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Magnetic Field Sensitivity Optimization of Negatively

Charged Boron Vacancy Defects in hBN.

Benjamin Whitefield, Milos Toth, Igor Aharonovich,* Jean-Philippe Tetienne,

and Mehran Kianinia

Optically active spin defects in hexagonal boron nitride (hBN) have recently
emerged as compelling quantum sensors hosted by a two dimensional (2D)
material. The photodynamics and sensitivity of spin defects are governed by

resolution and accuracy.'"**! Among them,
solid-state spin defects such as the nitrogen-
vacancy center in diamond offer optical con-
trol and readout, room temperature opera-

their level structure and associated transition rates. These are, however,
poorly understood for spin defects in hBN. Here, optical and microwave
pump-probe measurements are used to characterize the relaxation dynamics
of the negatively charged boron vacancy (Vg ~)—the most widely-studied spin
defect in hBN. A 5-level model is used to deduce transition rates that give rise
to spin-dependent V;~ photoluminescence, and the lifetime of the Vg~
intersystem crossing metastable state. The obtained rates are used to
simulate the magnetic field sensitivity of Vg~ defects and demonstrate high
resolution imaging of the magnetic field generated by a single magnetic
particle using optimal sensing parameters predicted by the model. The results
reveal the rates that underpin Vz~ photodynamics, which is important for
both a fundamental understanding of the V;~ as a spin-photon interface and
for achieving optimal sensitivity in quantum sensing applications.

1. Introduction

Quantum sensors have great potential for measuring a wide
range of physical and chemical properties with unprecedented
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tion, and remote sensing possibilities.[>”]
Recently, spin defects in hexagonal boron
nitride (hBN) have gained interest due to
the two dimensional (2D) layered nature of
the host crystal with benefits of precise con-
trol over the dimensionality of the quantum
sensor.®14l The negatively charged boron
vacancy (V™) defect has been used to de-
tect temperature, electric current in 2D
devices, strain and paramagnetic ions in
liquids.!">?*1 While these studies demon-
strate the sensing capabilities of V=, de-
tails of its spin-dependent photodynamics
are yet to be studied in detail—both funda-
mentally and to optimize V™ sensing per-
formance (e.g., by tuning excitation param-
eters).

The V= is a spin-1 system with triplet ground and ex-
cited states. The zero-field splitting of the ground state is
3.47 GHz with a transverse splitting of 50-100 MHz at room
temperature.”?>%’] In the excited state, the zero field splitting
is 2.1 GHz with a larger transverse splitting compared to the
ground state.[?8-1) Its photoluminescence (PL) intensity is spin-
dependent due to a non-radiative pathway (intersystem crossing)
through a metastable singlet state.[?83233] This gives rise to op-
tically detected magnetic resonance (ODMR) contrast when the
electron spin is manipulated by an external microwave field. De-
cay rates out of the excited state m, = 0 and m, = +1 sublevels have
been measured through fluorescence lifetime measurements to
be ~1 ns! and ~2 ns~!, respectively.?®] However, the photody-
namics of V™ are also influenced critically by the contribution
of the intersystem crossing to these decay rates, as well as by the
transition rates from the metastable state to the ground state spin
sublevels, which have not been measured to date.

In this work, we perform a photodynamics study of V;~ en-
sembles and employ a simple 5-level transition rate model to ex-
plain spin-dependent relaxation of the V™ system. In particular,
we use a combination of laser and microwave pulses to initial-
ize and manipulate the V;~ ground state electron spin state, and
measure the time-resolved V,;~ PL intensity. We model the photo-
dynamics using the 5-level model,**3¢! use it to deduce the V5~
intersystem crossing rates, and map the magnetic field sensitiv-
ity dependency on microwave and laser excitation conditions. We
conclude by measuring the magnetic field sensitivity of V™ at
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Figure 1. a) Simplified 5-level energy diagram of the Vg~ defect. The m; = +1 and mg = —1 spin states are combined into |2) and |4) for the ground and

excited state, respectively. Arrows indicate various transitions between sublevels with ky = k, + k,,, being the direct decay rate. b) PL saturation curve
of the Vg~ ensemble used in this investigation. A PL saturation power of 22.5 + 1.2 mW was deduced by fitting the data with [ = I X P [ (P + Pg).
Inset: PL spectrum of the ensemble excited by a 532 nm laser. c) ODMR spectrum of the ensemble with two resonances corresponding to transitions
from mg = 0 to mg = —1 and mg = +1. The ODMR was recorded in the presence of an 8 mT external magnetic field. See Supporting Information for
more details on ODMR measurements. d) Photoluminescence of the Vg~ ensemble versus delay time, normalized as signal/reference pulses which are

shown schematically in the inset. The data was fit with an exponential and the T, was found to be 9.5 + 2.8 ps.

various microwave and laser powers, and demonstrate high sen-
sitivity magnetic imaging of a single magnetic particle.

2. Results and Discussions

The radiative and non-radiative transitions within the V;~ energy
structure occur at different rates that result in ODMR contrast.
In the 5-level model, we combined the m; = +1 and m, = -1
spin states into a single spin state |2) for the electronic ground
state, and spin state |4) for the excited state, as is illustrated
in Figure la. This approximation is valid in the regime of low
magnetic fields (<10 mT).**) Off-resonant optical pumping by
a 532 nm laser (k,) excites electrons from the [1) and |2) states
to |3) and |4), respectively, in a spin-conserving manner. k; rep-
resents the direct decay rate from the excited to the ground
state. It consists of both radiative and non-radiative components
(kg = k, + k,,). The direct decay k, is considered to be spin-
conserving (i.e., non-spin conserving decays from |4) to |1) and
|3) to |2) are considered to be negligible). Non-radiative decay via
the intersystem crossing is assumed to proceed through a single
rate-limiting state |5), referred to as the metastable state, and the
associated intersystem crossing rates are ks, k,s, ks, and k. kypy
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denotes the rate of the spin flip transition |1) — |2) within the
ground state, induced by an external resonant microwave field.

To generate an ensemble of V= defects, an exfoliated hBN
flake was irradiated with H* ions. The flake was then transferred
onto a gold strip which acts as a microwave antenna for ODMR
measurements (see Supporting Information for more details). A
typical PL spectrum (related to the k, transition) from the V;~
centers excited by a 532 nm laser at room temperature is shown
in the inset of Figure 1b. The PL emission was measured versus
excitation power and fit with the equation I = I_x P/(P + P),
where [is PL intensity, [, is PL intensity at saturation, P is exci-
tation laser power, and P,,, is the laser power at saturation. The
emission saturates at 22.5 + 1.2 mW as is depicted in Figure 1b.
Here on, we use the relative laser power, S, defined as the ra-
tio of laser power to P, (i.e., S= P/ P,). Spin Rabi measure-
ments were also performed (Figure S1, Supporting Information)
and used to represent microwave power as Rabi frequency (Qg)
in radians per second, with a correspondence with the rate kyy
used in the 5-level model.

ODMR is achieved by cycling electrons from the |1) spin state
to |2) with a resonant microwave while monitoring the PL emis-
sion. Electrons excited from |2) to |4) are more likely to decay
via the intersystem crossing (i.e., k,s > k;5), which will result in
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a reduced PL intensity and create ODMR contrast. In Figure 1c,
a typical ODMR measurement is shown, where the external mi-
crowave was swept from 3 to 4 GHz and the difference in pho-
ton counts (ODMR contrast %) is plotted for each microwave fre-
quency. In this measurement, an external magnetic field of 8 mT
was applied to the sample which increases the gap between the
m, = +1 and —1 resonant frequencies through the Zeeman ef-
fect. The ODMR spectrum was acquired under continuous laser
and microwave excitation (CW-ODMR), and the data are fitwith a
double inverse Gaussian curve. See the Supporting Information
for further details on ODMR measurements and their analysis.
The spin-lattice relaxation time (T;) was measured, as is shown in
Figure 1d where the employed pulse sequence is shown as an in-
set. The time between pulses was increased and the PL intensity
from each pulse was normalized to the reference signal. The data
is fit with an exponential and the T relaxation time was found to
be 9.5 + 2.8 ps. In Figure 1d, as well as all future measurements
that investigate a single spin transition, the transition m, = —1
was selected for observation.

To build our understanding of optimal sensing parameters,
we begin by examining the internal transition rates within the
V;~ energy structure. To achieve this, we first employ the 5-level
model to globally fit a set of time-resolved PL traces when the
system is polarized to three different states, which allows us to
determine the previously unknown transition rates. We then use
the same model and the inferred transition rates to predict the
ODMR contrast at various laser and microwave powers, and com-
pare to independent experimental data to assist in validating the
model.

Figure 2a shows the three pulse sequences used to achieve
these polarization conditions. The first laser pulse initializes the
V;~ into m, = 0 state and the second pulse is used to record spin-
dependent photoluminescence. In the first case, a 50 us delay be-
tween the two pulses was used which is much longer than the
spin-lattice relaxation time (T;) of 9.5 + 2.8 ps. Hence, the PL is
from V™ in an unpolarized spin state, that is, the thermal mix-
ture of |1) and |2) shown in Figure 2b. To create the P, state,
where the electrons are primarily (in the ideal case) polarized in
|1), the delay time is reduced to 2 us which is much shorter than
T,. This delay is sufficiently long to allow complete relaxation of
the system to the ground state, that is, longer than the lifetime
of the metastable state, as will be justified later. The final pulse
sequence uses the same sequence as P,, except a microwave z-
pulse is applied just before the collection laser pulse in an at-
tempt to invert the populations of |1) and |2), creating the Py
case. As full population inversion was not achieved during the
experiment, a factor was implemented in the model to account
for the imperfect z-pulse.

For these measurements, the sample was under a fixed ex-
ternal magnetic field of 8 mT and the m, = —1 spin state was
used for Py (i.e., we employed an applied microwave frequency
of 3.27 GHz). Each of the three pulse sequences were executed ex-
perimentally, using four different relative laser powers (S) rang-
ing from 0.14 to 0.86. The entire set of PL time traces were then
globally fit using the 5-level model. The experimental (circles) and
calculated (solid line) results are shown in Figure 2c. The same
experiment was performed using reflected laser light to demon-
strate the shape of the laser pulse and can be viewed in Figure S2,
Supporting Information.
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The various transition rates in the model were either con-
strained to reported values or adjusted freely to get the best
fit to the experimental PL time trace data. The excited state
decay rates (1/T,p; and 1/T,,) have been previously mea-
sured to be 1/T;j5 = kg + k;; = 1.01 x 10° s and
1/T, 4y = kg + kg5 = 2.03 X 10° 577, respectively,”* and so those
were fixed in our model. The ratio of kg, to ks, has been reported
as Y3 for Vi~ defects!?®! but was initially left free in our model.
The radiative component of the direct decay rate, k,, has been
calculated theoretically to be k, = 9.1 x 10* s71,I37] but no theory
is available for the non-radiative component k., and so we left
the total direct rate k; = k, + k,, free in our model. To match the
optical excitation rate, we let k, =k, X S where k, was adjusted
freely in the model. Thus, when fitting the model to the experi-
mental data, ks;, ks,, kg, and k,, were used as free fit parameters,
while k¢ and k,s were set by the value of k, so as to retain the re-
ported excited state decay rates 1/T; 5, and 1/T ). An additional
free parameter corresponding to the partial population swap in-
duced by the microwave z-pulse in the third sequence was also
included. The population of the |1) state for the unpolarized case
was assumed to be 5 = 33%. When the best fit to the experi-
mental data was achieved, this population increased (as inferred
from the model) to 51% for the P, condition and then decreased
to 36% for the Py case, as is shown schematically in Figure 2b.

Overall, the 5-level model with the above assumptions and con-
straints is found to reproduce relatively well the key features seen
in the experimental PL traces, as shown in Figure 2c. Notably, af-
ter the initial sharp spikes seen in Figure 2c, there are dips in PL
intensity at ~#40 ns before the PL increases again to reach an equi-
librium. The experimental and modeled data are consistent in
this regard for both the unpolarized and Py cases. The effect can
be explained by considering two counteracting processes. The
first is rapid trapping of excited electrons in the relatively long-
lived metastable state, causing the PL decrease from the initial
spike. The second is polarization into the |1) state which causes
a (slower) increase in the PL intensity. In the P, case, the dip re-
mains visible in the experimental data while the model predicts a
suppression of this dip. This inconsistency between the modeled
and experimental data suggests that the amount of initial spin
polarization is overestimated by the model, possibly due to non-
spin conserving decay from excited to ground state, or that partial
spin depolarization occurs during the 2 ps delay (despite being
much shorter than the measured spin lifetime T;). However, we
were not able to reproduce this feature while preserving an over-
all good fit elsewhere by changing assumptions made within the
5-level model, suggesting that there may be an additional mech-
anism not captured by this simple model.

Table 1 summarizes the resultant transition rates in the 5-level
model. The values of ks, and ks, found to best fit the entire exper-
imental dataset are 1.3(1) x 107 s7! and 2.0(1) x 107 s7!, respec-
tively. The uncertainty values reflect the variations in the fit val-
ues observed when changing initial guesses and fit constraints,
indicating a relatively robust convergence of the fit. The obtained
ks, and ks, values are in the ratio ~ 3 (¥2 — % when account-
ing for uncertainty ranges), which is similar to the reported %5 in
that ks, is lower than ks, but not to the same extent. However, us-
ing the exact value of ¥5 produced an inadequate fit which can be
seen in Figure S3, Supporting Information. The metastable life-
time (T;s)) is equal to T; 5) = 1/(ks; + ks,) = 30(2) ns, which is
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Figure 2. a) Three pulse sequences used to excite the Vg~ from an unpolarized state to primarily |1) polarized (P,) and primarily |2) polarized (Pg)
states. Each laser pulse is 3 us long. In the third sequence, a microwave z-pulse of 15 ns is applied before the laser pulse to partly polarize the ground
state electrons into the mg = —1 spin state (i.e., |2) in our 5-level model). b) Schematic of the ground state electron populations created by the pulse
sequences in (a). The values are deduced from the model after fitting shown in (c). c) Time traces of PL intensity from each of the three polarization
states measured at four different laser saturation levels (circles). Only the first 500 ns of each laser pulse are shown. Solid lines are a global fit to the
data using the 5-level model.

Table 1. Transitions within the V3~ energy levels and the rates found to best fit experimental data. For the three excited state rates, ky was used as a
fit parameter while k;5 and k5 were set by the relations kg + kss = 1.01 x 10° s7! and kg + k5 = 2.03 x 10° s~'. The metastable rates were left as
completely free parameters to achieve the best fit to the experimental data. The uncertainty of each value (as shown in brackets) were produced through
changing initial guesses for fit values as well as limiting the fit to the first 300 ns to reduce the fitting weight on the PL after reaching equilibrium. A
suitable uncertainty range was then chosen to include all viable fit values.

Excited state rates Metastable state rates
kg ks kys ks ks
8.8(3) x 10 57! 1.3(3) x 108 57! 11.5(3) x 108 57! 1.3(1) x 107 57! 2.0(1) x 107 57!
Adv. Quantum Technol. 2023, 2300118 2300118 (4 of 8) © 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. ODMR contrast versus relative laser power (S) at three different Rabi frequencies (Qg): a) 158, b) 102, and c) 93 x 10° rads s, respectively.
Both experimental (circles) and simulated (lines) data are shown in the plots. In the model, the microwave driving is entered as a mixing rate kyy, with a
fixed ratio (adjusted to best fit the data) to the measured Qg. d) A plot of experimental and modeled ODMR contrast versus Rabi frequency at S=0.16.
e) The change in full width at half maximum (FWHM) of the ODMR measurements over a range of Rabi frequencies. Error bars have been included in
all plots, where they are not visible; the size of the marker represents the error.

much shorter than the speculative value proposed previously.*’]

We note that such a short metastable lifetime makes a direct
measurement of the lifetime through a PL recovery method
difficult.3* The relatively rapid attainment of a steady state of
~150 ns seen in the experimental PL data in Figure 2c supports
the shorter metastable lifetime obtained by our analysis. Mean-
while, the total direct decay rate was found to be k; = 8.8(3) x 108
s71. This differs greatly from the previously calculated value of
the radiative component of k, = 9.1 x 10* s71,137) indicating the
presence of a significant non-radiative decay directly (i.e., bypass-
ing the intersystem crossing) from the excited state to the ground
state (k,,). We note that fixing k; = k, = 9.1 x 10* s7! failed to
achieve a good match between the model and experiment (the
corresponding attempted fit is shown in Figure S3, Supporting
Information).

To further validate the model and the rates displayed in Table 1,
we measured the ODMR contrast at various laser and microwave
powers and compared the data to predictions made by the model
with no additional fit parameter. Due to imperfections in mi-
crowave application, such as antenna efficiency, Rabi frequency
cannot be directly converted into a rate for the model. As a result,
only an approximation of Rabi frequency is feasible which intro-
duces some inconsistencies when fitting to experimental data.
In Figure 3a—c, the ODMR contrast is plotted against relative
laser power (S) at three Rabi frequencies. There are three dif-
ferent trends as Rabi frequency increases. At high frequencies
(Figure 3a) ODMR contrast increases with S up to saturation.
At low frequencies (Figure 3c), the opposite trend is observed,

Adv. Quantum Technol. 2023, 2300118 2300118 (5 of 8)

and intermediate frequencies (Figure 3b) show the transition be-
tween these two behaviors (i.e., an increase followed by a decrease
in ODMR contrast versus S). This behavior can occur only when
the magnitude of k; is similar to that of k;5 and k,s. Using in-
stead the low theoretical value of ky = k, = 9.1 x 10* s7! yields
an increase in ODMR contrast with S at all Rabi frequencies (see
Figure S4, Supporting Information), which is inconsistent with
the data.

Figure 3d shows plots of experimental and simulated ODMR
contrast versus Qg at a laser power of S =0.16. The inconsistency
between experimental data and model seen in Figure 3d is at-
tributed to the aforementioned approximation of Rabi frequency
used in the model. The model again adequately reproduces the
experimental data using the rates listed in Table 1, which further
confirms the validity and predictive power of both the model and
the obtained transition rates.

Using the rates deduced by the 5-level model, we next studied
the dependence of laser and microwave power on magnetic field
sensitivity and simulated optimal parameters for sensing using
V;~ centers. The magnetic field sensitivity is calculated using the
following equation(?38]

m (T/VHz) = P - x CA\/V_R (1)

The electron gyromagnetic ratio (y,) is equal to 28 MHz mT~!
for V;~ and 9P; is a numerical parameter that is determined
by the spin resonance profile, 0.70 for a Gaussian.?2%®] R is the

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 4. a) Magnetic field sensitivity as a function of relative laser power (circles) and Rabi frequency (diamonds), measured using Qg = 93 x 10°
rads s~! and S = 0.16, respectively. The sensitivity simulated using the 5-level model is also shown on the plot (solid lines). The size of the marker
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by “o” and “A”, respectively. These give sensitivity values of 88 and 45 uT (

can be viewed in Figure S5, Supporting Information.

photon count and C is the ODMR contrast. The full width at half
maximum (FWHM) of the dips in ODMR spectra (Av) does not
change significantly in our sample across the microwave powers
used in this study (Figure 3e). Therefore, a fixed value of 260 MHz
is used in sensitivity calculations. For a more detailed discussion,
please refer to the Supporting Information.

To obtain the magnetic field sensitivity experimentally, ODMR
measurements were performed at various laser and microwaves
powers. First, the relative laser power was kept constant at
S'=0.16, while the microwave power was changed to increase the
Rabi frequency from 80 x 10° to 300 x 10° rads s~'. The result-
ing magnetic field sensitivity is plotted in Figure 4a (diamonds).
Next, the dependence of magnetic field sensitivity on relative
laser power was deduced at a fixed Rabi frequency of 93 x 10°
rads s7!. Tt is also plotted in Figure 4a (circles). In both cases, an
increase in laser excitation power or in Rabi frequency improves
the magnetic field sensitivity, which reached ~100 T (\/ Hz)™!
in our sample. Using the rates found using the 5-level model
(Table 1), we calculated the ODMR contrast and photon count
rates, and thus simulated the dependencies of sensitivity on rela-
tive laser power and Rabi frequency. As is shown by solid lines in
Figure 4a, the simulation results are in good agreement with the
measured sensitivity data in both cases. The 2D map in Figure 4b
shows the sensitivity calculated versus both laser power and Rabi
frequency. Dashed horizontal and vertical lines indicate the two

Adv. Quantum Technol. 2023, 2300118 2300118 (6 of 8)

images of a magnetic particle acquired using the parameters marked in (b)
v/Hz)~". An optical image of the magnetic particle on top of the hBN flake

conditions where the calculated sensitivity was compared to ex-
perimental data in Figure 4a. The map can be used to select op-
timal parameters for magnetic field sensing. Two sets of con-
ditions, indicated by “0” and “A” on the map, were selected to
image a magnetic particle on top of an hBN flake. These corre-
spond to a sensitivity of 88 and 45 T (y/Hz)™! at constant rel-
ative laser power of S = 0.45 and Rabi frequencies of 102 x 10°
and 257 X 10° rads s}, respectively. Figure 4c,d shows magnetic
field images obtained under these conditions. To construct these
images, ODMR spectra were integrated over 800 microwave fre-
quency sweeps at each pixel and the difference in frequency be-
tween the m, = 0 and m, = —1 sublevels was used to deduce the
magnetic field strength at each pixel. As predicted by the model, a
higher Rabi frequency resulted in better sensitivity and a clearer
magnetic field image.

3. Conclusions

In conclusion, we used a 5-level model and time-resolved PL
measurements to deduce spin-dependent transition rates in V=
defects. The intersystem crossing metastable state lifetime was
found to be ~30 ns, which is much shorter than predicted pre-
viously in the literature. The direct decay rate from excited to
ground state (potentially non-radiative) was also found to be
much larger than predicted, competing with the intersystem

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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crossing decay pathway. We leveraged these rates to understand
and optimize the magnetic sensitivity as a function of laser power
and Rabi frequency, and used this optimization to image the field
generated by a single magnetic microparticle. Our results are im-
portant for future work on quantum sensing and imaging using
spin defects in 2D materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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