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The negatively charged boron vacancy (V) center in hexagonal boron nitride (hBN) is currently garnering
considerable attention for the design of two-dimensional (2D) quantum sensing units. Such developments
require a precise understanding of the spin-dependent optical response of V centers, which still remains poorly
documented despite its key role for sensing applications. Here we investigate the spin-dependent photodynamics
of V; centers in hBN by a series of time-resolved photoluminescence (PL) measurements. We first introduce
a robust all-optical method to infer the spin-dependent lifetime of the excited states and the electron spin
polarization of Vj centers under optical pumping. Using these results, we then analyze PL time traces recorded at
different optical excitation powers with a seven-level model of the V; center and we extract all the rates involved
in the spin-dependent optical cycles, both under ambient conditions and at liquid helium temperature. These
findings are finally used to study the impact of a vector magnetic field on the optical response. More precisely,
we analyze PL quenching effects resulting from electron spin mixing induced by the magnetic field component
perpendicular to the V; quantization axis. All experimental results are well reproduced by the seven-level model,
illustrating its robustness to describe the spin-dependent photodynamics of Vj centers. This work provides
important insights into the properties of Vj centers in hBN, which are valuable for future developments of 2D

quantum sensing units.

DOI: 10.1103/PhysRevB.110.014104

I. INTRODUCTION

Since the early 2010s, quantum sensors based on optically
active spin defects in semiconductors have found a broad
variety of applications, in both basic and applied science,
due to their unprecedented combination of sensitivity, spatial
resolution, and ability to operate under a wide range of ex-
perimental conditions [1]. While the most prominent example
is undoubtedly the nitrogen-vacancy (NV) center in diamond
[2-6], the exploration of alternative spin defects and host ma-
terials remains an active field of research worldwide [7-11].
In this context, the negatively charged boron vacancy (Vy)
center in hexagonal boron nitride (hBN) is currently attracting
a growing interest for the development of quantum sensing
and imaging technologies on a two-dimensional material plat-
form [11,12]. This point defect, which can be readily created
by various irradiation methods [13-17], has a spin-triplet
ground level whose electron spin resonance frequencies can
be measured optically [12] and strongly depends on exter-
nal perturbations. Despite a very low quantum efficiency of
its optical transition, dense ensemble of V; centers in hBN
flakes can be employed as local sensors of static magnetic

“These authors contributed equally to this work.
fContact author: vincent.jacques @umontpellier.fr

2469-9950/2024/110(1)/014104(11)

014104-1

fields, strain, electric fields, temperature, and magnetic noise
[18-27]. Compared to other quantum sensing platforms, one
advantage of the hBN host material is its high flexibility for
device integration. In addition, V; centers can be embedded
in few-atomic-layer thick hBN flakes without impairing their
magneto-optical properties [28], opening appealing perspec-
tives for quantum sensing and imaging with atomic-scale
proximity to the sample being probed.

Despite rapid developments of hBN-based quantum sens-
ing units during the past few years [11], the spin-dependent
photodynamics of Vj centers remains poorly documented
[29-32]. In particular, the understanding of intersystem
crossing (ISC) transitions to metastable levels, which are
responsible for electronic spin polarization and readout, is
still incomplete. In this work, we study the spin-dependent
optical response of V, centers by a series of experiments
including measurements of (i) the spin-dependent lifetime of
the excited states, (ii) the electron spin polarization under
optical pumping, and (iii) spin-dependent photoluminescence
(PL) time traces. By analyzing experimental results with a
seven-level model of the V; centers, we extract all the rates
involved in the spin-dependent optical cycles, both under am-
bient conditions and at liquid helium temperature. We then
use these findings to analyze the impact of a vector magnetic
field on the optical properties of V; centers in hBN. Similarly
to the NV defect in diamond [33], we observe a reduced PL

©2024 American Physical Society
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FIG. 1. (a) Simplified energy-level structure of the V, center
in hBN. The notations used to label the ground (3A’2) and excited
(PE",3E) triplet levels refer to the irreducible representations of
Ds, symmetry [29]. All other notations are defined in the main
text. (b) PL spectrum of Vj centers recorded under green laser
illumination at room temperature. Inset: Typical PL raster scan of
an irradiated hBN flake recorded with a green laser power of 4 mW.
(c) PL signal as function of the laser intensity. The solid line is a fit
with a saturation function, yielding a saturation power of the optical
transition P; = 89(3) mW.

intensity when the magnetic field component perpendicular to
the V; quantization axis increases. These results, which are
well reproduced by the seven-level model without any fitting
parameter, might find applications for all-optical magnetic
imaging with V; centers.

II. METHODS
A. Energy-level structure of the V5 center

The energy-level diagram used to model the spin-
dependent optical response of the V; center is sketched in
Fig. 1(a). The ground level is a spin triplet 3A’2 with an axial
zero-field splitting D, ~ 3.47 GHz between a singlet state
with spin projection m; = 0 and a doublet m; = +1 [12],
which are labeled |0g) and |£1g), respectively. The notation
my refers to the electron spin projection along the quantization
axis of the Vj center, which corresponds to the ¢ axis of the
hBN crystal.

Under optical illumination with a green laser, the V center
can be promoted to a spin-triplet excited level >E’ through a
dipole-allowed transition [29,30] and then it relaxes rapidly
by internal conversion towards a lower-energy triplet level
SE” featuring an axial zero-field splitting D, ~ 2.1 GHz be-
tween the m; = 0 (|0,)) and my; = 1 (|£1,)) spin projections
[31,34-36]. Phonon-assisted relaxation from the E” excited
level to the *A) ground level leads to the emission of a
broadband PL signal in the near infrared with a rate &, [37].
Importantly, this emission is intrinsically weak because opti-
cal transitions between the *E” and *A), levels are forbidden
by symmetry. Theoretical studies estimated a radiative decay
rate in the range of k, ~ 10° s~! [29,30]. In the following, we
consider that the absorption and the phonon-assisted radiative
relaxation channels are purely spin conserving (Am; = 0)
with identical rates for all electron spin projections [Fig. 1(a)].

Another relaxation pathway from the *E” excited level
involves nonradiative intersystem crossing (ISC) to a mani-
fold of singlet levels [29,30], which is modeled by a single
metastable level labeled |m). These processes are spin depen-
dent, giving rise to (i) polarization of the V center in the
|0,) ground state by optical pumping and (ii) spin-dependent
PL emission that enables optical detection of magnetic res-
onances [12]. As depicted in Fig. 1(a), we denote by yy
(respectively, y;) the ISC rate from the excited state |0,)
(respectively, |+1,)) to the metastable level and by « (respec-
tively, «1) that from the metastable level to the ground state
|0g) (respectively, |£1,)).

Rate equations within the seven-level model sketched in
Fig. 1(a) are used to analyze the spin-dependent photodynam-
ics of Vi centers.

B. Experimental details

We investigate ensembles of V; centers created in few tens
of nanometers thick hBN flakes by nitrogen ion irradiation
at 30-keV energy with a dose of 10'* ions/cm?. The flakes
were obtained by mechanical exfoliation of an isotopically
purified h!'B'SN crystal produced through metal flux growth
methods [38].

The spin-dependent optical response of Vg centers is
first studied at room temperature using a scanning confo-
cal microscope equipped with a 0.42 numerical aperture
objective. Optical excitation at 532 nm is provided by a
continuous laser source combined with an acousto-optic mod-
ulator to produce microsecond-long laser pulses. The resulting
diffraction-limited laser spot on the sample surface is on the
order of ~1 me2. To measure the excited-state lifetime, we
add a pulsed laser source at the same wavelength with a pulse
duration of 60 ps. The PL signal produced by V centers
in the near infrared is detected by an avalanche photodiode
operating in the single photon counting regime. Time-resolved
PL measurements are obtained by recording photon detection
events on a time tagger with a bin width of 200 ps. All mea-
surements performed at room temperature are done at zero
external magnetic field. The same laser sources and detection
modules are also used to carry out experiments at liquid he-
lium temperature (T = 4 K) with a second scanning confocal
microscope, which employs a higher numerical aperture ob-
jective (NA = 0.82) and is equipped with a vectorial magnet.
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FIG. 2. (a) All-optical experimental sequence used to infer the spin-dependent lifetime of the excited states {7, 71} and the electron spin
polarization P of Vj centers at room temperature. The power of the 5-us-long laser pulse is 4 mW. (b) Time-resolved PL decay recorded
within the same experimental sequence for V centers prepared in polarized (blue) and thermal (red) spin distributions at room temperature.
The PL decays are not normalized and superimposed for clarity using a time offset. The solid lines are data fitting with a biexponential function
following the procedure described in the main text, leading to 7y = 1.26(3) ns, t; = 0.57(3) ns, and P = 80(2)%. (c) Spin-dependent lifetimes
and (d) electron spin polarization measured for 18 hBN flakes. The dashed lines indicate the average values of {7y, 71, P} and the shaded areas
illustrate the one standard deviation uncertainty of the statistical distribution. All measurements are performed at zero external magnetic field.

A typical PL raster scan of an irradiated hBN flake
recorded at room temperature is shown in the inset of
Fig. 1(b). It reveals a uniform PL signal featuring the char-
acteristic broadband emission spectrum of Vy centers. For
all the experiments reported in this work, the laser excita-
tion power is below the saturation of the optical transition
[Fig. 1(c)]. The longitudinal spin relaxation time of V cen-
ters is 77 ~ 13 ps at room temperature and reaches few
milliseconds at liquid helium temperature (see Appendix A).

III. RESULTS

A. Spin-dependent excited-state lifetimes and electron spin
polarization measurements

We start by introducing a simple all-optical method to infer
both the spin-dependent lifetime of the excited states and the
electron spin polarization of V; centers. The experimental
sequence is sketched in Fig. 2(a). A 5-us-long laser pulse is
first used to polarize the Vj centers in the ground state |0,)
by optical pumping. After a time delay §,, = 200 ns ensuring
that all populations of the metastable level have relaxed to the
ground level (see Sec. III B), we record the time-resolved PL
signal resulting from a 60-ps laser pulse excitation. Since §,,
is much shorter than the longitudinal spin relaxation time 77,
this measurement is used to analyze the PL decay for spin
polarized Vi centers. Within the same experimental sequence,
a second picosecond laser pulse is applied after a time delay
8; = 200 us, which is much longer than 7; at room tempera-
ture. In this case, the recorded PL decay is thus associated to
Vg centers prepared in a thermal spin distribution, i.e., with

equal initial populations in the three spin projections of the
ground level. Typical time-resolved PL signals recorded for
V5 centers in polarized and thermal spin distributions at room
temperature are shown in Fig. 2(b).

Owing to spin-dependent ISC to the metastable level, the
PL signal follows a biexponential decay of the form S(¢) o
ng,e”’! 7 4 nilye”/ ™, where ng, and n4, are the populations
promoted in the excited states |0,) and |£1,) by the laser
pulse excitation, while 7y and t; denote the corresponding
spin-dependent lifetimes. Assuming that optical excitation is
spin conserving with an identical oscillator strength for the
different spin projections, the PL decay can be expressed as

S(t) o ng,e™ ™ +nyy e, (D

where ng, and ny,, are the populations in the ground states
|0,) and |£1,) before optical excitation, which fulfill the re-
lation no, + nx1, = 1. The experimental data are fitted with
this biexponential function convolved with the independently
measured instrument response function.

We first fit the PL decay recorded for Vj centers prepared
in a thermal spin distribution [red curve in Fig. 2(b)]. In this
case, the ground-state spin populations are fixed to ng, = 1/3
and ny1, = 2/3, while 7y and 7 are used as fitting paraimeters.
We obtain 7 = 1.26(3) ns and 7; = 0.57(3) ns. These values
are then held fixed to fit the PL decay recorded for polarized
V5 centers using solely ng, as a free parameter [blue curve
in Fig. 2(b)], leading to ng, = 80(2)%, which corresponds
to the electron spin polarization P in state |0,). We note
that within the fitting uncertainty, the absolute maximum of
the biexponential decay is identical for the polarized and
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thermal spin distributions, supporting our assumption that the
oscillator strength of the optical transition is identical for
all electron spin projections. The same measurements were
carried out for V centers hosted in 18 different hBN flakes
[Figs. 2(c) and 2(d)]. A statistical analysis of the results leads
to o = 1.22(9) ns, 7y = 0.53(6) ns, and P = 75(7)%, where
the uncertainties correspond to one standard deviation of the
statistical distribution.

We now link these measurements to transition rates in the
seven-level model of the Vi center sketched in Fig. 1(a).
On the one hand, the spin-dependent lifetimes are simply
given by

0=+ and 1 =k +y)" (2)
On the other hand, it can be shown by rate equations that
the steady-state populations in the ground states {nf)g, "‘Lg}

after optical pumping with the 5-ps-long laser pulse fulfill the
relation (see Appendix B)

nf)s’ L_KO Xﬂ kr+)/o

ny =P 24y k+n

3

Considering that k, ~ 10° s~! [29,30], the radiative decay
rate can be safely neglected such that
Ko 2P

=77, and —=-"—. @
n=r and -~ =15 “

-1
Yo=Ty

B. Lifetime of the metastable level

These first measurements are then used to estimate the
lifetime of the metastable level at room temperature. To this
end, we record PL time traces produced by a 5-us-long laser
pulse with varying power for V centers prepared in polarized
and thermal spin distributions. The results are summarized in
Fig. 3. For polarized Vj centers, a sharp PL peak appears
at the beginning of the pulse when the laser power increases
[Fig. 3(a)]. This effect, which is commonly observed for other
optically active spin defects such as the NV center in diamond
[39,40], results from ISC to the metastable level. For V; cen-
ters prepared in a thermal state, the PL signal starts at a lower
value owing to spin-dependent emission and then increases
before reaching a steady-state corresponding to the PL signal
obtained for polarized Vj centers [Fig. 3(b)].

The full dataset is simultaneously fitted with the seven-
level model, while constraining the values of yy, y1, and ko /x|
by the measurements described in the previous section [see
Eq. (4)]. Optical absorption is described by a rate k,, =k2 XPp,
where Py is the laser power focused on a diffraction-limited
spot around 1 um?. The fit then uses only k° and the ISC
rate ko as free parameters. Note that the temporal profile of
the laser pulse was independently measured by detecting the
light reflected by the sample. This profile is integrated into the
fitting procedure to take into account the rising edge of the
laser pulse. Data fitting leads to k) = 1.0(4) x 10° s™'/mW
and ko = 41(8) x 10° s~!, where the uncertainties are eval-
uated by taking into account those on the parameters yy, yi,
and «o/k1. The value obtained for k¥ is in good agreement
with a recent report [28] and the lifetime of the metastable
level is given by 7,, = (ko + 2«;) ™', leading to 7,, = 18(3) ns,
which is much shorter than theoretical predictions [30]. This

(a) polarized (b) thermal

B

Normalized PL signal

0 0.1 0.2 0.3 0 0.4 0.8 1.2
Time (us) Time (us)

FIG. 3. Normalized PL time traces recorded at different laser
powers for V centers prepared in (a) polarized and (b) thermal spin
distributions at room temperature. The data are vertically shifted for
clarity and the solid lines are the results of a global fit of the dataset
using the seven-level model of the V; center.

very short metastable lifetime explains why the PL signal of
Vg centers can be detected despite the very low quantum
efficiency of the optical transition. Given the rising and falling
edges of the laser pulse, it was not possible to directly measure
the metastable-level lifetime through PL recovery methods
[39,40]. The transition rates of the seven-level model inferred
at room temperature are summarized in Table I.

Even though the fitting procedure reproduces fairly well
the full experimental dataset, the model slightly overestimates
the initial PL signal for V centers in a thermal state, with a
deviation being more pronounced at the highest laser powers
[Fig. 3(b)]. It has recently been suggested that the direct relax-
ation from the *E” excited level to the *A} ground level might

TABLE 1. Summary of the transitions rates in the seven-level
model of the V} center at room temperature and at 7 = 4 K. Atroom
temperature, the uncertainties of the rates result from the statistical
analysis of spin-dependent lifetime and spin polarization measure-
ments performed on 18 hBN flakes [Figs. 2(c) and 2(d)]. At low
temperature, these measurements are only performed for one hBN
flake, explaining why the relative uncertainties are smaller.

T =300K T =4K
Y 0.82(6) ns~! 0.22(1) ns~!
Y 1.8(2) ns~! 0.67(3) ns~!
Ko 41(8) pus™! 24(2) pus™!
K1 7(2) us~! 5(1) pus~!
T, 18(3) ns 30(3) ns
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involve an additional nonradiative component with a rate ky,
[32], which competes with ISC transitions to the metastable
level. To check this hypothesis, the fit was performed by
introducing a direct, nonradiative decay rate as an additional
free parameter. In this case kg, ko, and ky, are used as fitting
parameters of the seven-level model, all the other rates being
constrained by Egs. (2) and (3), in which k, is replaced by
knr. As shown in the Appendix C, we do not obtain a clear
improvement of the fit. It is thus not possible to discriminate
between the two models with this set of measurements. The
fit leads to a strong nonradiative decay rate k, = 8(1) x
10® s~! and an increased optical pumping rate k) = 10(2) x
10° s~! /mW. Although the ISC transitions rates and their ratio
are drastically modified when a direct nonradiative decay is
introduced in the model, we obtain a similar lifetime of the
metastable level (see Appendix C).

In what follows, we keep the simplest model of the Vg
center which does not introduce a direct nonradiative decay
from the excited level. The discrepancy between the fit and the
experiments for the thermal state at short timescale could be
caused by charge state conversion of V centers under strong
optical pumping.

C. Low temperature measurements

We now investigate how the transition rates of the seven-
level model evolve at liquid helium temperature (T = 4 K).
The spin-dependent lifetime of the excited states and the
electron spin polarization are first measured at 4 K using the
method introduced in Sec. IIT A. The experimental sequence
is identical to that shown in Fig. 2(a), except that the waiting
time before applying the second picosecond laser pulse used
to probe the PL decay of the thermal state is increased to
8; =20 ms because the longitudinal spin relaxation of Vj
centers reaches few milliseconds at 4 K (see Appendix A).
Time-resolved PL signals recorded for V centers in polarized
and thermal spin distributions at low temperature are shown
in Fig. 4(a). Data fitting with a biexponential decay following
the procedure described in Sec. IIT A leads to typ = 4.46(7) ns,
71 = 1.50(5) ns, and P = 71(1)%. The lifetime of the excited
states increases by almost a factor of three. This increase,
which has also been reported by others [36,41], indicates a
significant variation of nonradiative ISC rates with tempera-
ture, whose detailed analysis is going beyond the scope of the
present work. However, we note that the ratio 7, /79 = yo/1,
which is directly linked to the spin-dependent PL contrast,
is almost identical to that obtained at room temperature. In
addition, the electron spin polarization does not significantly
vary at 4 K, suggesting that the ratio of ISC rates «o/k; is
not drastically modified [see Eq. (4)]. A statistical analysis
over a large number of hBN flakes was not performed at
low temperature because the 20-ms waiting time required to
measure the PL decay of V centers in a thermal state leads
to very long data acquisition times.

The lifetime of the metastable level is then estimated by
analyzing PL time traces recorded at different laser powers
for spin polarized Vi centers. As shown in Fig. 4(b), a PL
peak is once again detected at the beginning of the pulse when
the laser power increases. Fitting the full dataset with the
seven-level model leads to kg = 24(2) x 10° s~!, such that

@ (b) Py, [mW)]

25

1000 ns

ns 20

> 0 o NmO

w

100

counts
normalized PL signal

5 0o N®O

w

0 polarized
O thermal

0 5 10 15 20 25 0.0 0.1 0.2 0.3
time (ns) time (us)

FIG. 4. (a) Time-resolved PL decay recorded for Vj centers
prepared in polarized (blue) and thermal (red) spin distributions at
liquid helium temperature using the experimental sequence sketched
in Fig. 2(a) with §, = 20 ms. The solid lines are data fitting with a bi-
exponential function following the procedure described in Sec. III A,
from which we extract 7y, 71, and P. (b) Normalized PL time traces
recorded at different laser powers for V centers prepared in a polar-
ized spin distribution. The data are vertically shifted for clarity and
the solid lines are the results of a global fit of the dataset using the
seven-level model of the Vj center, in which the values of the rates
Y0, V1, and ko /K, are constrained by Eq. (4).

T, = 30(3) ns at 4 K. The lifetime of the metastable level
is therefore also slightly increased at low temperature. On
the other hand, we obtain a decreased optical pumping rate
under green laser illumination, kg =4.43) x 10° s~ /mW,
despite a smaller focused laser spot owing to the larger NA
of the microscope objective. This observation is assigned to
a modification of the phonon-assisted absorption efficiency of
the 3A’2 — 3E’ optical transition at T = 4 K [see Fig. 1(a)],
whose maximum has been measured around 470 nm at room
temperature [13].

A summary of all the transitions rates of the seven-level
model measured under ambient conditions and at liquid he-
lium temperature is given in Table I. We note that these values
might slightly change with the density of Vj centers, the
quality of the hBN crystal and the method used to create Vg
centers.

D. Magnetic-field-dependent optical properties

We finally investigate how the optical properties of Vj
centers evolve with an external magnetic field. All the mea-
surements described below are carried out at liquid helium
temperature, with superconducting coils providing a vector
magnetic field B. The spin Hamiltonian of the V center in
the ground (ﬁg) and excited (H,) triplet levels is expressed as

~

Hye) = Dy)S? + yB - §, &)
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Magnetic field B, (T)

FIG. 5. PL intensity of Vj centers as a function of a magnetic
field applied along the z axis at cryogenic temperature. The inset
shows a zoom on the magnetic field range 0-200 mT. Anticross-
ings of the spin states in the ground and excited levels occur at
B, ~ 129 mT and B, ~ 78 mT, respectively, while cross-relaxation
between the Vj center and surrounding § = 1/2 paramagnetic im-
purities occurs at B, ~ 65 mT.

where Dy is the axial zero-field splitting in the ground or
excited level, y =28 GHz/T is the electron gyromagnetic
ratio, and z corresponds to the ¢ axis of the hBN crystal. At
cryogenic temperature, the axial zero-field splitting param-
eters increase to D, ~ 3.63 GHz and D, ~ 2.2 GHz owing
to variations of the hBN lattice parameters with temperature
[18,19,35,36]. Note that the transverse zero-field splitting is
not included in the spin Hamiltonian because it has no impact
on the results.

We start by recording the PL intensity as a function of
a magnetic field up to 3.5 T applied along the z axis. As
shown in Fig. 5, two dips of the PL signal are detected
around Bg ~ D,/y ~ 129 mT and B, ~ D./y ~ 78 mT,
which correspond to anticrossings between the spin states
[Og(e)) and |—1g,y) in the ground and excited levels, re-
spectively [31,34-36]. Such anticrossings are mediated by
the hyperfine coupling of the Vj, center with the three
neighboring "N nuclei [not included in Eq. (5)]. In a
simple picture, the hyperfine interaction can be viewed as an
effective classical magnetic field with a component perpen-
dicular to the z axis given by

i: A(t) A(z)

where A{) and A{}) denote the transverse components of the

hyperfine interaction tensor for each neighboring '>N nuclear
spin. Using ab initio calculations of the hyperfine tensor
[29], we estimate that B ~ 5 mT for Vj, centers hosted
in a hBN crystal isotopically purified with N [42,43]. At
the anticrossings, this effective magnetic field mixes the spin
states |Og¢)) and |—1g)), resulting in a reduced PL signal
owing to spin-dependent ISC to the metastable level. The
PL dip at the excited-level anticrossing exhibits a shoulder at
By ~ Dg/2y ~ 65 mT (Fig. 5), which corresponds to cross-

hf
BJ_

-bl_

relaxation between Vjy centers and surrounding S =1/2
paramagnetic impurities [31,44]. Besides these well-identified
PL dips, there are no additional features for magnetic fields
up to 3.5 T. We can thus conclude that within this field range,
there is no evidence of anticrossings between different orbitals
of the excited level, as it is for example the case for NV
defects in diamond [45]. More generally, this experiment in-
dicates that no additional spin-triplet level with D < 100 GHz
is involved in the spin-dependent photodynamics, thus sup-
porting the simple seven-level model of the V; center used in
this work.

The PL intensity is then measured as a function of the
magnetic field while varying its angle 6 with respect to the
z axis. The experimental results are summarized in Fig. 6(a).
When the tilt angle 6 increases by few degrees, the transverse
component of the external magnetic field B, = B|sin6)]| is
added to the effective hyperfine field, leading to a broad-
ening of the PL dips around level anticrossings. For larger
angles (0 > 15°), the transverse magnetic field component
B, becomes strong enough to effectively mix the electron
spin states in the ground and excited levels, even at low
field. In this case, the PL signal decreases steadily with the
magnetic field before reaching a plateau corresponding to a
maximal PL drop of ~50% for which the electron spin states
are fully mixed. Such a PL quenching is directly correlated
with an overall reduction of the excited-level lifetime (see
Appendix D) [33].

These experimental results are finally compared to a
simulation of the magnetic-field-dependent PL response of
V5 centers. For each magnetic field, the three eigenstates
of the spin Hamiltonian in the ground and excited triplet
levels are expressed as linear combinations of the zero-
field eigenstates {|Og)), [4+1ge)), |—1ge))}. We then use rate
equations within the seven-level model of the Vj center
to calculate the PL signal, following the procedure in-
troduced in Ref. [33] for NV centers in diamond. The
calculation is performed with the zero-field transition rates
measured in the previous section (see Table I) and Blj_f =
5 mT, which is assumed to be identical in the ground
and excited levels. As shown in Figs. 6(b) and 6(c), a
good agreement is obtained between the simulation and
the experiment, illustrating the robustness of the seven-
level model for describing the photodynamics of Vi centers
in hBN.

The magnetic-field-dependent PL quenching of V; centers
might find interesting applications for all-optical magnetic
imaging [33,46]. Quantitative measurements of static mag-
netic fields are commonly obtained by recording the Zeeman
shift of the V; center’s electron spin sublevels through opti-
cally detected magnetic resonance spectroscopy [23—25]. This
method, which requires to combine optical illumination with
a microwave excitation, becomes, however, challenging when
the magnetic field exhibits a strong component perpendicular
to the V quantization axis leading to mixing of the electron
spin sublevels. Such a situation will be inevitably reached
when nanometer-thick hBN sensing units will be placed, for
instance, on the surface of a ferromagnet where fields in
excess of several hundreds of mT are commonly produced. In
this case, the magnetic-field-dependent PL quenching of V;
centers could be exploited to qualitatively map regions of the
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FIG. 6. (a) PL intensity of V; centers as a function of a magnetic field applied with different angles 6 with respect to the z axis. The data
are normalized by the PL signal measured at zero field. (b) Magnetic-field-dependent PL intensity calculated through rate equations within the
seven-level model of the V center. For this calculation we use D, = 3.63 GHz, D, = 2.2 GHz, B*f = 5 mT, and the transition rates given in
Table I. (c) PL profiles for different angles 6 of the external magnetic field. The black markers show the data and the red solid lines are the

result of the calculation.

sample producing large stray fields, such as domain walls or
skyrmions [47], without the need for microwave excitation.
The spatial resolution would, however, remain limited by
diffraction since only dense ensembles of V centers can be
used for magnetic imaging.

IV. CONCLUSION

To summarize, we have provided a complete picture of
the spin-dependent optical response of an ensemble of Vj
centers in hBN. By analyzing a series of time-resolved PL
measurements with a simplified seven-level model of the Vi
center, we inferred all the rates involved in the spin-dependent
optical cycles both at room temperature and at 7 =4 K.
Our results indicate that the lifetime of the metastable level
responsible for electron spin polarization and readout is very
short (~20-30 ns), explaining why the PL signal of V cen-
ters can be detected despite the very low quantum efficiency
of its optical transition. The robustness of the seven-level
model was then tested by studying the impact of a vector
magnetic field on the optical response. We have shown that
electron spin mixing induced by the magnetic field com-
ponent perpendicular to the V; quantization axis leads to
a strong PL quenching, which is well reproduced by the
seven-level model without any fitting parameter. This work
provides important insights into the properties of V; centers
in hBN, which are valuable for developing quantum sens-
ing and imaging technologies on a two-dimensional material
platform.
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APPENDIX A: LONGITUDINAL SPIN
RELAXATION MEASUREMENTS

The longitudinal spin relaxation time (77) of Vi centers
was measured with the experimental sequence sketched in
Fig. 7. A 5-ps-long laser pulse is first used to polarize the

(a) laser polarize | <— T —> |readout
ref. signal
(b) 1.00
%o 9000 o
4 K
©
57 Ty =4.7(2) ms
w
1
o 0.96
e
19}
s 300 K
©
% Ty = 13.6(8) s
c
0.92 o ©
00 0 7 )
10° 10° 10* 10° 107

time delay (s)

FIG. 7. (a) Experimental sequence used to measure the longitudi-
nal spin relaxation time of Vj; centers. The spin-dependent PL signal
is integrated at the beginning of the 5-us-long readout pulse (500-ns
window) and normalized using a reference PL value obtained at the
end of the first laser pulse. (b) Spin relaxation curves recorded at
room temperature (black) and at 7 = 4 K (blue). The solid lines are
data fitting with an exponential decay.
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V5 centers in the ground state |O,) by optical pumping. After
relaxation in the dark during a variable time t, the remaining
population in |0,) is probed by integrating the spin-dependent
PL signal produced at the beginning of a second laser pulse.
The longitudinal spin relaxation time 7] is then inferred by fit-
ting the decay of the integrated PL signal with an exponential
function.

Typical spin relaxation curves of Vg centers recorded at
room temperature and at T =4 K are plotted in Fig. 4(a)
in semilog scale. We obtain 7} ~ 13.6(8) us at room tem-
perature, a value similar to that usually observed for Vj
centers in hBN, which is limited by spin-phonon interactions
[48,49]. At T =4 K, the spin relaxation time increases to
Ty ~4.7(2) ms.

APPENDIX B: RATE EQUATIONS
IN THE SEVEN-LEVEL MODEL

Using the seven-level model sketched in Fig. 1(a), the
steady-state populations of the V center in the excited states
{ny,, ni, } after optical pumping with a 5-us-long laser pulse
are given by

k
ny = P x ny. s (BD)
¢ kr+ Yo ¢
k
ny, = —kr ':Vl X n“ilg, (B2)

where {nf)g, njtlg} are the steady-state populations in the
ground states. For the measurements of the spin-dependent
lifetime of the excited states, the optical pumping power of
the laser pulse used to polarize the Vg centers is such that
k, < (v, y1). As aresult, ”Be = nj[le ~ 0.

On the other hand, the steady-state population in the
metastable level n}, fulfill the relations

s Vi kl’ s

P — L R (B3)
21k +y1)
k
= (B4)
ko(kr 4+ ¥0) ¢

Since k, < (ko, k1) in our measurements, the steady-state
population in the metastable level can also be neglected. As
a result, ny +nk, ~ 1 and the electron spin polarization is
simply given by P ~ nf)g.

Using Egs. (B3) and (B4), we obtain the relationship be-
tween P and the rates of the seven-level model [see Eq. (3) of
the main text]. We finally note that the longitudinal spin relax-
ation was not included in the model because it has no impact
on the spin polarization efficiency as long as the condition
k, > 1/T; is fulfilled.

APPENDIX C: DATA FITTING WITH A DIRECT
NONRADIATIVE DECAY RATE INCLUDED
IN THE SEVEN-LEVEL MODEL

The fit of the full dataset of power-dependent PL time
traces with a seven-level model including a direct nonradiative
decay rate k,, is shown in Fig. 8. We do not obtain a better
agreement with the experiments. The model still slightly over-
estimates the initial PL signal for V; centers in a thermal state
at the highest laser powers. The fit leads to k,, =8(1)x 108 s~!

(a) _F_yf)‘\arized (b)

thermal

Pr, [mW]
30 -

T

o

0.1 0.2 0.
Time (us)

w
o

0.4 0.8 1.2
Time (us)

FIG. 8. Identical dataset to the one showed in Fig. 3. The solid
lines are the results of a global fit of the data with a seven-level model
including a direct nonradiative decay rate k,.. We use kg, Ko, and ky,
as fitting parameters, all the other rates being constrained by Eqgs. (2)
and (3), in which &, is replaced by k.

and a pumping rate kg =10(2) x 10° s~!/mW. The ISC rates
become y=0.03(2) ns~!, y1=1.1(3) ns™', ko=9(2) pus~',
and «; = 20(10) pus~!, leading to a lifetime of the metastable
lifetime 7, = 20(10) ns.

APPENDIX D: MAGNETIC-FIELD-DEPENDENT
LIFETIME MEASUREMENTS

In this Appendix, we show that electron spin mixing
induced by the magnetic field component perpendicular
to the V5 quantization axis leads to an overall reduction
of the excited-level lifetime, which is directly correlated with
the quenching of the PL signal. To this end, measurements
of the PL decay under optical excitation with picosecond
laser pulses are carried out while changing the amplitude
and orientation of the external magnetic field. To simplify
data analysis, each PL decay is fitted with a single expo-
nential function, from which we infer the effective lifetime
T.ff Of the excited level. The experimental results are sum-
marized in Fig. 9(a), showing a perfect correlation with the
PL quenching map shown in Fig. 6. Field-induced electron
spin mixing increases the mean probability of nonradiative
ISC transitions to the metastable level, leading to an overall
reduction of both the PL signal and the effective lifetime of the
excited level.

PL decay curves were simulated with the seven-level
model, using the same parameters as those used to calculate
the magnetic-field-dependent PL response. The effective life-
time was then obtained by fitting these simulated PL decays
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FIG. 9. (a) Effective excited-level lifetime 7. of V; centers as a function of a magnetic field applied with different angles 6 with respect
to the z axis. (b) Effective lifetime inferred from a calculation using rate equations within the seven-level model of the V; center. As for the
calculation of PL quenching, we use D, = 3.63 GHz, D, = 2.2 GHz, and B'f = 5 mT and the transition rates given in Table I.

with an exponential function. As illustrated by Fig. 9(b),
we obtain once again a very good agreement between the

predictions of the seven-level model and the experimental
results.
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