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For solid-state spin systems, unwanted interactions with surrounding spin baths and inhomogeneity are
ubiquitous challenges. In defect spin systems, part of this challenge is that the process of generating the
desired defect often involves creating numerous unwanted defects that induce dephasing. Here we show
that many of these issues can be alleviated with the silicon vacancy in silicon carbide (SiC), which is a
simple defect to produce as it does not require the introduction of impurity atoms into the crystal. Previous
measurements of the inhomogeneous dephasing time 75 of silicon-vacancy ensembles have thus far been
limited to a few 100 ns due to the nuclear spin bath. We perform isotopic purification to minimize the
influence of nuclear spins, leading to an order of magnitude improvement in the 75 at room temperature.
Further improvements emerge by suppressing the effects of strain inhomogeneity via an informed choice
of basis in the spin quartet. Combining these techniques leads to about a factor 50 improvement in the 7

of the defect ensemble even at high defect densities.
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I. INTRODUCTION

Coherence properties of quantum systems are the key
features that allow them to operate nonclassically and
to outperform their classical counterparts in applications
ranging from sensing, communications, and computation.
As such, it is an ever present technical challenge to achieve
long coherence times by isolating quantum systems from
unwanted environmental interactions. Systems of trapped
ions and atoms are intrinsically isolated from these interac-
tions and therefore exhibit some of the longest coherence
times measured to date [1,2]. However, these systems often
have limited real-world applications due to the high levels
of technical overhead needed to implement them. Defects
in solid-state systems offer an attractive alternative, as they
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possess atomlike energy-level structures within the band
gap of the solid while being essentially fixed at a location
in the lattice.

One of the most ubiquitous solid-state defects is the
nitrogen-vacancy (NV) center in diamond. The success
of this system is due to its impressive spin properties at
room temperature, chief among them being its robust spin
ground-state coherence, optical initialization, and readout
[3,4]. These properties, which allow for the utilization of
the NV center as a quantum sensor in ambient conditions,
have led to the development of NV-based magnetome-
ters. The combination of high sensitivity and high spatial
resolution of the NV magnetometer has led to numerous
advancements and applications, ranging from the imag-
ing of magnetic textures in condensed-matter systems [5]
to neuron action potentials [6]. However, the diamond
NV system has a number of disadvantages, such as the
price and difficulty of fabrication involved with the host
crystal. In addition, the required introduction of nitrogen
to the carbon host crystal, typically at much higher con-
centrations than the desired NV center, often results in a
significant electronic spin bath [7], which causes decoher-
ence of the NV ensemble and requires spin-bath driving
[8] to suppress. As such, alternative systems to this plat-
form are being investigated [9]. A prime candidate for
room-temperature quantum sensing is the silicon-vacancy
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center in 4H-SiC [10—16], which has been shown to pos-
sess similar room-temperature spin initialization and read-
out properties [17,18] as well as a reasonably long-lived
ground-state coherence [19-21].

In the 4H-SiC polytype, the silicon vacancy can be
located in two nonequivalent sites in the lattice. In this
work, we focus exclusively on the V2 center, which is neg-
atively charged, possesses a S =3/2 ground state, emits a
zero-phonon line at 916 nm and, unlike the V1 center, has
had optically detected magnetic resonance (ODMR) spec-
tra observed at room temperature [17]. The ground-state
Hamiltonian of the V2 center is given as

H = DS? 4+ gugB - S + Hyy

+ HES + 5 ZuaﬂSaSﬁ,
af

(M

where S = (S, Sy, S:) is the spin-3/2 operator, g is the V2
center electronic g factor, up is the Bohr magneton, Hys
is the hyperfine Hamiltonian, Hgg is the electronic spin
Hamiltonian, E is the ground-state deformation potential
under the spherical approximation [22], u.g is the strain
tensor and 2D =70 MHz is the zero field splitting (ZFS)
between the |+3/2) and |£1/2) states [Fig. 1(a)]. The
hyperfine Hamiltonian describes the coupling of the V2
center with the nuclear bath spins surrounding it, resulting
in a time-varying magnetic field which causes dephas-
ing between the different spin states. The electronic spin
coupling can likewise cause dephasing due to spin-spin
interactions between the V2 center and other electronic
spins (including other V2 centers in the ensemble), while
the primary effect of the strain coupling is to shift the ZFS
parameter by an amount 8§D = E (Upara — Uperp), Where
Upara(perp) 15 the on-axis (off-axis) strain experienced by the
defect. Inhomogeneity in the strain environment within
an ensemble leads to spin dephasing between spin states
separated by the ZFS.
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FIG. 1.

Off-resonant optical excitation of the center polarizes the
defect into a subset of its quartet ground state while also
providing state-dependent photoluminescence via a spin-
dependent intersystem crossing [23—25]. These two fea-
tures are key in realizing a room-temperature magnetom-
etry scheme. In addition, the quartet structure possesses
a ground-state-level anticrossing at moderate magnetic
fields, which allows for rf-free magnetometry schemes
[15,16]. The spin coherence time is also of great impor-
tance, and there have been a number of investigations of
ensembles of silicon-vacancy centers [20,21,26,27] and
even single centers [19,28]. For ensembles of V2 cen-
ters, previous experiments referenced above show inho-
mogeneous dephasing times 75, =200-300 ns, Hahn echo
decay times 7,=~50 us, and room-temperature spin-
lattice relaxation times 77 =340 us. While echo-pulse
sequences can be used to extend spin coherence to much
longer times than T3, these sequences limit sensing to high
frequencies above 1/7,. For low frequency or dc sensing,
the sensitivity is limited by 775, which has thus far been
relatively short for V2 ensembles.

In the extensive body of work done with NV magne-
tometry [29], significant improvements of both single and
ensemble NV-center dephasing times resulted from iso-
topic purification of the diamond lattice ('*C = 1.1%). It is
then reasonable to expect the dominant dephasing mecha-
nism in natural isotopic abundance 4H-SiC is the nuclear
spin bath of the lattice (*’Si=4.7%, '3C =1.1%), which
possess a denser concentration of nuclear-spin-carrying
isotopes than diamond. This has motivated various inves-
tigations of the effects of decreased nuclear spin density
[30] on the coherence of both divacancy [31,32] and
silicon-vacancy [16] defects in SiC, though there is com-
paratively little work done with silicon-vacancy ensembles
in high isotopic purity material [27]. In this work, we
report on large improvements to the room temperature 77
of V2 ensembles by growing isotopically purified (isop-
ure) 4H-SiC epilayers ('*C =0.15% and #’Si =0.01%), to

(b)

Photodiode

Lock-In
Amplifier

e rfl

rf2

Splitter

|

Helmholtz Coil

V2 ground state and experiment setup. (a) Energy-level structure of V2 center with an external magnetic field oriented along

the c-axis splitting the degeneracy of the |+1/2) and |£3/2) states. (b) Experimental setup for measurement of V2 ODMR.
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minimize isotopes with nuclear spins. The grown isop-
ure epilayer and a reference epilayer with natural isotope
abundance are irradiated with electrons at 1 MeV and
at varying doses to produce silicon vacancies. We obtain
roughly an order of magnitude improvement in 75 for
the isotopically purified sample when measuring in the
my = {1/2,3/2} basis, with 7} decreasing as the irradiation
dose increases. We attribute much of this dose dependence
to strain inhomogeneity based on complementary mea-
surements in the m; = {—1/2, 1/2} basis, which is largely
immune to strain and temperature fluctuations [27]. In this
basis T3 is significantly longer and has only a weak depen-
dence on irradiation dose. Annealing at temperatures up
to 700 °C results in modest improvements, giving a 75 on
the order of 20 us in the m, = {—1/2,1/2} basis. These
results pave the way for room-temperature sensing appli-
cations using high-density ensembles of silicon vacancies
with long spin-dephasing times.

I1. SUPPRESSION OF NUCLEAR SPIN-INDUCED
DEPHASING

A diagram of the experimental setup for ODMR is given
in Fig. 1(b). A series of continuous-wave ODMR scans
at varying external magnetic fields obtained for a natu-
ral isotope abundance V2 ensemble sample are shown in
Fig. 2(a). The spin-dependent intersystem crossing results
in differing nonradiative relaxation rates between the two
spin subsets, allowing for off-resonant optical polariza-
tion and measurement of the population difference between
|£1/2) and |£3/2). The most intense ODMR signals
occur from the |1/2) to |3/2) and |—1/2) to |—3/2)
transitions. The |1/2) to |—1/2) transition is allowed
but does not typically appear in ODMR as this transi-
tion does not change the relative populations between
the |+3/2) and |41/2) sublevels. Due to state mixing
from strain and off-axis magnetic fields, normally dipole
forbidden Am, =2 transitions are also visible, albeit at
significantly lower intensities. A typical ODMR spectrum
of the |1/2) — |3/2) transition at a fixed external mag-
netic field (11 mT) is shown in Fig. 2(b). Here we note
the commonly observed side peaks of V2 centers due to
next-nearest-neighbor 2°Si hyperfine coupling [33]. The
ODMR spectrum for an isopure SiC sample in Fig. 2(c)
shows no hyperfine side peaks, confirming the removal
of the majority of 2°Si isotopes. The isopure sample also
shows a narrower linewidth than the natural abundance
sample for an equivalent power broadening, suggesting an
improvement in dephasing time.

Ramsey interferometry is performed on these samples
to quantify the inhomogeneous dephasing time 75. An
800-nm laser is pulsed for 3 us to initialize the V2 cen-
ter ground state [Fig. 3(a)]. A /2 rf pulse, resonant with
the |1/2) — |3/2) transition, creates an evenly weighted
superposition of the two states. The superposition is then
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FIG. 2. V2 optically detected magnetic resonance. (a) Ground-
state ODMR map as a function of external magnetic field and
rf drive frequency. Transitions (1) and (2) correspond to those
labeled in Fig. 1(a). The overall PL signal of the lock-in amplifier
is 1.2 V, with a maximum ODMR signal of 0.08% represented
on the color scale. This scan was performed with relatively low
rf power. (b) Single ODMR scan on a natural isotope abun-
dance sample at B =11 mT. The presence of hyperfine-coupling-
detuned side peaks is due to next-nearest-neighbor 2°Si isotopes
(dose =3 x 10'® cm™2). The rf power is —5 dBm going to a
shorted coax loop antenna (leading to approximately 200 kHz
Rabi frequency). Three Lorentzian fits are shown, all with an
equivalent FWHM of 1.6 MHz. (c) ODMR scan on an isopure
SiC sample with the same irradiation parameters as (b) as well
as equivalent rf drive power. A single Lorentzian fit is plotted,
showing a FWHM of 0.71 MHz.

left to precess and decay for a variable time before a
second /2 pulse projects the superposition onto a popu-
lation difference between |1/2) and |3/2), dependent on
the phase accumulated during the free precession. The
Ramsey pulse experiment characterizes the static inhomo-
geneities and low-frequency, primarily magnetic, noise the
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Ramsey and Hahn echo on the V2 ensemble. (a) Pulse sequence for Ramsey scheme and Hahn echo scheme (7 pulse in

dashed box). The /2 pulse length for the natural abundance sample is 120 ns, while the pulse length for the isopure sample is 400 ns.
(b) Ramsey fringe comparison at 11 mT between isopure and natural abundance samples of the same irradiation dose (3 x 10'7 cm™2),
with fit 75 of 4 us and 400 ns, respectively. Both are fit to 4 sin(27fi 4+ ¢) exp(—#/T5) + B (plotted in black). The signal contrast for the
natural abundance sample is lower due to the far off-resonant drive of the rf pulses. (¢c) Hahn echo decay of the V2 ensemble (blue dots)
in natural abundance sample (3 x 10'® cm~2) at approximately 4 mT. The 7> is given as 4.3 us from a Gaussian fit 4 exp[—(#/T>)?]
(orange line). Unlike the Ramsey interferometry, the Hahn echo of the natural abundance sample is done with the rf near resonance
(7z/2 pulse length of 400 ns). (d) Hahn echo of the V2 ensemble in the isopure sample at the same irradiation dose and magnetic field
asin (c). T, is given as 35.7 us from an exponential fit 4 exp(—#/T>).

ensemble of V2 centers experiences. Ramsey interferome-
try data for a reference sample and isopure sample, both
irradiated at 3 x 107 cm™2, are given in Fig. 3(b). The
oscillation frequency of the Ramsey fringes is equal to
the detuning of the rf pulse from the driven transitions.
For better fitting of the decoherence time, this detuning is
chosen to allow at least a few periods before the Ramsey
fringes fully decay. The reference sample has an exponen-
tial decay time T, =400 ns, consistent with results from
other ensemble studies in natural abundance 4H-SiC [21],
and a frequency of 3 MHz due to the far detuned rf pulse.
The isopure sample shows a much longer 75 =4 us, with
an oscillation frequency of approximately 900 kHz. This
smaller detuning of 900 kHz is used in the isopure case
due to the longer-lived signal. The order of magnitude
improvement confirms that the dominant inhomogeneous
dephasing mechanism in the natural abundance sample is
the variation in the nuclear spin environment.

In addition, we measure the Hahn echo decay time, 7>,
which characterizes the high-frequency magnetic noise in

the system and is a key parameter in ac magnetic field sens-
ing [29]. In this case, an additional rf 7 pulse [dashed line
in Fig. 3(a)] is placed between the two 7/2 pulses, revers-
ing any dephasing due to slow or static variations to form
an echo at the second /2 pulse. Figure 3(c) shows a Hahn
echo decay curve for a natural abundance sample irradiated
at 3 x 10'8 cm~2, with a Gaussian decay time T) =4.3 us.
This data is taken at low magnetic field (approximately
4 mT), resulting in a fast decay rate induced by electronic
spin-echo envelope modulation from interaction with the
nuclear spin bath [21]. In contrast, the Hahn echo decay of
the isopure sample at the same irradiation dose [Fig. 3(d)]
gives an exponential decay time 7, =35.7 us. The dif-
ference in both magnitude of 7, as well as the shape of
the fit suggests that the density of the decoherence source
has transitioned to the dilute regime, evidenced by the
transition of the Hahn echo from a Gaussian to an expo-
nential decay [34].

In Fig. 4, the T3 and T, values in the m; = {1/2,3/2}
basis are compared across the four different electron
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FIG. 4. Dose dependence of T3 and 7, in my= {1/2,3/2} basis. (a) Inhomogeneous dephasing time T, versus irradiation dose for

all eight samples. (b) Hahn echo decay time T, for all eight samples.

irradiation doses spanning 1.5 orders of magnitude for both
isopure and natural abundance samples. Figure 4(a) shows
that the 75 for the reference samples display weak depen-
dence on the dose, indicating that dephasing is dominated
by magnetic noise in its nuclear spin environment. Con-
versely, the isopure samples show a stronger decrease in
T with increasing irradiation dose. The dose dependence
of the Hahn echo decay time 7, follows a similar pattern
[Fig. 4(b)]. For the isopure samples, the optimal coherence
times occur for the lowest dose sample (1 x 107 cm™2),
resulting ina 75 =5.7 us and a T, = 105 ps. Although this
strong dose dependence suggests that dipole-dipole inter-
actions with irradiation-induced defects are the limiting
factors in the 75 coherence times [29], we show this is not
the case for 7.

ITI. SUPPRESSION OF STRAIN-INDUCED
DEPHASING

With nuclear spin noise largely suppressed, we can
investigate other noise sources whose effects were previ-
ously negligible to the overall dephasing rate of the V2
ensemble. Strain inhomogeneities are a common source
of decoherence in ensemble solid-state defect systems, as
static strain can cause a shift in the ZFS of the spin ground
state. The effects of this decoherence can be mitigated by
working in a basis with states whose energy differences are
not dependent on the ZFS, which has been demonstrated
for the NV in diamond by working in the double quan-
tum {—1, 41} basis [8,35-37]. Working in the V2 center
{—1/2,1/2} basis provides this benefit but adds some tech-
nical complexity as there is no PL intensity difference
between these two states as there is between the {1/2,3/2}
states. In addition this is a single quantum basis, meaning
that the transition can be directly driven with rf fields and
that modified Ramsey pulse sequences will not be neces-
sary to cancel out the residual single quantum signal from
the double quantum signal as in the case of the NV [37].

A modified Ramsey pulse sequence is used to charac-
terize T in the {—1/2,1/2} basis [Fig. 5(a)]. First, a 3-us
laser pulse initializes the spin state of the V2 ensemble.
Next, an initial 7 pulse inverts the population between
[1/2) and |3/2), after which a second rf source performs
the standard Ramsey pulse sequence between |1/2) and
|—1/2). A final 7 pulse then inverts the |1/2) and |3/2)
population, projecting the population difference between
the |+1/2) states into the {—1/2,3/2} basis, which is then
measured by the 3-us laser pulse of the next sequence. For
this scheme, the shorted coaxial antenna is replaced with
a printed circuit board coplanar waveguide due to its more
uniform rf field amplitude. Figure 5(b) shows a Ramsey
fringe comparison in the two different bases for the isop-
ure sample irradiated at 3 x 10'® cm~2. This measurement
is done at very low external magnetic field (approxi-
mately 0.3 mT) due to current noise in the Helmholtz coil
that significantly contributes to the dephasing rate in the
{—1/2,1/2} basis measurement. The suppression of the
strain inhomogeneity in this new basis leads to a drastic
increase of the 75 from 1.2 us to 13.7 us. The magni-
tude of this increase suggests that inhomogeneity in the
zero field splitting (most probably caused by irradiation-
induced strain), not defect spin density, is the primary
mechanism behind the dose-dependent decoherence rates
observed in Fig. 4(a). The loss of relative contrast in the
{—1/2,1/2} basis is due in large part to imperfect inver-
sion from long 7 pulse lengths (comparable to 75 in the
{1/2, 3/2} basis), and can be mitigated by using higher
power rf sources and amplifiers.

Attempting to alleviate this strain, the samples are
annealed at various temperatures in atmospheric condi-
tions for 2 h. The 75 in both bases for the highest dose
isopure sample is shown in Fig. 5(c) as a function of
annealing temperature. A clear improvement in 7, is
seen as the annealing temperature increases, the high-
est of which results in nearly a factor of 2 increase in
the {1/2, 3/2} basis at 700 °C. Surprisingly, an increase
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Suppression of strain-induced dephasing. (a) rf and optical pulse sequence for Ramsey interferometry in the {1/2, —1/2}

basis. The pulse lengths for the rfl 7 pulse and rf2 7/2 pulse were 1.2 us and 300 ns, respectively. The rf2 frequency was intentionally
detuned by approximately 200 kHz from resonance to produce slowly oscillating Ramsey fringes. (b) Ramsey fringe coherence at low
field (0.3 mT) in different bases for the same isopure sample (3 x 10'® cm™2). T = 1.2 us in the {1/2, 3/2} basis (red) and 13.7 us in the
{1/2, —1/2} basis (blue). (c) T; in the {1/2, —1/2} basis (upper) and {1/2, 3/2} basis (lower) for the isopure, 3 x 10'® cm~2 sample after
annealing for 2 h at various temperatures. The dashed lines indicate the 75 of the unannealed sample of equal dose in each respective
basis. (d) Comparison of T of isopure samples versus dose for the two bases. Dots indicate the unannealed samples while stars indicate
samples annealed at 600 °C for 2 h. Error bars are given to show one standard deviation of the fits in the {1/2, —1/2} basis (the standard

deviations in the {1/2, 3/2} basis are smaller than the marker size).

in the dephasing time in the {—1/2,1/2} basis is also
observed after annealing. This improvement may be due to
a reduction in strain-induced mixing between the |+3/2)
and |£1/2) sublevels, which results in states whose
energies are not independent of shifts in the ZFS.
However, the PL intensity for all samples annealed at
temperatures up to 600 °C drops by approximately 30%,
while the 700 °C sample PL decreases even further (see
Appendix D). This is likely due to vacancies anneal-
ing out at higher temperatures or converting to a carbon
antisite-vacancy pair [14,38—41]. We measure 775 in both
bases for the 600 °C annealed isopure samples and com-
pare with the unannealed samples [Fig. 5(d)]. In particu-
lar, the highest observed T;s occur in the 1 x 10" cm™
and 3 x 10" cm™? samples, which are 22-23 us after the
600 °C annealing. The dose dependence in the {1/2,3/2}
basis suggests that the irradiation-induced strain inho-
mogeneity is still present as a significant decoherence
mechanism.

IV. OUTLOOK

A number of possibilities remain regarding increasing
T further, as well as improving other figures of merit
of the V2 ensemble as a sensor system. Firstly, the '3C
isotope concentration can be further reduced by an order
of magnitude (0.15% versus 0.02%) to levels achieved in
other isopure SiC growth [28,31]. Secondly, a low noise
external magnetic field larger than what has been used
(0.3 mT) may result in improved coherence times in the
{—1/2,1/2} basis, due to the larger Zeeman splitting sup-
pressing the strain-induced mixing terms. For optimized
magnetic sensing, the shot-noise-limited sensitivity scales
as 1//N where N is the number of emitters, meaning
higher V2 densities will result in improved sensitivities.
Since there is only a slight dose dependence seen for
the highest dephasing times in Fig. 5(d), there appears
to be significant room for optimization of the irradia-
tion dose before dipole-dipole interactions between defects
significantly affects 75.
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Using the conversion efficiency from related work
involving V2 centers created from electron irradiation [39],
we roughly estimate the defect densities of our unan-
nealed samples range from approximately 5 x 10 ¢m™
to approximately 1 x 10'® ¢cm™ across the four doses
used. We can compare coherence times to isopure dia-
mond samples with comparable NV densities in Bauch
et al. [8], which are 6.9 us (0.6 us) in the double
quantum basis for NV densities of approximately
10" e¢cm™ (approximately 6 x 10" ¢m~). The 4H-SiC
samples most closely matching the above NV densi-
ties are the unannealed samples with 1 x 10'7 cm~2 and
3 x 10'® cm™? electron irradiation, both of which exhibit
longer 75s in the {—1/2,1/2} basis of 16.7 and 13.7 us,
respectively. We expect that this difference results in part
from the high density of substitutional nitrogen defects
present in diamond samples, a necessary side effect of
the low conversion efficiency of NV centers. The use of
spin bath driving to suppress decoherence caused by the
substitutional nitrogen results in improvements to 75 of
29.2 us (3.4 us) for the approximately 10'* cm™ (approx-
imately 6 x 10'> ¢cm™) NV samples. We also note that
a superposition in the double quantum basis accumulates
phase twice as quickly, leading to enhanced magnetic sen-
sitivity for schemes utilizing Ramsey interferometry. More
recent work with diamond has shown a single quantum
basis 75 of 8.5 us for NVs with a density of approxi-
mately 6 x 10'® cm™ due to a high conversion efficiency
of approximately 28% [42], indicating that substitutional
nitrogen is not always a significant limitation.

In summary, we have observed an increase of the
inhomogeneous dephasing time of a V2 silicon-vacancy
ensemble in 4H-SiC by about a factor of 50 for equiv-
alently electron-irradiated samples. This is a result of
systematically suppressing the dominant sources of deco-
herence, starting with isotopic purification of the sam-
ple to decrease the nuclear spin-induced dephasing rate.
Strain inhomogeneity-induced dephasing is suppressed via
annealing at 600 °C and by choosing a basis insensitive to
strain variations. This leads to a 75 longer than 20 us in
the {—1/2,1/2} basis, with little dependence on irradia-
tion dose. In addition, a maximum Hahn echo decay time
of 105 us was observed for the lowest dose isopure sample,
compared with 4.1 us at low magnetic field for the same
dose in a natural abundance sample. These two parameters
are critical for quantifying the dc and ac magnetic sensitiv-
ities of the spin ensemble. The low optical readout contrast
of the V2 center remains a disadvantage for obtaining a
high sensitivity, but recent V2 center annealing techniques
[14] and demonstrations of cavity-enhanced spin readout
of NV centers provide promising paths towards over-
coming this limitation [43,44]. These encouraging results
motivate further investigation of the V2 ensemble for use
in room-temperature quantum systems as an alternative to
the NV center in diamond.
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APPENDIX A: EXPERIMENTAL SETUP

An externally pumped (Coherent Verdi G) continuous-
wave Ti:sapphire (Spectra Physics 3900S) laser tuned to
800 nm is used to excite the sample, first passing through
a noise eater and then an acousto-optic modulator, which
is used to gate the excitation (160-mW cw power). The
light is reflected off a dichroic beam splitter, focused via
an aspherical lens down onto the face (¢ axis) of the sam-
ple with a spot size of approximately 30 um diameter.
The sample is placed in the center of a pair of Helmholtz
coils for spatially homogeneous magnetic field generation.
rf field excitation of the spin ground state is performed
with a rf signal generator (Agilent E8254A) producing an
amplitude modulated (900 Hz) signal, gated by an elec-
trical switch to a coaxial cable shorted above the sample
surface. The gate of the electrical switch is controlled
by a digital delay generator (Stanford DG645). Experi-
ments involving the coherence of the {—1/2,1/2} basis
use an additional pulsed rf source (Stanford SG394), which
is combined with the Agilent via an RF splitter (Mini-
Circuits ZFRSC-2050) and output to a printed circuit board
coplanar waveguide with a 1 mm center conductor instead
of the shorted coaxial cable, which produces a more homo-
geneous rf field across the laser spot. PL is collected back
along the same path, transmitted through the dichroic beam
splitter, after which an 850-nm long-pass filter further
attenuates the laser light. The PL is detected by a sili-
con photodiode, whose signal is sent into a preamp and
then a SR830 DSP lock-in amplifier. The lock-in ampli-
fier measures the amplitude of the signal at the amplitude
modulation frequency of the Agilent. All measurements
are performed at room temperature.

APPENDIX B: SAMPLE GROWTH

For both samples, a 20-um epilayer of SiC is grown on
n+ 4H-SiC substrates (II-VI Inc.) oriented 4° off the ¢
axis towards the [11—20] crystal axis by hot-wall chemical
vapor deposition, with unintentional p-type doping levels
8 x 10" ¢m™ for the isopure sample and 1 x 10" cm™3
for the natural abundance sample [45]. Silane (SiHy4) gas
is synthesized from 28Si metal (99.988%) using known
procedures [46], modified to improve isolated yield and
minimize isotopic contamination. This silane and 99.8%
isopure methane is used for the isopure epilayer growth,
with a C/Si ratio of 1.65. For the reference SiC, the
sample was grown in propane with a C/Si of 1.55. Sec-
ondary ion mass spectroscopy data from Evans Analytical
Group shows the isotopic concentrations as 3C =0.15%
and 2°Si = 0.01%. The samples are then electron irradiated
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with energy 1 MeV at doses varying from 1 x 107 ¢cm™2

to 3 x 10'® cm~2. Based on previous results with electron-
irradiated SiC [39], we estimate our V2 center density to
be around 10'® cm™ for the highest irradiation dose.

APPENDIX C: SYNTHESIS OF 28SiH, FROM 23Sj
METAL

LiAlH4, ether, chlorine gas, and tetraglyme were
obtained from Aldrich Chemical Company. 99.999% pure
aluminum wire was obtained from Alfa. The ether was dis-
tilled from sodium benzophenone ketyl and the tetraglyme
was distilled under vacuum from sodium-potassium alloy.
The LiAlH4 was purified by dissolving in an H-tube with
dry ether, filtering, and then removing the ether under
dynamic vacuum. Purified LiAlH4 and dry solvents were
stored in an argon-filled drybox. Flexible stainless steel
tubing from Swagelock was used for the transfer of gases.
The gas cylinder was baked out under vacuum prior to
being charged with silane and hydrogen.

1. Synthesis of 28SiCl,

Approximately 7 g of 2Si was ground to a fine powder
using a stainless steel mortar and pestle. The powder was
placed in a sample boat formed from Ni foil and placed
in an Inconel 625 tube inside a 1 inch diameter tube fur-
nace under flowing argon. The outlet of the reaction tube
was connected to a Pyrex U-trap in a Dewar of crushed
dry ice, from which the outlet was connected to a bubbler
filled with halocarbon oil and vented to the fume hood.
Once the tube furnace reached a temperature of 440 °C,
chlorine gas from the lecture bottle was bubbled through
a halocarbon oil bubbler at a rate of about 5 bubbles/s,
and an argon-chlorine mixture was passed over the sili-
con. The process was continued until the condensate in the
U trap was mostly chlorine, as revealed by touching with
a liquid nitrogen swab onto the glass, which typically took
3-5 h. Excess chlorine was then allowed to bubble away as
the condensate warmed to room temperature, and the prod-
uct was fractionated on the vacuum line between —78 °C,
ethanol slush, and —196 °C traps. The 28SiCly still contains
residual chlorine, and was dechlorinated by storage for at
least several weeks over pure aluminum wire in a Pyrex
bulb. Typical isolated yields of 22SiCly were >80%.

2. Conversion of 28SiCl, to 28SiH,

In an argon-filled drybox, about 75 ml of dry tetraglyme,
an excess of purified LiAlH4 (6.21 g, 163 mmol), and a
Teflon covered magnetic stirbar were loaded into a 1500-
ml stainless steel cylinder that is rated to 500 psi. On the
vacuum line, 28SiCly (20.49 g, 121 mmol) was condensed
into the cylinder and the valve closed. The mixture was
stirred for several days and then the product was fraction-
ated between a —78 °C trap and two consecutive —196 °C

TABLE 1. PL signal, max ODMR signal, and contrast of
annealed samples.

Max Rabi

(duty cycle
Temperature PL corrected) Max contrast
Nonannealed 518 mV 1.39 mV 0.27%
300°C 400 mV 1.07 mV 0.27%
400°C 430 mV 1.25mV 0.29%
500°C 376 mV 1.06 mV 0.28%
600°C 370 mV 1.24 mV 0.33%
700°C 170 mV 753 mV 0.44%

traps under dynamic vacuum. The silane in the —196 °C
traps was then condensed into a storage vessel. When suf-
ficient silane has accumulated from repeated reactions, the
stored silane was expanded into a gas cylinder and then
overpressurized with sufficient high purity H; to produce
a 2% mixture. The isotopic purity of the silane was mea-
sured using nuclear magnetic resonance, giving a residual
concentration of 2?Si of <0.004%.

APPENDIX D: DECREASED PL AND ODMR
SIGNAL AT DIFFERENT ANNEALING
TEMPERATURES

The highest dose samples (3 x 10'® cm™2), which have
been annealed at temperatures ranging from 300 to 700 °C
for 2 h, are measured for their PL brightness and ODMR
signal in Table I. The maximum of the first peak of a
Rabi oscillation (corrected by the duty cycle of the pulse
sequence) is used to characterize the maximum possible
ODMR contrast.
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