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A single spin in hexagonal boron nitride for
vectorial quantum magnetometry

Carmem M. Gilardoni 1,2,8 , Simone Eizagirre Barker1,8, Catherine L. Curtin1,
Stephanie A. Fraser 1, Oliver. F. J. Powell 1,3, Dillon K. Lewis1, Xiaoxi Deng1,
Andrew J. Ramsay 3, Sonachand Adhikari4, Chi Li 5,6, Igor Aharonovich5,6,
Hark Hoe Tan 4, Mete Atatüre 1 & Hannah L. Stern 7

Quantum sensing based on solid-state spin defects provides a uniquely ver-
satile platform for nanoscale magnetometry under diverse environmental
conditions. Operation of most sensors used to-date is based on projective
measurement along a single axis combined with computational extrapolation.
Here, we show that an individually addressable carbon-related spin defect in
hexagonal boron nitride is a multi-axis nanoscale sensor with large dynamic
range. For this spin-1 system, we demonstrate how its spin-dependent pho-
todynamics give rise to three optically detected spin resonances that show up
to 90% contrast and are not quenched under off-axis magnetic field exceeding
100mT, enabling μT=Hz�1=2 sensitivity. Finally, we show how this system can
be used to unambiguously determine the three components of a target mag-
netic field via the use of two bias fields. Alongside these features, the room-
temperature operation and the nanometer-scale proximity enabled by the van
der Waals host material further consolidate this system as a promising quan-
tum sensing platform.

Spin defects in solids can be used as quantum sensors to study phe-
nomena across condensed matter, geological, and biological
systems1–3.When reduced to the single spin level, optically addressable
high-spin (S > 1/2) defects can provide quantitative field, temperature,
and pressure sensors with nanoscale spatial resolution, in a technique
described as nanoscale quantum sensing4. The rapid development of
quantum sensors has been driven largely by the nitrogen-vacancy (NV)
centre in diamond5–12, as well as defects in silicon carbide13–15. For DC
sensing, pioneering work with the NV centre has demonstrated map-
ping of static fields formed by spin order and current flow in
materials16–23, including in atomically thin semiconductors24,25. Much of

this work has provided key fundamental insight into the nature of
magnetisation in these materials26,27.

A challenge for nanoscale magnetometry is access to sensors that
can detect all three components of a magnetic field vector28,29. The
most established systems, the NV centre and superconducting quan-
tum interference device sensors, are single-axis sensors where com-
putational extrapolation is required to map the full vector field. This
can make retrieval of magnetisation information more susceptible to
noise and introduce error28–30. A second challenge that faces the NV
centre specifically is that sensor operation is limited to experimental
conditions where off-axis magnetic field does not exceed ~10mT17,31.
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This is because strong off-axis magnetic field can lead to spin mixing
that degrades the optical initialisation process of the NV centre17.
Increasing the target-defect distance is one way to reduce this sus-
ceptibility to transverse fields, however this limits the spatial resolu-
tion. A high-spin defect that can overcome the limitations of dynamic
range while providing full vectorial sensitivity and <10 nm spatial
resolution with operation over a broad temperature range would
dramatically increase the throughput and the scope of nanoscale
quantum sensing.

Spin defects in two-dimensional materials are a new platform for
nanoscale quantum sensing, where the atomic thickness and layered
nature of the host material may enable higher spatial resolution and
provide new opportunities for integration into hybrid devices32,33.
Hexagonal boron nitride (hBN) is emerging as a material that offers a
range of optically active spin defects with different attributes for
quantum sensing. Wide-field quantum microscopy with the S = 1 opti-
cally addressable boron vacancy (V�

B ) spin defect ensembles in hex-
agonal boron nitride (hBN) shows the versatility of the hBN host
material regarding integration with 2D heterostructures34–36. These
reports present mapping of magnetic domains, temperature, and
charge currents in layered ferromagnets, albeitwith diffraction-limited
spatial resolution due to the use of defect ensembles. More recent
reports have revealed a new class of defects with a S-1/2-like signature
that can be used for magnetic imaging37,38. These defects, although
present at the single-defect level, do not possess a strong quantisation
axis and therefore cannot provide information on the orientation of
the applied magnetic field.

In this article, we reveal that the S = 1 carbon-related spin defect in
hBN37,39 is an attractive system for nanoscale quantum sensing, dis-
playing vectorial sensing capability, broad magnetic field dynamic
range, competitive DC sensitivity, and potential for unprecedented
spatial resolution. We show that, due to its advantageous excited-state
dynamics, this spin defect displays multiple ground-state optically
detectedmagnetic resonances with contrast that can exceed 90% (see

Supplementary Note 1) and a signal that persists at arbitrarily orien-
tated magnetic field beyond 100mT. We combine photon-emission
correlation spectroscopy and pulsed ODMR experiments with micro-
scopicmodelling of the optical cycle to explain the kinetic origin of the
highODMR contrast and large dynamic range for this quantum sensor.
Finally, we show that full vectorial mapping of a target field is acces-
sible via dual-axis readout of multiple spin resonances for a single hBN
defect.

Results
An S= 1 system with dynamic range at high magnetic field
Figure 1 presents the carbon-related hBN spin defects investigated in
this work, represented schematically in Fig. 1a. This defect is grown
into wafer-scale multilayer (30-nm thick) hBN via metal-organic
vapour phase epitaxy (MOVPE) in the presence of triethylboron37,39–41.
This results in individually addressable, bright spin defects (satura-
tion count rates measured in the range 5–600 kcps, see Supple-
mentary Note 2) that are resolved via scanning confocal microscopy
with 532-nm illumination (see Fig. 1b). Figure 1c presents an example
photoluminescence (PL) spectrum measured at room temperature,
showing zero-phonon line emission at ~2.1 eV accompanied by lower
energy phonon side band typical of visible hBN defects37,41–44. Fig-
ure 1d presents the defect electronic structure, with spin-triplet
ground and optically excited states and a spin-singlet metastable
state39. Relaxation from the optically excited state to the ground-
state manifold can occur radiatively or non-radiatively through a
sequence of spin-dependent direct and reverse intersystem crossing
events that are responsible for optical spin initialisation. The ground-
state spin triplet gives rise to three possible paramagnetic transitions
between the three spin sublevels, labelled fA-C. We study the prop-
erties of the ground-state spin via ODMR. Our experimental setup
consists of a home-built confocal microscope equipped with a per-
manent magnet that can be moved in proximity and orientation with
respect to the device, enabling a magnetic field up to 140mT. A coil

Fig. 1 | ODMR persistence with applied magnetic field. a Schematic of the hBN
layers containing a spin defect with in-plane spin principal axis. 3D model of the
crystalline structure was generated using ref. 67. b Spatial photoluminescence (PL)
map of a hBN device containing individually addressable defect centres. c PL
spectrum of the carbon-related defect in hBN. d Schematic of the electronic level
structureof the defects, consisting of ground andoptically excited-statemanifolds,
and a metastable state. Relaxation from the optically excited-state to the ground-
statemanifold canoccur radiatively (solid orangearrow) or non-radiatively (dashed
grey arrows) through a sequence of direct and reverse intersystem crossing events.
The ground-state manifold is a spin-1 with non-degenerate spin sublevels at zero

magnetic field. Spin-resonance transitions between each of the three spin sublevels
are possible, giving rise to three spin-resonance signatures, labelled fA,B,C in
ascending energy. e cwODMR spectra measured at 0mT (top panel) and 51(1)mT
(bottom panel), showing three spin transitions between the spin sublevels of an
S = 1 system. Blue circles are measuredmean values, with grey error bars indicating
the standard error of themean. Shaded regions are fits to the data using a Gaussian
peakshape. The inset in the top panel presents the pulse sequence used for
detecting cwODMR,whereas the inset in the bottompanel presents thedirectionof
the magnetic field with respect to the defect’s symmetry axes.
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in the vicinity of the device delivers microwaves to the hBN
defect37,39.

Figure 1e (top panel) shows the room-temperature ODMR spec-
trum for an hBN defect at 0mT, where themicrowaves were applied in
the range 0.01–3GHz. The inset shows themeasurement sequence for
detecting the continuous wave (cw) ODMR contrast, defined as the
relative change in PL under 532-nm illumination induced by the pre-
sence of microwaves (C = (PLsig−PLref)/PLref). For this defect, we
observe two ODMR resonances, at 0.140(2) and 1.957(1) GHz, with
comparable saturated cwODMR contrast of 22(5)% and 30(2)%, (see
Supplementary Note 1 for zero-field contrast statistics for a range of
defects)39. We assign the ODMR resonances to the transitions of the
S = 1 system based on a Hamiltonian of the type,

H =HZF +HZE, ð1Þ

HZF =DS
2
z + EðS2x � S2yÞ, ð2Þ

HZE =
γe
2π

B � S, ð3Þ

whereHZF is the zero-field splitting term,HZE is theZeemanterm,D and
E are the zero-field splitting parameters that define the defect’s x, y, z
principal axes in units of Hz, S is the S = 1 operator with cartesian
components Sx,y,z, γe is the electron gyromagnetic ratio, and B is the
applied magnetic field. In the absence of applied magnetic field, we
only need to consider the HZF term with eigenenergies 0, D−E,
and D + E.

The magnitude of the transverse zero-field splitting ∣E∣, relative to
|D|, is a measure of the rhombicity, or low symmetry, of the spin
density of the system45. In systems where ∣E∣ is low compared to the
linewidth (i.e., for the NV centre in diamond and the V�

B defect in hBN),
overlapping resonances are observed at zero field, corresponding to
transitions between ∣ms =0

�
and the near-degenerate ∣ms = ± 1

�
, where

ms denotes the spin projection along the defect’s z axis46. In such
systems, the spin transitions give partial information about the vector
of the external magnetic field—while the projection of the field along
the z axis (polar dependence) can be determined, the azimuthal
direction cannot. In contrast, in the case of low-symmetry
S = 1 systems, where ∣E∣ ≠0, three transitions may arise between the
three spin sublevels at zero field indicated in Fig. 1c45,47–50. In this case,
the transverse zero-field splitting term EðS2x � S2yÞ hybridises ∣ms = ± 1

�
,

relaxing the selection rules for transitions between them48. The zero-
field spin eigenstates are then given by ∣Gz

�
= ∣ms =0

�
, ∣Gix =

ð∣ms = + 1
�� ∣ms = � 1

�Þ=
ffiffiffi
2

p
, and ∣Gy

E
= ð∣ms = + 1

�
+ ∣ms = � 1

�Þ=
ffiffiffi
2

p
.

We assign the zero-field resonances shown in Fig. 1e (top) to the
transition between ∣Gx

�
and ∣Gy

E
(fA), and ∣Gz

�
and ∣Gy

E
(fB), where

∣D∣ = 2.027GHz and ∣E∣ = 70MHz for this defect. Previous work on this
defect type has reported the presence of all three transitions, but fA
was outside of the studied measurement range at zero field39.

Figure 1e (bottom panel) presents the ODMR spectrum for the
same defect under 51-mT magnetic field applied in the plane of the
hBN layers. At this field, all three spin transitions are visible in the
spectrum, with C(fA) = 1.8(2)%, C(fB) = 12.9(5)%, and C(fC) = 2.7(3)%,
where C(fi) is the contrast of the i-th transition. We determine that the
field vector is at 51(1)° from the defect z axis, parallel to the yz plane,
from field-dependent measurements. This means that the defect’s y
and z axes are parallel to the plane of the hBN layers, and the x axis is
out of the plane. Despite the high off-axis appliedfield, weobserve that
the ODMR resonance is not quenched. This is in contrast to what is
seen for the NV centre, where a magnetic field ~10mT misaligned to
the defect’s quantisation axis quenches the ODMR resonances due to
degradation of the spin initialisation mechanism17,51.

Photodynamics of the carbon-related hBN spin
For optically active spin defects, the ODMR contrast is dependent on
the degree of spin initialisation arising from the optical cycle. To
understand the remarkably high ODMR contrast and its retention with
off-axis field for the hBN defects, we investigate the optical rates of the
system by setting up a series of rate equations describing the transfer
of population between the electronic states for the model shown in
Fig. 2a, in the absence of a magnetic field. Across the defects we study,
we observe the magnitude of the saturated zero-field ODMR contrast
across the three spin resonances typically follows: C(fA) =C(fB) >C(fC)
with defect-to-defect variation in overall magnitude39 (see Supple-
mentary Fig. 2). This observation is in line with an optical defect that
shows variable intersystem crossing (ISC) rates, consistent with the
variation we see in bunching timescales in second-order autocorrela-
tion (g(2)(t)) experiments37. The non-equal ODMR contrast of fB and fC
indicates strong spin selectivity of the ISC at zero-field, as is observed
for other low symmetry S = 1 systems47,48,52. In our kinetic model, we
hold kEx!S0

¼ kEz!S0
≠kEy!S0

and kS0!Gx
= kS0!Gz

≠kS0!Gy
in order to

restrict the number of fitting parameters, but note that some defects
are best described by kEx!S0

≠kEz!S0
≠kEy!S0

(kS0!Gx
≠kS0!Gz

≠kS0!Gy
).

We estimate the optical rates for a second single defect at zero
field via a global fit to the combined results of the second-order
autocorrelation (g(2)(t), Fig. 2b), spin initialisation and relaxation mea-
surements (Fig. 2c, d), with the cwODMR magnitude and optical
saturation parameters acting as experimental bounds. The pulsed
ODMR sequences are illustrated in the insets of the respective figures,
where the microwave pulses are π pulses calibrated via Rabi experi-
ments on resonance with fB (see Supplementary Note 3). Figure 2b
shows the background-corrected g(2)(t) measurement for this defect
(see Supplementary Note 4 for details on the background correction
procedure). The horizontal (time) axis is presented in linear scale
between −30 and 30 ns, where we can see the characteristic anti-
bunching dip at t = 0. For ∣t∣ >30ns, we present the time axis in log
scale. The hBNdefects show significant bunching behaviour, indicative
of the presence of a long-lived metastable state, which only subsides
after ~100μs. Similar trends have been reported for various types of
hBN emitters37,53–57.

In Fig. 2b–d the red curves are the result of a global fit of a S = 1
optical model to the experimental data, and the grey shaded region
reflects the confidence regions for the fits. Table 1 presents the cor-
responding rates extracted from thisfit (see SupplementaryNote 5, for
details onmodel, fitting procedure, and uncertainties). We note in our
analysis we also considered a model with spin-singlet ground and
optically excited states and spin-triplet metastable state, but this
model fails to capture the observed behaviour (see Supplementary
Note 6). For this defect, the global fit reveals comparable magnitudes
for the radiative (ΓE→G = 163MHz) and non-radiative (kE!S0

=P
i =x, y, zkEi!S0

= 200:8 MHz) decay rates from the optically excited
state, and strongly spin-selective direct and reverse intersystem
crossing (kEy!S0

=kE!S0
= 0.946 and kS0!Gy

=kS0!G = 0.994).
We repeat this procedure for five defects with the same zero-field

splitting resonance and find that, while the magnitude of the radiative
and intersystemcrossing rates arebroadly similar acrossdefects, there
is significant variation in the ratio of spin-dependent intersystem
crossing rates (kEy!S0

=kE!S0
= 0.49–0.95, kS0!Gy

=kS0!G = 0.82–0.99).
This provides an explanation for the defect-to-defect variation (from
<1% to 95%) in the magnitude of the saturated ODMR contrast39 (see
Supplementary Note 7 for extended data from which individual rates
are extracted). Figure 2e shows the interdependence of the cwODMR
contrast on the spin-selectivity of the direct (kE!S0

, vertical axis) and
reverse (kS0!G, horizontal axis) intersystem crossing rates. The 2D
map presents the simulated cwODMR contrast of fB, where the rates
indicated in the axes are varied while all remaining rates are kept
constant at the values presented in Tab.1. The colour represents the
amplitude of cwODMR contrast predicted by the model, with red
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(blue) regions indicating positive (negative) contrast. The black circles
show the experimental cwODMRcontrast for eachdefectwemeasured
(where the size represents the magnitude of cwODMR contrast, see
Supplementary Note 8 for the raw spectra), positioned on themap as a
function of the determined rates for each defect. The rates extracted
using the procedure outlined above for the hBN defects cluster in the
top right of the 2D plot, showing that these defects are characterised
by strong spin-selectivity in both direct and reverse intersystem
crossing processes. The strong spin-dependence of ISC means that
spinmixing requires a larger appliedmagnetic field in order to disrupt
the optical spin initialisation mechanism17, giving rise to a large
magnetic-field dynamic range for the hBN sensor.

To explore the optical response of the hBN defects to arbitrary
oriented applied magnetic field, we perform angular-dependent
ODMR (Fig. 3). Figure 3a, c show the dependence of cwODMR central
frequencies (top panel) and normalised cwODMR contrast of fA–fC
(bottom panels), on the orientation of 51-mT magnetic field in
the yz (a) and xy (c) planes, for the same defect that is presented in
Fig. 1, where the contrast is normalised by the zero-field cwODMR
contrast of fB (experimental data is shown by circles). Interestingly,

we see that applied field along the defect y axis (indicated by
90 degrees in Fig. 3a, c) preserves the zero-field contrast. Meanwhile,
the cwODMR contrast of fA (fB) is completely (partially) suppressed
as the magnetic field is rotated towards the z axis, while the
cwODMR contrast of fC increases (Fig. 3a). We note that the sharp dip
in contrast of fA and fB when the field is applied directly along
the y axis is reproducible, but we have not identified its origin.
Rotation of the applied field in the xy plane away from the y axis leads
to a slower suppression of the cwODMR contrast of both fA and fB,
with a correspondingly slower increase of the cwODMR contrast of
fC (Fig. 3c).

The experimental data in this figure (circles) is shown alongside
the results of the modelled cwODMR contrast (solid curves (Fig 3a, c)
and 2D colourmaps (in Fig 3b, d)) for this defect, determined from the
zero-field rates obtained in the analysis above, where we include the
effect of magnetic field by introducing the Zeeman term to the spin
Hamiltonian (HZE). We determine the magnetic-field-dependent inter-
system crossing rates from a statistical average of the zero-field rates,
such that kijðBÞ=

P
p, qjaipj2jajqj2k0

pq, similar to the approach taken by
Epstein et al. and Tetienne et al. for the NV centre in diamond17,58. Here,

Fig. 2 | Optical and spin dynamics of carbon-related hBN defects. aModel used
to fit the results of experiments in (b–d), including a spin-1 ground and optically
excited states and a singlet metastable state. Optical excitation and radiative
recombination processes are spin-conserving at zero magnetic field. b–d Blue
circles correspond to themean ofmeasured data, light blue error bars indicate one
standard deviation of the measured data, red curves correspond to a global fit of
the model to the experimental data, and the grey shaded region corresponds to
model predictions with <3× the minimum fit error. The insets present the pulse
protocols used in the measurements, with optical (green blocks) and microwave
drive (red blocks) pulses and readout time (grey block). b (top) Background-
corrected second-order autocorrelation (g(2)(t)). (bottom) Residuals of the fit of the

model to the data. c Spin-dependent optical initialisation. Blue circles are themean
value of the contrast measured for various delay times τr. d Modified spin-
relaxation experiment. The signal experiment probes the PL when we apply two
microwave π pulses, before and after a delay time τ between the two optical pulses.
The referenceexperiment probes the PLwhen a singlemicrowaveπpulse is applied
at the end of τ. e Simulated ODMR contrast as a function of the spin-selectivity of
the direct (kE!S0

) and reverse (kS0!G) intersystem crossing rates. The size of the
black circles represents cwODMR contrast of different defects, positioned
according to their relative rates extracted from fits to second-order autocorrela-
tion and pulsed ODMR experiments. The largest circle corresponds to a 30%
contrast.

Table 1 | Model parameters

Rate ΓG→E ΓE→G kEx!S0
kEy!S0

kEz!S0
kS0!Gx

kS0!Gy
kS0!Gz

γT1
Contrast

Unit kHz/μW MHz MHz MHz MHz kHz kHz kHz kHz %

0:920:980:17 163243
79 5:4125

1 190376
127 5:4125

1 21E50 6751E6
146 21E50 3:27:62:8

12

Summary of key parameters obtained from fitting the model of Fig. 2a to the data in Fig. 2b–d.
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k0
pq are the zero-field direct and reverse spin-dependent intersystem

crossing rates; the coefficients aip can be obtained by comparing the
zero-fieldeigenstates (∣pð0Þ�) to the eigenstates of theHamiltonian at a
field (∣iðBÞ�), such that ∣iðBÞ�=Ppaip ∣pð0Þ

�
. In the absence of spec-

troscopic information about the excited-state zero-field splitting
configuration, we assume equal zero-field splitting parameters in
ground and optically excited states, and this assumption has no sig-
nificant implication on the findings of this work (see Supplemen-
tary Note 9).

Figure 3b, d shows the calculated normalised contrast of each
cwODMR resonance for this defect as a function of By and Bz (Bx) up to
200mT with Bx (Bz) fixed at 0mT. These simulations show that the
behaviour outlined above persists for a wide range of bias magnetic
field values, with limited regions showing complete quenching of all
three cwODMR resonances. Figure 3e presents the experimental
cwODMR spectra as a function of By amplitude up to 140mT, showing
that for this class of defects, contrast is preserved for an applied field
along the defect’s y axis. Importantly, this data reveals a spin system
with multiple quantisation axes, where optical initialisation of each
spin transition has a different dependency on the orientation of the
applied field45.

Figure 3f presents the evolution of the ground-state spin
eigenstates for the hBN defect system under applied magnetic field
in the x, y, z direction (top to bottom panels). The purple circles
represent the simulated optically initialised population, calculated
based on the model above and using the representative rates of
Tab.1. As observed experimentally, in the zero-field limit, the kinetic
model predicts the system is initialised into the ∣Gy

E
state, giving rise

to strong fA and fB and weak fC (Fig. 1). Magnetic field applied along
the defect y axis (middle panel) mixes ∣Gx

�
and ∣Gz

�
, preserving the

zero-field character of ∣Gy

E
, thus retaining the zero-field spin initi-

alisation and ODMR contrast. Conversely, applied field along x (z)
mixes ∣Gy

E
and ∣Gz

�
(∣Gx

�
), redistributing the zero-field initialised

population and modifying the saturated cwODMR contrast of each
resonance with respect to their zero-field values. In total, the
experimental data and kinetic model both reveal a multi-axis sensor
with optical initialisation dynamics that enable operation under
strong off-axis field.

Discussion
DCsensitivity is given by the relationship ηDC =α

1
∂νi=∂B

Δν
C

ffiffiffiffiffiffi
PL0

p , whereα is

a prefactor associated with the cwODMR lineshape (α =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e=ð8 log 2Þ

p

for a Gaussian lineshape), ∂νi/∂B is the resonance frequency depen-
dence on magnetic-field amplitude, Δν is the cwODMR resonance full
width at half maximum, C is the contrast and PL0 is the brightness of
the defect in the absence of microwaves, where collection losses are
accounted for11,59. For the defect shown in Figs. 1 and 3, the DC sensi-
tivity is 15μTHz−1/2, and for the defect in Fig. 2 it is 10μTHz−1/2, with
experimental sensitivity ranging from 1.5μTHz−1/2 to 1.5mTHz−1/2 for
defects we have studied (see Supplementary Note 10). This wide range
is related to the range in ODMR contrast and brightness, with the best
defects in hBN performing similarly to typically determined sensitivity
for shallow NV centres in terms of absolute sensitivity12.

Vectorial magnetic-field sensing enabled by the low-
symmetry spin
Full vectorial sensing enables unambiguous determination of three
linearly independent target magnetic field components. In Fig. 4 we
present an experimental protocol that can determine three compo-
nents of a target-field vector with the hBN defect, consisting of mea-
suring ODMR under two bias fields. Figure 4a presents a schematic of
the proposedmeasurement protocol. Figure 4b shows the unit vectors
associated with the 0.1-mT target magnetic field T (grey) with com-
ponents Tx,y,z and the two arbitrarily oriented bias fields (B1 in light
blue andB2 in pink), all non-collinearwith each other orwith any of the
defect’s axes. Figure 4c, d shows the calculated cwODMR spectra with
B1 and B2, respectively, and the shifts induced by the presence of the
target magnetic field. Each component of the target-field (Tx, Ty, Tz,
red, blue, and green dashed curves, respectively) induces a significant
and distinct shift to each ODMR resonance, enabling determination of
all three target-field components unambiguously. This is shown in
more detail in Fig. 4e. Here, the grey vector represents the 0.1-mT
target magnetic field, and the shaded pink and light blue clouds indi-
cate the possible solutions for the target-field vector from a 1-second
cwODMRmeasurement with B1 and B2, respectively. With B1 in the yz
plane, Ty and Tz can be determined, but the measurement gives no

Fig. 3 | Magnetic-field orientation and amplitude dependence of cwODMR.
a Angular magnetic-field dependence of cwODMR frequency (top panels) and
contrast of resonances fA to fC (top to bottom), normalised by the zero-field
cwODMRcontrast of the fB resonance,with 50-mTbiasmagneticfield applied in the
yz plane. Data are presented as circles, with colour coding according to the inset of
Fig. 1d, and curves indicate the cwODMR contrast simulated using the model of
Fig. 2 and fit parameters presented in Tab.1. The inset indicates the direction of
rotation of the bias magnetic field. b Calculated contrast of each resonance as a
function ofBy andBz. c as (a), butwith 50-mTbias field applied in the xyplane of the

defect (ϕ varies with fixed θ = 85°). d Calculated contrast of each resonance as a
function of Bx and By. e Persistence of saturated cwODMR contrast for field applied
along the defect ydirection (ϕ = 90°, θ = 85°), shownup to 140mT.The solid curves
represent the transition frequencies of fA (green), fB (red), and fC (blue) resonances
as a functionofBy amplitude. Themeasured cwODMR contrast as a function ofMW
frequency is represented by blue circles. f Evolution of spin eigenstates of the
Hamiltonian Eq. (1) with applied magnetic field along the x, y, z axes of the defect,
from top to bottom.Calculated amplitudes of the optically initialisedpopulation of
each spin sublevel are indicated by the size of the purple circles.
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information on Tx component. This is reflected by the cylindrical light
blue cloud with its long axis parallel to the x axis. Alternatively, a
measurement with B2 in the xy plane provides information on the
target-field orientation within a dome normal to the bias field, thus
gaining information on Tx. Combined, the two measurements per-
formed with B1 and B2 can determine the three components of the
target-field vector, represented by the overlap in these two distribu-
tions (see inset). In conclusion, the hBN defect offers a route to full
vectorial-field mapping of a target field.

Outlook
Our results present a new candidate for nanoscale quantum sensing
with intrinsic characteristics that make it attractive for nanoscale
magnetometry. We show that the photodynamics of this system gives
rise to an atomic sensor that can operate under a transverse magnetic
field of over 150mT, with DC sensitivity of ~1μT/Hz�1=2, a degree of
sensitivity that is comparable to what is typically achieved for shallow
NVs12,60. Further, the defects can be grown into multilayers only a few-
nm thick, and the 2D host enables simple integration into 2D hetero-
structures, as well as established tip-based sensing approaches, which
opens routes to achievingwell below20-nmspatial resolutionwith this
platform. In addition, the hBN host is inert in biological media61,
inexpensive to produce, and can be grown to scale.

We postulate that the 2D host material may offer future advan-
tages for optimal tuning of the dynamics of defects, in situ. Interest-
ingly, our kinetic modelling and ODMR results across defects of this
type show that themagnitude and ratio of optical rates depend on the
defect in question, despite a well-defined ground-state electronic
structure (see Supplementary Note 7 for statistics on radiative and
non-radiative decay rates across defects). We predict that the excited-
state dynamics in this system are highly sensitive to local strain and
electric field, due to being embedded in a 2D material that can be
highly strained. Despite being a source of inhomogeneous behaviour,
this feature could be harnessed as a pathway to control and enhance
contrast of individual emitters via strain or electric field tuning, for
example. However, hBN defects present an immature technology
where multiple emerging engineering challenges must be addressed
before it becomes a scalable technology. These include developing
approaches to control the defect-to-defect inhomogeneity with regard
tobrightness andODMRcontrast.While every hBNdefect thatdisplays

the D ~ 1.9 GHz spin resonance shows similar spin coherence proper-
ties, the overall contrast and brightness depend on the defect, as we
discuss in this report. In addition, the relatively low spin coherence
times compared to isotopically purified diamond will place an upper
limit on the sensitivity for sensing.

Finally, these results pertain mainly to the performance of this
system for DC sensing. However, the spin properties of this hBN
defect, including microsecond spin coherence at room temperature
that can be accessed via dynamical decoupling protocols39, open
routes for exploring the system for AC sensing. hBN defects are stable
in aqueous environments62, which may lend the platform to magne-
tometry, or ensemble based sensing in biological systems in the
future63–65.

Methods
Materials
Multilayer hBN was grown by metal-organic vapour phase epitaxy on
sapphire substrates and subsequently transferred to Si/SiO2 using
water-assisted self-delamination40. Triethylboron and ammonia were
used as boron and nitrogen precursors during MOVPE, where the flow
rate of triethylboron has been shown to be correlated to the incor-
poration of carbon and the observation of visible emitters in the
resulting hBN41.

Confocal PL microscopy
PL measurements are conducted at room temperature on two home-
built free-space confocal microscopy setups. In both cases, experi-
mental hardware is connected to a data acquisition card (National
Instruments, PCIe6323), controlled via an open-source Python suite
Qudi66. We use a 532-nm continuous wave laser (Ventus 532, Laser
Quantum), split into several excitation lines using a beamsplitter,
where each path is directed to a different setup. In each line, the laser
passes through an acousto-optic modulator (AA Optoelectronics) for
intensity control and pulse generation. The laser is filtered using a 532-
nm laser line filter (Thorlabs, FL532-3) after out-coupling into the free-
space microscopy setup. The beam passes through a beamsplitter
(Thorlabs, 90:10 R:T), with the reflected beam providing sample
excitation, and the intensity of the transmitted beam is monitored
using a photodiode, completing a feedback loop that allows laser-
power control in conjunction with the AOM. Confocal scanning of the

Fig. 4 | Proposedexperiment for vectorialmagnetometry. a Experimental setup,
consisting of a typical confocal microscope with the possibility of applying a bias
magnetic field in two different orientations. b Unit vectors indicating the orienta-
tions ofB1 andB2, two 100mTbiasmagnetic fieldswe use in this simulation, aswell
as the orientation of a 0.1-mT target magnetic field T with components Tx,y,z.
c, d cwODMR spectra with B1 and B2, respectively. We monitor the change in
contrast of each resonance due to the presence of the targetmagnetic field (shown

explicitly in the inset) to gain information about each of its three vectorial com-
ponents. e Ambiguity in determining the target magnetic field given a 1-second
measurement of the contrast at the slope of each resonance. The grey arrow
represents the target magnetic field. The clouds represent field configurations that
cannot be distinguished from the target field under B1 (light blue cylinder) and B2

(pink dome).
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sample is enabled by a scanning mirror (Physik Instrumente,
S-334.2SL), and a ×100 0.9 NA air objective (Nikon Instruments). The
emitted light is collected by the same objective and optical path, and
coupled into a single-mode fibre (Thorlabs, SM600) after passing
through two 550-nm long-pass filters (FEL550, Thorlabs) to remove the
laser light. The collected light is sent to either a single-photon ava-
lanche photodiode (SPCM-AQRH-14-FC, Excelitas Technologies) or to
a charge-coupled-device-coupled spectrometer (Acton Spectrograph,
Princeton Instruments).

Optically detected magnetic resonance
ODMR measurements are conducted using confocal microscopy as
described above. Microwaves are produced using an RF signal gen-
erator (Stanford Research SystemsDC to 4.05GHz Signal Generator or
Marconi Instruments 10 kHz to 2.4 GHz Signal Generator), amplified
(ZHL-42 W+, 0–4.2GHz, 30–35 dB, MiniCircuits), and delivered to the
sample by a homemade copper loop antenna placed between the
objective lens and the hBN multilayer, with the confocal spot
approximately aligned to the centre of the loop to allowoptical access.

During cwODMR, the 532-nm excitation is continuously applied,
whilst the intensity of the microwaves is modulated using a 140-Hz
square wave, and the microwave frequency is modulated at 7 Hz. The
PL count rate is monitored as a function of microwave amplitude and
frequency to calculate ODMR contrast, representing the fractional
change in PL counts upon the application of microwave drive
(C = (PLsig − PLref)/PLref). The contrast is calculated per datapoint, and
finally averaged for each microwave frequency position across all
measurement sweeps.

For pulsed ODMR measurements, we use a pulse streamer (Swa-
bian 8/2) to control a series of switches (MiniCircuits ZYSWA-2-50-DR+).
The switches allow the generation of square-wave laser and microwave
pulses by modulating the AOM trigger level and the connection
between the RF source output and the antenna, respectively. A switch
also controls the signal readout duration. The pulse sequences used
during measurements are described in detail in the text, the Supple-
mentary Note 5.

Angle-resolved magnetic field is applied using a dual-axis home-
built mount, consisting of two rotation stages (Thorlabs) and a per-
manent magnet on a custom mount. Zero-field measurements are
conducted without shielding, in the Earth’s magnetic field.

Hanbury-Brown Twiss interferometry
Intensity autocorrelation measurements are conducted using
Hanbury-Brown-Twiss interferometry. The fluorescence collection
fibre is connected to a 50:50 fibre beamsplitter, with each end coupled
into a single-photon avalanche photodiode. The PL counts at each
photodiode are monitored by a time-to-digital converter (quTAU,
qutools) with 81-ps resolution.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the article or its Supplementary Notes. All datasets are available from
the corresponding authors upon request. Source data files are pro-
vided with this paper. Source data are provided with this paper.

Code availability
All codes used to generate the figures and analyse the data are avail-
able from the corresponding authors upon request.
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