
Two-Emitter Multimode Cavity Quantum Electrodynamics
in Thin-Film Silicon Carbide Photonics

Daniil M. Lukin,1,* Melissa A. Guidry,1,* Joshua Yang,1 Misagh Ghezellou,2 Sattwik Deb Mishra,1 Hiroshi Abe,3

Takeshi Ohshima ,3 Jawad Ul-Hassan ,2 and Jelena Vučković 1,†

1E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA
2Department of Physics, Chemistry and Biology, Linköping University, SE-58183, Linköping, Sweden

3National Institutes for Quantum Science and Technology, Takasaki, Gunma 370-1292, Japan

(Received 6 May 2022; accepted 16 December 2022; published 19 January 2023)

Color centers are point defects in crystals that can provide an optical interface to a long-lived spin state
for distributed quantum information processing applications. An outstanding challenge for color center
quantum technologies is the integration of optically coherent emitters into scalable thin-film photonics, a
prerequisite for large-scale photonics integration of color centers within a commercial foundry process.
Here, we report on the integration of near-transform-limited silicon vacancy (VSi) defects into microdisk
resonators fabricated in a CMOS-compatible 4H-silicon carbide-on-insulator platform. We demonstrate a
single-emitter cooperativity of up to 0.8 as well as optical superradiance from a pair of color centers
coupled to the same cavity mode. We investigate the effect of multimode interference on the photon
scattering dynamics from this multiemitter cavity quantum electrodynamics system. These results are
crucial for the development of quantum networks in silicon carbide and bridge the classical-quantum
photonics gap by uniting optically coherent spin defects with wafer-scalable, state-of-the-art photonics.
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Color centers [1–3] are among the leading contenders for
the realization of distributed quantum information process-
ing, including communication [4,5] and computation [6],
combining a long-lived multiqubit spin register [7] with a
photonic interface in the solid state. To continue scaling up
quantum networks while maintaining high entanglement
generation rates, the intrinsically weak interaction between
photons and color centers must be enhanced via integration
into photonic resonators [5,8–13]. Efforts in cavity inte-
gration have already enabled milestone demonstrations
such as cavity-mediated coherent interaction between
two emitters [9], single-emitter cooperativity exceeding
100, and spin-memory-assisted quantum communication
[5]. The ultimate goal of quantum computation and error-
protected communication [14] requires the realization of
photonic circuits with high complexity and minimal inter-
node loss, and will require bringing together all integrated
photonics expertise developed in the past two decades [15].

Yet color center technologies cannot at present take
advantage of the state of the art in integrated photonics,
due to two central challenges. First, thin-film-on-insulator
photonics technologies have been incompatible with high-
quality color centers: this motivated the focus on bulk-
crystal-carving methods [8,16–19], suitable for fabrication
of individual devices but restrictive in terms of large-scale
monolithic photonic circuits. Second, absence of a first-
order Stark shift, which renders a defect’s optical tran-
sitions insensitive to electric field noise (as is the case for
inversion symmetric defects [20,21]) had been widely
considered to be a prerequisite for color centers to maintain
optical coherence in nanophotonic structures. This notion
motivates the dominant focus on group-IV color centers in
diamond (SiV, SnV, GeV) [22]. While inversion symmetry
is not in theory needed for the absence of a first-order Stark
shift [23], a nonpolar, noncentrosymmetric defect is yet to
be identified experimentally. Among the materials that
lack crystal inversion symmetry is silicon carbide (SiC)
[24], which has otherwise emerged as the top contender for
wafer-scale integration of color centers with excellent
spin-optical properties [such as the silicon vacancy (VSi)
[19,25–28] and the divacancy [29,30]]. The requirement of
zero first-order Stark shift for maintaining optical coher-
ence in nanostructures has only recently been challenged
in a demonstration of optically coherent VSi in bulk-carved
SiC nanobeams [19].
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In this work, we demonstrate the integration of optically
coherent non-inversion-symmetric color centers into scal-
able thin-film SiC nanophotonics. We demonstrate cavity
cooperativity of a single VSi color center of up to 0.8,
allowing for the observation of dipole-induced transpar-
ency (DIT) [31] in SiC. We achieve a photon detection rate
of up to 0.4 MHz from a single defect into the zero-phonon
line (ZPL), limited by the population shelving in the
metastable state. We use this platform to demonstrate
superradiant emission of two SiC color centers, and high-
light the unique applications of the two-emitter whispering-
gallery-mode (WGM) resonator system for quantum
information processing architectures. Our work challenges
the notion that a strong first-order dc Stark shift [32]
precludes nanophotonic integration of optically coherent
spin defects and bridges the classical-quantum photonics
gap by uniting color centers with CMOS-compatible,
wafer-scalable, state-of-the-art photonics [33–35].
The photonic device consists of a microdisk resonator

integrated with a waveguide [Fig. 1(a)], fabricated in

4H-silicon carbide on insulator (4H-SiCOI) [10]. The
high-Q transverse-magnetic (TM) modes of the resonator
optimally align with the dipole moment of the VSi in a c-cut
wafer [25]. The coupling waveguide terminates in a flat
facet on both ends to allow for efficient single-mode free-
space coupling. Details of the fabrication process are
presented in Appendix A. We observe a total coupling
efficiency from the waveguide to the single-mode fiber of
up to 24%, which includes all setup losses. The experi-
ments are performed at 4.3 K in a closed-cycle cryostat
(Montana Instruments). The microresonator modes are
tuned spectrally via argon gas condensation [36]. A pulsed
femtosecond laser centered at 740 nm is used to uniformly
excite the emitters in the disk: it couples to all resonator
modes simultaneously, owing to its broad spectrum. As the
microresonator is gas tuned, an enhancement of emission at
the VSi ZPL wavelength of 916.5 nm (as observed via a
spectrometer) indicates Purcell enhancement of one or
more VSi. With a resonator mode parked at the Purcell
enhancement condition, we measure the absorption lines of

Off res.

On res.
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FIG. 1. Spectrally stable VSi emitters in integrated 4H-SiCOI photonics. (a) Scanning electron micrograph of the device. Awaveguide,
which wraps around the disk (seen in the optical microscope image, inset), is coupled to the resonator. A microscope objective is used to
couple light to and from the flat facets of the waveguide. (b) A cavity photoluminescence spectrum (emitter PLE spectrum) in black
(green), taken with a scanning resonant laser with 1.5 μW (0.5 pW) of power in the waveguide. We extract a loaded cavity quality factor
of Q ¼ 1.3 × 105. The prominent peaks at 2.7 and 4.5 GHz detuning are the A2 transitions of the two emitters. The corresponding A1

transitions are labeled with arrows. In this figure and henceforth, laser detuning is relative to 327.113 THz (916.5 nm). (c) Lifetime
measurements for emitter A (blue) and emitter B (red) on and off resonance with the cavity. The gray region represents the excitation
pulse. (d) A one-hour PLE scan (3.6 s per line) of each emitter (while the other is selectively ionized into the dark state), with the cavity
positioned on resonance with the emitter.
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the coupled emitters via photoluminescence excitation
(PLE), where a weak (0.5 pW in the waveguide) continuous-
wave resonant laser is scanned across the ZPL while
detecting the phonon sideband (PSB) of the emitters.
A PLE scan shows that in this device two emitters are
coupled to the cavity [Fig. 1(b)], henceforth labeled emitters
A and B. The VSi is known to feature two spin-conserving
optical transitions, A1 and A2, split by 1 GHz [26]. We
perform experiments with a weak off-axis external magnetic
field that mixes the ground-state spins, which renders the
optical transitions no longer spin conserving, eliminating
resonant-laser-induced spin polarization. We focus our study
on the A2 transition of each emitter, which is brighter due to
its higher quantum efficiency [26]. We optimize the mag-
netic field orientation to reduce the relative intensity of the
A1 transition upon resonant driving through coherent pop-
ulation trapping of the spin-3

2
sublevels (see Appendix B).

In order to investigate the strength of cavity-waveguide
coupling, we scan a laser at a higher power (1.5 μW in
the waveguide) to observe a dip in power on resonance. The
absence of a cavity transmission dip suggests that the
resonator mode is strongly undercoupled to the waveguide.
In order to observe the cavity resonance, we take advantage
of the fluorescence generated by the resonator surfaces
that can be excited by a laser in the VSi ZPL wavelength
range and can emit in the VSi PSB wavelength range. Since
the fluorescence is proportional to the power circulating
in the resonator, the fluorescence intensity traces out the
Lorentzian profile of the cavity mode, from which we extract
a loaded quality factor of 1.3 × 105 [Fig. 1(b)].
The emitter-cavity coupling rate is a key metric for cavity

quantum electrodynamics systems. We determine coupling
strength of each emitter to the cavity by measuring the
emitter lifetime reduction on resonance, known as Purcell
enhancement. First, we selectively ionize one emitter into
the dark state via strong resonant excitation and tune the
cavity on resonance with the remaining bright emitter. We
then excite the emitter with 150 ps resonant pulses
(obtained via pulse shaping a mode-locked Ti:sapphire
laser) through the cavity mode and detect the transient ZPL
emission using temporal filtering. As shown in Fig. 1(c),
the on-resonance lifetime for emitter A (B) is measured to
be 4.2 ns (3.5 ns), which corresponds to a lifetime reduction
of 2.7 (3.2) from the bulk lifetime of 11.3 ns [37], and a
Purcell enhancement F of 30 (39) (see Appendix D). From
the simulated mode volume of 128ðλ=nÞ3 for the funda-
mental TM00 mode, we find the theoretical maximum
Purcell enhancement of 77 in this device. The observed
Purcell enhancement is comparable to that achieved in the
first integration demonstrations of the diamond silicon
vacancy [8,38] and tin vacancy [12,13] into photonic
crystal nanobeam cavities, despite the much stronger mode
confinement of those devices. We attribute this to the
optimal dipole overlap of the VSi with the cavity TM mode
and the less stringent emitter positioning requirements of

the microdisks. Via resonant pulsed excitation with 1-ns-
long pulses (generated from a continuous-wave laser using
electro-optic amplitude modulation) and detection of the
PSB emission with the cavity detuned by −80 GHz, we
measure the off-resonant lifetime of emitter A (B) to be
10.7 ns (11.1 ns). The minor discrepancy between the off-
resonant lifetimes and the bulk lifetime (11.3 ns) is
attributed to the coupling of the emitters to other modes
of the microdisk.
Although Purcell enhancement has been observed in

several color center platforms [8,11,12,38,39], including
thin-film diamond [40] and SiC [10], to date cavity-coupled
color centers that retain their optical coherence have only
been demonstrated in bulk-carved diamond [8,9]. To
quantify the optical coherence and the spectral stability
of the VSi in 4H-SiCOI microdisks, we perform continuous
PLE scans on each emitter while on resonance and off
resonance with the cavity. The on-resonance PLE scans are
shown in Fig. 1(d). Emitters A and B were measured at
different times, and the cavity was spectrally aligned with
the measured emitter before the start of each one-hour
acquisition. Over the course of one hour, no emitter
ionization is observed, and slow spectral diffusion is below
500 MHz. The average single-scan optical transition
linewidth for emitter A (B) is found to be 54.3(3) MHz
[63.4(3) MHz], which corresponds to 17 MHz (18 MHz) of
spectral diffusion beyond the transform limit. Repeating
the measurement off resonance, we find the emitter A
(B) linewidth to be 37.8(8) MHz [38.5(8) MHz], which
corresponds to 24 MHz of spectral diffusion beyond the
transform limit (see Appendix C). The reduced spectral
diffusion on resonance may be due to a decreased rate of
excitation of surface-related defects, because the well-
confined TM cavity mode is efficiently excited with low
laser power. These results indicate excellent spectral
stability of the nanophotonics-integrated VSi.
Although the device presented here does not incorporate

spectral tuning, we do observe repeatable drift of the
average spectral separation of the emitters by approxi-
mately 1 GHz per day due to buildup of strain from the
water ice. This provides control over the mean spectral
separation of emitters.
From the measured Purcell enhancement and off-

resonant emitter linewidths, we calculate the emitter-cavity
cooperativity C ¼ ð4g2=κγÞ to be 0.6 and 0.8 for emitter A
and B, respectively (see Appendix D). This regime enables
the observation of dipole-induced transparency [31], where
the VSi scatter photons from an input coherent state.
Because the device studied here is strongly undercoupled
to the bus waveguide, DIT is difficult to observe through
waveguide transmission. We instead excite the disk through
a scattering point on its edge, and detect transmission into
the waveguide, thus in effect performing the measurement
in a drop-port configuration [31] (see Appendix G).
Scanning the continuous-wave laser across the disk
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resonance, DIT dips for both emitters are clearly observed,
shown in Figs. 2(a) and 2(b). The slow spectral drift of the
emitters allows us to measure DIT for different relative
detunings. Looking forward, spin initialization, targeted
emitter placement, and cavities with a larger Q=V metric
[10,33] will enable stronger transmission contrast in DIT
for the realization of spin-photon entanglement and spin
readout via the modification of cavity reflectivity [5,9].
Photon interference between two color centers, a pre-

requisite for the generation of remote spin-spin entangle-
ment, has been an outstanding challenge in silicon carbide.
Here, we demonstrate two-photon interference between
two microdisk-integrated emitters, which arises from their
collective coupling to the same cavity mode. To observe
photon interference in the continuous-wave regime, a
tunable above-resonant laser is coupled to a resonator
mode around 730 nm to excite both emitters. We note
that while above-resonant excitation in bulk crystal has
been used to obtain nearly transform-limited photon
emission from the VSi [27], we observe that in nano-
structures it induces rapid spectral diffusion due to dis-
turbance of the surface charge environment, broadening the
optical linewidths to approximately 0.5 GHz. This spectral
instability reduces the rate of superradiant emission (how-
ever, optical coherence may be preserved using resonant
excitation, as shown later in the work). Figure 3(a) shows
the second-order autocorrelation gð2ÞðτÞ of the color cen-
ters’ collective emission in the Hanbury Brown and Twiss
configuration, where emission into the waveguide is split
between two detectors via a beam splitter. The sharp peak at
zero time delay is a signature of superradiant emission and
the probabilistic generation of entanglement between the
two color centers. This feature has also been observed with
up to three waveguide-integrated quantum dots [41,42] and
a pair of waveguide-integrated silicon vacancy centers in
diamond [8,43]. In contrast, for cross-correlations between
the two waveguide propagation directions, an antibunching

interference dip is observed [Fig. 3(b)]. This feature is
indicative of photon pairs preferentially leaving the reso-
nator in the same direction.
The experimentally observed photon statistics are

explained by the out-of-phase coupling of the two emitters
to a pair of degenerate clockwise and counterclockwise
optical modes of the resonator. The interaction Hamiltonian
for this system can be written as

HI ¼ gAσ
†
ASA þ gBσ

†
BSB þ H:c:; ð1Þ

where σA and σB are the lowering operators for emitters
A and B, respectively, and gA and gB are the emitter-
cavity coupling strengths; each emitter couples to its own
standing wave supermode SA ¼ ðaCW þ aCCWÞ=

ffiffiffi
2

p
and

SB ¼ ðe−iϕaCW þ eiϕaCCWÞ=
ffiffiffi
2

p
, where aCW (aCCW) is the

clockwise (counterclockwise) resonator propagating mode,
and phase ϕ corresponds to the emitters’ azimuthal
separation in the resonator. Consider two special cases:
(i) for ϕ ¼ ð0 mod πÞ, SA ¼ �SB and the two emitters
couple to the same standing wave mode, resulting in a
single-mode interaction [9]; (ii) for ϕ ¼ ðπ=2 mod πÞ, SA
and SB are orthogonal, and in the standing wave basis the
emitters are decoupled. However, because the measurement
is performed in the propagating mode basis faCW; aCCWg
(corresponding to emission to the right and to the left,
respectively), the pair of emitters exhibits interference for
all values of ϕ. For ðϕ mod πÞ ≠ 0, the cross-correlation
between the two waveguide propagation directions will
reveal interference features unique to a multimode, multi-
emitter system.
The collective emission behavior can be understood via a

cascaded decay diagram shown in Fig. 3(c). Starting with
the two-emitter excited state jeei, emission into the clock-
wise mode projects the emitters into the superposition state
ðeiϕjegi þ jgeiÞ= ffiffiffi

2
p

. From this state, decay via clockwise

(a) (b)

FIG. 2. Dipole-induced transparency (DIT) in SiC. (a) A wide laser scan across the cavity resonance, showing the transmission
spectrum through the device (black). The VSi phonon sideband emission is simultaneously detected (green, multiplied by 50×).
Excitation of the resonator mode is performed through a scattering imperfection on the disk edge and transmission through the
waveguide is detected. (b) Close-up scan at the cavity center for different emitter detunings δ. Orange and green traces are offset byþ0.1
and þ0.2 MHz, respectively.
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emission proceeds with the superradiant rate 2Γ, where Γ
is the unmodified single-emitter decay rate into a propa-
gating mode. In contrast, the rate of counterclockwise
emission is modified by cos2 ϕ, as follows from the
transition amplitude hggjðeiϕσAþσBÞðeiϕjegiþ jgeiÞ= ffiffiffi

2
p

.
When cos2 ϕ ¼ 0, photons leave the resonator always in
the same direction, which corresponds to perfect anti-
bunching in the cross-correlation. For cos2 ϕ ¼ �1, the
cross-correlation is identical to the autocorrelation on a
single waveguide direction. These cases are illustrated in
Fig. 3(d). The correlation measurements [Figs. 3(a)
and 3(b)] are fit to a reduced five-level emitter model
[26,32,37] with free parameters of excitation power, ϕ,
cavity detuning, and background noise. The presence of
background noise from the above-resonant excitation
reduces the interference contrast.
Excitation of emitters via above-resonant optical fields

increases spectral diffusion and is compatible neither
with spin-selective excitation nor optical coherent control.

To overcome this, we use resonant excitation to coherently
manipulate the two-emitter superposition in the single-
photon subspace, a regime which has enabled pioneering
quantum network experiments with nitrogen-vacancy (NV)
centers in diamond [4,44]. Consider exciting the two
emitters through the waveguide via fast resonant pulses
in the clockwise direction [Fig. 4(a)]. In the bad-cavity
regime (κ ≫ γ) and with resonator finesse F ≫ 1, if the
two emitters are initially in the ground state jggi, a pulse
instantaneously prepares the system into a superposition
state:

jψi ¼ ð1 − PeÞjggi
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Peð1 − PeÞ

p
ðeiϕjegi þ jgeiÞ þ Peeiϕjeei; ð2Þ

where Pe is the single-emitter excitation probability. In the
weak excitation limit (Pe ≪ 1), the probability of double
excitation is negligible. This regime allows us to probe the

(a)

(b)

(c)

(d)

FIG. 3. Superradiant emission of two VSi color centers. (a) Second-order correlation of the photon emission along one waveguide
direction displays bunching at zero time delay, a signature of superradiance. Inset: enlargement of the superradiance feature. Error bars
represent standard error. (b) The relative phase ϕ of the emitters impacts the cross-correlation photon statistics between the opposite
waveguide directions and can produce antibunched emission. The solid line in (a) and (b) is the numerical fit based on a five-level model
[37] of the VSi [normalized to gð2Þðτ → ∞Þ ¼ 1]. (c) The level structure representing the pair of two-level-system emitters decaying into
degenerate clockwise (red arrows) and counterclockwise (blue arrows) optical modes. The corresponding transition rates are indicated
next to the arrows, where Γ is the unmodified single-emitter decay rate into a propagating mode. (d) Theoretically predicted phase-
dependent cross-correlation between clockwise and counterclockwise modes for a pair of ideal two-level emitters. The inset shows a
schematic of the mode profile and the two emitters. The placement of the second emitter (relative to the first emitter, yellow) corresponds
to the three cases.
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intermediate level of the diagram in Fig. 3(c), where
upon excitation the emitters are in a superposition state
ðeiϕjegi þ jgeiÞ= ffiffiffi

2
p

. The emission from this state will
proceed superradiantly in the clockwise direction indepen-
dent of ϕ, but the backscattering rate will be modified by
cos2 ϕ [Fig. 4(a)]. For ϕ ¼ π=2, complete directionality is
achieved. This is analogous to classical chiral scattering
observed in WGM resonators coupled to a pair of dielectric
[45] and plasmonic [46] nanostructures. The ϕ ¼ π=2
condition can be used to implement routing of single
photons from an emitter pair [Fig. 4(b)] and, as shown
in Appendix I, enables efficient spin-spin entanglement
protocols. We note that due to the cavity-mediated coupling
of emitters, collective scattering of input light is strength-
ened in the high-cooperativity regime, whereas in a wave-
guide system high-cooperativity emitters will act as
individual strong scatterers.
The combination of preserved optical coherence and

spectral stability enables the experimental realization
of single-photon interference between two VSi emitters,
shown in Fig. 5. Because the emitters’ transitions are not
degenerate, their relative phase will precess at the rate equal
to their frequency difference, which is observed as an
oscillation in the single-photon wave packet. Notably, the
phase difference in the oscillations of CW and CCW
emission originates from the relative emitter phase ϕ. As
described in Appendix H, the nonunity contrast of the
oscillations is due to the distribution of the spin population
across the bright spin-1

2
and dark spin-3

2
manifolds (corre-

sponding to the optical transitions A2 and A1, respectively).
The oscillations persist throughout the entire wave packet,
confirming nearly transform-limited photon emission,
essential for interference-based entanglement generation
[44]. The smaller amplitude oscillation with a 1 ns period is
due to incomplete suppression of the A1 emission line of
the VSi [Fig. 1(b)]. The free parameters in the numerical
model are cavity detuning, ϕ, and the population of the
spin-1

2
manifold. From the numerical fit, the spin population

is inferred to be unpolarized [spin-1
2
manifold population of

0.49 and 0.48 for Figs. 5(a) and 5(c), respectively], as
expected in an off-axis magnetic field. The relative emitter
phase inferred from the data in Figs. 5(a) and 5(c) is ϕ ¼
ð0.34π mod πÞ and ϕ ¼ ð0.28π mod πÞ, respectively. We
note that ϕ was observed to drift in time, attributed to
nonuniform deposition of water ice on the resonator as a
result of the asymmetric resonator undercut geometry. This
explanation is consistent with the aforementioned slow
systematic drift of emitter spectral separation due to strain
from the ice.
The present study of the cavity quantum electrodynamics

of a color center pair in a microdisk resonator suggests that
despite a typically lower ratio of the quality factor to mode
volume (Q=V) than high-confinement photonic crystal
cavities, WGM resonators may offer unique capabilities
and warrant further consideration for applications in chip-
integrated quantum information processing. As we show
in the Appendix I, the two-emitter chiral scattering at the
ϕ ¼ π=2 condition enables efficient entanglement gener-
ation via single-photon interference. Through integration
with a color center that exhibits two orthogonal circularly
polarized transitions such as the divacancy in silicon
carbide or the recently observed V3 VSi in 6H-SiC [47],
the microdisk could be used to realize single-emitter chiral
light-matter interaction [48,49]. Furthermore, the microdisk
is a promising platform for near-term many-body quantum
optics demonstrations with solid-state spins, as many
individually addressable and spectrally tunable emitters
may be integrated into a single resonator [24].
In conclusion, we have demonstrated near-unity

cooperativity between a color center and a microresonator
fabricated in a wafer-scalable, CMOS-compatible semi-
conductor photonics platform. Additionally, we observe
two-photon superradiance and single-photon interference
between two SiC color centers. The integration of VSi
into state-of-the-art microring resonators [35] and high-
confinement photonic crystal cavities [33] would enable

(a) (b)

FIG. 4. Manipulating the single-photon emission of a pair of emitters. (a) Weakly exciting the emitters with a resonant pulse (gray)
through the CWmode will prepare the system in the superposition ðeiϕjegi þ jgeiÞ= ffiffiffi

2
p

, which will result in asymmetric emission rates.
(b) By independently controlling the excitation phase (via free-space excitation) of the two emitters positioned such that ϕ ¼ π=2, the
microresonator incorporates the functionality of a single-photon router. The phase of the free-space excitation pulse is represented by the
color, where green, gray, and orange correspond to π=2, 0, and −π=2, respectively.
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deterministic emitter-photon interactions in SiC. Taken
together with the recent demonstrations of nuclear spin
control [19,30], wide spectral tuning via electric fields
[29,32], and single-shot readout [50], silicon carbide
satisfies the prerequisites to implement a fully monolithic
quantum photonic processor. The maintained spin-optical
coherence of the VSi at elevated temperatures of up to 20 K
[19,51] offers an additional degree of flexibility for
operation with low-cost cryogenic systems. Finally, the
spectral stability of the VSi, despite its substantial dipole
moment [32], suggests that a first-order insensitivity to
electric fields is not a prerequisite for color center compat-
ibility with nanostructures. In a recent work, consistent
with our observations for the VSi, Orphal-Kobin et al. [52]
investigate the spectral stability of the well-studied NV
center in diamond nanopillars and confirm that mitigating
charge diffusion through weak resonant excitation is an
effective way to suppress spectral diffusion in a defect
sensitive to electric fields. This motivates a continued effort
toward the integration of other SiC color centers, such as
the divacancy [29], the nitrogen-vacancy center [53], the
vanadium center [54,55], and the chromium ion [56], into
nanophotonics.
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FIG. 5. Chiral single-photon scattering from a pair of emitters in a WGM resonator. (a) The emitter pair is excited through the CW
mode. Photons scattered into the CW (red) and CCW (blue) mode are time correlated to the excitation pulse, tracing out the temporal
shape of the emitted single-photon wave packet. Error bars represent standard error. The solid red and blue lines represent the simulated
expectation values ha†CWaCWi and ha†CCWaCCWi, respectively. The asymmetric CW and CCW emission arises from nontrivial emitter
phase difference, inferred to be ð0.34π mod πÞ. The simulated case where ϕ ¼ 0 is shown as a gray dotted curve, in which case the
emission is symmetric. (b) The PLE spectrum of the two emitters shows frequency separation of 0.44 GHz, which is used as a fixed
parameter in the simulation of the wave packet in (a). (c),(d) Same as (a),(b) but for emitter frequency separation of 0.19 GHz, with
inferred phase ϕ ¼ ð0.28π mod πÞ.
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APPENDIX A: DEVICE FABRICATION

The device fabrication process is summarized in Fig. 6.
A 20 μm n-doped (nitrogen concentration 2 × 1013 cm−3)
SiC epilayer is grown by chemical vapor deposition on
an n-type (0001) 4H-SiC substrate. The SiC is irradiated
with 2 MeV electrons with a fluence of 1 × 1013 cm−2 to
generate VSi defects. The SiC is bonded to a Si substrate via
an hydrogen silsesquioxane (HSQ) flowable oxide layer
(FOx-16, Dow Corning) and annealed at 550 °C for 2 h to
strengthen the bond and activate VSi defects. The SiC is
then thinned via grinding, polishing, and reactive-ion
etching (RIE) [10] to 450–620 nm. A 50 nm protective
layer of HSQ is spun, followed by e-beam evaporation of
the etch hardmask layer (5 nm Ti, 155 nm Al, and 5 nm Ti).
The device geometry is patterned via e-beam lithography
(JEOL 6300-FS) in ZEP520A resist (Zeon Corp.), and
transferred into the Al hardmask layer via chlorine-based
RIE. The SiC layer is etched using SF6 in a capacitively
coupled plasma etcher (Oxford Plasmalab 100) at an etch
rate of 45 nm=min, with gas flow rate of 50 sccm, pressure
of 7 mTorr, etch power of 100 W, and substrate temperature
maintained at 20 °C. For best quality of the waveguide facet
used for in- and out-coupling, it is defined as part of the
lithography and RIE together with the rest of the geometry,
to avoid rough facets that can result from dicing a wave-
guide. After the SiC etch, the Al hardmask is then removed
via a wet etch in aluminum etchant type A. The final steps of
the fabrication achieve an undercut device diced in close
proximity to the waveguide facet, as follows. First, an

approximately 50-μm-wide and 10 μm-deep Si trench is
created 15 μm from the waveguide ends using photoresist
mask and XeF2 isotropic Si etch. Then, the chip is diced
along the trench, while the photoresist provides protection to
the device layer. Finally, the photoresist is removed, and the
device layer is uniformly undercut via wet HF etch and XeF2
gas etch, to suspend the resonator and waveguide.

APPENDIX B: EXPERIMENTAL SETUP

The experimental setup is shown schematically in
Fig. 7(a). The sample is mounted in a closed-cycle cryostat
with the cryo-optic module (Montana Instruments) where
an objective with a NA of 0.9 is mounted inside the vacuum
chamber. The sample is mounted on a three-axis piezoposi-
tioner stack (Attocube) so that the waveguide facets
point up toward the objective [optical images shown in
Figs. 7(d)]. The optical paths coupling to the two wave-
guide ends are spatially separated into separate fiber
couplers. Dichroic mirrors allow for simultaneous collec-
tion of ZPL and PSB emission [57]. A weak off-axis
magnetic field is used in order to decrease the relative
brightness of the A1 transition, as confirmed from
simulation of PLE spectra (Fig. 8) For continuous-wave
above-resonant excitation (such as to measure two-photon
interference) and for VSi charge control, a continuous-wave
Ti:sapphire laser is used, with wavelength tuned to couple
to a resonator mode around 740 nm for uniform excitation
of the resonator mode volume. During the gas-tuning
phase, a femtosecond pulsed Ti:sapphire laser is used to

FIG. 6. Device fabrication process flow. Colors correspond to materials as follows: blue, SiC substrate; light blue, SiC epitaxy; gray, Si
substrate; orange, HSQ; green, hardmask; yellow, photoresist.
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achieve multimode excitation of the microresonator that
does not vary with resonance shifting due to gas deposition.
For resonant excitation, a continuous-wave Ti:sapphire
laser is used for PLE and DIT measurements, whereas a
picosecond pulsed Ti:sapphire laser is used for on-reso-
nance lifetime reduction and single-photon interference
measurements. The picosecond laser outputs 5–15 ps
FWHM pulses, which are sent to a pulse shaper to produce
150 ps pulses that are bandwidth matched to the micro-
resonator optical mode that the VSi are coupled to. Photons
are detected using superconducting nanowire single-photon
detectors (SNSPDs), produced by PhotonSpot Inc., and
photon correlations are processed with the TimeTagger
Ultra (Swabian Instruments). A limitation of the current
experimental configuration, where the sample is mounted
on the side to collect photon emission from the waveguide
end, is the lack of optical access to the top of the resonator,
precluding individual excitation of the emitters with free-
space beams. Access from above would also make possible
spatially resolved laser ablation of the condensed gas used
to tune the cavity, which would enable fine control over the
relative emitter phase ϕ.

(a)

(b)

(c)

(d)

F

F

O

D

C

I O

FIG. 7. Experimental setup. (a) Diagram of optical paths, laser sources, and detectors. (b) Optical microscope image of a row of disk
resonators (three resonators are visible), taken using a commercial optical microscope. (c) Optical image of a single device under
illumination as seen through the cryostat objective. (d) Optical image of the device without illumination and laser light coupling into the
left waveguide facet, passing through the waveguide and emitting from the right waveguide facet.

(a) (b)

FIG. 8. VSi level structure and PLE. (a) Optical transitions are
linearly polarized parallel to the c axis. The excited state zero-
field splitting (1 GHz) is wider than the optical transitions,
whereas the ground-state splitting (70 MHz) is close to the optical
linewidth. The Landé g factors are the same for the excited and
ground-state manifolds. As such, the optical spectrum appears as
two transitions [19,26]. (b) Simulated PLE for Bx ¼ 1.5 mT and
variable Bz (parallel to the c axis). The relative brightness of the
A1 and A2 transitions can be controlled with magnetic field
through interference arising from the fine structure of the spin
levels.
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APPENDIX C: EMITTER LINEWIDTHS
ON AND OFF RESONANCE

In order to determine the emitter-cavity cooperativity, the
rates of pure dephasing and emitter-cavity coupling on
resonance must be known. For the most reliable cooper-
ativity estimate, we measure the emitters’ linewidths both
on resonance with the cavity, as well as when the cavity is
far detuned. The series of on-resonance PLE scans is shown
in Fig. 1 of the main text. The series of off-resonance PLE
scans over the course of 30 min is shown in Fig. 9(a). The
distributions of the fitted linewidths for the off- and on-
resonance PLE scans are shown in Figs. 9(b) and 9(c),
respectively. The pure dephasing rate on resonance and off
resonance, as inferred from the difference between the
measured mean linewidth and the transform limit, is similar
in both cases, 17 MHz (18 MHz) for emitter A (B) on
resonance and 24 MHz off resonance. For the estimate of
cooperativity, the larger dephasing rate (off resonant)
is used.

APPENDIX D: PURCELL ENHANCEMENT
AND COOPERATIVITY CALCULATION

The Purcell factor of the emitter-cavity system is defined
as the ratio of the rate of emission into the cavity to the
unmodified ZPL decay rate. Using the radiative lifetime of

the A2 transition of 16.7 ns [37], and Debye–Waller factor
of 8.5% [51,58] from the literature, we conclude that the
unmodified ZPL rate of the A2 transition is 1=196.9 ns−1.
The emitter decay rate into the cavity Γ is given by
Γ ¼ 1=τ − 1=τ0, where τ is the Purcell-enhanced lifetime
and τ0 is the unmodified lifetime. From this, we obtain the
on-resonance decay rate into the cavity for emitter A (B)
of 1=6.7 ns−1 (1=5.1 ns−1). The ratio of the unmodified
ZPL rate to the cavity-decay rate yields a Purcell enhance-
ment of 30 and 39 for emitter A and B, respectively.
Additionally, from the ratio of the enhanced decay rate to
the bulk lifetime, we find the β factor (the probability that a
decay results in a photon emission into the cavity) to be
0.63 and 0.69 for emitters A and B, respectively.
The cooperativity of the emitter-cavity system is

given by

C ¼ 4g2

κγ
≡ Γ

γ
; ðD1Þ

where g is the single-photon Rabi frequency, κ is the cavity
decay rate, γ is the total decay rate of the emitter, and Γ is
the rate of emission into the cavity. In Fig. 9, we measure
averaged off-resonant linewidths of γA=2π ¼ 37.8 MHz
and γB=2π ¼ 38.6 MHz for the two emitters. In Fig. 1(c) of
the main text, we measure the on-resonant optical transition

(a)

(b)

(c)

O

O

O

FIG. 9. Emitter linewidths on and off resonance with the cavity. (a) A continuous PLE scan of the two emitters with the cavity far
detuned. (b) A histogram of fitted single-scan linewidths. Indicated in the figure is the mean fitted linewidth and its standard error.
(c) Histogram of time-averaged scans for PLE data presented in Fig. 1(d) of the main text, showing spectral broadening caused by
lifetime reduction of the optical transition. Emitter B transition is broader due to the stronger Purcell enhancement.
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lifetimes to be τA ¼ 4.2 ns and τB ¼ 3.5 ns. The lifetime of
the A2 optical transition of the VSi in bulk crystal has
recently been measured to be τ0 ¼ 11.3 ns [37]. We infer
ΓA=2π ¼ 23.8 MHz and ΓB=2π ¼ 31.4 MHz from the
relation 1=τi ¼ Γi þ 1=τ0 and using Eq. (D1) calculate
cooperativities for the two emitters of CA ¼ 0.6 and
CB ¼ 0.8. Using the measured κ=2π ¼ 2.8 GHz, we deter-
mine gA=2π ¼ 125 MHz and gB=2π ¼ 150 MHz.

APPENDIX E: GAS TUNING AND SATURATION
OF PHOTON DETECTION RATE

A representative gas-tuning spectrum upon above-
resonant excitation with an 80 MHz femtosecond laser,
without narrow band spectral filtering of emission, is
shown in Fig. 10. The high background photon rate arises
because the entire volume of the disk resonator has to be
excited in order to excite the two emitters, due to the lack of
free-space optical access to the disk. Selective excitation
of emitters from above via free-space optical beams would
drastically reduce background fluorescence. The back-
ground-subtracted ZPL detection rate from the two emitters
at saturation is 0.8 MHz, corresponding to a single-emitter
ZPL detection rate of 0.4 MHz in the case of equal
coupling, and higher in reality due to unequal cavity-
coupling rates (denoted gA and gB in the main text).

APPENDIX F: SPIN-SELECTIVE TEMPORALLY
FILTERED RESONANCE FLUORESCENCE

In the main text, pulsed resonant excitation to detect
transient ZPL emission was performed with picosecond
pulses from a mode-locked laser expanded to 150 ps via
pulse shaping. With this approach, however, it is difficult to
implement selective excitation of just one of the transitions,
due to their small separation of 1 GHz. An alternative
approach to generate spectrally narrower pulses is via
electro-optic modulation. We use an electro-optic phase
modulator combined with spectral filtering to electronically
define the optical pulse shape via an arbitrary waveform
generator. Generating pulses thus, rather than via an
electro-optic amplitudemodulation, achieves high rejection
ratio (60 dB) and is insensitive to environmental fluctua-
tions, not requiring any active stabilization of the modu-
lator. Figure 11(a) details the experimental configuration.
Using 1 ns FWHM pulses, corresponding to a 0.44 GHz
FWHM in frequency, we perform temporally filtered
resonance fluorescence on a single VSi, observing well-
resolved A1 and A2 transitions, shown in Fig. 11(b).

APPENDIX G: DIPOLE-INDUCED
TRANSPARENCY IN A WHISPERING-

GALLERY-MODE RESONATOR

Dipole-induced transparency is often explored for a
system where a single cavity mode couples to one or
more emitters [31], which is the case for a nanobeam [8],
two-dimensional photonic crystal [33], or Fabry-Perot
resonator [59]. The whispering-gallery-mode resonator is
distinct in that each resonance corresponds to two degen-
erate cavity modes. In this appendix, we define a model to
describe transmission through the WGM resonator in the
presence of quantum emitters. We describe our model in the
clockwise and counterclockwise propagating mode basis.
These modes are degenerate with resonance frequency ω0

and are described by cavity mode annihilation operators
aCW and aCCW. Using the input-output formalism [60], we
write the relations between the bath operators, including the
scattering-defect excitation port described in the main text
(see Fig. 12):

bout ¼
ffiffiffiffiffi
κc

p
aCCW þ bin;

cout ¼
ffiffiffiffiffi
κc

p
aCW þ cin;

dout ¼
ffiffiffiffiffi
κd

p
Dþ din ¼

ffiffiffiffiffi
κd

p ð ffiffiffi
α

p
· aCW þ

ffiffiffiffiffiffiffiffiffiffiffi
1 − α

p
· aCCWÞ

þ din:

Here, D is the resonator mode which the scattering port
couples to fully. Note that it is not necessarily a standing
wave: D couples with strength α to aCW and (1 − α) to
aCCW. We have defined two coupling rates: κc between
the resonator and the bus waveguide and κd between the
resonator and the scattering channel. The emitters in the

FIG. 10. Gas tuning and saturation of photon detection rate.
Photon detection rate in a 20 nm spectral window (910–930 nm)
around the VSi ZPL during continuous red tuning of the micro-
disk resonance wavelength via gas condensation. The Purcell
enhancement condition is observed as a sharp peak in time.
Smaller peaks correspond to weaker coupling to other detuned
emitters. Excitation is performed with a 730 nm, 80 MHz
repetition rate femtosecond laser (0.79 mW power measured
before the objective). Inset shows background-subtracted peak
ZPL photon detection rate for varying laser power.
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WGM resonator couple maximally to two different stand-
ing waves:

S1 ¼
1ffiffiffi
2

p ½aCWeiθ þ aCCWe−iθ�;

S2 ¼
1ffiffiffi
2

p ½aCWeiϕ þ aCCWe−iϕ�;

where θ and ϕ define the azimuthal orientation (phase) of
the standing waves relative to the excited mode D. The
emitters, modeled as a pair of two-level systems with

associated annihilation operators σ1 and σ2, couple to these
standing waves with coupling coefficients g1 and g2. We
write a non-Hermitian Tavis-Cummings Hamiltonian
which includes the decay of the emitters and the cavity:

HTC ¼ ðω0 þ Δ − δ=2 − iγ1Þσ†1σ1
þ ðω0 þ Δþ δ=2 − iγ2Þσ†2σ2
þ ðω0 − iκÞða†CWaCW þ a†CCWaCCWÞ
þ ½g1S†1σ1 þ g2S

†
2σ2 þ H:c:�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

HI

;

where ω0 is the cavity resonance frequency, Δ is the
frequency difference between the cavity and the center of
the two emitters, δ is the frequency difference between the
two emitters, γj is the linewidth of the jth emitter (which
includes all sources of decay and dephasing), and κ is the
total decay rate of the cavity. We can explicitly write out the
coupling term with respect to the CW and CCW modes:

g1S
†
1σ1 þ g2S

†
2σ2 ¼

g1ffiffiffi
2

p ðe−iθa†CWσ1 þ eiθa†CCWσ1Þ

þ g2ffiffiffi
2

p ðe−iϕa†CWσ2 þ eiϕa†CCWσ2Þ:

We can define coupling coefficients,
FIG. 12. Bath and cavity operators for a disk resonator coupled
to a single bus waveguide along with a scattering port.

P

P

L

(a) (b)

FIG. 11. Spin-selective temporally filtered resonance fluorescence. (a) Diagram of the experimental configuration. Temporally
modulated laser sideband at 18 GHz is generated using a phase electro-optic modulator (EOM) driven by an arbitrary signal generator
(AWG). The sideband is spectrally filtered and sent to the device. The detected photons’ arrival times are correlated with the excitation
pulse (Swabian Time Tagger): The earlier photon arrivals corresponding to the excitation pulse are discarded. (b) Resonance
fluorescence spectrum of a single VSi (blue data points) taken with 1 ns FWHM excitation pulses. The shaded areas correspond to the
excitation pulse transform limit (0.44 GHz FWHM). The green data points are the simultaneously acquired phonon sideband emission.
Because of the strong Purcell enhancement of the defect, the phonon sideband detection rate is significantly lower than that of the ZPL.
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G1 ¼
g1ffiffiffi
2

p e−iθ; G2 ¼
g2ffiffiffi
2

p e−iϕ;

and rewrite the interaction term,

HI ¼ðG1a
†
CWþG�

1a
†
CCWÞσ1þðG2a

†
CWþG�

2a
†
CCWÞσ2þH:c:

The Heisenberg equations for the two CWand CCW cavity
modes are defined as

_aCW ¼ −i½HTC; aCW� −
κ

2
aCW −

ffiffiffiffiffi
κc

p
cin −

ffiffiffi
α

p ffiffiffiffiffi
κd

p
din;

_aCCW ¼ −i½HTC; aCCW� −
κ

2
aCCW −

ffiffiffiffiffi
κc

p
bin

−
ffiffiffiffiffiffiffiffiffiffiffi
1 − α

p ffiffiffiffiffi
κd

p
din:

Then we can write all four Heisenberg equations (in the
frequency domain):

−iωaCW ¼
�
−iω0 −

κ

2

�
aCW −

ffiffiffiffiffi
κc

p
cin

−
ffiffiffi
α

p ffiffiffiffiffi
κd

p
din − iG1σ1 − iG2σ2;

−iωaCCW ¼
�
−iω0 −

κ

2

�
aCCW −

ffiffiffiffiffi
κc

p
bin

−
ffiffiffiffiffiffiffiffiffiffiffi
1 − α

p ffiffiffiffiffi
κd

p
din − iG�

1σ1 − iG�
2σ2;

−iωσj ¼ −i
��

ω0 þ Δþ ð−1Þj δ
2

�
−
γj
2

�
σj

− iG�
jaCW − iGjaCCW:

The measurement of Fig. 2 of the main text describes
the transmission through the “drop” waveguide formed
between the input scattering point on the disk and the
output bus waveguide:

tc ¼ hcouti=hdini;
tb ¼ hbouti=hdini:

We solve for aCW in terms of the input bath operators and
use the expectation values of our input-output equations:

hcini ¼ hbini ¼ 0;

hcouti ¼ ffiffiffiffiffi
κc

p haCWi;
hbouti ¼ ffiffiffiffiffi

κc
p haCCWi:

We solve the system of equations to arrive at the following
expressions:

tc ¼
Γ1Γ2

ffiffiffiffiffiffiffiffiffi
κdκc

p
Φ2 − ψþψ− ½

ffiffiffiffiffiffiffiffiffiffiffi
1 − α

p
ψþ −

ffiffiffi
α

p
Φ�;

tb ¼
Γ1Γ2

ffiffiffiffiffiffiffiffiffi
κdκc

p
Φ2 − ψþψ− ½

ffiffiffi
α

p
ψ− −

ffiffiffiffiffiffiffiffiffiffiffi
1 − α

p
Φ�;

where we have defined

Γ1ðωÞ ¼ ½−iðω − ω0 − Δþ δ=2Þ þ γ1=2�;
Γ2ðωÞ ¼ ½−iðω − ω0 − Δ − δ=2Þ þ γ2=2�;

ψþ ¼ G2
1Γ2 þG2

2Γ1; ψ− ¼ G�2
1 Γ2 þ G�2

2 Γ1;

Φ ¼ ½−iðω − ω0Þ þ κ=2�Γ1Γ2 þ jG1j2Γ2 þ jG2j2Γ1:

To account for the Fano shape observed experimentally in
the transmission spectrum, we add a coherent term with a
defined phase ρ and amplitude B. We include the relative
amplitude A with an offset C:

TcðωÞ ¼ jA · tcðωÞ þ B · eiρj2 þ C:

Note that this equation does not account for the nonunity
occupation probability [38] of the spin-1

2
ground state

(corresponding to the A2 transition). This results in an
underestimate of the coupling strength between the excited
mode D and the emitter standing waves S1 and S2. In the
main text, the fits are performed as follows. The cavity and
Fano parameters ω0, κ, B, C, and ρ are fit to the wide scan
data [Fig. 2(a)]. These parameters are fixed for all other fits.
For each close-in scan in Fig. 2(b), the PLE measurement
which is taken simultaneously is fit to extract the param-
eters δ and Δ. We set the values for g1 and g2 to those
extracted from the lifetime measurements. In the DIT fit,
the free parameters are θ, ϕ, α, and A.

APPENDIX H: TWO-EMITTER SINGLE-PHOTON
INTERFERENCE MODELING

The modeling of the single-photon temporal envelope
shown in Fig. 5 of the main text is performed using QuTiP

based on a simplified three-level model, where the bright
ground-state spin-1

2
manifold is treated as one state, j↑i,

coupled to one excited state, jei. This is an appropriate
approximation because all optical transitions within the
spin-1

2
manifold are near-degenerate and so the fine struc-

ture does not impact the photon emission. Additionally, a
third state is introduced j↓i, which represents the dark spin
population which is not excited by the optical excitation
pulse. This model thus includes the effect of the dark spin
population on the interference.
The first step is to calculate the two-emitter state upon

the—assumed instantaneous—weak coherent excitation.
Before the application of a weak optical excitation pulse,
the two-emitter system is in a mixed state:

ρ0 ¼ ð1 − PBÞ2j↓↓ih↓↓j þ P2
Bj↑↑ih↑↑j

þ PBð1 − PBÞðj↑↓ih↑↓j þ j↓↑ih↓↑jÞ;

where PB is the population fraction of the bright state j↑i.
The excitation with a weak optical pulse results in a

mixture of four pure states:
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ρe ¼ jψ1ihψ1j þ jψ2ihψ2j þ jψ3ihψ3j þ jψ4ihψ4j;

where

ψ1 ¼ ð1 − PBÞj↓↓i;
ψ2 ¼ PB½eiϕPejeei þ ð1 − PeÞj↑↑i

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Peð1 − PeÞ

p
ðeiϕje↑i þ j↑eiÞ�;

ψ3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PBð1 − PBÞ

p
½eiϕ

ffiffiffiffiffiffi
Pe

p
je↓i þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Pe

p
j↑↓i�;

ψ4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PBð1 − PBÞ

p
½

ffiffiffiffiffiffi
Pe

p
j↓ei þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Pe

p
j↓↑i�:

In the weak excitation regime (Pe → 0), double
excitation jeei can be neglected. Furthermore, all zero-
excitation terms can be discarded, as they will be annihi-
lated by the photon detection superoperator J ½j0ih1j�,
where J ½A�B ¼ ABA†. Then, the initial excited state is
simplified to

ρe ¼ P2
BPeð1 − PeÞðeiϕje↑i þ j↑eiÞðeiϕhe↑j þ h↑ejÞ

þ PBð1 − PBÞPeðje↓ihe↓j þ j↓eih↓ejÞ:

With Pe ≪ 1, Pe ≈ Peð1 − PeÞ, and, disregarding nor-
malization of the state:

ρe ¼ P2
Bðeiϕje↑i þ j↑eiÞðeiϕhe↑j þ h↑ejÞ

þ PBð1 − PBÞðje↓ihe↓j þ j↓eih↓ejÞ:

The term P2
Bðeiϕje↑i þ j↑eiÞðeiϕhe↑j þ h↑ejÞ corre-

sponds to the case of two emitters interfering perfectly.
The term PBð1 − PBÞðje↓ihe↓j þ j↓eih↓ejÞ corresponds
to a solitary excited emitter in the cavity, with the other
emitter in the dark state, in which case no interference takes
place. The contribution of this term reduces the interference
contrast, and one can see that the contrast is minimized for
the maximally mixed state (PB ¼ 0.5).
With the initial condition ρð0Þ ¼ ρe, the system is

evolved in time:

∂tρ ¼ Lρ ¼ −i½H; ρ� þ
X
L

D½L�ρ;

where

H ¼ ðω0 þ Δ − δ=2Þσ†1σ1 þ ðω0 þ Δþ δ=2Þσ†2σ2
þ ω0ða†CWaCW þ a†CCWaCCWÞ
þ ½g1S†1σ1 þ g2S

†
2σ2 þ H:c:�;

L∈f ffiffiffiffiffi
γ1

p
σ1;

ffiffiffiffiffi
γ2

p
σ2;

ffiffiffi
κ

p
aCW;

ffiffiffi
κ

p
aCCW;

ffiffiffiffiffiffi
γd1

p
σ†1σ1;

ffiffiffiffiffiffi
γd2

p
σ†2σ2g;

where γdi is the pure dephasing rate of emitter i, and

D½L�ρ ¼ LρL† −
1

2
ðL†Lρþ ρL†LÞ:

The temporal photon wave packet shape in the clockwise
and counterclockwise direction is then given by the time-
dependent expectation value of the cavity-decay number
operators Tr½κa†CWaCWρðtÞ� and Tr½κa†CCWaCCWρðtÞ�,
respectively.

APPENDIX I: ENTANGLEMENT PROTOCOL
BETWEEN TWO EMITTERS WITH ϕ= π=2

As discussed in the main text and illustrated in
Fig. 4(a), for a pair of two-level systems coupled to a
WGM resonator with a relative phase ϕ ¼ π=2, upon weak
coherent excitation through the clockwise (counterclock-
wise) mode, the emitters scatter photons only in the
clockwise (counterclockwise) direction; backscattering is
forbidden due to destructive interference. If, however, the
emitters possess a fine structure in the ground state and
spin-selective optical transitions, backscattering is possible
from a particular two-emitter Bell state, and a detection of a
backscattered photon heralds entanglement generation.
Consider an emitter with an optical transition between

states j↑i and jei, as well as an additional spin state j↓i,
which is not affected by the optical driving of the j↑i ↔ jei
transition. The first step of the entanglement protocol is
spin initialization of both emitters (for instance, in state
j↑↑i), followed by spin control to prepare each emitter in
an equal superposition state:

jψ0i ¼
1

2
ðj↑i þ j↓iÞAðj↑i − j↓iÞB:

Selective excitation of the emitters’ bright spin state with
a weak optical pulse produces the state

jψei ¼
1

2
ðeiπ=2

ffiffiffiffiffiffi
Pe

p
jei þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Pe

p
j↑i þ j↓iÞA

× ð
ffiffiffiffiffiffi
Pe

p
jei þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Pe

p
j↑i − j↓iÞB;

where Pe is the excitation strength, corresponding to the
probability of preparing an emitter into the excited state.
Expanding the above equation, we get

jψei ¼
1

2
½eiπ=2Pejeei þ ð1 − PeÞj↑↑i − j↓↓i

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Peð1 − PeÞ

p
ðeiπ=2je↑i þ j↑eiÞ

þ
ffiffiffiffiffiffi
Pe

p
ð−eiπ=2je↓i þ j↓eiÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Pe

p
ðj↓↑i − j↑↓iÞ�:

We denote the state of the waveguide as jNMi, where N
and M represent the number of photons emitted backward
and forward, respectively. We now consider the final state
of the emitters and waveguide after the decay:
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(i) The state eiπ=2Pejeei will emit two photons,
either both right or both left, so the final state
is eiπ=2Peðj↑↑02i þ j↑↑20iÞ= ffiffiffi

2
p

.

(ii) The state
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Peð1−PeÞ

p ðeiπ=2je↑iþj↑eiÞ will emit for-
ward only, so the final state is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Peð1−PeÞ

p j↑↑01i.
(iii) The state

ffiffiffiffiffiffi
Pe

p ðe−iπ=2je↓iþj↓eiÞwill emit backward
only, so the final state is

ffiffiffiffiffiffi
Pe

p ðj↑↓10iþj↓↑10iÞ.
The final total state is then

Ψ ¼ 1

2
½eiπ=2Peðj↑↑02i þ j↑↑20iÞ=

ffiffiffi
2

p
þ ð1− PeÞj↑↑i

− j↓↓i þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Peð1− PeÞ

p
j↑↑01i

−
ffiffiffiffiffiffi
Pe

p
ðj↑↓10i þ j↓↑10iÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Pe

p
ðj↓↑i− j↑↓iÞ�:

A photon detector that does not discriminate photon
number can be modeled by a pair of measurement
superoperators corresponding to “no click” and “click”:
fJ ½j0ih0j�;Ωclickg, where Ωclick ¼

P∞
n¼1 J ½j0ihnj� and

J ½A�B ¼ ABA†. A click on a detector monitoring back-
scattered photons projects the system into the (unnormal-
ized) state:

ρl ¼
1

4

�
P2
e

2
j↑↑ih↑↑j þ Peðj↑↓i þ j↓↑iÞðh↑↓j þ h↓↑jÞ

�

¼ P2
e

8
j↑↑ih↑↑j þ Pe

4
ðj↑↓i þ j↓↑iÞðh↑↓j þ h↓↑jÞ

¼ Pe

4

�
Pe

2
j↑↑ih↑↑j þ ðj↑↓i þ j↓↑iÞðh↑↓j þ h↓↑jÞ

�
:

The normalized state is then

ρl ¼
2

Peþ2

�
Pe

2
j↑↑ih↑↑jþðj↑↓iþ j↓↑iÞðh↑↓jþh↓↑jÞ

�

¼ αj↑↑ih↑↑jþð1−αÞðj↑↓iþ j↓↑iÞðh↑↓jþh↓↑jÞ;

where α ¼ ðPe=Pe þ 2Þ is the infidelity of the state. In the
limit of weak excitation, α → Pe=2. Thus, photon detection
heralds entanglement whose fidelity will scale with
1 − Pe=2, and probability of detecting a photon will scale
with Pe, a trade-off between entanglement rate and fidelity,
as in Ref. [44].
Note that, if instead the initial state jψ0i ¼ 1

2
ðj↑i þ

j↓iÞAðj↑i þ j↓iÞB had been prepared, one can obtain the
entangled singlet Bell state ðj↑↓i − j↓↑iÞ heralded by the
detection of a forward-scattered photon.

[1] M. Atatüre, D. Englund, N. Vamivakas, S.-Y. Lee, and J.
Wrachtrup, Material Platforms for Spin-Based Photonic
Quantum Technologies, Nat. Rev. Mater. 3, 38 (2018).

[2] D. D. Awschalom, R. Hanson, J. Wrachtrup, and B. B.
Zhou, Quantum Technologies with Optically Interfaced
Solid-State Spins, Nat. Photonics 12, 516 (2018).

[3] G. Wolfowicz, F. Joseph Heremans, C. P. Anderson, S.
Kanai, H. Seo, A. Gali, G. Galli, and D. D. Awschalom,
Quantum Guidelines for Solid-State Spin Defects, Nat. Rev.
Mater. 6, 906 (2021).

[4] M. Pompili et al., Realization of a Multinode Quantum
Network of Remote Solid-State Qubits, Science 372, 259
(2021).

[5] M. K. Bhaskar et al., Experimental Demonstration of
Memory-Enhanced Quantum Communication, Nature
(London) 580, 60 (2020).

[6] N. H. Nickerson, J. F. Fitzsimons, and S. C. Benjamin,
Freely Scalable Quantum Technologies Using Cells of
5-to-50 Qubits with Very Lossy and Noisy Photonic Links,
Phys. Rev. X 4, 041041 (2014).

[7] C. E. Bradley, J. Randall, M. H. Abobeih, R. C. Berrevoets,
M. J. Degen, M. A. Bakker, M. Markham, D. J. Twitchen,
and T. H. Taminiau, A Ten-Qubit Solid-State Spin Register
with Quantum Memory Up to One Minute, Phys. Rev. X 9,
031045 (2019).

[8] A. Sipahigil et al., An Integrated Diamond Nanophotonics
Platform for Quantum-Optical Networks, Science 354, 847
(2016).

[9] R. E. Evans et al., Photon-Mediated Interactions between
Quantum Emitters in a Diamond Nanocavity, Science 362,
662 (2018).

[10] D. M. Lukin et al., 4H-Silicon-Carbide-on-Insulator for
Integrated Quantum and Nonlinear Photonics, Nat. Pho-
tonics 14, 330 (2020).

[11] A. L. Crook et al., Purcell Enhancement of a Single Silicon
Carbide Color Center with Coherent Spin Control, Nano
Lett. 20, 3427 (2020).

[12] A. E. Rugar, S. Aghaeimeibodi, D. Riedel, C. Dory, H. Lu,
P. J. McQuade, Z.-X. Shen, N. A. Melosh, and J. Vuckovic,
A Quantum Photonic Interface for Tin-Vacancy Centers in
Diamond, Phys. Rev. X 11, 031021 (2021).

[13] K. Kuruma, B. Pingault, C. Chia, D. Renaud, P. Hoffmann,
S. Iwamoto, C. Ronning, and M. Lončar, Coupling of a
Single Tin-Vacancy Center to a Photonic Crystal Cavity in
Diamond, Appl. Phys. Lett. 118, 230601 (2021).

[14] S. Muralidharan et al., Optimal Architectures for Long
Distance Quantum Communication, Sci. Rep. 6, 1 (2016).

[15] E. Pelucchi et al., The Potential and Global Outlook of
Integrated Photonics for Quantum Technologies, Nat. Rev.
Phys. 4, 194 (2022).

[16] B. Khanaliloo, M. Mitchell, A. C. Hryciw, and P. E. Barclay,
High-Q/V Monolithic Diamond Microdisks Fabricated with
Quasi-isotropic Etching, Nano Lett. 15, 5131 (2015).

[17] C. Dory et al., Inverse-Designed Diamond Photonics, Nat.
Commun. 10, 3309 (2019).

[18] N. H.Wan et al.,Large-Scale IntegrationofArtificialAtoms in
Hybrid Photonic Circuits, Nature (London) 583, 226 (2020).

[19] C. Babin et al., Fabrication and Nanophotonic Waveguide
Integration of Silicon Carbide Colour Centres with Pre-
served Spin-Optical Coherence, Nat. Mater. 21, 67 (2022).

[20] S. Aghaeimeibodi, D. Riedel, A. E. Rugar, C. Dory, and J.
Vučković, Electrical Tuning of Tin-Vacancy Centers in
Diamond, Phys. Rev. Appl. 15, 064010 (2021).

TWO-EMITTER MULTIMODE CAVITY QUANTUM … PHYS. REV. X 13, 011005 (2023)

011005-15

https://doi.org/10.1038/s41578-018-0008-9
https://doi.org/10.1038/s41566-018-0232-2
https://doi.org/10.1038/s41578-021-00306-y
https://doi.org/10.1038/s41578-021-00306-y
https://doi.org/10.1126/science.abg1919
https://doi.org/10.1126/science.abg1919
https://doi.org/10.1038/s41586-020-2103-5
https://doi.org/10.1038/s41586-020-2103-5
https://doi.org/10.1103/PhysRevX.4.041041
https://doi.org/10.1103/PhysRevX.9.031045
https://doi.org/10.1103/PhysRevX.9.031045
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1126/science.aau4691
https://doi.org/10.1126/science.aau4691
https://doi.org/10.1038/s41566-019-0556-6
https://doi.org/10.1038/s41566-019-0556-6
https://doi.org/10.1021/acs.nanolett.0c00339
https://doi.org/10.1021/acs.nanolett.0c00339
https://doi.org/10.1103/PhysRevX.11.031021
https://doi.org/10.1063/5.0051675
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s42254-021-00398-z
https://doi.org/10.1038/s42254-021-00398-z
https://doi.org/10.1021/acs.nanolett.5b01346
https://doi.org/10.1038/s41467-019-11343-1
https://doi.org/10.1038/s41467-019-11343-1
https://doi.org/10.1038/s41586-020-2441-3
https://doi.org/10.1038/s41563-021-01148-3
https://doi.org/10.1103/PhysRevApplied.15.064010


[21] L. De Santis, M. E. Trusheim, K. C. Chen, and D. R.
Englund, Investigation of the Stark Effect on a Centrosym-
metric Quantum Emitter in Diamond, Phys. Rev. Lett. 127,
147402 (2021).

[22] C. Bradac, W. Gao, J. Forneris, M. E. Trusheim, and I.
Aharonovich, Quantum Nanophotonics with Group IV
Defects in Diamond, Nat. Commun. 10, 5625 (2019).

[23] P. Udvarhelyi, R. Nagy, F. Kaiser, S.-Y. Lee, J. Wrachtrup,
and A. Gali, Spectrally Stable Defect Qubits with No
Inversion Symmetry for Robust Spin-to-Photon Interface,
Phys. Rev. Appl. 11, 044022 (2019).

[24] D. M. Lukin, M. A. Guidry, and J. Vučković, Integrated
Quantum Photonics with Silicon Carbide: Challenges and
Prospects, PRX Quantum 1, 020102 (2020).

[25] Ö. Soykal, P. Dev, and S. E. Economou, Silicon Vacancy
Center in 4H-SiC: Electronic Structure and Spin-Photon
Interfaces, Phys. Rev. B 93, 081207(R) (2016).

[26] H. B. Banks, O. O. Soykal, R. L. Myers-Ward, D. K.
Gaskill, T. L. Reinecke, and S. G. Carter, Resonant Optical
Spin Initialization and Readout of Single Silicon Vacancies
in 4H-SiC, Phys. Rev. Appl. 11, 024013 (2019).

[27] N. Morioka et al., Spin-Controlled Generation of Indistin-
guishable and Distinguishable Photons from Silicon Va-
cancy Centres in Silicon Carbide, Nat. Commun. 11, 2516
(2020).

[28] R. Nagy et al., Narrow Inhomogeneous Distribution of
Spin-Active Emitters in Silicon Carbide, Appl. Phys. Lett.
118, 144003 (2021).

[29] C. P. Anderson et al., Electrical and Optical Control of
Single Spins Integrated in Scalable Semiconductor Devices,
Science 366, 1225 (2019).

[30] A. Bourassa et al., Entanglement and Control of Single
Nuclear Spins in Isotopically Engineered Silicon Carbide,
Nat. Mater. 19, 1319 (2020).

[31] E. Waks and J. Vuckovic, Dipole Induced Transparency in
Drop-Filter Cavity-Waveguide Systems, Phys. Rev. Lett. 96,
153601 (2006).

[32] D. M. Lukin et al., Spectrally Reconfigurable Quantum
Emitters Enabled by Optimized Fast Modulation, npj
Quantum Inf. 6, 80 (2020).

[33] B.-S. Song, T. Asano, S. Jeon, H. Kim, C. Chen, D. Daniel
Kang, and S. Noda, Ultrahigh-Q Photonic Crystal Nano-
cavities Based on 4H Silicon Carbide, Optica 6, 991 (2019).

[34] M. A. Guidry, K. Y. Yang, D. M. Lukin, A. Markosyan, J.
Yang, M.M. Fejer, and J. Vučković, Optical Parametric
Oscillation in Silicon Carbide Nanophotonics, Optica 7,
1139 (2020).

[35] M. A. Guidry, D. M. Lukin, K. Y. Yang, R. Trivedi, and
J. Vučković, Quantum Optics of Soliton Microcombs,
Nat. Photonics 16, 52 (2022).

[36] K. Srinivasan and O. Painter, Optical Fiber Taper Coupling
and High-Resolution Wavelength Tuning of Microdisk
Resonators at Cryogenic Temperatures, Appl. Phys. Lett.
90, 031114 (2007).

[37] D. Liu et al., The VSi Center in SiC: Determination of
Intrinsic Spin Dynamics for Integrated Quantum Photonics
(to be published).

[38] J. L. Zhang et al., Strongly Cavity-Enhanced Spontaneous
Emission from Silicon-Vacancy Centers in Diamond, Nano
Lett. 18, 1360 (2018).

[39] D. O. Bracher, X. Zhang, and E. L. Hu, Selective Purcell
Enhancement of Two Closely Linked Zero-Phonon Tran-
sitions of a Silicon Carbide Color Center, Proc. Natl. Acad.
Sci. U.S.A. 114, 4060 (2017).

[40] A. Faraon, P. E. Barclay, C. Santori, K.-M. C. Fu, and R. G.
Beausoleil, Resonant Enhancement of the Zero-Phonon
Emission from a Colour Centre in a Diamond Cavity,
Nat. Photonics 5, 301 (2011).

[41] J.-H. Kim, S. Aghaeimeibodi, C. J. Richardson, R. P.
Leavitt, and E. Waks, Super-radiant Emission from Quan-
tum Dots in a Nanophotonic Waveguide, Nano Lett. 18,
4734 (2018).

[42] J. Q. Grim et al., Scalable in Operando Strain Tuning in
Nanophotonic Waveguides Enabling Three-Quantum-Dot
Superradiance, Nat. Mater. 18, 963 (2019).

[43] B. Machielse, S. Bogdanovic, S. Meesala, S. Gauthier, M. J.
Burek, G. Joe, M. Chalupnik, Y. I. Sohn, J. Holzgrafe, R. E.
Evans et al., Quantum Interference of Electromechanically
Stabilized Emitters in Nanophotonic Devices, Phys. Rev. X
9, 031022 (2019).

[44] P. C. Humphreys, N. Kalb, J. P. J. Morits, R. N. Schouten,
R. F. L. Vermeulen, D. J. Twitchen, M. Markham, and R.
Hanson, Deterministic Delivery of Remote Entanglement on
a Quantum Network, Nature (London) 558, 268 (2018).

[45] B. Peng, Ş. K. Özdemir, M. Liertzer, W. Chen, J. Kramer, H.
Yılmaz, J. Wiersig, S. Rotter, and L. Yang, Chiral Modes
and Directional Lasing at Exceptional Points, Proc. Natl.
Acad. Sci. U.S.A. 113, 6845 (2016).

[46] K. G. Cognée, H. M. Doeleman, P. Lalanne, and A.
Koenderink, Cooperative Interactions between Nano-
Antennas in a High-Q Cavity for Unidirectional Light
Sources, Light Sci. Appl. 8, 115 (2019).

[47] I. Breev et al., Inverted Fine Structure of a 6H-SiC Qubit
Enabling Robust Spin-Photon Interface, npj Quantum Inf.
8, 23 (2022).

[48] M. Scheucher, A. Hilico, E. Will, J. Volz, and A.
Rauschenbeutel, Quantum Optical Circulator Controlled
by a Single Chirally Coupled Atom, Science 354, 1577
(2016).

[49] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel,
P. Schneeweiss, J. Volz, H. Pichler, and P. Zoller, Chiral
Quantum Optics, Nature (London) 541, 473 (2017).

[50] C. P. Anderson et al., Five-Second Coherence of a Single
Spin with Single-Shot Readout in Silicon Carbide, Sci. Adv.
8, eabm5912 (2022).

[51] P. Udvarhelyi et al., Vibronic States and Their Effect on the
Temperature and Strain Dependence of Silicon-Vacancy
Qubits in 4H-SiC, Phys. Rev. Appl. 13, 054017 (2020).

[52] L. Orphal-Kobin et al., Optically Coherent Nitrogen-
Vacancy Defect Centers in Diamond Nanostructures, arXiv:
2203.05605.

[53] H. J. von Bardeleben, J. L. Cantin, A. Csore, A. Gali, E.
Rauls, and U. Gerstmann, NV Centers in 3C, 4H, and 6H
Silicon Carbide: A Variable Platform for Solid-State Qubits
and Nanosensors, Phys. Rev. B 94, 121202(R) (2016).
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