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High-Fidelity Optical Readout of a Nuclear-Spin Qubit in Silicon Carbide
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Quantum state readout is a key requirement for a successful qubit platform. In this work, we demonstrate
a high-fidelity quantum state readout of a V2 center nuclear spin based on a repetitive readout technique.
We demonstrate up to 99.5% readout fidelity and 99% for state preparation. Using this efficient readout,
we initialize the nuclear spin by measurement and demonstrate its Rabi and Ramsey nutation. Finally, we
use the nuclear spin as a long-lived memory for quantum sensing application of a weakly coupled diatomic

nuclear-spin bath.
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Introduction.—Efficient readout of quantum states is at
the heart of modern quantum technology. It allows one to
perform single-shot measurements, i.e., the readout of the
eigenstate of an individual quantum system reaching nearly
unity fidelities [1-3]. Among numerous quantum techno-
logical platforms [4-6], optically active spin qubits [7]
are one of the emerging solid state systems suitable for
realization of optically interfaced spin registers [8]. Among
them, the silicon vacancy (V2) center in 4H-SiC is an
attractive solid state platform combining both excellent
optical and host material properties. It possesses Fourier-
limited optical transitions resilient to phonon broadening
up to 7 =20 K [9] and has tolerable optical coherence
properties in nanophotonic structures [10,11], making it
suitable for establishing an efficient spin-photon interface.
Yet, low optical cyclicity and long-lived metastable
states [12] have made a single-shot readout of a single-
electron spin state impossible so far.

Achieving an efficient spin readout is a major milestone
advancing various applications. High-fidelity optical
readout of spin qubit states is important for quantum
information processing, e.g., for feedback steps in error
correction [13,14]. Additionally, a universal enhancement
of the electron spin readout [15], as achieved here, boosts
the sensitivity and speeds up the exploration of a rich
nuclear-spin bath for Hamiltonian estimation of multispin
registers [16]. An efficient spin readout also increases
the success probability of high-fidelity heralded spin-
photon entanglement, thus increasing its distribution rate.
In the past, mapping of a short-lived electron spin state
to a longer-lived one such as a charge state [17-20] or
nuclear-spin states [21,22] was used to increase the signal
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to noise ratio beyond unity, required for single-shot read-
out. Additionally, an increase of the collection efficiency
and emission rate of the emitted photons via photonic
integration and the Purcell enhancement [23] has been used
to improve the readout fidelity.

In this work, we perform a single-shot readout
(SNR > 1) [24] of an ancillary neighboring 2°Si nuclear
spin (I = 1/2) via repetitive mapping onto the electron spin
state and optical readout. We analyze the stochastic switch-
ing dynamics of the nuclear spin under the readout and
extract its main properties and use them to optimize the
readout parameters. We find that state preparation fidelity
of Fiit =99% 1is achievable and a readout fidelity of
Fread = 92% in the case of no data loss. With postselection,
we further boost the fidelity to F.,q = 99.5%, albeit at a
lower success rate of B = 10%.

Furthermore, our model gives insights on the decay
mechanisms of the memory. In particular, we see that the
bright state decays tenfold faster, while the dark state is more
stable under readout, which we use in the end for state
preparation. Finally, we demonstrate the application of this
readout for probing the coherence properties of the nuclear-
spin memory and quantum sensing of weakly coupled nuclear
spins. Our results mark a key achievement for the V2 system,
bringing it closer to a fully fledged qubit platform.

Results.—For optical addressing, we use a single
vacancy of silicon (V2 center) in the 4H-SiC crystal
depicted in Fig. 1(a).

Its electron spin state can be probed by resonant optical
excitation resulting in =0.02 photons per readout in our
setup. This low photon rate and the fact that optical
excitation resets the spin into the dark state prevents an

© 2024 American Physical Society
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FIG. 1. (a) V2 center in 4H-SiC with nearby nuclear spin of
29Si. (b) Photon emission under resonant excitation. Electron spin
(orange) decays within a few microseconds, while the nuclear-
spin state (blue) is preserved ~1000 times longer. The gray line
shows the restoration of the electron spin state and subsequent
rise in photon collection. (c¢) During optical excitation, electron
spin flips occur due to intersystem crossings. Population can be
restored repeatedly via C,NOT, gates. A2 indicates the optical
transition from m, + 3/2 ground to excited state. (d) Real-time
trace of nuclear-spin quantum jumps.

efficient electron state readout [orange curve in Fig. 1(b)].
Neighboring nuclear spins interact with the V2 electron
spin density, giving rise to a hyperfine coupled electron-
nuclear S =3/2 ® I = 1/2 level system [Fig. 1(c)], and
we utilize an electron qubit encoding as |0) = | +1/2),
1) = | +3/2).

For many of the nearby strongly coupled spins, the
isotropic Fermi contact term results in an almost diagonal
hyperfine tensor [25]. In analogy to the well-studied
N-V system [21], at elevated magnetic fields B, the
Hamiltonian of the system with aligned magnetic field
reads

3
+ Aﬂ_(E)(Sny + lex) + Aﬁ(E)SZIz + y”BZIZ’ (1)

1
Hy) =Dy (Sg +=5(S+ 1)) +yB.S.

where B is the applied magnetic field, S the spin operator of
the electron, / the spin operator of the coupled nuclear spin,

and Ai(jf the diagonal elements of the hyperfine tensor in
ground (excited) state (see Table I). D) is the zero field

TABLE L. The ground state hyperfine tensor of the used nuclear
spin. Units are in megahertz. A,y is the Fermi contact interaction
and T the dipolar interaction term.

AZZ
8.660(3)

A A
9.00(1)

Aiso T
8.9106)  —0.130(4)

Yy

9.03(1)

splitting in the ground (excited) state. At high magnetic
fields, this Hamiltonian yields a robust nuclear qubit
encoded in the eigenstates of the I, operator. Its lifetime
increases quadratically with the magnetic field [21] and
allows one to probe the quantum state multiple times to
overcome the shot noise of the optical readout. The
prolonged T, time of the nuclear spin under readout
condition compared to the electron spin is shown in
Fig. 1(b). Hence, the spin states can be probed faster than
spin flips occur as marked by the quantum jumps trajectory
presented in Fig. 1(d). Here, we continuously probe the
system and sum the collected photons of N subsequent
reading steps to trace the spin quantum state. The count rate
is directly related to the nuclear-spin state and enables
observation of quantum jumps in real time. Each reading
step contains a C,NOT, gate realized via two selective
microwave 7 pulses +1/2 — +3/2 conditional to the same
nuclear-spin state and an electron state readout via A2 laser
pulse. This laser pulse also resets the electron state into
mg; = +1/2 for the next iteration [gray line in Fig. 1(b)].
Throughout this Letter, A1 (A2) denotes the resonant laser
transition between the ground and excited state of the m; =
+1/2 (m; = £3/2) electron submanifold.

To optimize the readout parameters, we first quantify the
intrinsic switching and emission rates under the readout
process analogous to [26]. In the first step, we exploit
the two-point measurement scheme as described above
with an additional charge-resonance check (CRC) to
filter out individual ionization and off-resonance events
[Fig. 2(a)]. CRC is performed by shining the A1 and A2
lasers simultaneously for 500 ps. In the case where both
lasers are resonant to their respective optical transition and
the defect is not ionized, the electron spin-independent
excitation leads to emission of photons above a threshold of
2 [27]. This heralds the correct charge state of the defect.

We prepare the initial state by measurements, i.e., using a
low count rate in first readout step (R1) (see below) as state
indicator. By choosing the appropriate condition of the
C,NOT, gate in the first readout, we prepare m; = |1) or
m; = || ). We probe the nuclear-spin state with a second
readout step (R2) and record a photon count distribution
conditional on the state prepared by the first readout m; =
|1(])) for various readout parameters. We depict the case
of N =400, N, = 300, 700, t; = 15 ps in Fig. 2(b), while
other cases are presented in detail in [27]. By fitting the
distribution with a numerical model [26], we extract
switching (y) and emission (1) rates depending on the
experimental parameters. For a readout time #; = 15 ps and
a laser power of 20 nW, we observe switching rates of
Yo =8(2) Hz in the dark and y; = 100(10) Hz in the
bright state. We attribute the fast decay rate from the bright
state to the increased nuclear-spin flipping rates during the
optical excitation cycle. The decay rate from the dark state
is limited by the infidelity of nuclear state mapping to the
electron state and an occasional unwanted excitation cycle,
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FIG. 2.

(a) Two-point measurement scheme consisting of two readouts R1 and R2 and a CRC. (b) Photon count histogram for the

second readout R2 conditioned on charge-resonance check and first readout R1. (c) Infidelity of the readout using the scheme described
in (a). Numbers label the threshold photon count. 7 marks the success rate of the sequence. Legend is shared with (d). Blue, yellow, and
green lines show initialization and readout fidelity of the bright state b. The red line indicates the fidelity of the dark state d. (d) Infidelity
of state preparation by readout presented in (a). (¢) Scheme for alternating addressing of both nuclear-spin states. (f) Distribution of
difference of photon counts in alternating addressing of spin states. (g) Infidelity of readout of the scheme in (e).

which is supported by a much slower longitudinal spin
relaxation in the absence of readout [27]. Next, using our
experimentally calibrated switching model, we estimate the
fidelity of the readout [Fig. 2(c)]. Using the maximum
likelihood method [26], we estimate that with a success rate
n = 100% of the readout an average fidelity for dark and
bright states F = 92% is achievable with N, = 250 rep-
etitions and photon threshold of ny = 3. A better fidelity
can be achieved by increasing the threshold for a bright
state readout but has a limited effect on reading a dark state,
due to the finite overlap of bright and dark distribution at
n =0 photon count. We see that a fidelity of 99.5% is
achievable when increasing the threshold for reading the
bright state, limited by a success rate 7 = 10% of the
readout. For estimating the state preparation fidelity, we use
the maximum likelihood method and photon count dis-
tribution conditioned on the state at the end of the readout
as described in [26]. We find that conditioning to n =0
photons prepares a dark state with fidelity of 99% at
N; = 300, while preparation of the bright state with similar
fidelity would be possible only when using even less than
n = 10% success rate of the readout R1 and using higher
threshold values. Thus, in our work, we use the dark state
preparation, which combined with CRC heralds a high
fidelity of dark nuclear-spin state.

The readout method with probing only one bright state
has a limited overall fidelity, since the dark state readout
fidelity could not be improved by a stronger postselection
and sacrificing of the success rate. Spin-state-independent
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FIG. 3. Coherent control of the nuclear-spin qubit. (a) Meas-
urement of the nuclear Rabi nutations via initialization,
readout 1 (R1), Rabi drive for various durations, and readout
2 (R2), followed by CRC. (b) Free precession (Ramsey) of
the nuclear spin.
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high-fidelity readout can be achieved when using alter-
nating addressing of both nuclear-spin states and in
the end comparing the two accumulated count rates n =
n; — n, [Fig. 2(e)]. In this case, both nuclear-spin states
are bright and allow postselection with higher thresholds
[Fig. 2(f)]. We use a switching model based on Skellam
distribution [27] adapted from [26] to extract the rates and
find that in this case the switching rates are half of those
for the bright states for both states, resulting from the fact
that both states are probed 50% of the overall readout
time. The numerical analysis shows that one can achieve
F = 98% fidelity for average fidelity of both states with
n = 5%—-10% success rate [Fig. 2(g)]. This can be further
improved by reducing the success rate, showing that there
is a trade-off relation.

We further measure Rabi oscillations of the nuclear spins
[Fig. 3(a)]. For this, we exploit the two-point measurement
scheme as explained before and flip the nuclear spin in
both states m; = +1/2 with the same Rabi frequency. We
observe a high nuclear-spin contrast, which corresponds
to fidelity of F = 96% for readout with about n = 90%
success rate. Furthermore, we perform a nuclear-spin
Ramsey measurement in electron subdomain m,; = +1/2
and obtain 7% = 7.7(7) ms [Fig. 3(b)], a higher value than
previously measured at smaller B fields [25]. We note an
additional beating oscillation, presumably originating from
additional coupling to another nuclear spin. This could

N I

(a) e o) s ran s ran
o o e
2QSi7 13C B
(b)
0.5
5
£
< 0.0
©
C
2
w
29q; 13
-0.5 -1 Si ] |C ]
1.0 1.2 1.4 1.6

Probe Frequency (MHz)

FIG. 4. ENDOR spectroscopy of nuclear-spin bath. (a) Meas-
urement protocol. Initialization and readout are performed
similarly to as in Fig. 3. The coherent control is performed
via entanglement of nuclear and electron spin. This state acquires
a phase conditioned on whether the target nuclear spins are
probed with a resonant microwave z pulse. (b) ENDOR spectra of
nuclear-spin bath containing '*C and 2°Si spins. Vertical dashed
lines mark the expected Larmor frequency based on the estimated
B field.

enable utilization of stronger coupled nuclear spins to
address the weaker coupled and obtain nuclear-nuclear J
coupling, required for full system Hamiltonian estimation.

Finally, we apply the efficient readout for probing the
weakly coupled nuclear spins (Fig. 4). We use an electron-
nuclear double-resonance (ENDOR) pulse sequence [28]
for probing the A,, coupled nuclear spins, where the
nuclear spin is used as memory and a readout ancillary
spin and the electron spin as a sensor. The sequence
exploits the electron-nuclear double-resonance condition
and results in a readout contrast increase, once the target
spins are flipped. We scan the frequency of the probing
pulse and observe two distinct location of peaks centered at
the positions of the expected Larmor frequency of corre-
sponding nuclear-spin baths of 2°Si and '*C. We observe
eight individual peaks around 2°Si bath and four individual
peaks around '*C bath with coupling strength within the
10-100 kHz range, suitable for utilizing as building blocks
of a quantum register.

Conclusion.—In this work, we show high-fidelity read-
out of a single nuclear spin around V2 center with fidelity
reaching 99.5%. We demonstrate that such readout can
serve for initialization by measurement with fidelity reach-
ing 99%. We show coherent control of the nuclear spin after
initialization by measurement and demonstrate the appli-
cation of the high-fidelity readout for the efficient sensing
of weakly coupled nuclear spins. A further improvement in
fidelity could be reached by further increasing the B field
values, as the lifetime of the spin increases quadratically with
the B field [21]. Furthermore, the integration of V2 centers
into photonic nanostructures would allow one to increase the
number of detected photons per iteration, which can boost
success rates and allow for higher fidelities at lower magnetic
fields. Weaker coupled nuclear spins [29] will favor higher
fidelities at smaller magnetic fields as well. Our results mark
the important step forward for the qubit candidate system V2
center in 4H-SiC, i.e., single-shot readout, important for
quantum information applications such as quantum infor-
mation processing, state preparation by measurement, and
quantum sensing. We acknowledge similar work performed
by Lai et al. [30].
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Appendix A: Experimental setup.—All experiments
were performed at cryogenic temperature < 10 K in a
Montana Instruments cryostation. A self-built confocal
microscope was used to optically excite single V2 centers
and detect the redshifted phonon sideband. Initialization of
the charge state is performed by off-resonant excitation via
a 728 nm diode laser (Toptica iBeam Smart). For resonant
optical excitation, we used an external cavity tunable diode
laser (Toptica DL Pro), which was split and frequency
shifted by two separate acousto-optic modulators to
address both optical transitions selectively. Those
transitions are called A1 and A2 and are split by ~1 GHz,
depending on the zero field splitting of the excited state.
Laser photons are filtered by two tunable long-pass
filters (Semrock TLP01-995). The magnetic field is created
via a electromagnet from GWM Associates (Model
No. 5403EG-50) connected to a power supply from
Danfysik (SYSTEM 8500 magnet power supply). In this
work, a magnetic field of B~ 0.14 T was used. If not
indicated otherwise, we used 20 nW A2 excitation power
before the cryostation. The used detectors are fiber-
coupled superconducting nanowire single-photon detectors
from Photon Spot.

Appendix B: Silicon carbide sample—The used
substrate has a natural abundance of silicon (4.7% 2°Si)
and carbon (1.1% '3C) isotopes, which are spin [ = 1/2
nuclei.
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