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A solid-state approach for quantum networks is advantageous, as it allows the integration of
nanophotonics to enhance the photon emission and the utilization of weakly coupled nuclear spins for
long-lived storage. Silicon carbide, specifically point defects within it, shows great promise in this regard
due to the easy of availability and well-established nanofabrication techniques. Despite of remarkable
progresses made, achieving spin-photon entanglement remains a crucial aspect to be realized. In this Letter,
we experimentally generate entanglement between a silicon vacancy defect in silicon carbide and a
scattered single photon in the zero-phonon line. The spin state is measured by detecting photons scattered
in the phonon sideband. The photonic qubit is encoded in the time-bin degree of freedom and measured
using an unbalanced Mach-Zehnder interferometer. Photonic correlations not only reveal the quality of the
entanglement but also verify the deterministic nature of the entanglement creation process. By harnessing
two pairs of such spin-photon entanglement, it becomes straightforward to entangle remote quantum nodes
at long distance.
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The hybrid entanglement between a matter qubit and a
single photon serves as a fundamental resource for con-
structing quantum networks [1,2], opening the door to
remarkable applications such as distributed quantum com-
puting and long-distance quantum communication through
the use of quantum repeaters [3]. To enable the practical
implementation of these applications, it is crucial that the
matter-photon entanglement exhibits both high efficiency
and long coherence times [4,5]. The efficiency directly
impacts the rate at which remote entanglement can be
established, while the coherence time of the matter qubit
determines the scalability of the system as the number of
nodes increases. Solid-state systems [6] offer several
advantages in this regard. Nanoscale cavities [7] can be
built around matter qubits in order to significantly enhance
the photon emission rate. Additionally, nuclear spins that
couple weakly with environmental fields can be utilized for
long-lived storage.
One promising avenue for realizing these goals is the

exploration of optically active defects. Extensive research
has been conducted on color centers in diamond [8–14],
leading to significant progress in demonstrating key com-
ponents and functionalities for quantum networks. However,

there is a growing desire to go beyond diamond and explore
alternative hostmaterials [15–17] that aremore cost-effective
and amenable to nanofabrication. In recent years, defects in
silicon carbide (SiC) have garnered significant interest [18].
Silicon carbide offers the advantages of large-scale, high-
quality wafers that are already well-established in industry,
as well as the feasibility of fabricating nanophotonic struc-
tures [19]. Preliminary studies have successfully identified
stable optical transitions [20,21], initiated and manipulated
electron spins and nuclear spins [20,22,23], generated
indistinguishable photons [24], and demonstrated the
feasibility of integration with nanophotonics [25–28],
long-lived storage and single-shot readout via charge state
control [29].However, the realization of the essential element
of spin-photon entanglement still remains to be achieved,
which requires the integration of various SiC techniques on
single impurities into a single experiment, and the adoption
of single-photon techniques including filtering, interfering,
and making correlation measurements.
In this Letter, we report the experimental generation

of spin-photon entanglement in SiC. We make use of the
V1-type silicon vacancy (VSi) in the epilayer of a 4H-SiC
wafer that is created via high-energy electron irradiation [30].
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The defect has very narrow optical transitions that enable
us to initialize the electron spin with a high fidelity via
resonant optical pumping. By employing a time-bin entan-
gling scheme,we are able to create the entanglement between
the single photon’s temporalmodes and the electron spin.We
make use of a stabilized unbalanced Mach-Zehnder (MZ)
interferometer to measure the photonic qubit. We use photon
corrections to characterize the entanglement quality. In
comparison with other solid-state impurities, such as NV
centers in diamond, the entanglement reported here with
SiC is very promising for the future integration with nano-
photonic, since high-quality wafer-scale SiC material is
easily available and nanophotonic fabrication on SiC is
mature [19,26].
Our experimental scheme shown in Fig. 1(a), and the V1

defect has an energy level diagram shown in Fig. 1(b) with a
magnetic field in the c axis. With S ¼ 3=2, both the ground
and excited state have four sublevels, resulting in four optical
transitions jmsig ↔ jmsie, withm ¼ 1=2,−1=2, 3=2,−3=2.
To form a qubit, we select two out of the four ground states’
sublevels, defining j↑i ¼ jþ3=2ig and j↓i ¼ jþ1=2ig.
Since the g factor is identical for the ground states (GSs)
and excited states (ESs), the four transitions are separated
into two categories, with A1 denoting the category
j�1=2ig ↔ j�1=2ie, and A2 denoting the category
j�3=2ig↔ j�3=2ie. The frequency difference between A1

and A2 is about 966 MHz due to the difference of zero-field
splitting between the GSs and ESs.
To generate the desired spin-photon entangled state, we

first initialize the defect to j↑i and rotate it to a super-
positional state of ðj↑i þ j↓iÞ= ffiffiffi

2
p

via applying a micro-
wave π=2 pulse. Afterward, we apply fast optical excitation
for j↑i and collect its photon emission. Then we add a
microwave π pulse and apply the fast optical excitation and
emission collection again. A single photon may be created
either during the first or the second excitation step, thus

generating a pair of spin-photon entanglement in the form
of jΨi ¼ ð1= ffiffiffi

2
p Þðj↑ijLi þ j↓ijEiÞ, where jEi denotes an

early photon and jLi denotes a late photon. Please note that
similar schemes have been adopted in previous experiments
withNVcenters [31] and quantumdots [32]. The correlations
between the spin and photon states are measured in different
basis by performing spin state projection and readout.
Our experimental setup is illustrated in Fig. 1(c). The

SiC sample is placed in a cryogen-free cryostat operated at
4 K. We make use the laser at 861 nm for resonant
excitation and 780 nm for off-resonant excitation. The
861 nm laser is actively stabilized with an ultrastable cavity
to improve its phase coherence. The combined laser beams
are focused on the sample with an objective (Obj) lens of
NA ¼ 0.65. Photon signal emitted from the sample is
extracted through the reflection path of the 90∶10 BS.
To improve the photon collection efficiency, we fabricate a
solid immersion lens (SIL) around the defect via focused
ion beam milling. Fluorescence at 861 nm is recognized as
the zero-phonon line (ZPL) emission, while fluorescence
above 861 nm is recognized as the phonon sideband (PSB)
emission [30]. In our experiment, we use a long-pass filter
with an edge wavelength of 875 nm to split the ZPL and
PSB. In addition we a bandpass filter (855–865 nm) on the
ZPL path to reject noise.
To implement the spin-photon entanglement scheme, it

is crucial for the color center to have excellent coherence
both for the spin and the optical transitions. In the
Supplemental Material [30], we perform detailed charac-
terization for the optical transition linewidth, spin tran-
sition frequency, Rabi oscillation, and spin coherence
time. These results provide a solid foundation for our
experiment of spin-photon entanglement. Selecting the
ZPL emission is crucial for quantum network applications,
since photons emitted from distant nodes needs to be
highly indistinguishable to get remote nodes entangled. As
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FIG. 1. Experimental scheme and setup. (a) Experimental sequence consisting of spin initialization, entanglement generation, and
readout. (b) Energy level diagram of V1 centers. An external magnetic field parallel to the c axis lifts the degeneracy in ESs and GSs.
Optical transitions A1 and A2, as well as spin transitions using MW1, and MW2, are present. We use jþ3=2ig as j↑i state and jþ1=2ig as
j↓i state in the experimental protocol. Optical transitions with spin flip occur through the metastable state (MS), which involves phonons
and optical spontaneous emission. (c) Experimental setup. FC, fiber coupler; BS, beam splitter; Pol, polarizer; HWP, half-wave plate;
QWP, quarter-wave plate.
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the ZPL has the same frequency with the resonant laser for
excitation, frequency filtering, as used for PSB, does not
work. In our experiment, we make use of polarization
filtering and temporal filtering instead. We utilize a cross-
polarization scheme [33,34]. The excitation and detection
polarization are perpendicular to each other and both at
θ ¼ 45° relative to the fluorescence polarization. Scattered
light from the curved surface of SIL has varying polari-
zation at different positions, and the vibration from the
cold head leads to random drifting of the sample position,
resulting in the extinction ratio dropping to 30 dB. The
optical excitation π pulse is made as short as 1 ns by using
a fiber amplitude modulator together with a home-built
electrical fast-pulse generator. A typical ZPL signal is
shown in Fig. 2(b) with a bin width of 2.5 ns. The
excitation π pulse opens in the t ¼ 0 time bin. We apply a
temporal window from t ¼ 2.5 ns to t ¼ 12.5 ns to filter
out the ZPL signal. The ZPL signal is over 30 times higher
than the sum of the background contribution, including
laser photons, dark count, and after-pulse from the super-
conducting nanowire single photon detector (SNSPD).
To evaluate the spin-photon entanglement quality, we

need to perform correlation measurements, which require
measuring both the photon and the spin in various bases. To
measure the time-bin encoded ZPL photon, we adopt an
unbalanced MZ interferometer, as showed in Fig. 2(a). The
Pockels cell directs the early photon to the long arm and late
photon to the short arm, so the time-bin degree is converted
to the polarization degree, i.e., jEi to jVi and jLi to jHi. The
relative time delay between the two arms matches the time
difference of 1060 ns between the early and late mode to

accommodate a π MW2 pulse of 920 ns. Preserving the
relative phaseφ between the two optical modes is crucial for
the measurements in the superpositional bases. Since the
phase fluctuations of the 861 nm laser affect the coherence
between early and late photons, we first measure the phase
noise of the 861 nm laser using another unbalanced MZ
interferometer with 5 μs delay between two arms (not
shown) [35]. The phase evolution result is shown in
Fig. 2(c). By calculating φðτ0Þ − φðτ0 þ ΔτÞ, we can
analyze the phase shift of the laser and deduce the standard
deviation of σ being 11° withΔτ ¼ 1.06 μs. In addition, we
need to keep the relative phase between two arms of the
interferometer stable. In Fig. 2(a), a probe beam with
orthogonal polarization to the signal is introduced, follow-
ing the same path as the signal. The phase information is
converted into an intensity signal and detected by a sensitive
avalanche photodiode (APD). Relative phase variations are
compensated for by the proportional-integral-derivative
circuit and a fiber piezo stretcher (FPS) on the short arm.
To test the interferometer’s phase stability, we send a 1 ns
resonant laser pulsewith different phase set point. As shown
in Fig. 2(d), the interference visibility is 90%,which leads to
a reduction in the measured visibility of the superpositional
basis. The imperfection of the visibility arises from the rapid
fluctuations of the phase, which exceed the bandwidth of
the FPS.
The spin qubit is measured by detecting the PSB signal

under resonant excitation. Under A2 illumination, the PSB
signal is proportional to the sum population in j�3=2ig.
Since our spin qubit is encoded in the subspace of j↑i and
j↓i, we can still use A2 illumination to measure j↑i, and use
MW2 π pulse following A2 illumination to measure j↓i.
The duration of this measurement is typically set to 1 μs.
Longer duration is unfavorable, as spin flip between
j�1=2ig and j�3=2ig will happen and stop emitting
photons. Measurement in a superpositional basis is per-
formed by adding microwave rotations before the PSB
detection.
Finally we conduct the experiment of spin-photon

entanglement generation with the control pulses set as in
Fig. 1(a). The spin is initialized to j↑iwith a fidelity of 96%
via optical pumping. In order to characterize the entangle-
ment quality, we measure the coincidence counts on the
eigenbasis and superpositional basis between the ZPL
signal created in the entanglement generation phase
and the PSB signal in the spin readout phase. For
measurements in the eigenbasis, the spin is projected to
j↑i or j↓i, the photon is projected to jHi or jVi. While in
the superpositional basis, the spin is projected to the states
j�i ¼ 1=

ffiffiffi

2
p ðj↑i � j↓iÞ, and the photon is projected to

j�i ¼ 1=
ffiffiffi

2
p ðjHi � jViÞ. We define the spin-photon

coincidence probability as Cij ¼ pij=η, where η denotes
the PSB detection probability when the spin is fully in j↑i,
pij denotes the joint coincident probability of PSB and
ZPL, with a subscript i referring to the spin state and a
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FIG. 2. Measurement of the ZPL photon. (a) Unbalanced MZ
interferometer for verification of entanglement in the time-bin
degree. The input is from the fiber-coupled ZPL signal in Fig. 1(c)
PBS, polarizing beam splitter. (b) A histogram of the detection
probability of ZPL and noise with the 10 ns detection window
(gray region). The orange line represents the total signal. The noise
is quantified by utilizing a 5 GHz detuned laser (blue line). Pdet,
detection probability. (c) Measurement of the laser phase noise at
different time. The standard deviation σ is 11° with Δτ ¼ 1.06 μs
for this experiment. (d) Visibility fringes of the imbalanced
interferometer.
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subscript j referring to the photon state. The results are
given in Fig. 3(a). To evaluate the entanglement, we first
measure the visibility in the eigenbasis, which is defined as

Ve ¼
C↑H þ C↓V − C↑V − C↓H

C↑H þ C↓V þ C↑V þ C↓H
; ð1Þ

and get the result of Ve ¼ 81.0%� 3.4%. Afterward, we
perform measurement in the superpositional basis. For the
photonic state, this is achieved by rotating the half-wave
plate in Fig. 2(a). For the spin state, this is achieved via
adding a π=2 or 3π=2 pulse using MW2. By using a
similar definition, we get the superpositional visibility as
Vs ¼ 60.9%� 3.5%. From these two visibilities, we can
estimate the entanglement fidelity as F ≈ ð1þ Ve þ 2VsÞ=
4 ¼ 75.7%� 1.5%, by assuming similar visibilities for the
two superpositional bases [36]. The result is significant
higher than the bound of 50% to certify entanglement.
Multiple factors contribute to infidelity of the spin-

photon entanglement. The dominant cause is the spin flips
during nonradiative decay. During the early excitation in
Fig. 1(a), the spin has a change of 50% to decay through the
MS levels in Fig. 1(b). Further decay from the MS levels
will result in spin flips. Since the interval between the early
excitation and the late excitation is much longer then
the MS lifetime, the spin flips will result in some addi-
tional incoherent terms. This mechanism explains why we
observe more coincidence counts for C↑H than C↓V . These
additional counts in C↑H also reduce the visibility in the
superpositional basis partially since these terms decay
through nonradiative channels and are incoherent [30].
For our current experiment, we estimate that this mecha-
nism will result in a maximal fidelity of 90%. We would
like to note that this limitation will be mitigated signifi-
cantly if we make use of the V2 defect instead. In this
situation, the larger zero-field splitting (70 MHz) allows
using a MW π pulse that is much shorter than the MS
lifetime. Accordingly to our estimation [30], a fidelity as
high as 98.1% can be achieved.
In contrast to the entanglement generation process in an

ensemble system [37], the spin-photon entanglement gen-
eration process is in principle deterministic, albeit the
emitted photon has a limited efficiency of lying in ZPL

and being collected. This deterministic feature is verified
via measuring the photonics cross-correlation gð2Þ between
the ZPL and the PSB. Its definition is gð2Þij ¼ pij=pipj,
where pi denotes the PSB detection probability, pj denotes
the ZPL detection probability. For a pair of ideal deter-
ministic spin-photon entanglement, gð2Þ ≃ 2 for j↑ijHi,
j↓ijVi, jþijþi, and j−ij−i that are named as high terms;
while gð2Þ ≃ 0 for j↑ijVi, j↓ijHi, jþij−i, and j−ijþi that
named as low terms. The measured results are shown in
Fig. 3(b). The average gð2Þ for the high terms is
2.26� 0.06, which is slightly higher than the theoretical
value. We think it is due to instability of the charge state and
the optical transition frequency, causing the V1 defect to
have a minor chance to escape from being manipulated by
the optical pulses and contributing to photon counts, which
will lead to an increase of gð2Þ for the high terms as a result.
The entanglement generation probability is established

to be 2 × 10−4 [30], defined as the probability to get a ZPL
photon in a single mode fiber. The probability can be
enhanced by incorporating the spin into nanocavities,
which are coupled to on-chip waveguides [38]. Efficient
collection can be achieved with tapered-fiber waveguide
coupling. As a 1D photonic crystal cavity with quality
factor of 2 × 104 in this work [26], the cavity coupling to
single spin have a maximum Purcell factor of F ∼ 134. In
this case, the Debye-Waller factor (ηd) will be improved
from 8% to 92% and the quantum efficiency (ηq) will be
improved from 50% to 92%. Taking into account the
coupling loss to the feeding waveguide, the on-resonance
transmission ηt of the fundamental cavity mode can be
achieved to 94% according to this work [38]. With the same
manner of tapered-fiber waveguide coupling in this
work [13], the coupling efficiency ηc can be achieved to
93%. The overall entanglement generation probability can
be improved to η ¼ ηdηqηtηc ¼ 74%.
In conclusion, we report the first experimental demon-

stration of spin-photon entanglement in silicon carbide,
which is enabled by stable and narrow optical transitions,
high-fidelity spin manipulation, and phase coherent dual-
step optical excitations. With two pairs of such spin-photon
entanglement it is straightforward to entangle two remote
nodes via entanglement swapping [39,40]. Fidelity of the
spin-photon entanglement can be further improved signifi-
cantly by making use of a MW π pulse that is much shorter
than the lifetime of the metastable states. The entanglement
generation rate can be further improved significantly via
fabricating state-of-the-art photonic nanostructures around
the defect [26,27,27] and harnessing high-efficient adia-
batic coupling with a tapered fiber [38]. For long-lived
storage, one can make use of the 29Si nuclear spin with
recently demonstrated coherent control over individual
nuclear spins and electron-nuclear spin pair with high
fidelity [25]. By making the transition from electrical spin
to nuclear, a long-lived spin-photon entanglement will be

C
i j

V H V H ++ +- +- - - V H V H ++ +- +- - -

g
 (2

)

(a) (b)

FIG. 3. Coincidence and cross-correlations of the spin-photon
entanglement. (a) Coincidence results. (b) Cross-correlations.
Both measurements are performed in the eigenbasis and super-
positional basis.
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foreseeable in the very near future. By utilizing the non-
linearity of 4H-SiC, on-chip wavelength conversion to the
telecom band can be implemented, which leads to ultra-
compact chip-based integration. Based on these improve-
ments, the silicon vacancy defect in SiC may become a very
promising approach for quantum networks.
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