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Solid-state spin-photoninterfaces that combine single-photon generation
and long-lived spin coherence with scalable device integration—ideally
under ambient conditions—hold great promise for the implementation of
quantum networks and sensors. Despite rapid progress reported across
several candidate systems, those possessing quantum coherent single
spins at room temperature remain extremely rare. Here we report quantum
coherent control under ambient conditions of asingle-photon-emitting
defect spininalayered van der Waals material, namely, hexagonal boron
nitride. We identify that the carbon-related defect has a spin-triplet
electronic ground-state manifold. We demonstrate that the spin coherence
is predominantly governed by coupling to only a few proximal nucleiand is
prolonged by decoupling protocols. Our results serve to introduce a new
platformto realize aroom-temperature spin qubit coupled to a multiqubit
quantum register or quantum sensor with nanoscale sample proximity.

Scalable spin-photon quantum interfaces require single-photon
generation with a level structure that enables optical access to the
electronic spins'>. These systems are critical for the deployment
of applications such as quantum repeaters*® and quantum sen-
sors” %, Ideally, a spin-photon interface should display long-lived
spin coherence with efficient and coherent optical transitions in a
scalable material platform without requiring stringent operation
conditions such as cryogenic temperature or applied magnetic field.
Materials that host atomic defects with well-defined optical and
spin transitions garner the most attention. Several systems have
been studied in detail™ ", but only a few individually addressable
defects in diamond and silicon carbide possess quantum coher-
ent spins at room temperature, although with challenging optical
properties>'®", Realizing the ideal spin-photon interface requires

engineering existing candidates for better performance, as well as
exploring new material systems*'®,

Layered materials have emerged as a new quantum platform
where their natural suitability for large-area growth, deterministic
defect creation and hybrid device integration may enable acceler-
ated scalability'”"*>. Hexagonal boron nitride (hBN) is awide-bandgap
(-6 eV) layered material that hosts a plethora of lattice defects that
emit across the visible and near-infrared spectral regions. The first
spin signature for hBN defects came from ensembles attributed to a
boron vacancy (Vy") with abroad optical emission spectrum centred
at~-800 nm (refs. 24,25). These defects have been subject to spin ini-
tialization and manipulation, although exclusively on an ensemble
level due to their low optical quantum efficiency®*™. In contrast,
defectsinthe visible spectrum (-600 nm) generate bright, tuneable,
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single-photon emission of up to 80% into the zero-phonon line at
roomtemperature’**, Preliminary reports on these optically isolated
defects captured spin signatures via optically detected magnetic
resonance (ODMR), but these signatures are only present under a
finite magnetic field, indicating either a spin-triplet (S=1) with low
zero-field splitting or a spin-half (S =1/2) system® ",

In this work, we implement room-temperature coherent spin
control of individually addressable single-photon-emitting defectsin
hBN. We reveal a spin-triplet (S =1) ground-state spin manifold with
1.96 GHz zero-field splitting using angle-resolved magneto-optical
measurements. We observe that the principal symmetry axis of the
defect lies in the plane of the hBN layers, indicating a low-symmetry
chemical structure. Microwave-based Ramsey interferometry reveals
an inhomogeneous dephasing time T of -100 ns. Interestingly, the
continuously driven spin Rabi coherence time (T, is prolonged
beyond 1 ps at room temperature with no magnetic field. This
drive-prolonged coherence time indicates that the electronic spin can
be protected fromits reversibly decohering environment, the nuclei.
We confirm this via standard dynamical decoupling pulse protocols
yielding a spin-echo coherence time (T) of ~200 ns, which exceeds
~1pswithtenrefocusing pulses. The scaling of the coherence time with
the number of decoupling pulses, together with the fine structure of
the ODMR signal, suggests hyperfine coupling to only afew inequiva-
lent nitrogen and boron nuclei.

A ground-state electronic spin triplet

Weinvestigate multilayer hBN that is grown via metal-organic vapour
phase epitaxy using a carbon precursor and ammonia®, resulting in
single-photon-emitting and spin-active defects that are related to car-
bon®**°, The flow rate of the carbon precursor determines the defect
density in hBN and a 10 pmol min™ flow rate yields an individually
addressable defect density of -1 defect per pm?. Figure 1a (top-right
inset) shows a confocal scan image of the photoluminescence (PL)
of the hBN material under 532 nm laser illumination (Supplementary
Figs.1and 2and Supplementary Section 1.3). The same material was the
subject of apreviousinvestigation thatidentified emitters displaying
single-spin resonance under a magnetic field, assigned toan S >1/2
system with low zero-field splitting®. To identify the ground-state spin
resonances, we measure continuous-wave ODMR, using the protocol
presented in Fig. 1a (bottom-right inset). Figure 1a shows an exam-
ple ODMR spectrum for a single defect in the absence of the applied
magnetic field and at room temperature. The ODMR signal displays
strikingly strong contrast reaching nearly 50%. Unlike all the previ-
ous reports on single-spin-active hBN defects, the spectrum shows
two distinct resonances, namely, v; =1.87 GHz and v, =1.99 GHz, in
the absence of a magnetic field. We note that some defects also show
the previously reported*® ODMR resonance with low zero-field split-
ting when a magnetic field is applied (Supplementary Figs. 8-10). We
confirmthat the presence of both resonances cannot be explained by a
single-spin model (Supplementary Section 4), indicating the possibil-
ity that these two resonances relate to different charge or electronic
states of the same defect.

The observation of a zero-field resonance unambiguously deter-
mines a spin multiplicity of >V, indicating that this spin resonance is
distinct from previous reports®*’. We assign the two resonances to the
expected transitions of aspintriplet with lifted three-fold degeneracy
between the spin sublevels, ruling out higher spin configurations
(Supplementary Section 4). An effective-spin Hamiltonian describes
the eigenstates of the S =1system, which, in the absence of hyperfine
coupling, takes the following form:

H = D(S2 — S(S+1)/3) + E(S} — $3) + (8. Hp)B-S, Q)

where Sis the spinvector with projectionoperatorss$,,S,and S,; g.is the
free electron g-factor, i is the Bohr magneton and B is the magnetic

field with magnitude B,. The zero-field transitions are character-
ized by the parameters D and £, where v, , = (D £ E)/h and his Planck’s
constant. The ODMR spectrum (Fig. 1a) yields D/h =1.930(10) GHz
and E/h = 60(10) MHz. To confirm the S =1 assignment, we perform
vector-magnetic-field-dependent ODMR measurements. Figure 1b
displays an example of the dependence of the ODMR transition fre-
quencies as the external magnetic field is applied at 8, = 0° (dark purple
circles) and 6, = 60° (light pink circles), where 6, is the angle between
B and the defect z axis. We determined that the defect z axis lies in
the plane of the hBN layers (Fig. 1b, inset), for all the defects that we
study, with a confidence of -18°, via a series of angular ODMR meas-
urements (Supplementary Figs. 11-14). The purple and pink curves
show the simulated transition frequencies between the eigenstates
of the $ =1spin Hamiltonian of equation (1), with D/h =1.959 GHz and
E/h =59 MHz. The same model effectively captures the appearance of
theanticipated |+) to|-) (where |+) = 2772|(+1 £ -1)}) transition in the high
off-axis-field regime. Interestingly, the ODMR contrast is not quenched
upto>100 mT magnetic field applied orthogonal to the defect zaxis—
the highest magnetic-field strengths we access (Supplementary Fig. 16).
Figure 1cillustrates the assigned energy-level structure, complete
with aground-state S = 1system with 1.96 GHz zero-field splitting and
ametastable spin-singlet state responsible for off-resonance optical
spininitialization’®. We measure the ground-state resonance across
more than 25 defects across multiple devices and obtain a narrow dis-
tribution of D and £ values: D/h =1.971(25) GHz and E/h = 62(10) MHz
(Fig.1d,e). Dueto sufficiently large zero-field splitting parameters, each
electronic spinresonance canbeindependently addressed. Therefore,
Fig. 1f presents an example measurement of the spin-lattice relaxation
(T) time, where the inset shows the protocol used for pulsed ODMR,
includinga calibrated sequence of laser, microwave and readout pulses
for spininitialization, spin control and spin readout, respectively (Sup-
plementary Figs. 18 and 19). The measured T, values vary in the range
0of35-200 ps, whichislong compared with the optically excited-state
lifetime of -5 ns (Supplementary Fig.4) and that of the previously identi-
fied resonance (-9 ps (Supplementary Fig. 20)). We conclude that this
resonance arises from a ground-state S = 1system. Figure 1g shows an
example second-order intensity-correlation measurement, g?(t), of
this defect (Supplementary Figs. 3 and 4 show additional defects).

Spin coherence and protection under ambient
conditions

Figure 2ashows example spin Rabi oscillations, where we vary the dura-
tion of a resonant microwave pulse and measure the ODMR contrast.
The data (purple circles) are fit to a function of the form exp(—1/Ty,p;)
sin(2nzQ - @) (red curve), where @ is the phase offset, Qis the Rabi drive
frequency and Ty, is the lifetime of Rabi oscillations. We confirm that Q
shows alinear dependence onthe square root of the microwave power
(Supplementary Fig. 21), as expected. Surprisingly, the oscillations
persist for over a microsecond (Ty,,; =1.20(6) ps), yielding a t-pulse
fidelity of 0.96(2) and a quality factor (Q = T,/ T,) of 24(3). However, as
highlighted by the example showninFig. 2b, Ty, also displays anotable
prolongation as a function of Q—asignature behaviour for aspin-rich
environment, observed in other IlI-V materials***. In this regime, the
strongly driven spin is effectively decoupled from a slowly evolving
nuclear environment akin to motional narrowing*.

To obtain the bare inhomogeneous dephasing time (T7) for the
single defect, we perform microwave-based Ramsey interferometry.
Figure 2c presents the Ramsey measurements for five values of detun-
ing A between the microwave drive frequency and v, transition. Here
the red curves are fit to the data using exp(-£/T;)SIn(2NMTQpymse, ~ @),
where O,y is the frequency of oscillations arising from 4. We extract
acollective value for T 0f 106(12) ns, commensurate with the -10 MHz
linewidth of the unsaturated ODMR spectrum.

Figure 3a presents spin coherence measurements using a basic
multipulse dynamical decoupling protocol, without phase control or
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Fig.1| A ground-state spin triplet. a, An ODMR spectrum of a single defect
inhBN measured in the absence of a magnetic field. The top-right inset

shows a confocalimage of the PL intensity of the hBN device under 532 nm
laser illumination. Scale bar, 0-300 kcps. The bottom-right inset shows the
measurement sequence. b, ODMR resonance frequencies for a defect, where
the magnetic field is applied in the plane of the hBN layers along the defect
zaxis (6, = 0°) (purple circles) and 60° from the zaxis (6, = 60°) (pink circles).
Both measurements are fit with an S =1 model using equation (1) (purple and
pink curves, respectively). The inset defines the orientation of the magnetic
field relative to the defect z axis and the hBN layers, identified by 6. ¢, Inferred

level structure for the defect, displaying a spin-triplet ground state and a
spin-singlet metastable state. The green arrows show optical excitation;
yellow arrows, PL; black arrows, intersystem crossing; and pink arrows,
microwave (MW) drive. d,e, Statistical distribution of the D and E zero-field
splitting parameters obtained from 25 defects. f, Spin-lattice relaxation time
(T,) measurement of the ground-state spin, measured in the absence of a
magnetic field. The inset shows the microwave measurement sequence

(not drawn to scale), wherer is the reference readout, s is the signal readout
andtis the pulse delay. g, Second-order intensity-correlation measurement
(g®(1)) of asingle defect.

pulse corrections (measurement sequence illustrated in the inset).
Here spin-echo measurements (red circles), comprising a single refo-
cusing pulse, N, =1, yields T = 228(11) ns and a = 1.81(22) by fitting to
exp[—(1/Ts)] (red curve). This value is comparable with Ty =100 ns
determined for V, -defect ensembles in hBN under equivalent condi-
tions?>?’, We further prolong the spin coherence time by including
additional refocusing pulses. Figure 3a displays a range of measure-
ments (N, =2, 4, 6,10) plotted in orange-to-blue colour-coded data
(circles) and the corresponding fits (curves). The drop in ODMR con-
trast with increasing N, is due to the limited t-pulse fidelity in the
multipulse experiment. Figure 3b presents the dependence of the
protected spin coherence time Ty, as a function of N, reaching
1.08(4) ps with tenrefocusing pulses. The inset shows the evolution of
a values extracted from Fig. 3a fits as a function of N, staying above 2
forall the values and reaching -5 for 10 pulses, indicating strong protec-
tion. The orange curve (Fig. 3b) is a power-law fit yielding a T, scaling
ong'71(4).This scaling exponent falls close to the 0.67 scaling signature
expected theoretically for a central electronic spininteracting weakly
with a few slowly evolving proximal nuclei***,

Hyperfine signatures of proximal nuclei

To understand the nature of hyperfine coupling and gain an insight
into the chemical structure of the defect, we investigate the v, reso-
nance for the presence of spectral fine structure. Figure 4a presents
amap of Rabi oscillations as a function of microwave detuning, per-
formedinthe absence of applied magnetic field and below saturation,
where a multipeak structure is evident. An integrated linecut of this
map between 0 and 100 ns reveals two maxima separated by approx-
imately 10 MHz (Fig. 4b). This value is commensurate with the unsat-
urated ODMR linewidth and the 1/T; value. Figure 4¢,d presents the

unsaturated ODMR spectra and Rabi oscillations, respectively, per-
formed withthe magneticfield oriented ~-60° with respect to the defect
zaxis. The unsaturated zero-field ODMR spectrum is narrow and asym-
metric withalinewidth of the order of 10 MHz (Fig. 4 and Supplemen-
tary Fig. 22). With increasing magnetic field, the ODMR spectrum
broadens, and we observe faster dephasing of Rabi oscillations. The
purplecirclesinFig.4e show the ODMR spectrum for 3-mT magnetic
field orthogonal to the z axis (6, = 90°). In this configuration, in con-
trastto T field applied at 60°, the ODMR spectrum remains narrow
and asymmetric as that in the absence of a magnetic field. Figure 4f
presents the ODMR spectrum for 20 mT magnetic field applied paral-
lelto the zaxis (6, = 0°).In this case, the ODMR lineshape is symmetric
andstructured, indicating adiscrete number of overlapping hyperfine
resonances (Supplementary Section 4). The orange-shaded curves
under the ODMR spectra (Fig. 4e,f) are the ODMR spectra computed
foran S =1electronic spin coupled to two inequivalent nuclear spins
with hyperfine couplings of 13 and 22 MHz (Supplementary Informa-
tion). These nuclear spins can be of different species (for example,
one N and one B), or the same species with different hyperfine cou-
plings (Supplementary Fig. 23). In fact, the computed spectrum
(Fig. 4f) corresponds to hyperfine coupling to two *N atoms. Strik-
ingly, an S =1 central spin coupled to two inequivalent nuclei is the
only model that captures the magnetic-field amplitude and orientation
dependence of the ODMR spectrum (Supplementary Fig. 24). These
results, together with the in-plane symmetry of the defect, provide
valuable insights for theoretical efforts aimed at determining the
microscopic structure of this carbon-based spin-triplet defect™*.
Inthe low-field regime, the fine structure of the ODMR spectrum
is intricately linked to the low-symmetry character of the defect. For
an S=1electronic spin, the non-zero transverse zero-field splitting
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Fig.2|Spin coherence and protection. a, Rabi oscillations (purple circles) for a
single hBN defect measured at high microwave power, fit to a function of the
form exp(=t/Ty,p)Sin(2mtQ - @) (orange curve), where @ is the phase offset, Qis
the Rabi frequency and Ty, is the decay lifetime of the Rabi oscillations. The inset
shows azoomed-in view of the data. b, Q factor of the Rabi oscillations as a
function of the Rabi frequency, where Q = Ty,,/ T, and T,,=1/20Q. The presented
data (purple circles) are calculated using Ty,,,; and T, extracted from fits to Rabi
measurements using the equation above. The error bars are obtained from the

0 25 50 75 100 125
Pulse delay (ns)

150 175 200

68% confidence intervals of each fit parameter. The Rabi measurement sequence
isdrawn above the panel (not drawn to scale), wherer is the reference readout,
sisthesignal readout and tis the pulse duration. ¢, Ramsey measurements for
different values of microwave frequency detuning 4, from the resonance. The red
curves are fit to exp(-¢/T;)sin(2MTQpomse, — ). The diagram above the panel
shows the microwave measurement sequence (not drawn to scale), whereristhe
referencereadout, s is the signal readout and ¢ is the pulse delay. All the
measurements are measured in the absence of amagnetic field.

Egivesrisetoanavoided crossing at zero magnetic field, which may be
accompanied by the quenching of arelatively weaker hyperfineinterac-
tion. However, if the strength of the hyperfine coupling to neighbour-
ing nuclei is comparable with E/h, then it introduces an asymmetric
perturbationto the ODMR spectrum, as observed here. The presence
of the avoided crossing effectively results in a clock transition with
the corresponding protection of the electronic spin coherence at
zeromagnetic field. Inthe low-field regime, when the magnetic field is
applied orthogonal to the defect zaxis, the clock-transition character
ofthe v, lineis preserved, whereas amagnetic field applied parallel to
the defect zaxis brings the system away from the clock-transition point.
Therefore, the ODMR spectrum shown in Fig. 4e is reminiscent of the
zero-field spectrum of Fig. 4c, whereas the 3 mT spectrum shown in
Fig.4cisconsiderably broadened, compatible with our identification
of alow-symmetry spin-triplet defect. We believe that the confirmation
ofalow-symmetrystructure rules out single-site vacancies, single-atom
substituents and carbon tetramers* as potential chemical structures
for this defect (Supplementary Section 4.3). Carbon trimers**® and
vacancy-substituent complexes* are low symmetry, but structures that
have beentheoretically considered to date are not predicted to display

S=1with-~2 GHz zero-field splitting*®*. Larger carbon defects (namely,
C,(cisand trans)) or complexes involving carbon or oxygen*’ are poten-
tial candidates™, but these structures need to be investigated further.

IdentificationofaD=1.96 GHz, S =1ground-state spinresonance
for defects that simultaneously show a lower-frequency spin reso-
nance, characterized previously on the same material®®, indicates that
these resonances are related. We conjecture that we identify the true
ground state for a class of visible-emitting hBN defects, where previ-
ous reports of single-defect ODMR may have focused on the excited
state, charge state or an alternative defect type. This is supported by
our repeat identification of single defects that show both resonances
with comparable contrast values and frequencies that cannot be
explained by asingle-spin model (Supplementary Sections 2.2and 4).
Alternatively, the identification of two spin resonances on a single
defect could point towards complex charge state dynamics, which
remains to be explored.

Outlook
An optically addressable S =1 defect with proximal nuclei displaying
quantum coherence at room temperature and zero magnetic field in
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Fig. 4 |Hyperfine signatures in the ODMR spectrum. a, Rabi oscillations as a
function of microwave frequency, measured at low microwave power. b, Linecut
ofthedataina, integrated over the first 100 ns. The presented data are the
mean + one standard deviation; N=10. ¢,d, ODMR spectra and Rabi oscillations
measured between 0 and 5mT oriented at an arbitrary angle to the defect z

axis. e, ODMR spectrum measured for 3 mT magnetic field orthogonal to the
defectzaxis. f, ODMR spectrum measured with 20-mT magnetic field parallel
to the defect zaxis. The shaded curves in e and fare the computed spectra
(Supplementary Section 4).

alayered material offersimmense promise for quantum technologies.
For quantum networks, this system can offer a feasible scaling of quan-
tum repeater hardware under ambient operation conditions provided
the necessary optical quality is delivered viaintegrated quantum pho-
tonics systems. The layered material nature of hBN may facilitate inte-
grationinto nanostructures for tuning the spinand optical properties
viathe application of strain and electric fields without compromising
quality. The proximal nuclear spins, coupled to the electronic spin,
present an opportunity for the realization of long-lived quantum reg-
isters for the electronic spin qubit—a critical element for large-scale
quantum architectures. For quantum sensing, this defect offers a
unique and flexible system capable of nanoscale sensing under ambi-
entconditions. The defectsreported here are at most 15 nm away from
any surface, highlighting their potential as highly proximal nanoscale
sensors. We estimate a minimum detectable d.c. magnetic field of

3 uT Hz ™2, using 0.77(h/g.u15) (AV/CVR) (ref. 52), where Av is the
linewidth (10 MHz), Cis the contrast (30%) and R is the measure of
brightness (10° events per second). This estimate is of the same order
as that of the well-established nitrogen-vacancy centres in diamond,
with the added advantage of a system that is somewhat resilient to
surface charge noise. Further, the retention of high ODMR contrast
under an off-axis magnetic field offers flexibility on the dynamic range
of vector magnetometry measurements.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-024-01887-z.
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Methods

Materials preparation

Multilayer hBN was grown by metal-organic vapour phase epitaxy
on sapphire®**%*, Briefly, triethyl boron and ammonia were used as
boron and nitrogen sources, respectively, with hydrogen used as the
carrier gas. Growth was performed at low pressure (85 mbar) and ata
temperature of 1,350 °C, on sapphire substrates. Isolated defects were
generated by modifying the flow rate of triethyl boron during growth,
aparameter known to control the incorporation of carbon within the
resulting hBN sheets®. The resulting material is ~30 nm thick. For
confocal PLmeasurements, the hBN sheets were transferred to SiO,/Si
substrates, using a water-assisted self-delamination process to avoid
polymer contamination.

Experimental setup

We perform optical measurements at room temperature under ambi-
ent conditions using a home-built confocal microscopy setup. We
useacontinuous-wave 532 nm laser (Ventus 532, Laser Quantum) that
is passed through a 532 nm band-pass filter, onto a scanning mirror
and focused on the device using an objective lens with x100 magni-
fication and a numerical aperture of 0.9. We control the excitation
power using an acousto-optic modulator (AA Optoelectronics), with
thefirst-order diffracted beam fibre-coupled into the confocal setup.
We remove any residual laser light from the collected emission using
two 550 nm long-pass filters (Thorlabs FEL550). The remaining light
was sent either into an avalanche photodiode (SPCM-AQRH-14-FC,
Excelitas Technologies) for recording photon count traces or to a
charge-coupled-device-coupled spectrometer (Acton Spectro-
graph, Princeton Instruments) via single-mode optical fibres (SM450
and SM600) for PL spectroscopy measurements. We carry out
intensity-correlation measurements using aHanbury Brown and Twiss
interferometry setup using a 50:50 fibre beamsplitter (Thorlabs) and
a time-to-digital converter (QuTAU, qutools) with 81 ps resolution.
We used a continuous-wave 405 nm laser (Thorlabs LP405-SF10) via
a405 nm dichroic mirror (Semrock BLPO1-405R) to illuminate the
sample for charge control.

ODMR

We perform ODMR measurements using the confocal setup described
above. A copper coil was placed in front of the hBN sample, with optical
accessthroughthe coil, to provide an out-of-plane oscillating magnetic
field. For continuous-wave ODMR measurements, a70 Hz square-wave
modulation was applied to the microwave amplitude to detect the
changeinPL counts as a function of microwave frequency. For pulsed
ODMR, a calibrated pulse sequence or laser, microwave and readout
pulses are used to determine the defect count rate with or without the
presence of a spin-flipping microwave pulse. As for continuous-wave
ODMR, the ODMR contrast (C) is given by C = I, — Io¢/I,.r, Where I,
and /. are the number of counts detected in the signal or reference,
respectively. For measurements in the absence of an applied mag-
netic field, these were not measured in a shielded environment and
therefore were susceptible to the Earth’s magnetic field and magnetic
components on the optical table (-0.4 mT). For measurements under
an applied magnetic field, we use a permanent magnet on a transla-
tion stage that can be changed in proximity and orientation relative

to the device. We perform pulsed ODMR measurements using a pulse
streamer (Swabian 8/2) to control a series of switches (Mini-Circuits
ZYSWA-2-50DR+) to modulate the laser power, microwave power and
signal readout duration.
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