optical cycle possesses a
spin character. The observation of a pump-probe contrast
reaching approximately 30% under resonant excitation is a
useful figure of merit, since optical contrast directly
influences spin-readout fidelity and magnetic-field sensi-
tivity in defect-based quantum sensors. The ZPL wave-
length of 585 nm, together with the observation of ODMR,
is qualitatively consistent with previous reports suggesting
that the emitter can be associated with carbon-related
defects [38,39]. In addition, theoretical studies of substitu-
tional carbon defects have shown that carbon-related DAP
defects can support optically active and paramagnetic states
with comparable PL spectra and ODMR signatures [9].
However, carbon-related #BN emitters do not exhibit a
single universal ODMR frequency or ZPL wavelength,
since different carbon configurations, charge states, local
environments, and spin-pair mechanisms can lead to differ-
ent spin states and zero-field-splitting parameters [40].
While these similarities support compatibility with a
carbon-related defect, they do not allow a unique micro-
scopic identification of the emitter studied here.

Our results clarify the interplay between pathway-
dependent recombination, environmental charge noise,
and spin-mediated population dynamics in ZBN quantum
emitters. The combination of high resonant photon flux,
controllable optical cyclicity, pronounced pump-probe
contrast, and spin-dependent relaxation pathways high-
lights the potential of such emitters for future two-dimen-
sional spin-photon interfaces, quantum-sensing platforms,
and quantum photonic devices.
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APPENDIX A: ON-STATE PROBABILITY
CALCULATION VIA PHOTON-EVENT
HISTOGRAM

To accurately monitor the spectral diffusion dynamics,
the bin size of the recorded count trace was chosen to be
shorter than the characteristic spectral diffusion timescale,
while remaining sufficiently long to ensure reliable detec-
tion of on-resonance events. This compromise was
achieved by selecting a binning interval that undersamples
background noise but still fully resolves all fluorescence
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FIG. 6. Time traces and photon-count statistics of the emitter.
(a) Resonant time trace of the dominant ZPL transition.
(b) Close-up of the resonant time trace from (a) with a reduced
bin size. (c) Probability distribution of detected photon numbers
(purple) with fit (red). (d) Bayesian information criterion for
different maximum photon numbers, with the best-fit parameter
marked.

events exceeding the threshold, as illustrated in Figs. 6(a)
and 6(b).

The detected on-resonance events were histogrammed
over time and normalized by the total number of events.
Each dataset was subsequently linearized and fitted with a
linear function to extract the average on-time, denoted as
T, From these fits, the off-diffusion rate y i = 1/7,,
characterizes the rate at which the emitter leaves reso-
nance, while the on-diffusion rate y,, describes the rate at
which the emitter returns to resonance.

To determine the most accurate on-resonance fraction of
the emitter, it is insufficient to simply count events above a
threshold, as shown in Fig. 6(b), since this approach
introduces bias through the threshold. Instead, the time
trace is analyzed via a photon-event histogram, as shown
in Fig. 6(c).

The histogram exhibits two overlapping distributions.
The larger and narrower distribution is attributed to the
background, while the broader distribution originates from
the spectrally diffusing emitter. Spectral diffusion leads to
a broadening of the estimated Poissonian photon-number
distribution of the emitter. The total distribution is mod-
eled as a weighted series of Poisson distributions Po,

imax /1/ 7}/}'/
p(A)e Po

PU) = (1= pPol) + . [ P Po)ar.

(A1)

Here, 1 — p. and p, denote the probabilities of detecting
photons originating from the background and the emitter,
respectively. The mean photon number of the background
is Ay, while the emitter’s mean photon number A’ varies due
to detuning induced by spectral diffusion. The detuning
distribution is described by the weighting function p(1'),
which represents the probability of observing the emitter
at a given detuning. The factor ¢~7* accounts for the
pumping dynamics occurring on the time scale of the time-
bin width. The normalization constant NV ensures that the
fraction is properly normalized. The upper integration
limit A,,,, corresponds to the mean photon number of the
emitter on resonance.

The model contains four free parameters, p., Ay, Amaxs
and y, and is therefore well suited to fitting despite the
presence of the integral. In practice, the integral is
discretized into a sum. The parameters p., 4,, and y are
fitted for different fixed values of 4,,,,. The optimal value
of Anax 18 determined by minimizing the Bayesian infor-
mation criterion, as shown in Figs. 6(c) and 6(d).

APPENDIX B: SAMPLE GEOMETRY,
MAGNETIC-FIELD-DEPENDENT PL SPECTRA,
AND PULSED SCHEME

To verify that the observed angular modulation of the
photoluminescence signal originates from the ZPL
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FIG. 7. Spin and spectral properties of the emitter. (a) Photo-

luminescence spectra at magnetic-field orientations of 50° and
140°. (b) Pump-probe fluorescence time trace under off-resonant
excitation (240 pW) with increasing delay z; from 700 ns to
42 ps. (c) Histogram of the ZPL center wavelength at 77 K over
multiple thermal cycles, fitted with a Gaussian distribution with a
20 value of 0.38 nm. (d) ODMR spectra measured at three
microwave powers showing reduced contrast with decreas-
ing power.

emission itself rather than from background or neighbor-
ing spectral features, full PL spectra were recorded for two
representative magnetic-field orientations corresponding
to the minimum (50°) and maximum (140°) of the
oscillation shown in Fig. 5(a). As shown in Fig. 7, the
ZPL intensity is clearly reduced at 50° compared with
140°, while a nearby reference emission line at 579.5 nm
remains unchanged for both magnetic-field orientations.
This confirms that the observed sinusoidal modulation
arises from the ZPL transition and is not due to variations
in background emission, collection efficiency, or optical
misalignment.

Figure 7(b) presents the pump-probe fluorescence time
trace under off-resonant excitation using 240 pW laser
pulses, where the delay z; between successive pulses is
increased from 700 ns up to 42 ps. The evolution of the
fluorescence recovery with increasing delay illustrates the
characteristic relaxation dynamics. From exponential fits
to the fluorescence decay during each laser pulse, spin-
pumping times of (27 +4) ps and (30 £2) ps were

o

FIG. 8. (a) Optical microscope image of the tapered coplanar
waveguide with spin coated ZBN solutuion used in this work.
The gold waveguide, fabricated on a sapphire substrate, is wire-
bonded to a PCB for microwave delivery. (b) Magnetostatic
simulation of the magnetic-field distribution generated by the
horseshoe permanent magnet near the sample position.

obtained in the presence and absence of the magnetic
field, respectively. Similar pump-probe measurements for
resonant excitation yield pumping times of (326 4 85) ps
and (740 4 170) ps with and without the magnetic field,
respectively. This magnetic-field dependence provides
further evidence for the involvement of spin-selective
processes and constitutes an additional indication of an
underlying spin degree of freedom associated with the
emitter.

Figure 7(d) shows the ODMR spectra measured at three
different microwave powers. The ODMR contrast
decreases from approximately 3%—1.5% as the microwave
power is reduced, consistent with a power-dependent
driving efficiency of the spin transition. Figure 8 shows
an optical microscope image of the coplanar waveguide
used for the ODMR measurements with the studied emitter
located on the signal line. The figure also includes a
magnetostatic simulation of the horseshoe permanent
magnet, illustrating the magnetic-field distribution near
the sample position.
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