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Point defects in solid-state materials are promising systems in the fields of quantum information,
communications, and sensing. Particular to sensing, defects with coherent spin states are used for high-
sensitivity room-temperature sensing under ambient conditions. Applications involving magnetic sensing
with point defects are mostly dominated by the nitrogen-vacancy center in diamond, which possesses an
attractive combination of spin coherence at room temperature as well as spin initialization and read-out.
However, spin defects in other materials are explored as alternatives, especially in industrially mature
materials, such as silicon carbide. Here, we report on the improved sensitivity of a magnetic sensor system
utilizing an ensemble of silicon vacancies in silicon carbide due to isotopic purification of the host crystal.
A maximum sensitivity of 4.0 nT/,/Hz is reported, representing an order of magnitude improvement from
the best previously reported sensitivity. Additional sensing modalities, such as angle-resolved magnetic
imaging and highly broadband ac field sensing, are also demonstrated.
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I. INTRODUCTION

Transitions between spin states are naturally suited for
applications in magnetic sensing due to their energy-level
dependence on external magnetic fields. Common imple-
mentations to exploit these transitions use an ensemble
of atoms, such as atomic vapor cells [1], but much atten-
tion is also given to point defects in solid-state materials.
Some of these defects combine room-temperature and
ambient-condition operation with extremely short working
distances between the sensor and the target. The practical
advantages of these systems come at the cost of reduced
coherence of the spin transitions, due to the presence of
a magnetically noisy solid-state environment. As such,
particular focus is on reducing the abundance of nuclear-
spin-carrying isotopes of the host crystal of the defect.
The majority of applications involving sensing with these
defects utilize the nitrogen-vacancy (N-V) center in iso-
topically purified [2-4] diamond, which possesses a spin
state that is coherent at room temperature and can be ini-
tialized and read out optically with an off-resonant laser
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drive [5]. These properties lead to the application of the
diamond N-J magnetometer in sensing biological sam-
ples [6—8], high-spatial-resolution NMR [9,10], geological
samples [11], and in condensed matter samples [12].
Defects in silicon carbide, such as the silicon vacancy
[13—15] and the various configurations of the divacancy
[16,17], are explored as alternatives to the N-V center in
diamond. Silicon carbide possesses attractive properties
such as chemical inertness, a large band gap, and optimal
acoustic properties, while also being a material with high-
x@ and -x® parameters. In addition, the manufacture and
fabrication of silicon carbide is much more industrially
mature than that of diamond, which is especially important
in terms of the fabrication of high-quality photonic struc-
tures [18,19] and diode fabrication for charge-state stabi-
lization of color centers [20]. The silicon vacancy, in par-
ticular, is shown to have accessible room-temperature spin
transitions, which are used for magnetic sensing [21,22].
Of particular note are previously demonstrated sensing
schemes with all-electrical read-out of the spin states [23],
as well as all-optically-driven measurements of the spins in
isotopically enriched silicon carbide [24]. There are many
polytypes of silicon carbide, and in each polytype, there are
anumber of inequivalent lattice sites where a single silicon
monovacancy can reside. This work focuses exclusively
on the V2 center in 4H-SiC, one of two nonequivalent
silicon-vacancy sites in the 4H polytype. The V2 center
has a zero-phonon line emitting at 916 nm [25] and a
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FIG. 1. Energy-level structure
and ODMR. (a) Spin-quartet
ground state of the V2 center,

with the allowed Am=1 tran-
sitions labeled 1-3. (b) Typi-
@ cal ODMR scan at an external-

i magnetic-field-induced Zeeman
splitting of about 10 MHz. Tran-
sitions 1 and 2 are labeled in
! accordance with (a).
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S =3/2 ground-state spin quartet with a zero-field splitting
(ZFS) 2D =70 MHz (Fig. 1(a), blue arrow), which is mea-
sured at room temperature via optically detected magnetic
resonance (ODMR). The room-temperature ODMR mea-
surement relies on spin initialization and read-out made
possible by a spin-dependent intersystem crossing [26],
meaning the excited states have different probabilities of
nonradiatively relaxing to their respective spin ground
states. This results in a photoluminescence (PL) inten-
sity difference based on the initial spin state and optically
induced spin initialization after a few excitation cycles.
The coherence time of the spin transitions is of crit-
ical importance in the applications of magnetic sensing
due to its role in both continuous wave (cw) and pulsed
magnetic sensing schemes [27]. Of particular interest is
the inhomogeneous dephasing time, 7,", which limits the
sensitivity of dc sensing of solid-state magnetometers. As
shown with the N-V center, one of the dominant sources
of decoherence is the fluctuating magnetic field from the
nuclear-spin-carrying isotopes of the host crystal [28],
which, in the case of silicon carbide, are 2°Si and '3C. Pre-
vious work showed that the 7>" of a V2 ensemble could
exceed 20 ps in an isotopically pure 4H-SiC lattice using a
strain-independent basis in the ground-state quartet [29].
In addition, the symmetry axis of all V2 centers is ori-
ented along the ¢ axis of the silicon carbide crystal, which
is (nearly) out of the plane of the silicon carbide wafer
for our 4H-SiC cut. This is in contrast to the N-JV center
in diamond, which can be found oriented in one of four
distinct (111) directions in the diamond lattice. The V2
system, therefore, offers improved contrast and sensitiv-
ity of magnetic measurements, since all defects have the
same magnetic field projection along their axis, but these
advantages come at the cost of losing vector magnetom-
etry capabilities (excluding operations at the magic angle
[30]). However, it has been pointed out that, due to the
relatively low ZFS of the V2 center, the amplitude of the

rf Drive (MHz)

off-axis magnetic field can be measured in the low-field
regime in addition to the on-axis component [30,31]. An
implementation of this type of angle-resolved magnetic
imaging is demonstrated in this work. The two transi-
tions, |—1/2) — |—=3/2) and [1/2) — |3/2), labeled (1)
and (2), respectively, in Fig. 1(a), can be measured simulta-
neously and independently. This gives a way to effectively
double the contrast of magnetic sensing. Moreover, in the
regime of a mostly axial magnetic field, orthogonal linear
combinations of these two transition frequencies give the
values of the ZFS and the Zeeman splitting. The Zeeman
splitting is solely sensitive to magnetic fields, while the
ZFS is sensitive to strain, meaning simultaneous sensing
modalities are possible with this system.

II. SETUP

Here, we use similar samples as in our previous
work [29], with a 20-pm-thick isotopically enriched epi-
layer, with 2°Si and '*C concentrations reduced from
4.7% — 0.01% and 1.1% — 0.15%, respectively, grown
on a 500-uym N + 4H-SiC commercially available sub-
strate (II-VI Inc.). The sample is electron irradiated at
1 MeV with a dose of 3 x 10! ¢7/cm? and then annealed
in air at 700 °C for 2 h. The experimental setup for the
magnetometer is shown in Fig. 2. An 800-nm Ti:sapphire
laser is passed through a noise eater, gated by an acousto-
optic modulator (AOM), and then reflected on a dichroic
beamsplitter. The beam is then passed through a cylindri-
cal lens and onto a right-angle mirror, which reflects the
beam onto the side of the silicon carbide sample, illuminat-
ing the epilayer with an area approximately 200 x20 pm?.
The PL, which emits primarily perpendicular to the ¢ axis
of the silicon carbide, follows the same optical path back
to the dichroic mirror, at which point it transmits through.
A second dichroic mirror picks off the laser leakage into
the reference path of an autobalanced photodiode, while
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FIG. 2. Measurement setup for ODMR and Ramsey experi-
ments. 800-nm laser and rf sources are used to initialize and drive
spin transitions in a magnetically shielded SiC sample. PL emis-
sion is collected from the side of the SiC sample and filtered onto
a balanced photodiode, the signal of which is sent to a lock-in
amplifier. LP corresponds to long pass.

the PL continues to the signal port of the photodiode.
The signal from the photodetector is then sent to a lock-
in amplifier. The sample sits atop a printed-circuit-board
coplanar waveguide (CPW) with a 1-mm central strip line
connected to two amplified rf generators for the resonant
addressing of the spin transitions. The sample and copla-
nar waveguide are situated at the center of a Helmholtz
coil for the generation of a spatially uniform magnetic field
to split the otherwise degenerate transitions in the spin
quartet. A custom magnetic shield (CONETIC AA .006™)
surrounds the coil and sample to reduce the amplitude of
stray magnetic fields from the environment.

III. ODMR SENSITIVITY

An ODMR scan is shown in Fig. 1(b), where the rf field
is amplitude modulated at 700 Hz and 100% depth, with
the lock-in amplifier detecting the difference between PL
with and without the rf field being present. In the interest of
removing any dependence on drift in the signal amplitude,
we frequency modulate to get a feature centered around
0 mV [Fig. 3(a)]. This feature is used as an error signal in
a software-based feedback loop for tracking the transition
of interest with high dynamic range. The slope in the linear
region of Fig. 3(a) is of critical importance to the sensitiv-
ity, as it determines the conversion of the lock-in voltage
to the external magnetic field amplitude. Figure 3(b) shows
real-time tracking data of rf-drive w; locked onto transition
1 as the magnetic field from the Helmholtz coil is stepped
in 35 nT increments.

The presence of two transitions with independent spin
populations in the V2 center can be exploited to both
increase the contrast of the measurement and decouple the
effects of the magnetic field from strain. These separate
transitions can be measured on the X and Y quadratures
of the lock-in amplifier if the modulation function for the
rf drives of the respective transitions is given a relative
phase offset of 7/2 [Fig. 3(c)]. Assuming the magnetic
field is primarily along the ¢ axis, the linear combina-
tions, (w; + w;)/2 and (w;— wy)/2, correspond to the ZFS
and Zeeman splitting, respectively (the signs flip past the
ground-state anticrossing). The real-time feedback signal
for magnetic field steps of 35 nT is shown in Fig. 3(d),
confirming that the changing magnetic field results only
in a change in the linear combination associated with the
Zeeman splitting, and no change in the ZFS, which we
expect to vary only due to strain. Converting the time-
domain feedback signal of the Zeeman splitting to the
amplitude spectral density provides a way to quantify the
magnetic field sensitivity within some frequency band.
This gives a rms magnetic field sensitivity of 4.0 nT/,/Hz
near dc frequencies, resulting in a nearly order of magni-
tude improvement over, to the best of our knowledge, the
next-best sensitivity of magnetometers using the /2 center,
which is reported to be 50 nT/,/Hz [21]. Interestingly, the
amplitude spectral density of the ZFS feedback data gives
arms value of 2.3 nT/,/Hz. Although this is not a magnetic
sensitivity because the ZFS does not shift with respect to
external magnetic fields, this does suggest that the noise
limiting the sensitivity of the Zeeman data is likely to be
due to environmental magnetic fields. As such, better mag-
netic isolation from the environment should improve the
true magnetic field sensitivity closer to the value obtained
with the ZFS data.

An alternative method to simply tracking the change of
the ODMR transitions continuously is the use of a pulsed
Ramsey sequence [Fig. 4(a)]. The Ramsey pulse scheme
creates an evenly weighted superposition of two spin states
and lets the phase evolve for some time (T ram) before pro-
jecting it back, whereupon the spin-population difference
is measured. While requiring overhead time for initializa-
tion and read-out, the benefit of this method is that the
sensitivity is limited by the 7," of the transitions and is
not affected by power broadening, as in the cw ODMR
method. In the case of the V2 center, this method can
fully utilize the significantly longer coherence times of
the |—1/2) — |1/2) transition (3) [29,32]. Working in the
{1/2, —1/2} basis of the V2 center is complicated by the
fact that the off-resonant initialization creates no popula-
tion difference between the two states and that any induced
population difference between states would not directly
result in a difference in PL intensity. As such, for Ramsey
sequences in the {1/2, —1/2} basis, the off-resonant laser is
pulsed for 3 ps to initialize the spin state into an equal mix-
ture of |1/2) and |—1/2), after which a rf 7w -pulse resonant
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FIG. 3.

Real-time feedback for magnetic field sensing. (a) ODMR scan with frequency-modulated rf drives of 3-kHz modulation

frequency and 650-kHz deviation frequency. (b) Real-time tracking of transition 1 due to 1-pA steps in the Helmholtz-coil power
supply (corresponding to a magnetic field of 35 nT per step). (c) Two fields for the simultaneous tracking of both transitions. Mod-
ulation function between the two is offset by A¢ = /2, meaning the PL signals from transitions 1 and 2 are read out on the X and
Y quadratures of the lock-in amplifier independently. (d) Real-time feedback with two-tone rf excitation and 1-pA step. Left (right)
graph corresponds to the linear combination of frequencies, yielding the Zeeman (zero-field) splitting.

to the |—1/2) — |—3/2) transition creates a population
difference between |1/2) and |—1/2). The standard Ram-
sey pulse sequence runs in the {1/2, —1/2} basis before
another i -pulse resonant to |—1/2) — |—3/2) transforms
the population difference between |1/2) and |—1/2) into
a population difference in |1/2) and |—3/2), which can
then be read out as a change in PL intensity. Figure 4(b)

(a)

shows a typical, amplitude-modulated Ramsey fringe plot
as a function of the free induction delay, tram, With a decay
time of 7»" = 7.1 ps in the {1/2, —1/2} basis. For real-time
magnetic field tracking, rf source 2, which is resonant with
transition 3 is frequency modulated to generate a signal
centered around 0 mV. Performing real-time feedback sim-
ilar to the cw ODMR and converting the time-domain data
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FIG. 4. Magnetic feedback with Ramsey measurement. (a) Pulse sequence for Ramsey interferometry. Laser initializes V2 into the
{—1/2, +1/2} spin states, while two rf pulses prepare an evenly weighted superposition that precesses for some time t before a second
rf pulse projects it back to an axis, where the difference in spin population can be measured. Preparatory rf pulses at the bottom row
are necessary to create and read out a population difference in the {1/2, —1/2} basis. (b) Ramsey plot in the {1/2, —1/2} basis. Decay

rate gives an inhomogeneous dephasing time of 7," =7.1 ps.
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to an amplitude spectral density again gets the magnetic
sensitivity of the measurement near dc frequencies, which
is 4.7 nT/\/Hz.

The best magnetic sensitivity of these implementations
is limited by the photon shot noise in the detector mea-
suring the PL and is different between the cw ODMR
and Ramsey methods. The shot-noise-limited sensitivi-
ties for the cw ODMR and Ramsey methods are given,
respectively, as [27]

New = A i Av (1)
33/3 Zelts Coyn/R
NRamsey = h 1 a4 linit + T + tread )
Amgg.p Cpulsee‘(’/rzk)\/ﬁ T
()

Here, g. =2, up is the Bohr magneton, Av is the full width
at half maximum of the ODMR lineshape, Cey(pulse) is the
cw (pulsed) ODMR contrast, R (N) is the rate of collected
photons per second (per pulse), Amy is the spin difference
between the two states, t is the free evolution time, and
tinitready 1S the initialization (read-out) time of the Ram-
sey sequence. Given the values of these parameters for our
experiment, we calculate the cw and Ramsey shot-noise-
limited sensitivities as 2 nT/,/Hz and 200 pT/./Hz, respec-
tively. The experimental cw ODMR sensitivity is within a
factor of 2 of the shot-noise limit; this is likely to be limited
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by magnetic field noise and laser-amplitude noise. Because
transition 3 is as sensitive to these noise sources as either
of the transitions used in the cw ODMR measurement, it
too is limited near this same sensitivity level, though bet-
ter magnetic isolation and laser-amplitude noise reduction
should lead to an even greater improvement in the case of
the Ramsey scheme.

IV. ANGLE-RESOLVED MAGNETOMETRY

Although the 72 center lacks intrinsic vector magnetom-
etry capabilities, it is reported that it can resolve the polar
angle of the incident magnetic field from the symmetry
axis [31]. This is due to the relatively small 70-MHz ZFS
of the defect, which leads to even moderate off-axis mag-
netic fields mixing the ground-state spin states, resulting in
nonsymmetric splitting of transitions 1 and 2. Exploiting
the fact that the magnetic field from the CPW is cylindri-
cally symmetric, we modify our setup for spatial scanning
to map the y and z components of the magnetic fields gen-
erated by a constant current in the 0.5-mm stripline of a
CPW [Fig. 5(a)]. The sample and coplanar waveguide are
removed from the Helmholtz coil, placed on a 2D transla-
tion stage, and a permanent ring magnet above the sample
is used to split the degeneracy in the ground state. The
cylindrical mirror is removed, as the excitation and col-
lection spot is now normal to the plane of the sample.
The CPW is used solely to generate the (test) magnetic
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Angle-resolved magnetometry for imaging of cylindrically symmetric magnetic field. (a) Modifications to the setup in Fig. 2.

Of key importance is that the rf driving fields are emitted from a wire antenna, while a steady current flows in the CPW, providing
a magnetic field. Both the sample and CPW are fixed to the two-dimensional (2D) scanning stage. CPW with a 0.5-mm stripline is
used for increased current density. (b) Solved y and z components of the magnetic field from the 2D array of frequencies resonant to
transitions 1 and 2. (c) Vertical slice of data in (b), showing the qualitatively expected results for the magnetic field components around

a current-carrying wire.

044086-5



I. LEKAVICIUS et al.

PHYS. REV. APPLIED 19, 044086 (2023)

field from the constant current in the stripline, while a
shorted coaxial cable positioned next to the imaging spot
is used to emit the rf fields resonant to transitions 1 and
2, which are measured independently, as before (recording
two frequencies per pixel in the scan).

A preliminary scan across the part of the sample above
the stripline is done with no current present to account for
any magnetic field gradients due to the varying distance
of the sample from the ring magnet. We repeat this scan
after sending 15 mA to the CPW stripline to generate a
cylindrically symmetric dc magnetic field. The frequencies
of transitions 1 and 2 are determined by the eigenvalues of
the Hamiltonian of the V2 center with a Zeeman splitting
resulting from a B field with two components, B, and B.:

H/h = DS? + guz(B,S, + B.S.). (3)

The numerical fit gives the values of B. and B, at each
point in the scan, the spatial map of which is plotted
in Fig. 5(b) (after subtracting the fields from the base-
line scan). A vertical slice of the magnetic field values of
Fig. 5(b) is shown in Fig. 5(c), which agrees well with the
qualitative expectations of a straight current-carrying wire,
producing a cylindrical magnetic field, with the in-plane
component (B,) being maximal at the stripline center,
while the out-of-plane component (B,) changes sign at the
center of the stripline.

The PL intensity in this sensing mode is signifi-
cantly lower than that in Sec. III due to top-down imag-
ing; as such, the magnetic field sensitivity degrades to
31 nT//Hz. The angle resolution can be related to the
magnetic sensitivity by solving for transition frequencies
1 and 2 due to an external field, B = (Bg + Biest €08 0)Z +
Biest sin 0 3, where By is the bias field from the ring mag-
net and By is the field to be measured. Propagating the
known error in the frequency measurement then gives the
angle resolution:

1 1
=n, +
v \/|av1/ae|2 9v2/06 ]

NBge B 1 1
= 5+ 5 4)
h |dv, /06| [dv,/06)|

which depends on both By and 8. For a test field of 10 uT
(approximately the field from the CPW), the angle resolu-
tion achieves an optimal value of 0.24°/,/Hz at 6 = 90° but
degrades as 6 — 0°.

V. WIDEBAND AC SENSING

Up to now, we focus on the measurement of nearly
dc magnetic fields, with the possibility of extending the
bandwidth to a few tens of kHz, given a faster read-out
scheme. Fast-magnetic-field targets, such as those present

in microwave circuitry components, need magnetometers
sensitive at frequencies far above those considered ear-
lier in this work. For the case of the N-J magnetometer,
magnetic fields in the low-MHz regime, as well as near
2.8 GHz, can be measured using Rabi-oscillation-based
methods [33,34]. In addition, measurements using interme-
diate Floquet states can potentially increase the bandwidth
of the N-J magnetometer [35]. The V2 center is a system
uniquely positioned to measure a wide range of frequen-
cies, due to possessing a |—1/2) — |1/2) transition, which
can be read out with ODMR and tuned from about 10 MHz
to 1 GHz with moderate external magnetic fields. The
general scheme of ac magnetometry with the V2 center
is shown in Fig. 6(a). The frequency of transition 3 is
tuned into resonance with the frequency of the ac magnetic
field to be measured. A Rabi-oscillation pulse sequence is
then run continuously with a fixed pulse time, Tgyeq, While
the lock-in signal is read out. The ac magnetic field of
the sensing target serves to change the effective Rabi fre-
quency incident on the ensemble, changing the final spin
population at the fixed pulse time.

The setup is brought into the same configuration as that
in Fig. 2, with the CPW driving the spin transitions, which
are split by the static magnetic field from the Helmholtz
coil. Rabi oscillations in the {1/2, —1/2} basis are com-
plicated for the same reasons stated earlier for Ramsey
sequences, and the standard Rabi pulse sequence must be
modified similarly to the Ramsey sequence in Fig. 4(a).
A typical Rabi oscillation in the {1/2, —1/2} basis, at a
3.5-mT external field, is shown in Fig. 6(b). The decay
of the driven Rabi signal is determined primarily by the
rf field inhomogeneity across the spin ensemble, because
different rf-field projections drive many subensembles at
different Rabi frequencies, resulting in an inhomogeneous
decay of the Rabi signal. Optimally, the rf pulse needs to be
intense enough to strongly pump the entirety of the broad-
ened ensemble (with a linewidth of ~1/7T3) but weak
enough to minimize the decay (7»,) due to rf inhomogene-
ity. We use the figure of merit from Ref. [33] to quantify the
parameters leading to the highest sensitivity for our setup:

T

T —|—t0’

F(Q, 1) = C(Q)e /T2 (5)

where C(€2) is the contrast of the Rabi oscillations, 7 is the
rf-pulse duration, and 7o is the overhead time. We perform
scans of the Rabi oscillations at various Rabi frequencies
and fit the decaying exponential sinusoid to retrieve the
contrast and decay time. Plots of the figure of merit as
a function of © are shown in Fig. 6(c) for the case of
three different transition frequencies (i.e., ac measurement
bands) ranging from about 10 MHz to nearly 1 GHz. At
low-rf powers, the Rabi frequency is insufficient to drive
every defect in the inhomogeneously broadened ensemble,
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ac magnetometry using a Rabi pulse scheme. (a) Schematic of ac magnetometry using tracking of the signal from a Rabi

oscillation at fixed time. (b) Rabi oscillations in the {1/2, —1/2} basis. (c) Figures of merit at three different ac measurement bands as a
function of Rabi frequency. Dashed lines are guides to the eye. (d) Read-out of an ac magnetic field at about 100 MHz and amplitude

modulated at 10-Hz detuning from the lock-in-detection frequency.

resulting in an overall loss of signal, while higher rf pow-
ers increase the decay of the Rabi signal due to the spatial
inhomogeneity of the rf drive. Two main factors contribute
to the decrease in the figure of merit at higher ac measure-
ment frequencies. First, 7," of transition 3 decreases at
higher-frequency bands due to either higher spatial inho-
mogeneity of the magnetic field from the Helmholtz coil
or from increased current noise in the coil power supply.
Second, the ODMR contrast decreases at high magnetic
fields due to its misalignment from the 2 symmetry axis,
resulting in about 15% decrease in the signal.

To generate an ac magnetic field to be probed, we place
a shorted coaxial antenna next to the sensing volume and
send a rf field at about 100 MHz to the antenna. The fre-
quency of transition 3 is tuned to be in resonance with
the coaxial antenna, while the detecting Rabi pulse is cho-
sen to have Q=130 kHz and =28 us to optimize the
figure of merit of the detection. To confirm the effects
of the rf probe, it is amplitude modulated at a frequency

10 Hz detuned from the modulation frequency of the main
rf drive, making it appear as a 10-Hz modulated signal
on the lock-in read-out [Fig. 6(d)]. Note that this sig-
nal is dependent on the relative phase between the field
driving the Rabi oscillations and the external probe. In a
practical implementation of this sensing scheme, where
the phase of the sensing target is unknown, the mea-
surement will have to be repeated at different phases of
the drive field. To quantify the sensitivity, we can con-
vert this real-time noise amplitude from mV to mT with
the conversion g = v X (2/x ) x (1 mT/28 MHz),
where nyv is the rms amplitude noise of the lock-in sig-
nal and « is the slope of the linear part of the Rabi
oscillation at fixed pulse time 7. The sensitivities at the
frequency bands of 13, 101, and 965 MHz are given as 16,
17, and 25 nT/,/Hz, respectively. Although the sensitivity
decreases at higher frequencies, we emphasize that this is
primarily due to technical limitations of our magnetic and
rf-field generation.
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VI. OUTLOOK AND CONCLUSIONS

With these sensing modalities demonstrated, future
work on this system is expected to focus on improvements
of the sensitivity to be more in line with state-of-the-art
N-V diamond magnetometers, the sensitivities of which
are in the low-pT//Hz range, depending on the frequency
band [33,36]. Based on the large difference between the
measured Ramsey sensitivity and its corresponding shot-
noise limit, we can surmise that environmental magnetic
field noise needs to be further suppressed. Laser-amplitude
noise is also likely a limiting factor, which can be reduced
through laser-power stabilization methods [37] or through
a consecutive pulse-subtraction method [33]. A relatively
small amount of the available volume of the epilayer is
used in the sensing experiment due to optical power restric-
tions. This optical power restriction can be bypassed in
a manner similar to that of diamond magnetometers by
coupling the excitation laser from an edge and relying on
total internal reflection to increase the volume of initialized
defects [38].

In summary, we show magnetometry in isotopically
purified silicon carbide using a silicon-vacancy ensemble
with a dc field sensitivity of 4.0 nT/,/Hz, an order of
magnitude improvement from previous results. A Ramsey-
based shot-noise-limited sensitivity of 200 pT/,/Hz is
calculated using our system parameters. Though the 12
ensemble lacks intrinsic vector magnetometry capabilities,
the polar angle of the magnetic field can be retrieved in
the low-magnetic-field regime, allowing for the imaging
of a magnetic target with known cylindrical symmetry.
Finally, the existence of a |—1/2) — |1/2) spin transition,
which is accessible to room-temperature ODMR, enables
a highly broadband sensing modality of ac magnetic fields
up to GHz frequencies, with sensitivities ranging from 16
to 25 nT/s/Hz. These results position the V2 center as an
alternative to the N-J center, which is worthy of further
development and refinement due to its unique modali-
ties of sensing and the maturity of silicon carbide as a
semiconductor material.
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