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Five-second coherence of a single spin with single-shot

readout in silicon carbide
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An outstanding hurdle for defect spin qubits in silicon carbide (SiC) is single-shot readout, a deterministic mea-
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surement of the quantum state. Here, we demonstrate single-shot readout of single defects in SiC via spin-to-
charge conversion, whereby the defect’s spin state is mapped onto a long-lived charge state. With this technique,
we achieve over 80% readout fidelity without pre- or postselection, resulting in a high signal-to-noise ratio that
enables us to measure long spin coherence times. Combined with pulsed dynamical decoupling sequences in an
isotopically purified host material, we report single-spin T, >5 seconds, over two orders of magnitude greater
than previously reported in this system. The mapping of these coherent spin states onto single charges unlocks
both single-shot readout for scalable quantum nodes and opportunities for electrical readout via integration

with semiconductor devices.

INTRODUCTION

Solid-state defect spins hold promise for use in quantum informa-
tion processing, sensing, and communication because of their unique
combination of long coherence times (I1-4), a spin-photon interface
(5, 6), and the availability of nuclear registers for use as robust quan-
tum memories (7, 8). The neutral divacancy (VVO) in silicon carbide
(SiC) boasts these features with the added advantages of the SiC
material platform, including wafer-scale commercial availability;
complementary metal-oxide semiconductor (CMOS) compatibility;
and the ability to fabricate hybrid photonic (9, 10), electrical (11),
and mechanical devices (12, 13).

Typically, for optically active defects spins, single-shot readout is
performed through spin-dependent fluorescence probed with narrow-
line lasers resonant with the defect’s optical cycling transitions
(14, 15). However, this method suffers from spin-flip errors due to
nonunity branching ratios in the defect’s optical excited state (5). As
a result, only a finite number of spin-correlated photons are scat-
tered before destroying the state. Combined with poor collection
efficiencies, the number of measured photons per shot is usually
low (N << 1) unless photonic devices are used to enhance emission
and collection. Hence, a key hurdle for the divacancy system to date
has been the ability to perform single-shot readout of the defect’s
spin state (16). This single-shot readout unlocks the ability to per-
form the entanglement distribution (17) and quantum error correc-
tion (18) needed to make quantum networks a reality and provides
an increased signal-to-noise ratio for quantum sensing.

Another avenue toward single-shot readout is spin-to-charge
conversion (SCC), which maps the defect spin state onto a robust,
long-lived charge state. For isolated single defect spins, SCC is an
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all-optical technique that has been used to achieve high-fidelity
single-shot readout but has thus far been limited to demonstrations
using the NV (negatively charged nitrogen vacancy center) in dia-
mond (19, 20). In this work, we demonstrate the first ever imple-
mentation of SCC for VV? in SiC by performing spin-selective
ionization followed by all-optical single-shot readout of the charge
state. Using this technique, we can determine an initially prepared
spin state with over 80% fidelity. We note that in this work, we do
not pre- or postselect the charge state or resonance condition, a
common strategy used to artificially boost fidelity at the cost of
success rate (14, 19, 20). Critically, we also achieve this readout
in the absence of photonic enhancement, demonstrating the val-
ue of SCC to other systems where nanofabrication remains a chal-
lenge or where detector technologies may be limited. In addition,
we deepen our understanding of the SCC process for the VV° de-
fect with ab initio density functional theory (DFT) calculations that
clarify the charge transition process, which, combined with theoretical
modeling, assist with further optimization of this type of readout.

The high-fidelity and single-shot readout provided by the SCC
technique enable us to perform experiments that would otherwise
be infeasible because of low signal-to-noise ratio, such as when the
time per experimental “shot” becomes prohibitively long. With this
advantage, we use the SCC technique to probe the unexplored limits
of the spin lifetime and coherence time for VV°. These times funda-
mentally determine the divacancy’s performance in future quantum
architectures by limiting metrics such as quantum memory times
and sensitivity for ac sensing schemes (21-23). Here, we first estab-
lish an experimentally limited lower bound on the spin T; time of at
least 103 s for VV°, over two orders of magnitude longer than pre-
viously reported (7). In this isotopically purified sample, we com-
bine the reduction of the defect’s noisy nuclear environment with
the use of dynamical decoupling sequences to preserve coherence
(24, 25). As a result, we measure a T, time of 5.3 + 1.3 s, over three
orders of magnitude greater than the natural Hahn echo T time (3).
These metrics establish VV° as a premier system with coherence
times that exceed previous reports for electron spin qubits in both
natural and highly isotopically purified silicon (26, 27), diamond
(28, 29), and SiC (2, 30).
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The results presented in this work develop SiC-based systems
as a promising platform for quantum technologies, where both
deterministic readout of the spin state and long coherence times are
necessary for heralded entanglement generation, high gate fideli-
ties, and the development of network components such as quantum
repeaters. This work also opens avenues that use the CMOS com-
patibility of SiC for the integration of electron spin-based systems
in classical electrical devices that are sensitive to single charges.

RESULTS

Optical and charge transitions of the divacancy in SiC

The neutral divacancy in 4H-SiC is a deep-level defect consisting of
a carbon and silicon vacancy pair. The dangling bonds from atoms
neighboring these vacancies form a spin-triplet ground state (31)
with spin sublevels that can be polarized and read out with laser
light and manipulated with microwaves (Fig. 1A). In this work, we
use laser light resonant with the E, and E, , spin-selective optical
transitions (“resonant excitation”), corresponding to the m; =0 and
m;, = %1 spin sublevels (5), respectively (Fig. 1B). The divacancy spin
state can be efficiently initialized to m;, = 0 via excitation of the E; ,
transition, which depletes the m, = +1 population through optical
pumping and nonradiatively polarizes into m, = 0 via a spin-singlet
intersystem crossing (32, 33). In past work, spin-photon readout is

performed by collecting photoluminescence (PL) scattered when
pumping on one of the more cycling resonant optical lines, such as
the E, transition. However, when pumping on a single optical tran-
sition, spin-flips from the excited state (32) cause a depopulation
that prevents indefinite optical readout. The finite number of pho-
tons emitted before destroying the state ultimately limits the fidelity
of the spin-photon readout technique.

As an alternative to readout via the spin-photon interface, the
divacancy hosts robust charge states (34) that can be manipulated
and read out using laser light (11, 35, 36). In this work, we use the
fact that non-neutral states of the divacancy do not appreciably
photoluminesce under resonant excitation that is tuned to the
neutral state’s zero-phonon line (ZPL). When the optical lines cor-
responding to both i = 0 and m, = +1 of VV? are simultaneously
pumped (“charge readout”), the emitted PL does not reflect the spin
state but rather whether the defect is in the neutral state or not, pro-
vided that the lasers are on resonance. Thus, a reduction in PL
distinguishes “dark” ionized states from the “bright” neutral state
(Fig. 1C), as the optical lines are stable in this sample. For the VV°
in SiC, this dark state has been established as the negatively charged
divacancy (VV7) (11, 35-37). Crucially, probing the divacancy
charge state with this light is not energetic enough to convert VV~
to VV” and vice versa via a direct one-photon process (Fig. 1A). The
result is that nondestructive measurement of the charge state of the
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Fig. 1. Control and readout of spin and charge states of the divacancy. (A) Optical and charge transitions of the divacancy. Excitation of the E, and E; ; spin-selective
optical transitions is performed using ~1131-nm light (yellow). Spin-flips (I';p) prevent indefinite readout of the spin state with laser pumping. Microwave (MW) manipu-
lation is used to induce ground-state spin-sublevel transitions. SCC is performed by excitation of the E, transition followed by an ejection of a hole by the 1151-nm
ionization laser (green). The dashed line represents the WP excited state. The 705-nm light (red) resets the divacancy from VV~ to WO, The individual lasers used for SCC
and charge resetting do not have enough energy to induce other charge transitions via a one-photon process (denoted by an “X"). (B) PL excitation spectrum of a single
divacancy reveals its six spin-selective optical transitions at T=5 K and B= 18 G with continuous microwave driving of the m; = 0>m;=+1 transition. Detuning is relative
to a center laser frequency of 265.1408 THz, and the transverse strain splitting is 9.78 GHz. The E, and E, optical transitions are m; =0 character, while the E; 5, A;, and A;
transitions are ms; =1 character (5). (C) Mapping of the spin state onto the charge state. Pumping of the E; transition allows for ionization of ms; =0 with the 1151-nm laser.
The SCC step is followed by charge readout via pumping of both the E, and E; ; transitions. Detection of PL signifies that the divacancy is in its bright, neutral (dark,
ionized) state and therefore was prepared to ms;=+1 (m; =0). (D) Typical experimental pulse sequence. After the charge and spin initialization and microwave manipulation
of the spin state, single-shot readout of the spin state is performed with SCC followed by readout of the charge state.
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defect is possible with high fidelity. In this work, we also rely on
deterministic preparation of the defect into the neutral charge state
(VV®). Previous reports have shown that laser light above ~1.3 eV
resets the charge state from VV™ to VV? and that light around 705 nm
(1.76 €V) is extremely efficient in charge initializing the divacancy
to its neutral state (11). However, the fidelity of this process has re-
mained unexplored to date.

Mapping of the spin state onto the charge state (SCC) via a
spin-selective two-photon ionization process provides us with an
avenue toward performing high-fidelity, deterministic measurement
of the spin state via readout of the charge state. Here, we access the
defect’s excited state in a one-photon, spin-selective manner using a
narrow-line laser tuned to one of the resolved optical transitions
(Fig. 1, A and B). A second “ionization laser” (1151 nm) takes the
defect from its excited state to the ionized state (VV ") via a one-photon
process by ejecting a hole (38). We select the ionization laser wave-
length based on the results of DFT calculations that we perform for
the VV° charge transition energies, which, for the (0/-) transition,
is calculated to be 2.09 eV, in good agreement with previous work
(31, 38). The ionization laser (1151 nm) is red-detuned from the
defect’s ZPL (1131 nm) so as not to excite any optical transitions
while still providing enough energy to ionize the defect from the
excited state, as the combined energy of these photons (2.17 eV)
enables the 2.09-eV (0/-) charge transition (34, 38) to occur (Fig. 1A).
Specifically, we go beyond this estimate based on the charge transi-
tion levels and directly compute using DFT the energy required to
go from the VV? optical excited state to the VV~ state with a hole at
the valence band maximum. Our DFT calculations show that photo-
ionization from the excited state requires ~1.03 eV, an energy that is
slightly less than the calculated ZPL of 1.196 eV, in good agreement
with experimental results (Supplementary Materials). This means
that we can use a narrow, low-power resonant laser tuned to a single
optical transition to provide spin selectivity alongside a high-power,
red-detuned ionization tone to induce, in total, a two-photon spin-
dependent ionization of the defect.

Once we have spin-selectively mapped the spin onto the defect’s
charge state with the SCC step, we can then perform single-shot
readout of the charge state by addressing the defect with both E,
and E; ; resonant light and collecting PL (Fig. 1C). Thus, we are
equipped with a full suite of techniques to initialize the charge and
spin state on demand, manipulate the spin with microwave pulses,
convert the spin state to a charge state, and perform charge readout
with these lasers and controls (Fig. 1D).

Charge control and readout

We first demonstrate the robustness of the divacancy charge state
and our ability to perform single-shot, high-fidelity optical readout
of this state. We characterize the longevity of the VV° charge state
with a sequence consisting of a 705-nm charge initialization pulse, a
variable delay, and an optical charge readout from which we extract
a charge lifetime 14, = 6.9 + 0.9 s (Fig. 2A and Supplementary Materials).
The finite duration of the charge lifetime when the defect is not under
illumination is likely due to diffusion of charges from nearby shallow
nitrogen donors, as the material is slightly n-type (Materials and
Methods). The charge lifetime is a critical time scale that dictates
the longest permissible time during an experiment where the neu-
tral defect, and therefore the spin, remains stable. Thus, the charge
lifetime ultimately limits the qubit’s lifetime and is a stringent cutoff
for sensing and memory applications. Fortunately, previous work
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Fig. 2. Single-shot readout of the divacancy charge state. (A) Charge readout
PL signal dependence on delay time between the charge initialization and readout
follows an exponential decay e (=), where Tch is the charge lifetime. We find that
Tch is 6.9(0.9) s. (B) Log-scale histogram of photon number distributions collected
during a charge readout for preparation into the neutral bright state and ionized
dark state. We use a 20-ms readout window with 4.05-uW combined resonant laser
power, selected to maximize the readout fidelity. For a cutoff of N=4 photons, the
single-shot readout fidelity of the charge state is 98.7(1.3)%. The false-positive rate
pop = 1.17%, and false-negative rate p;p = 1.26%. (C) Extracted photons per shot
from observed PL rate and charge state decay for various combined resonant laser
powers. The maximal extracted photons per shot is N=1529(117). The line is a fit
from a model (Supplementary Materials). All data are taken at B=18 G and
T=5K. All reported errors represent 1 SE from the fit, and all error bars represent
1 SD of the raw data.

has shown much longer charge lifetimes (35), where future tuning
of the Fermi level or balance of deep traps in the material may
extend our measured time scale by many orders of magnitude. This
charge instability is also linked to our ability to optically ionize the
defect on demand, representing a tradeoff to be optimized in future
materials design. Our measured charge lifetime, however, is still
many orders of magnitude longer than the saturated spin-flip life-
time, which we measure to be 3.3 + 0.1 ps (Supplementary Materials),
resulting in a longer possible readout window and more scattered
photons before destroying the state.

We next demonstrate our ability to perform single-shot readout
of the charge state. First, we either charge-initialize to the bright
state using a long, 705-nm laser pulse or spin-agnostically initialize
to the dark state using an “ionization pulse” where both E, and E; ,
resonant lasers and the 1151-nm ionization laser are simultaneously
turned on. This preparation into either the bright or dark charge
state is followed by optical charge readout. Figure 2B displays the
number distribution of photons collected during the charge readout
step for both the prepared bright and dark initial states. We calcu-
late that for preparation into the bright (dark) state, the mean photon
number is N =100 £ 1 (N = 1.3 £ 1.1) (Supplementary Materials).
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We determine that for a cutoff of N = 4 photons, the fidelity, Feparge
(39) is maximized at 98.7 + 1.3% (Supplementary Materials), repre-
senting the total fidelity of our ability to prepare and read out the
defect’s charge state in a single shot. Despite the absence of solid-
immersion lenses and other photonically enhancing structures, we
achieve a high number of photons per shot. The nonunity fidelity
likely arises from imperfect charge state preparation due to optical
excitation of nearby traps, as we discuss in the following sections.
The high single-shot photon number and the near-unity fidelity of
the charge readout technique exemplify its advantage over traditional
spin-photon readout.

Figure 2C shows the projected number of photons per shot during
these charge readout windows using various resonant laser powers.
With increased laser power, more photons are scattered per second,
but additional two-photon ionization occurs, reducing the time during
which the charge state can be read. On the other hand, if the laser
power is too low, then very few photons per second are scattered
but readout time is still limited by the charge lifetime and the read-
out window cannot be arbitrarily extended. As a result, there is an
optimal choice of laser power to maximize the readout, which, in
our case, results in over 1500 photons per shot at ~1 pW. This be-
havior is understood with a simple predictive model (Supplementary
Materials). The high number of scattered photons means that single-
shot readout of the charge state is possible even with extremely low
collection efficiency or in systems with much lower quantum yield.

Having established our ability to perform high-fidelity single-
shot readout of the charge state, we next characterize the various
charge transition processes induced by the lasers used in our experi-
ments. We first characterize the rate at which we initialize the diva-
cancy to the neutral state with the 705-nm charge repump laser. After
preparing the defect in the dark charge state, a time-varying charge
initialization pulse is applied to reset the defect to the neutral, bright
state. Using a charge readout, we measure the recovery rate of the
bright state as a function of the 705-nm laser power (Fig. 3A).
The charge repump rate is 993 + 17 MHz/W, consistent with the
one-photon repumping rate described in (11).

We next characterize the ionization rate solely from the resonant
lasers and ionization laser, respectively, by initializing into the bright
state and measuring the charge state after a variable length laser pulse.
The exponentially fit ionization rates for various powers of the res-
onant lasers are displayed in Fig. 3B. The ionization rate is initially
quadratic and then increases linearly as 10.6 + 0.9 MHz/W, signal-
ing saturation of the optical transition (Supplementary Materials).
At the relevant resonant laser powers in our experiment, we observe
ionization rates around 100 Hz. On the other hand, ionization from
solely the 1151-nm laser increases linearly with power as 95.7 +
3.7 kHz/W (Fig. 3C). Ideally, the 1151-nm laser by itself should
cause no ionization, where, here, a small residual rate likely arises
from excitation of nearby traps, freeing carriers that alter the de-
fect’s charge state.

Last, we characterize our ability to ionize the defect once it is in
its optical excited state, which is the prerequisite for spin-dependent
ionization. After charge-initializing to the bright state, we spin-
agnostically ionize the defect using a variable length pulse where both
the E, and E; ; resonant lasers and the 1151-nm ionization laser are
on at the same time. For these experiments, the resonant power is
kept such that the defect optical transition is saturated. The decay
rate of the signal from charge readout is displayed for various
ionization powers in Fig. 3D, where the saturating behavior can be
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the charge reset rate using the 705-nm laser. The reset rate is linear (red line fit)
with power as 993 + 17 Hz/uW. (B) lonization rate dependence on combined reso-
nant laser power (Eyand E; ; lines). The solid line is a fit using a saturating two-photon
ionization model (Supplementary Materials). (C) lonization rate dependence on
1151-nm laser alone. The ionization rate is linear with power (solid line fit) as
95.7 +£3.7 kHz/W. (D) Spin-agnostic ionization rate dependence on the 1151-nm
laser ionization power. The resonant laser excitation is beyond saturation at 15 uW. The
solid blue line is a fit from our model including the effect of stimulated emission
(Supplementary Materials), where the low-power ionization rate is 37.4 £ 0.7 MHz/W. All
data are taken at B=18 Gand T=5 K. All reported errors represent 1 SE from the fit,
and all error bars represent 1 SD of the raw data.
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understood through the effect of stimulated emission, as discussed
later (Supplementary Materials).

The spin-agnostic ionization rates (order MHz) are nearly three
orders of magnitude greater than the unwanted ionization rate
from only the 1151-nm laser (order kHz) or only the resonant lasers
(order 100 Hz) for the relevant powers used in our experiments.
This confirms that for experiments where both resonant excitation
and the 1151-nm ionization laser are used, the dominant source of
ionization is a two-photon process where one photon induces a
resonant, ground-to-excited state transition of the defect and a
second photon from the ionization laser subsequently converts the
defect to its negative charge state.

Spin-to-charge control

Given that we can perform high-fidelity, single-shot readout of the
divacancy charge state and that we can ionize the defect with a com-
bination of resonant and red-detuned laser light, we can selectively
map the divacancy spin state onto its charge state to achieve single-
shot readout of the spin state. Specifically, after charge initialization
to VV” and spin initialization to 1, = 0, we spin-selectively photo-
ionize the m, = 0 state to VV~ by simultaneous excitation of the
E, optical transition (1, = 0 character) while applying the 1151-nm
ionization laser. This is the SCC pulse that results in the process
shown in Fig. 1C. The defect can be protected from this spin-
selective ionization by rotating into m, = +1 via the application of a
microwave 7 pulse so that the laser no longer optically excites it (fig.
S7). Thus, a spin initialized to m; = +1 does not undergo ionization
and remains in VV?, forming the basis of spin contrast for the SCC
process. SCC is performed using the E, transition due to its high
cyclicity, which increases the number of times the excited state can
be populated before a spin-flip occurs. Spin-flips cause destruction
of the spin state (34) and prevent ionization from occurring, there-
fore reducing the fidelity of the conversion process (Supplementary
Materials). Thus, a key aspect of the SCC process is ensuring that the
rate of spin-selective ionization exceeds the rate of spin-flip errors.

After SCC, we perform single-shot readout of the charge state.
The charge readout signal for states prepared to m; =0 and m, = +1
as the SCC pulse duration is swept is shown in Fig. 4A. After the
SCC contrast reaches a maximum, the contrast decreases with in-
creased spin-selective ionization pulse durations due to a reduction
in PL from states prepared into m; = +1. This decreasing PL is
caused by non-spin-selective ionization but has a rate of decay that
exceeds the ionization rate from only the 1151-nm laser (Fig. 3C).
Therefore, we attribute this non-spin-selective ionization to other
mechanisms such as weak excitation of the m, = 1 optical transi-
tions by the E, laser or heating effects induced by the high-power
ionization laser that cause additional orbital or spin mixing.

We next characterize the end-to-end fidelity of the combined
initialization, SCC, and readout process by examining the resulting
single-shot photon number distribution. Figure 4B shows histograms
of the photon statistics for states prepared into m; = 0 and m; = +1.
We extract a maximum end-to-end SCC fidelity of Fscc = 80.8 + 0.6%
(Supplementary Materials). When corrected for the charge initial-
ization and charge readout fidelity, we obtain an SCC fidelity of
Fscc' = Fscc/Feharge = 81.6%, revealing that the main source of infi-
delity is the SCC conversion process and not the charge readout.
We eliminate infidelity arising from errors in spin manipulation
and selectivity of the spin-photon interface due to our observation
of over 99% Rabi contrast in fluorescence readout, consistent with
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previous reports (7). This fidelity is greater than the SCC contrast
(Fig. 4A) because of nonzero background counts and appreciable
ionization during the readout window. We track the SCC end-to-
end fidelity (Fscc) while sweeping the SCC pulse duration (Fig. 4C)
and find that fidelity is maximized for a pulse duration of approxi-
mately 2 pus. We note that in Fig. 4B, there is significant popula-
tion distribution above and below the N = 2 single-shot cutoff
for both spin preparations, corresponding to a false-positive rate
Poj1 = 27% and false-negative rate pyjo = 11%, for m; = 0 and m;, = +1,
respectively (Supplementary Materials). This indicates that incom-
plete ionization of m; = 0 is the dominant source of infidelity in our
SCC process, which we discuss below.

Although we increase the ionization laser power to maximize
SCC contrast and fidelity, we observe that the SCC contrast (Cscc)
unexpectedly saturates with power (Fig. 4D), limiting our single-
shot readout fidelity. We attribute this saturation behavior to stim-
ulated emission from the excited state induced by the 1151-nm
ionization laser (40). Stimulated emission induces an excited-to-
ground state transition of the defect, effectively increasing the spin-
flip rate and decreasing the occupation time in the excited state.
This results in a reduced chance of ionization via SCC before a
spin-flip occurs and manifests as the saturating behavior seen in
Fig. 4D. We model the dynamics of the SCC process using a set of
differential equations to describe the various rates of ionization and
spin-flips in our system (Supplementary Materials). Using the mea-
sured spin-agnostic ionization rate (Fig. 3D), the spin-flip rate, and
the time evolution of Fig. 4A, our model predicts a maximum SCC
fidelity of about 72%, which is consistent with our experimental
findings. The reduction in the excited-state lifetime due to stimu-
lated emission reduces the occupation of the excited state and
lowers the ionization rate, which also explains the behavior seen
in Fig. 3D. Last, by subtracting the spin-agnostic ionization rate
(Fig. 3D) and the spin-flip rate from the SCC rate (Fig. 4A), we ex-
tract the stimulated emission rate. This rate is shown as a function
of the ionization laser power in Fig. 4E (Supplementary Materials).

From our modeling, we find that the simple ratio of the ioniza-
tion cross section from the excited state to the stimulated emission
cross section (0;/0;) determines the resulting fidelity of SCC, where
larger ratios are desirable. We directly calculate this metric with DFT,
which indicates that the ratio is only optimal for a narrow energy
window below the ZPL energy and above the energy of the first
vibronic peak in the emission sideband (fig. S4, B and D). Our the-
oretical results also show that the cross sections and the ratio /o,
do not change as a function of the light polarization when the inci-
dent light is parallel to the threefold rotation axis (Cs,) of the defect
(fig. S5, A and B). Unexpectedly, however, a large increase in the ratio
oi/0s may be obtained by using polarized light perpendicular to the
defect axis (Supplementary Materials). This suggests that a change
in the ionization laser geometry and polarization may drastically in-
crease the SCC fidelity. These investigations into the limitations of
SCC due to stimulated emission through DFT and modeling create a
set of guidelines and considerations for designing qubits and optimiz-
ing these types of spin-to-charge experiments.

Extending coherence with dynamical decoupling

Having demonstrated the ability to spin-selectively ionize the de-
fect, we take advantage of the single-shot readout afforded by the
SCC technique and perform measurements that reveal the excep-
tionally long spin coherence time of the defect’s spin state. We first
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Fig. 4. Single-shot readout of the spin state with SCC. (A) Charge readout signal following SCC step for preparation into m;=0 and ms=+1. The maximum fitted con-
trast is 68.2(0.4)% at an ionization laser power of 71 mW and a SCC pulse duration of tion = 1.39 us using 14.95 uW of resonant power. cps, counts per second. (B) Charge
readout photon number distribution after SCC step for preparation into m;=0 and m;=+1. The end-to-end process fidelity is 80.8(0.6)% for a cutoff of N =2 photons.
(C) Dependence of SCC fidelity on SCC pulse duration. (D) Dependence of SCC contrast with 1151-nm ionization laser power. The contrast follows a saturation behavior (red
line fit; Supplementary Materials). (E) Calculated stimulated emission rate dependence on 1151-nm ionization laser power. The stimulated emission rate increases linearly
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perform T relaxation measurements using SCC readout (Fig. 5A).
Although the charge state has appreciable decay on these time scales,
we normalize our measurements such that we can extract the pure
spin relaxation time. Despite no obvious spin T; decay in Fig. 5A,
we investigate the T} time using a chi-square goodness of fit test and
place a lower bound of 103 s on the T; time with 95% confidence
(Supplementary Materials). This minute-scale lower bound elimi-
nates T; spin relaxation as a concern for this system and is on par
with the longest reported times for the NV~ center in diamond at
equivalent temperatures (28).

In natural SiC, spin decoherence is dominated by magnetic fluc-
tuations from flip-flop interactions between 2°Si and "*C having
I ="/, nuclear spins (1). The sample studied here was isotopically
engineered to reduce the occurrence of nuclear flip-flops and ex-
tend the coherence time (Materials and Methods) (7). In this work,
we further extend this spin coherence by applying dynamical de-
coupling sequences (fig. S8) (24). Figure 5B displays the coherence
for sequences consisting of N = 1 to N = 16,384 pulses, measured
with single-shot readout. With the combination of isotopic purifi-
cation and dynamical decoupling, we measure a maximum T, time of
5.3 £ 1.3 s, an improvement of over two orders of magnitude over the
previously reported extended coherences in the divacancy system (7).

The dependence of coherence (T3) on pulse number (N) (Fig. 5C)
can be modeled as T, ~ N, where y varies with the frequency cutoff,
shape, and roll-off behavior of sources of dephasing in the system
(41). We find that the scaling of coherence for low pulse numbers
has y = 0.92 + 0.01 and y = 0.75 + 0.01 at high pulse numbers
(Fig. 5C). This may suggest that dephasing is dominated by two sep-
arate noise sources, each with differing associated frequency cutoffs

Anderson et al., Sci. Adv. 8, eabm5912 (2022) 2 February 2022

that dominate in different regimes (42). The existence of these two
competing noise sources is supported by previous work on the same
isotopically purified sample that suggests that both a fast para-
magnetic and slow nuclear spin bath play a role in dephasing (7), al-
though certain broad Lorentzian baths may exhibit a similar y ~ 1
(41) to y ~ */3 crossover (29). Another possibility is that our exper-
iments become dominated by control errors at high pulse number
and do not protect the state as effectively, as we observe the contrast
decreasing in this regime (fig. S9).

Even after over 10* pulses, the measured coherence time does
not saturate. Given the long T times, we expect coherence times
greater than 5 s to be possible with even longer decoupling sequences
(Materials and Methods). The combination of dynamical decou-
pling and isotopic purification in this work results in coherences
that exceed state-of-the-art single spin measurements in other com-
peting systems (28). These ultralong coherences offer many advantages
for SiC-based quantum technologies. For example, in ac sensing
protocols, long coherence times extend the phase accumulation
period and increase sensitivity to weak signals. In addition, the
reduction of memory storage errors that comes with long coherence
times is vital for the development of quantum repeaters, which are
a necessary component for future quantum networks.

DISCUSSION

The all-optical SCC technique demonstrated here can be extended
to other emitters where single-shot readout is needed (43-45), par-
ticularly in platforms where the photonic devices typically used to
boost collection efficiency can degrade charge and optical qualities,
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Fig. 5. Ultralong spin coherence and lifetime for a single divacancy. (A) T; spin
relaxation time of divacancy using single-shot readout. Using a goodness of fit test
with a 95% confidence interval, we estimate that T; > 103 s (Supplementary Materials).
The fit (solid line) is for a T; of 103 s. (B) T, decay curves measured after applying
dynamical decoupling pulses sequences of increasing pulse number, N. We avoid
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requirements as in (28), eliminating sharp dips, and smoothing to find the coherence
function envelope. The envelope is fit to a stretched exponential function Ae~()",
where nis a stretch factor. (C) Extension of T, coherence time with total decoupling
pulse number. We fit in log space the low (blue) and high (red) pulse number
regimes as T, ~ NY. All data are taken at B=18 G and T=5K. All reported errors
represent 1 SE from the fit, and all error bars represent 1 SD of the raw data.

or where detector or emitter quantum efficiency is low. In addition,
coherence protection, combined with the high-fidelity readout pro-
vided by the SCC technique, brings the SiC material platform to the
forefront for use in sensing and communication protocols that re-
quire both deterministic readout and quantum state preservation.

Anderson et al., Sci. Adv. 8, eabm5912 (2022) 2 February 2022

Looking forward, use of auxiliary microwave drives (20) to re-
cover leakage of population from the qubit states, optimization of
the ionization laser wavelength to maximize c,/0,, and further
extension of the charge state stability via growth techniques may
present pathways to improving the SCC technique. Our DFT calcu-
lations additionally suggest that a reduction in undesirable stimulated
emission can be achieved by using polarized light with incidence or-
thogonal to the defect axis while still effectively ionizing the defect.
We note, however, that the stimulated emission from defects is also
of fundamental interest for future developments of lasers and new
kinds of sensors (46). Furthermore, the charge itself may lead to new
sensing opportunities (47), while the use of electrical depletion can
reduce some of the remaining noise in the system to further increase
coherence (11, 48, 49). Electron spin coherences in this platform
could also be improved by further reducing magnetic noise through
materials growth or by operating in decoherence protected sub-
spaces with basal divacancy defects (2).

Integration of SCC with the optical tuning capabilities offered by
SiC devices, such as p-i-n diodes (11), could be used to construct highly
scalable, tunable SiC quantum nodes for future entanglement schemes.
More generally, the SCC technique in SiC enables the translation of
quantum spin-based information into charge-based information in a
wafer-scale material with mature electronics technology. Thus, this
work unlocks a new generation of devices where semiconductor struc-
tures such as metal oxide semiconductor field-effect transistors and
avalanche photodiodes can be embedded with single spins to bridge
the gap between quantum and classical electronic devices.

MATERIALS AND METHODS

Experimental details

Measurements are performed at T'= 5 K in closed-cycle Montana
Cryostat with a 0.85 numerical aperture near-infrared objective. All
measurements are performed at low field of around ~18 G on a single
hh divacancy in 4H-SiC. We use two TOPTICA DLC PRO lasers for
narrow-line laser control of the defects. The 1151-nm ionization laser
is a QPhotonics QFLD-1160-300S temperature tunable laser diode.
PL is detected with a Quantum Opus superconducting nanowire
single-photon detector. Photon counting and time tagging experi-
ments use a PicoQuant PicoHarp 300 Time-Correlated Single-Photon
Counting system. Charge initialization is achieved by applying a
705-nm light for 5 to 10 ms. For most experiments, the 705-nm laser
power is ~200 nW at the sample. Spin initialization is achieved by
pumping on the E, , transitions, while the E, transition serves as the
cycling transition for readout and SCC. When performing SCC, to
mitigate the effects of this nonselective ionization, we saturate the
defect with resonant laser excitation to maximize the chances of
desirable spin-selective ionization during the SCC step before a
charge conversion error occurs. In addition, for subsequent experi-
ments, we use the highest possible ionization laser power of 71 mW
to increase the likelihood of ionization during the SCC step. This
maximum power is also used to perform spin-agnostic ionization
when preparing into the dark, ionized state in Fig. 2. Driving of tran-
sitions between the m; = 0 and m; = £1 spin sublevels is performed
using 1.357-GHz microwaves applied through Ti/Au striplines pat-
terned on the sample surface. Microwave extinction and filtering are
important parameters to increase coherence and lifetime. We use an
800-MHz high-pass filter after amplification and switch the microwave
pulses on and off with a ZASWA-2-50DR+ both before and after
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amplification. Further extinction is achieved using the IQ modulation
of the source, which also provides phase control of the microwave pulses.
We use this phase control to perform the XY-8 pulse sequences for
dynamical decoupling, which reduces sensitivity to pulse imperfections
and drift. For all spin control experiments, we use ©t pulses with a length
of approximately 1 to 2 us. We stop our experiments at pulse number
N = 16,384 for our dynamical decoupling experiments due to com-
pounding pulse infidelity that reduces contrast and because our mea-
sured coherence approaches the charge lifetime for this defect. In Fig. 5B,
the coherence function is normalized such that the contrast reduction
and the finite charge lifetime do not affect the fitted coherences.

For the coherence measurements, two fiber-coupled Acousto-optic
modulator (AOMs) (AA Opto-Electronic MT250-IR6-Fio-SMO)
are used in series on the resonant lasers to achieve high extinction.
Pulsing of the red charge reset tone (705 nm) and the 1151-nm
ionization laser is achieved with direct modulation of the laser
diode with a Thorlabs CLD1015 diode control unit. Extinction from
this modulation is high, where we note that the finite charge life-
time is not affected by extra extinction of the 705-nm laser in the off
state. All parameters in the text have errors reported at 1 SE.

Isotopically purified sample

The sample consists of epitaxial 4H-SiC grown by chemical vapor
deposition on a 4° off-axis n-type 4H-SiC. The layer thickness is
~90 um and uses isotopically purified Si and C precursor gasses as in
(). Secondarg ion mass spectroscopy reveals purities of 99.85% “*Si
and 99.98% '“C. C-V measurements show slightly n-type behavior
with a carrier concentration of 6 x 10" cm™. Single defects are cre-
ated using a 1 x 10" cm™ dose of 2-MeV relativistic electrons. Sub-
sequent annealing at 810°C in Ar gas results in isolated single VV?.
We note that this slight n-type behavior causes VV° to be unstable
under illumination, where the negative charge states are favored.
This is key, however, to our ability to ionize the VV° effectively. The
available carriers from these dopants provide the necessary charges
to continually source and redistribute charges for these processes.
SCC naturally requires charge unstable defects.

Computational details
We carried out hybrid DFT calculations to determine the excitation
energies of the VV? defect and the charge transition energy to the
VV~ defect. All calculations were performed using the dielectric-
dependent hybrid functional (50) and the Quantum Espresso code
(51). Weused a5 x 5 x 2 G-centered supercell, SG15 Optimized Norm-
Conserving Vanderbilt (ONCV) pseudopotentials (52), and a plane-wave
basis set with a kinetic energy cutoff of 80 rydberg. In the case of charged
defects, we applied corrections to the total energy as derived in (53).
We computed the optical matrix elements pertaining to the ioniza-
tion and stimulated emission cross sections using a G-centered super-
cell with 1296 atomic sites and the Perdew-Burke-Ernzerhof functional
(54). Electron-phonon spectral functions were computed using the
generating function approach within the displaced harmonic approxi-
mation (40, 55, 56). The phonon modes of the defective solid were
obtained using a 5 x 5 x 2 supercell generated with the PHONOPY
(57) package and extrapolated to larger sizes (16 x 16 x 5 supercell).
Additional details are reported in the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5912
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