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The negatively charged silicon vacancy center (Vg;) in silicon carbide (SiC) is an emerging color center
for quantum technology covering quantum sensing, communication, and computing. Yet, limited
information currently available on the internal spin-optical dynamics of these color centers prevents us
from achieving the optimal operation conditions and reaching the maximum performance especially
when integrated within quantum photonics. Here, we establish all the relevant intrinsic spin dynamics
of the Vg, center at cubic lattice site (V2) in 4H-SiC by an in-depth electronic fine structure modeling
including the intersystem-crossing and deshelving mechanisms. With carefully designed spin-
dependent measurements, we obtain all the previously unknown spin-selective radiative and non-
radiative decay rates. To showcase the relevance of our work for integrated quantum photonics, we
use the obtained rates to propose a realistic implementation of time-bin entangled multi-photon GHZ
and cluster state generation. We find that up to three-photon GHZ or cluster states are readily within

reach using the existing nanophotonic cavity technology.

Solid-state spin qubits based on color centers in wide bandgap semi-
conductors are one of the leading platforms for quantum networks, infor-
mation processing, and sensing'™ owing to their robust spin-optical
properties and long coherence times. Among many available host
materials®”, silicon carbide (SiC) particularly stands out as a wafer-scalable
material with well-established isotopic engineering and compatibility with
today’s complementary metal-oxide-semiconductor (CMOS) micro-
fabrication technology providing a path towards scalable systems. Rapid
progress with spin qubits in SiC has already been made including the
milestone demonstrations of millisecond spin coherence times at room
temperature®’, high-fidelity spin and optical control'’, coherent spin-
photon interfaces'’, entanglement with nuclear spin registers'”, and single-
shot charge readout”. Capitalizing on the SiC’s material advantages, steps
towards scalability have also been implemented through successful inte-
gration of negatively charged silicon vacancy color centers (Vg) into
nanophotonic waveguides' and resonators'*", the latter one being com-
patible with SiC-on-insulator processing'®. These proof-of-concept
demonstrations identify the cubic lattice site Vg, i.e. V2 in 4H-SiC as a

strong contender for quantum applications based on a dense integration of
multiple color centers on one chip. Further progress towards fully scalable
integrated solutions with V2 is necessitated by a complete understanding of
its intrinsic spin-optical dynamics to guide the engineering efforts of cavity-
emitter coupling and optimization of spin and optical properties. It will also
provide the critical insights and metrics necessary for developing realistic
quantum network applications.

In this paper, we focus on the V2 center in 4H-SiC occupying the cubic
lattice site having a much larger zero-field splitting” (ZFS) in the ground
state compared to the hexagonal-site V1 center'’. This larger ZFS leads to a
much faster ground-state spin manipulation and higher state fidelities"”. We
reveal the comprehensive internal spin dynamics of the V2 center by the-
oretical characterization of its electronic structure. The theory is confirmed
by our experimental investigations, which include the measurements of
spin-selective excited state (ES) lifetimes, ground state spin initialization via
resonant and off-resonant laser excitation, as well as probing the intricate
dynamics within the metastable state (MS) manifolds via spin manipulation
combined with a delayed pulse measurement. In this way, we determine all
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the spin-dependent radiative and non-radiative transition rates and identify
the intersystem crossing (ISC) mechanism which all play a crucial role in
defining realistic protocols for scalable quantum network applications. To
showcase this, we develop a protocol for generating time-bin entangled
multi-photon Greenberger-Horne-Zeilinger” (GHZ) and cluster states™,
which are particularly important for quantum network applications, one-
way quantum computation, and quantum repeaters. Using the involved
intrinsic transition rates and ISC mechanism, we provide estimates for
quantum efficiencies, state fidelities, optimal pulse timings, and minimum
requirements for a cavity enhancement of radiative lifetimes. The approa-
ches and insights developed here are also directly applicable to other color
centers and their benchmarking for specific applications.

Results

Electronic fine structure of Vg; in 4H-SiC

The crystal structure of 4H-SiC allows for two nonequivalent lattice sites, so-
called hexagonal (h) and cubic (k) sites, to be occupied by the deep center V;
defect. Defects belonging to the h- and k-sites, referred to as the V1 and V2
centers, have distinct optical resonant excitation signatures at zero-phonon
line (ZPL) wavelengths of 862nm and 916 nm, respectively. Five active
electrons present in V1 and V2, originating from the four sp’ dangling
bonds surrounding the vacancy and an additional captured negative charge,
result with optically active ground and excited states in a Kramer’s degen-
erate S = 3/2 spin quartet configuration.

Both V1 and V2 have a local symmetry that belongs to the C;, double
point group that is only slightly distorted from the cubic T4 symmetry. In the
case of V2, this distortion is stronger because of the additional next nearest
neighbor silicon atom present along the c-axis for k-sites. As we will show in
this work, this leads to a completely different spin-optical dynamics of the
V2 center compared to the formerly studied V1 center™.

To investigate the dynamics of the V2 center (from now on dubbed as
Vg center), we use the group theoretical framework, developed by Soykal
etal. ”, based on multi-particle symmetry adapted total wavefunctions built
from single-electron molecular orbitals (MOs) and linear combinations of
localized many body sp’ orbitals. Combining the theory and our experi-
mental measurements, we reveal all the spin-dependent radiative and non-
radiative transition rates, and as a result the intrinsic optical and spin
dynamics of V. Our results corroborate a complete picture of all the
metastable-state doublets involved in the ISC and spin polarization of this
defect with their relevant coupling mechanisms (spin-orbit, dynamic
pseudo-Jahn Teller, and optical deshelving) as explained in the following
subsections. Although the possible involvement of higher-lying doublets
within the ISC was previously pointed out by Dong et al.**, some of the
crucial ISC doublet states were either missing or obtained incorrectly there,
e.g. missing an extra uve doublet or not satisfying the orthonormality
condition for the presented one. Coupled with lack of prior experimental
data, critical mechanisms such as pseudo-Jahn Teller effect and involvement
of a deshelving state were also not identified leaving the ISC still an open
question. The comprehensive Vg electronic fine structure is shown in Fig.
la, in terms of MOs obtained by group theoretical analysis and con-
siderations of many-body spin-orbit, spin-spin, and exchange interactions
(see Supplementary Note 2).

The ground state (GS) manifold contains a spin-quartet state in an
orbital-singlet (*A, : ve’) configuration and five metastable spin-doublet
states. These doublets consist of two orbital-singlet (A, *A; : ve’) and three
orbital-doublet E: vé’, €', ’¢) configurations (see ref. 23 and Supplementary
Note 2). The first excited state manifold differs from the ground state solely in
the u orbital, replacing v (ve’— ue”). This leads to a spin-quartet orbital-
singlet state (*A, : ue’) and three metastable spin-doublet states. These
doublets consist of two orbital-singlets A, : ue’, *A, : ue’) and an orbital-
doublet (°E : ué®) configurations. It has been shown that the charge dis-
tribution localized on the nearest neighbor basal plane carbon atoms has an
opposite parity for the u and v MOs, making the transition dipole moment
(U2, 42 less sensitive to fluctuations in non-axial local electric field and
strain, even though Vg, defect lacks an inversion symmetry”. This explains

the experimentally observed high spectral stability of Vg center during a
continuous resonant optical excitation'*'. The second excited state manifold
includes another optically active spin-quartet orbital-doublet (‘E : uve), which
is split by the spin-orbit coupling, as well as two metastable spin-doublet
orbital-doublet states (°E : uve). The symmetry-allowed spin-orbit coupling
channels are indicated in Fig. 1a (dashed lines and arrows).

Based on the described fine structure and the allowed coupling chan-
nels, we develop a simplified and a fully equivalent energy level model of the
Vg center as shown in Fig. 1b. It consists of Kramer’s degenerate ground and
excited states for the spin subspaces my=+1/2 and m,=+3/2, and three
effective metastable states, which can be further reduced to two as we show
in the analysis below. The spin-conserving optical transitions between
ground and excited states are denoted by O; and O, for each spin subspace
whereas the additional radiative and intersystem-crossing (ISC) rates are
denoted by y;. In this work, we use resonant and off-resonant optical exci-
tation methods to extract all the transition rates shown in Fig. 1b, and we will
show that the results are in excellent agreement with our theoretical cal-
culations. The intrinsic spin dynamics of the Vg defect under optical illu-
mination is governed by the radiative transitions between states of the same
spin multiplicity as well as nonradiative ISCs between states of different spin
multiplicity. In the case of optical excitation of the first excited state, the ISC
is established by two processes involving:

i. Transitions from the optical (A, : ue®) first excited spin-quartet state to
energetically higher metastable spin-doublet states (°E : v7¢; *A; : ve?).

ii. Transitions from the metastable spin-doublet states (°E : ¢’,7%€) to the
ground spin-quartet (*A, : ve’) state.

Both processes are mediated by a combination of spin-orbit (spin-
lowering/raising) and electron-phonon (spin-conserving) interactions. The
ISC mechanisms involved in these transitions can be explained intuitively
using the simpler MO picture as shown in Fig. 1c.

ISC mechanism

The upper ISC mechanism is governed by the y; ; and y} , rates (ES to MSs)
in Fig. 1b. It consists of transitions from the ‘A, : ue” spin quartet state to the
’E : v’e and *A, : ve’ spin-doublets, being assisted by both the spin-orbit
coupling and the electron-phonon interaction. Consider the system to be
initially in the excited state ue” spin-quartet configuration, as shown in the
inset (i) of Fig. 1c. From here, and as shown in the inset (ii) of Fig. 1c, the spin-
orbit coupling (a,],s,) can promote an electron from the v orbital to the ¢,
orbital. This is followed by a fast spin-conserving decay of a second electron
from the ¥ orbital to the % orbital via either a photon emission or a phonon
relaxation process. This then leads to the v’e spin-doublet configuration. The
inset (iii) of Fig. 1c shows an alternative pathway from the configuration in
(i). Here, the spin-orbit coupling (e.Ls.) can promote an electron from the e,
to the e, orbital. Again, this is followed by the ¥ — 4 decay, resulting in the
ve* spin-doublet. In fact, due to the stronger spin-orbit coupling along the
c-axis (a; > a,,,), the latter process (iii) is expected to be faster than (ii), which
will be confirmed by our experimental investigations. As shown in the inset
(iv) in Fig. 1c, we must also consider that the ve” and the €’ spin-doublet states
can be vibronically coupled together by the e-symmetry acoustic phonons
(*A; x e x ’E) via the pseudo-Jahn Teller (PJT) effect. This allows the ve’
spin-doublet of (ii) to transition into the ¢’ spin-doublet state at a relatively
fast dynamic relaxation rate (y,, >y, ,) which redistributes most of the
population into the ¢’ spin-doublet during an optical excitation cycle.

Deshelving mechanism

Subsequently, the non-radiative transition of the ¢’ spin-doublet state to the
ground ve® spin-quartet state forms the basis of the lower ISC mechanism
represented by the effective ys 4 rates (MS to GS). In the MS manifold, the ve’
doublets experience ultra-fast relaxation to the ¢’ doublets (yy,), which is why
we can combine them into a single effective spin-doublet state. On the other
hand, the 1%e state lacks a similar fast relaxation path (y,, ~0), thus resulting
in low non-radiative decay rates y; , to the ground state. Interestingly, the
rather long lifetime of the 1’e state can result in a sizeable optical excitation
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Fig. 1 | Energy levels and the intersystem crossing mechanism of the Vg center.
a Schematic of the electronic fine structure of Vg center including the spin-orbit
direct coupling between the quartets and the doublets. Energy levels are not-to-scale.
b The spin-selective ISC channels enabled by the spin-orbit and vibronic coupling.
¢ Molecular orbital configurations of the states involved in the ISC. The bar (no bar)
over the orbitals represents the spin majority (minority) channel within the spin
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polarized molecular orbital (MO) picture. Starting from the (i) configuration, the
configurations (ii) and (iii) can be reached by spin-orbit (purple arrows) enabled
transitions accompanied by a fast optical or phonon assisted relaxation from the v
orbital to the % orbital (red arrow). Configuration (iii) can also transition into (iv)
enabled by the pseudo-Jahn Teller effect (green solid arrow).

rate into the higher-lying uve spin-doublet state (Fig. 1b). In this previously
unknown deshelving process, an electron is promoted from the # to the v
orbital (solid gray line in Fig. 1b). Here, the optical excitation is required to
have the same polarization () and similar energy as the O, and O, transitions
(only differing by the electron exchange correlations). The cycle is then
completed by a spin-orbit mediated non-radiative transition from the uve
spin-doublet to the ué’ first excited state (purple dashed arrows in Fig. 1b).
This mechanism is expected to manifest itself as a laser power-dependent y; ,
rates during a continuous resonant or off-resonant optical excitation of the
Vg, defect further evidenced by our experimental observations.

The effective rate model for V2 is summarized into a six-level rate
model (see Supplementary Note 1) as: 1) the metastable-state doublets ve’
and lowest ¢’ are combined into one level due to ultrafast relaxation (y,,),
and 2) the power-dependent deshelving mechanism is represented by the
power-dependent decay rates y; ,. Our theoretical calculations are based on
this effective six levels to model the experimental data for inferring all the
relevant rates.

Experimental determination of the spin-dependent excited-state
lifetimes

Firstly, we measure the spin-dependent excited-state lifetimes using the
experimental sequence depicted in Fig. 2a (see Methods and ref. 22). A

“repump” laser pulse is used to ensure that the Vg center is in the desired
negative charge state. This is followed by a sub-lifetime short (1.5 ns) laser
pulse at 916.5 nm, resonant with either the O, or O, transition. The fluor-
escence decay signal is recorded and subsequently fitted using a single
exponential function as shown in Fig. 2b. We determine the excited-state
lifetimes of bulk V2 centers as 6.1 ns and 11.3 ns for the O, and O, tran-
sitions, respectively.

Here, we note that the O, lifetime is almost twice as long as O;, which is
in stark contrast with the two nearly identical spin-dependent excited state
lifetimes of V1 center in 4H-SiC*. This indicates the V2 center has a much
slower intersystem crossing for the +3/2 spin sublevels associated with the
O, transition (compared to the spin +1/2 sublevels belonging to the O,
optical transition). This also implies a significantly higher quantum effi-
ciency for the O, transition which has been experimentally observed in a

recent work with the V2 centers integrated into nanophotonic resonators'°.

Probing the metastable-state dynamics of the V2 center

We now investigate the predominant decay processes out of metastable
states. This requires pumping of the system into the MSs followed by the
determination of subsequent spin populations p; , and p; ;, within the spin
subspaces of m; = +1/2 and m; = + 3/2, respectively. For these studies,
we take advantage of the following three key features:
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Fig. 2 | Spin-dependent excited-state lifetimes of a single V2 center.

a Measurement sequence consisting of charge-state initialization with off-resonant
laser followed by O, or O, sub-lifetime short pulses, and fluorescence decay
detection. b Fluorescence decay signals from the excited states. Solid black lines are
single exponential fits.

First, it is known that a prolonged off-resonant excitation of Vg center
pumps the system into the MS which is followed by a partial, non-complete
spin polarization. It is assumed that the m; = +1/2 subspace shows a
slightly higher population compared to the m, = +3/2 subspace™.

Second, a prolonged resonant excitation along the O, or O; transitions
can be used to achieve a (nearly) complete polarization into the my = +1/2
or my = *3/2 subspaces, respectively'**.

Third, the resonant excitation permits us to selectively read out the spin
populations p, , and p; , in the subspaces m, = + 1/2and m, = £3/2.

It is not straightforward to infer the relative population or population
contrast of the ground states via the fluorescence intensities under the O,
and O, excitation as they depend on the ISC rates and quantum efficiency of
each spin-dependent transition. For this reason, we then measure spin Rabi
oscillations and determine the ground-state population contrast for probing
the metastable-state dynamics. The related experimental sequence is shown
in Fig. 3a.

The sequence starts by predominantly initializing the system into the
mg = +1/2 (m, = +£3/2) spin subspace using ~0.5ps long resonant
excitation along the O, (O;) transition. Subsequently, an off-resonant laser
pulse, with varying duration of T***™ and fixed power of 30 uW, is applied
to increase the population in the MS, after which we allow the system to relax
back to the ground states. To determine the absolute spin populations p, ,
and p; ,, we then perform spin-Rabi oscillations using a microwave drive at
a frequency of 70 MHz, corresponding to the ground state splitting between
them, = +1/2andm, = + 3/2 subspaces. Finally, the spin population is

read out by integrating the fluorescence intensity during a 0.5 us short
resonant laser pulse along the O, (O;) transition. We note that the short
readout pulse duration ensures that we exclude any complex dynamics
stemming from ISCs, so that the fluorescence intensity signal is proportional
to the ground state population. Overall, this sequence allows us to determine
the ground state population contrast Ap = (Ip; ;, — p3,1)/ (1> + p3/5) as

Fig. 3 | Decay dynamics of the metastable states a ) ) xN
. . . ' repump
probed by the spin-Rabi population contrast and Resonant i T : (70'\I<I/I\AH/2 o Resonant
delayed pulse measurements. a Sequence for spin- !
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a function of the off-resonant laser pulse duration T (for more details,
see Supplementary Note 3). The bottom inset of Fig. 3a shows the obtained
experimental data. For short times of T°*"™, the system has not yet reached
an equilibrium (partial incomplete spin polarization into the m, = +1/2
subspace™). This is witnessed by a strong population contrast in both cases
after initialization into the subspaces of either m; = +1/2 (blue) or m, =
+3/2 (red). For "™ >40 ps, the population contrast reaches a steady state
value of Ap ~0.14. Crucially, the behavior of the population contrast for
both initializations is different. After initialization into m; = +1/2, we find
a monotonic decay of Ap. In contrast for initialization into m, = +3/2, we
observe a decay to Ap ~ 0 at T*""™ ~10 ps followed by an increase to the
steady state value Ap ~0.14. This is explained by the initial population
3>~ 1 droppingto ps , ~ 0.5 after T"P*" ~ 10 ps, and further decreasing
to p3, ~0.43 for T"P*"P>40 ps. In other words, our experimental results
unambiguously determine that the m, = +1/2 subspace is preferably
populated from the MSs with a ratio of 0.57/0.43 at an off-resonant laser
power of 30 uW. It is important to mention that optical re-excitation i.e.
deshelving processes within the MSs are allowed by the selection rules (see
Fig. 1b) and have been experimentally observed”*. Re-excitation can
drastically alter the spin population dynamics and as we show in the Sup-
plementary Note 3 we can achieve a ground state population ratio of 0.65/
0.35 for an off-resonant laser power of 4 mW.

Having already established that the system reaches a steady state at
30 uW off-resonant pump power after T*P"™P ~ 40 us, we now proceed to
the high-fidelity spin initialization using a resonant excitation along the O,
(O,) transition. The related experimental sequence is shown in Fig. 3b
(upper panel). An off-resonant laser pulse of 40 s duration and 30 uyW
power establishes a steady state (0.57/0.43 ground state populations).
Thereafter, a resonant laser pulse of duration T'and power 6 nW initiates the
high-fidelity spin pumping. The absolute ground state spin populations are
read out as before (spin Rabi oscillations, followed by a 0.5 us spin-selective
resonant laser excitation). The experimental results are shown in Fig. 3b
(lower inset). For T > 20 ps, we reach high initialization fidelities of 95(1)%
and 93(1)% into the spin subspaces m; = +1/2 (blue) orm, = +3/2 (red)
under O, and O; optical pumping, respectively.

To further investigate the decay rates from the metastable (MS) states
to the ground states (see Fig. 1b), we develop a delayed measurement
scheme, as depicted in Fig. 3c. We use a 4 s long off-resonant laser exci-
tation pulse at 4 mW power, to trap most of the spin population in the MSs
at the end of the pulse. This is due to the considerably longer lifetimes of the
MSs compared to the excited-state lifetimes and the optical excitation rates.
We then capture the MS depopulation dynamics by measuring the time-
dependent increase of the ground state populations. To this end, we permit
the system to relax to the ground state for a duration of Tppy before starting
to integrate the fluorescence emission for 0.1 ps during a resonant excitation
along the O, and O, transitions. We note that these measurements capture
all the rates in and out of the MS states” which are populated by the
incoming ISC rates (y,,,¥;,) and depopulated by the outgoing ones
(V3.4) 5 4)- The related experimental data is shown in Fig. 3¢ (bottom inset).
The graph also includes the simulated curves using the ISC model and rates
given in Table 1 showing an excellent agreement between the experiment
and theory. We note that these rates have been inferred through the MS
dynamics probed until here and subsequent power-dependent resonant-
excitation measurements which are discussed in the next section.

Power-dependent resonant-excitation spin initialization
measurements

To obtain a comprehensive understanding of the spin initialization process
through resonant excitation, we use the resonant laser power as an additional
probing parameter ranging from 6 nW to 20 nW. We limit the maximum
power to 20 nW to avoid excessive photo-ionization™, as well as power
broadening, which would result with the loss of spin selectivity’'. As depicted
in Fig. 4a, the measurement sequence consists of an off-resonant excitation
pulse (32 uW, 40 ps) to initialize the Vg center into the negatively charged
state and to initialize the ground state into slightly unbalanced spin

Table 1 | Radiative and non-radiative transition lifetimes of V2
color centers in 4H-SiC

a

Transitons  1/y,  1/y;, /¥y 1/p, 1% /1 1/74
Lifetimes 17.84 11.05 56.75 130.59 41.02 250.72 1035.35
(ns)

MS; Lifetime 1/(y + y,) 201.84ns

b

Resonant Theoretically 1/y3(= 1/y,) (ns) MS,
excitation inferred power (nW) Lifetime (ns)
power (nW)

6 5.58 5928.73 2964.37

10 8.44 4377.85 2188.93

15 15.01 2170.80 1085.40

20 Reference 1481.69 740.85

aThe MS; (€°) metastable state lifetime is inferred according to the ISC mechanism described in Fig.
1b, c-iv. b The MS; (v’e) metastable state lifetime is found to be dependent on the optical excitation
power due to the uve spin-doublet shelving state shown in Fig. 1b. The experimental resonant
excitation powers and the theoretically inferred ones (20 nW as a reference power for calculation)
are shown.
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Fig. 4 | Time-dependent fluorescence decay under resonant excitation.

a Experimental sequence based on state initialization with an off-resonant repump
laser, followed by spin-selective resonant pumping. b Measured fluorescence
intensity signals for depopulation of both spin subspaces with the O, (left) and O,
(right) lasers. The decay curves are measured and analyzed for varied resonant laser
powers.

populations (see Fig. 3a). Then, we selectively depopulate the spin subspaces
mg = +1/2 or my = +3/2 through continued resonant excitation along
the O; (or O,) optical transition while recording the fluorescence intensity for
40 ps. At all power levels, 40 ps resonant excitation is sufficiently long to
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completely depopulate the respective spin sublevels, as witnessed by the
fluorescence signals reaching the noise level of the single-photon detectors. As
shown in Fig. 4b, the time-dependent fluorescence intensity shows a tail that
extends over to several microseconds. This indicates the involvement of a
long-lived metastable state in the ISC, which is later corroborated by our rate
results (see Table 1). The state initialization fidelity extracted from the reso-
nant optical pumping measurement reaches ~ 99.5(1)% which is higher
than the value inferred from the spin Rabi oscillation which provides a lower
bound of the state initialization fidelity. The lower fidelity in the latter case is
caused by a small residual magnetic field originating from the magnetization
of the instruments mixing the ground state spin sublevels and it can be further
improved by applying a sufficiently large external magnetic field'*".

We now build a parameter optimization and fine-tuning algorithm that
can be carried out over the density matrix master equation of the spin
selective ISC model shown in Fig. 1b, constrained only by the measured
excited state lifetimes (see Methods). The time dependent fluorescence decay
data at all four powers and the delayed pulse measurement data are all
simultaneously fitted using this algorithm. The resulting fit curves for the
fluorescence decays are presented in Fig. 4b, showing excellent agreement
with the experimental data. Individual analysis of the resonant initialization
and delayed pulse measurement leads to a differing number of metastable
states. Our ISC model presented in Fig. 1b leads to an excellent agreement
with both measurements in Figs. 3 and 4, and involves a minimum number
of metastable states for accurately describing the experimental data. The
resulting transition rates are summarized in Table 1. In accordance with the
model in Fig. 1b, we find two effective metastable states playing a significant
role in the ISC. The first metastable state (MS, ) consists of the ve* and ¢’ spin-
doublet states in which the fast dynamic relaxation (y,, > y,, ;) of v’ onto
€' is captured within. The second effective metastable state (MS,) is formed
from the v’e spin-doublet state. Due to the deshelving of v’¢ spin doublet to
uve spin doublet under optical excitation (see Fig. 1b), the M, lifetime shows
a significant power dependence during resonant excitation measurements.
Using the deshelving model and taking 20 nW as a reference power, from
each of the remaining fit curves we theoretically infer the rest of the resonant
excitation powers. The calculated powers are well within the experimental
error tolerances showing excellent agreement (see Table 1) across all powers
and providing further evidence of the deshelving mechanism.

At this point we highlight key differences between the V1 and V2
centers in 4H-SiC. In our previous work, we showed that V1 center has a

metastable state with ~200 ns lifetime™. This is very similar to the MS,
lifetime of the V2 center, as we have shown in this work. However, the V2
center shows an additional long-lived MS, metastable state (up to ~3 s at
low excitation powers), for which no such evidence was observed for V1. We
explain this difference by the PJT effect which results in a strong vibronic
mixing between the MS, (ve’) and MS, (+’e) states. For the V1 center with
near-T4 symmetry, this effectively results in a single metastable state due to
the increased degeneracy between the v and e MOs. On the other hand, for
V2 centers, such degeneracy is removed by the much more distorted local
symmetry (Cs,) along the c-axis*, suppressing any mixing. The weaker PJT
effect for V2 centers is additionally confirmed by our recent work, which
showed that V2 centers maintain narrow optical linewidths at significantly
higher temperatures compared to V1 centers”. The very long lifetime of
MS, also affects the behavior of V2 color centers under off-resonant exci-
tation. Especially at high laser powers, Stokes excitation can lead to another
depletion channel for MS, which eventually reduces the effective lifetime of
the entire metastable state manifold to the lifetime of the MS;. This behavior
is experimentally corroborated by our high-repump-power results in Fig. 3c,
as well as previous room-temperature investigations”*".

Discussion

From our measured rates for V2 centers in 4H-SiC, the higher
quantum efficiency of the O, transition with spin |m,| = 1/2leadstoa
higher cooperativity (see Supplementary Note 4) when integrated in
nanophotonic resonators, which has been recently observed'. Here,
we develop protocols for the generation of time-bin entangled multi-
photon states from a single V2 center that can take advantage of this
high quantum efficiency of the O, transition. We perform a detailed
analysis of our protocols and consider multiple sources of imperfec-
tions including both spin conserving (i.e., excited-state phonon
scattering, imperfect excitation) and spin-flip (due to ISC mechanism)
errors.

Two ground-state spins |g,) = | —1/2) and |g,) =|—3/2) are
chosen as entanglers for the Greenberger-Horne-Zeilinger (GHZ) and one-
dimensional cluster states. Our protocol is adapted from a similar concept
initially developed for quantum dots™ and consists of periodic optical drive
of O, and coherent microwave control of ground-state spins. The Kramer’s
degenerate ground-state spins are further split into four sublevels (see Fig.
5a) by applying a sufficiently large magnetic field (e.g., B=5mT) for longer

Fig. 5 | Generation of entangled multi-photon a p +3/2 C 105449

GHZ and cluster states. a Relevant energy scheme , 70.0% ® Fex

of Vg used in the protocol. b Pulse sequences 0, yf," B 30 0.8 57.6% 01 For

described in the main text. ¢ Total estimated fidelity ) ,': 46.9% m F;

of GHZ and cluster states with sizes up to n =10 sapn B : 172 37.8%

s . ! -12 0.6 30.1%
photons as a product of excitation and branching : 2 23.6%
ratio errors. Optimized Purcell enhancement factors : [ 218 18.3 A’14,1 %
P 1 8 200 10.6%
for each state size are shown on the bars. d Minimum % 04 18 T
. . ! 17 |

Purcell factor requirements to reach a total fidelity of ; 161 |45

0.5 for GHZ and cluster states up to three photons. 2 ' 0,||[104 0.2 i GEU 25 1‘8
T 0w 00121 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10
N e State Size (# of Photons)

3754 Smw

b d 1.0 o m Fox
N 0.8 = For
zo06| | ‘ -
cw s 5 S 0.4
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spin coherence time*. The entire protocol shown in Fig. 5b involves the
following steps:

i. The ground state spin is initialized to |g;,0) 4 |g,,0) (normalization
omitted w.l.o.g.) by resonant optical pumping of O, transition duringa
continuous microwave driving (Ipjw) of the spin | + 3/2) <> | 4+ 1/2)
transition followed by a microwave /2 pulse (S}fmi,) resonant
with | — 3/2) < | — 1/2).

ii. An optical m pulse resonantly excites the O, transition resulting with
the spontaneous emission of the first ZPL photon into an early time
bin: |g, 0) + 1g,, 1p)-

ili. The spin states are swapped via S}, pulse: |g,,0) 4 |g;, 15)-

iv. Upon resonant excitation of O, with a second 7 pulse, another photon
is emitted into a late time bin: |g,, 1;) + |g;, 1g).

v. For a GHZ state generation, a final R = SHM&, pulse (i.e., X-gate) is
applied resulting with |g,, 1;) + |g,, 1). Similarly, for a cluster state
generation, the Pauli-X gate can be replaced by a Hadamard gate
(R=H = XY'"/?) resulting with a generator C' = g, )(g,la; +
Ig_) (g, |a£ for each period with g, ) = (|g,) * |g,))/+/2. By repeating
one period (from ii to v) of this protocol N times we obtain an N-
photon GHZ state or a cluster state depending on the final gate
operation.

The dephasing of the excited states for V2 centers induced by acoustic
phonons was shown to be negligible by the preservation of narrow PLE
linewidths up to 20 K*. Therefore, the fidelity related to phonon-induced
pure dephasing, defined™ as Fy""““ = 1 — Ny, /(y, + 2y,), is close to 1
with y3 < y,. We also consider excitation errors in the resonant driving
pulses that induce undesired stimulated photon emissions (weak, long
pulse) and detuned O, transition (strong, short pulse) given™ as

F,=1—-N (%) y,/A. With our measured radiative decay rate and

~1 GHz separation between O; and O, transitions, the pulse timing for a
square 7i-pulse optimized upon 2n-rotation of the detuned transition is
found to be 0.9 ns for a three-photon GHZ/cluster state resulting in an
excitation fidelity of 74.3%. The fidelity of the GHZ and cluster states with
branching errors (emission into phonon sideband and ISC) are the same for

N
the protocol shown in Fig. 5 and given as F,,SH2C = (P()z) conditioned

upon a successtul detection without any post-processing. Pg, is the ZPL
emission probability for the O, radiative transition and defined as
(Pay,)/((1 — a)y, + Pay, +y, +7,) in terms of Debye-Waller factor
a~9%%, Purcell factor P, and the rates inferred in Table 1. We find
F,, B2 = 0.06 without any cavity Purcell enhancement with the above
optimized pulse timing. The cavity enhancement of radiative lifetime

improves F SHZ"C and F bGrHZ’C, but it degrades Fey slightly as the excited state

radiative lifetime is modified as y, — (1 — @)y, + Pay,. To maximize the
overall fidelity defined as F, = F,F,,F,, we calculate the optimized Purcell
factors for each state size as shown in Fig. 5¢c. The primary limitation to the
total fidelities shown here comes from the competition between the exci-
tation and branching ratio errors as F,, increases while F., decreases with
larger Purcell factors. To reach a total fidelity of 50%, GHZ or cluster states
of maximum three photons are feasible. We calculate the minimum
required Purcell factors to reach F, =50% (Fig. 5d) for various state sizes
compatible with existing nanophotonic resonators'*'®*. Photon states of
larger size (>three photons) can be achieved by increasing the excited-state
ZFS (~A) via applied strain allowing for much larger Purcell enhancements
to be applied™. In comparison to the quantum dot platform where the linear
cluster state has been realized”’, the V2 centers additionally provide excellent
quantum memories based on electron and nuclear spins®'*'*”". Thus, the
system is in principle capable of connecting quantum memories with multi-
photon states and promising a loss-tolerant demonstrator which requires
one emitter, two memories and six photons™.

In summary, we have established the complete electronic fine structure
and intrinsic spin dynamics of the V2 silicon vacancy centers in 4H-SiC
unraveling all the previously unknown spin-dependent radiative and non-

radiative decay rates, ISC, and deshelving mechanisms. The mechanisms
identified here successfully explain several previous measurements done
with V2 centers including anti-Stokes excitation®’, ODMR with off-resonant
readout”, as well as autocorrelation of resonator-integrated defects'’. Our
work also explains the main differences between V1 and V2 centers in 4H-
SiC. The unraveled understanding of the complete spin-optical dynamics of
the V2 center provides the critical engineering guidelines towards its inte-
gration into nanophotonic enhancement structures, such as waveguides and
resonators. To showcase this, we additionally propose realistic protocols for
generating time-bin entangled multi-photon GHZ and cluster states, taking
advantage of the high quantum efficiency of the O, transition. We provide
in-depth analysis of state fidelities, optimization of pulse timings, and
minimum Purcell enhancement requirements for generating GHZ or
cluster states of various sizes. We show that two-photon GHZ and cluster
states can be readily realized with existing SiC nanophotonic resonators,
whereas higher photon-number states would require further improvements.
In this sense, we believe that phonon or strain engineering of V2 centers will
become necessary to suppress excitation errors by increasing the excited
state zero-field splitting, and to improve the overall branching ratio.

Overall, our studies provide a holistic summary on the intrinsic
spin-optical dynamics of the V2 center in 4H-SiC. This now permits
defining ideal experimental protocols and routines for maximizing the
performance in various quantum technology applications, as well as
optimizing the optical performance of V2 centers via integration into
nanophotonic resonators. Additionally, our methods can be
straightforwardly adapted to improve the understanding of internal
spin dynamics of other color centers.

Methods

Experimental setup

All the experiments are performed with a home-built scanning con-
focal microscope at 55K in a closed-cycle cryostat (Montana
Instruments). The resonant excitation of the single V2 color center
uses a tunable single-frequency diode laser (Toptica DLC DL pro) at
916.5nm. The acousto-optic modulator (Gooch&Housego) and
electro-optic amplitude modulator (Jenoptik) enable continuous-
wave and pulsed excitation resonantly. A custom-made diode laser is
employed for off-resonant excitation at 730 nm. A polarization-
maintaining fiber combines all excitation lasers which are focused
onto the sample by a microscope objective (Zeiss EC Epiplan-Neofluar
x100, NA =0.9). The scanning of the sample is enabled by a fast-
steering mirror (Mad City Labs). The fluorescence emission is col-
lected at phonon-side bands (940-1033 nm) by a superconducting
nanowire single photon detector (Photon Spot). The fabrication of the
4H-SiC sample, defect generation, and development of a solid
immersion lens have been described in our previous work'.

Density matrix master equation parameter optimization

The resonant PL decay of the V2 defect can be accurately modeled by
using the fine structure and ISC model in Fig. 1b. The spin-selective
fluorescence signal corresponds to the time-dependent excited state
populations, that are calculated using the following master equation,
p/dt = —L[Hy, pl + ¥, iy LCAD + S piL(AL ) + S, VLA, )-
The radiative and non-radiative decay processes are represented by
the Lindblad super-operators, L(O). The H, is the Hamiltonian
constructed from optically driven spin +122 and £32 ground and
excited states, Hy = (Dg — D, — 01)(1g5/,)(g1/2] — lesya)(es; o) —
(Dg - D, — 5L)(Igs3/2><g53/2| - |es3/2)(es3/2|) + [QL(|831/2)<351/2|
+1883/2) (€s3,]) + h.c] in the rotating frame of the laser with power
dependent Rabi frequency Qp and detuning &; = w; — w,p;. The
radiative decays, Al = |gs;)(es;|, are governed by the same radiative
decay rates y, for both O; and O, transitions. The non-radiative ISC
decays in and out of each metastable state (ms, = ve? and ms, = 1?e)
are given by Ainsl = |ms,)(p,| and Ainsz = |ms,)(¢;| in which
Pliz1254) = {€81)2,€83/2,88,,883,}  after the effective rate
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simplification with y >y, , and y,,<y},. We use a custom-built
parameter optimization algorithm based on both Nelder-Mead and
differential evolution numerical nonlinear optimization methods for
simultaneously fitting the excited state population solutions of
separate master equations at four different laser powers with the time
dependent photoluminescence decay measurement data. At each
trial, a secondary simplified master equation reflecting the 100 ns
integration window for pulse sequence in Fig. 1c is used to also
evaluate the fit quality of each rate solution with the delayed pulse
measurement data.

Data availability
The data presented in this manuscript are available at the data repository of
the University of Stuttgart under https://doi.org/10.18419/darus-4226.

Code availability
The codes used in this manuscript are available from the corresponding
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