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Supplementary Text

I Charge lifetime calculation

For the charge lifetime measurement, we model the decay in the PL signal as:

t

A*exp(—r—)+y0 (Eq.S1)
ch

where A is the PL rate, yo is the background laser scatter and dark count rate, and ., is the
charge lifetime. From our data we find ., = 6.98 + 0.89 s, as shown in the fit displayed in Fig.
2A.

1. Mean photon number for photon number distribution calculation

For a normalized, discrete photon number distribution mj, the mean value u of the distribution is

calculated as:
len(m;)

p= ) jem (Eq.52)

j=0
where j is the photon number. The error of the mean is taken to be /p.

I1l.  Projected photons per shot calculation for charge readout

The PL signal decays over a charge readout window as:
t
A*exp(—T—) (Eq.S3)

where A is the PL rate with units of photon/second, and 7 is the decay constant in seconds. From
this, we calculate the projected photons per shot for a given power as A * T which is the integral
of the exponential decay to infinity. We use this expression to find the dependence of the
photons per shot nshet ON resonant laser power p. It takes the form:

nshot(p) = A(p) * Tion(p) (EQ-S4)
The ionization rate, 1/t;,,, takes the form:
1 1 p*b
- == (Eq.S5)
Tion o 1+ _p;)at

where 1o is the charge lifetime, psat is the saturation power, and b is the ionization rate at
saturation. This equation represents both the intrinsic charge lifetime decay and the two-photon



ionization from a saturable two-level system. Additionally, A (p) is the power-dependent PL rate
which saturates with power:

Ap) = o (Eq.S6)
p
where c is the photoluminescence rate at saturation and psat iS the saturation power.
To find ng,,: (p), we use Eq. S5 and Eq. S6 to evaluate A * T and find that:
C * tO *Dp
Nsnot (D) = (Eq.S7)

pP+po+bxtxp?
We use Eq. S7 to calculate the projected photons per shot as displayed by the fit in Fig. 2C.

IV.  Charge repump/reinitialization rate calculation

As the duration of the 705 nm charge reset pulse increases, the PL signal for the subsequent
charge readout steps grows as:

A*(l—exp (—t_t())) (Eq.S8)

where A is the PL rate, t, is a time offset, and t,. is the characteristic charge initialization time.
We define the charge reset rate to be 1/z,.

V. Charge readout fidelity and end-to-end fidelity of SCC calculation

We take the definition of fidelity from Ref. (39) as:

1 1
F= 1_5(1_P0|0+P0|1) =§(Po|0+P1|1) (Eq.S9)
where py, is the normalized true positive probability, py|; is the normalized false positive
probability, p|; is the normalized true negative probability and (1 — poj1) = pyj1. Using Eq. S9,
for a single shot cutoff of n photons, the single shot charge readout fidelity is calculated as:

1 o et
Fcharge =35 Z(())opd + Z:o P
2\X0Pa 2o P»

(Eq.S10)

Where p,; and p,, are the unnormalized photon distributions for the prepared dark and bright
states, respectively. Similarly, for a single shot cutoff of n photons, the end-to-end SCC fidelity
is calculated as:

1 <Z§p+1 P Po)

Fsee = =l =% = (Eq.S11)
see 2\X0P+1 X0 Do 1



where p, and p,; are the unnormalized single shot photon number distributions after preparation
into my = 0 and my = +1, respectively. Eq. S11 is used to calculate the data displayed in Fig.
4C. In all experiments, the cutoff n is chosen to maximize F.

VI.  Fitting of SCC traces and SCC contrast calculation
We fit the signal of the charge readout after varying the SCC duration as an exponential decay:
t

Aje Ti+y; (Eq.S12)
where Ajand y; are PL rates, and t; is the decay time constant. We calculate the contrast Cgc in

the charge readout between mg; = 0 and mg; = +1, denoted by the subscripts 0 and +1, after a
given SCC pulse duration tjon as:

tion tion

(Ayre T+ +y,q) — (Age ™ + )
1
5 (Ap1 +yi1 + A0 + o)

Cscc = (Eq.S513)

The fits in Eg. S13 are used to calculate the contrast to better eliminate noise and to allow for
better error estimation.

VIl. Chi-squared goodness of fit test to predict T1 longitudinal lifetime
To place a lower bound on the T1 time of the defect we perform a y? test for goodness of fit by
producing a y2-distribution comparing our data to equations of the form:

A*exp(— ‘ > (Eq.514)

1,test

We first fit the PL rate, A, to our collected data for a given T1 st Value. We then calculate the x?2
value of our test T1 decay curve to the data. The y? value is calculated as:

X% = i (Xi — “i)z (Eq.S15)

where X; is the measured value, y; is the predicted value from the generated decay curve, g; is
the standard deviation of the measured value. Here, there are k = 15 data points that each
correspond to a different time t;.

We use a y2goodness of fit test to determine the lower bound on the T1 value. For a right-handed
test with a confidence level of 95% and 13 degrees of freedom (corresponding to the k=15 data
points and 2 fit parameters), the critical chi-squared value is 22.362. We find that all chi-squared
distributions generated for Ty st < 103.3 seconds exceed this critical value. Thus, we place a
lower bound estimate of 103.3 seconds on the T: time with 95% confidence.



VIIl. Modelling the SCC process:

To model the dynamics of the SCC process, we create a set of differential equations describing
the rates of ionization and spin-flips in the system. We assume the orbital dynamics of the defect
are fast and average over the photon absorption and emission events, treating the population in
the excited state (Pgs) generally in the form of a saturation curve. The saturation curve is
generally in the form:

A A B A
1+ pO/p 1+ Tabsorb/remit 1+ Remit/Rabsorb

Pgs(p) = (Eq.516)

with p, representing the power by which a photon is absorbed on average once every optical
lifetime (“saturation”). As shown above, the factor p,/p can also be understood as the ratio of
time for absorption and emission, or equivalently the ratio of emission to absorption rates.
Because the spin-flip process is due to a set branching ratio per occupation of the excited state,
the spin-flip rate (R,f) also follows a power-dependent saturation curve with respect to the
resonant POWer p,:

Rsat

— (Eq.S517)
1+ po/pres 1

Rsf (pres) =

with Ry, as the saturated spin-flip rate. On the other hand, the ionization rate (R;) from the
excited state is also related to the population in the excited state times a one-photon power
dependent rate ionizing from that state. We denote the ionization laser power p;, where assuming
the resonant-only two-photon ionization rate is low:
api
R D) = ——————— Eq.518
I(pres pl) 1+ po/pres ( q )
where a is the linear ionization rate per unit power. We note here that the rate from the excited
state is actually 2a, given that the excited state is only populated half of the time when saturated.
With our resonant laser only pumping the highly cycling E, transition, the spin flips deplete the
mg = 0 state and populate the mg = +1 state. This results in the following equations for the

populations in the bright mg = 0 (B,), bright mg = +1 (B;), and dark populations (D):

By
W = _Rl(pres' pi)BO - Rsf(pres)BO (Eq.519)
dB,
W = +Rsf(pres)BO (Eq.520)
abD
Frie +R;(Pres Pi)Bo (Eq.521)

We can solve Eq. S19-S21 assuming that the system is either initialized into m; = 0 (B,), where
By(0) =1, or mg = +1 where B;(0) = 1. Upon charge readout, we only see if the defect is
bright or dark, measuring B(t) = B,(t) + B, (t) with B(t) + D(t) = 1. The analytic form of the
time dependence during the SCC process upon solving becomes:



of + R,e~(Rss+RIE
Rgr + R,

B(t) =2 (Eq.522)

where the exponential term has a rate Rgcc = Rgr + R;
We use Eq. S22 to model the effect of the balance of ionization rate and spin-flip rates on the
final maximal SCC contrast C = max(1 — B(t)). In this case, this occurs when ¢t — oo

R, 1

Ry +Ri g +—I;SZ;”
i

Clpy) = (Eq.523)

Which we can recognize as a saturation curve with respect to the ionization laser power, in
which the relevant rate and timescale is set by the saturation spin flip rate Ry, and ap; is the
ionization rate when the defect is saturated with the resonant laser. In this case, near-unity
contrast can be achieved simply by having sufficient ionization laser power. In this simplified
model, which does not take into account dynamics in the readout or experimental imperfections,
the contrast is the same as the SCC fidelity (C=F).

1) Including the effect of stimulated emission
In our experiment, we hypothesize that the reason that contrast does not approach unity even
when the ionization laser power is increased is due to stimulated emission from the defect
excited state induced by the ionization laser (1151 nm). This laser is too high in wavelength to be
absorbed by the defect, but does overlap with the emission sideband. A sufficiently strong pump
can stimulate the defect to emit at the particular ionization laser frequency. The result of
stimulated emission is a reduction in the effective excited state lifetime. This results in two
changes to the relevant rates. The first effect is that it modifies the saturation behavior of the
defect. A power that was saturating the defect without stimulated emission may be too weak and
will not saturate the defect when the lifetime becomes effectively shortened. We model this
effect by a modification of p, = py + ap;, which represents a linear increase in the emission rate
from the excited state. Additionally, the “saturated” spin flip rate will be modified due to the
reduced excited state lifetime, which is linear in power Rg,: = Rgq: + Bp;, Where pithe
ionization laser power. Combined, we have for the spin-flip rate:

Rsat + BDi
Rsf,stim(pres: pi) = 1+ (p2a+ api)l/pres (Eq.524)

The second effect is a change of the ionization rate. This is purely due to the modification of the
saturation behavior.
api

a 1+ (pO + api)/pres

Rl,stim (pres’ pi) (Eq- 52 5)

We note that this unexpected saturation is shown in experiment in Fig. 3D. The rate equations
are the same as described previously, just with the modified power dependence and interplay



between p; and p,..s. The SCC contrast under the effect of stimulated emission has the same
solution as before, with modified R; and R;.

Critically, the time constant on the exponential term is still Rsf s¢im + R stim and the contrast at
T — 00 IS NOW:

1
Cp)=—p7—73 (Eq.526)
144t 4=
ap; a
The maximal contrast is still achieved where p; — oo, but is non-unity:
1
Conax = 7 (Eq.S27)
1+

We see that the maximal contrast C,,,,, is limited by the ratio of the stimulated emission-induced
spin-flip increase from a lifetime reduction (f) to the ionization rate from the ionization laser
(a). We note that the maximal contrast does not depend on the effect of the saturation behavior
modification (the factor a). Generally, from the form of C(p;), the contrast increases with p;, but
saturates to the non-unity value C,,,,. We use this function to fit Fig. 4D.

We can also calculate the time evolution in the case where we excite both on the E, and E ,
lines, constituting a spin-independent mechanism to access the excited state with our resonant
lasers. In this case, the ionization is spin-agnostic and the rate equations:

dB
E = _Rl,stim(presr pi)B (Eq-528)
dD
E = +R1,stim(pres' pi)B (EQ-Szg)

and therefore, when prepared in the bright state:

B(t) = e Ruistimt (Eq.S30)

i) Calculating the stimulated emission contribution

In experiment, we can measure the saturated spin flip rate R,,; (Fig.S1). We can also perform
spin agnostic-ionization to measure the rate of decay R; s+ir,. Finally, we can use the decay of the
population in the spin dependent SCC experiment which has a rate Rgs s¢im + R; s¢im aS
mentioned before. We note that the SCC curve has contributions from both the spin flip rate, the
ionization rate, and a modification from the stimulated emission rate. Our goal is to elucidate the
contribution from stimulated emission by itself. Without considering the contribution from
stimulated emission, we can take the results from our three experiments and calculate,



Rgtim = Rsce — Rspin—agnostic —Rgqe = (R1 + Rsf) — Ry — Rgqt = Rsf — Rgq¢- InoUr
experiment, we operate where the defect is saturated p,..s > p, and thus Ry =~ Rg,.. Therefore,
we expect in the absence of stimulated emission, Rscc — Rspin—agnostic — Rsae = 0. Anything
non-zero in our experiment represents the effect of the modifications from stimulated emission.
So, we have the expression for the “missing rate”, Rgtim:

Rgtim = Rsf,stim(pres’ pi) — Rsat (ECI-S31)
which we re-write:

Bpi
1+ (pO + api)/pres

1
+ (—1 + >R (Eq.S32)
1+ (pO + api)/pres sat 1

Rgtim =
If once again we assume p,..s > po + ap;, where the saturation reduction effect is minimized
then we see:

Rstim = BDi (Eq.533)

which cancels all terms except the effect of stimulated emission. The assumption p,..s > po +
ap; is validated by the non-saturating behavior in Fig. 4E, which plots this missing rate. Our
calculation then allows us to extract g, the stimulated emission effect on the spin-flip rate per
unit power. In experiment we measure ~13 MHz/W (Fig. 4E). In practice, the actual stimulated
emission rate is 23, once again due to the 50% occupation of the excited state at saturation.

We can also directly measure a, the spin agnostic ionization rate per unit power as the linear
slope of Fig. 3D. In experiment, the behavior is slightly saturating, with a fitted value using the
low power data for a of ~35 MHz/W. Fig. 3D is fit well to the saturation behavior of Rj stim(Pres,
pi), further evidence of the role stimulated emission plays. From these two measurements, the

resulting ratio % is ~0.37. We note that from our rate equation model, we therefore expect the
. . . . . . 1
maximal contrast/fidelity from this basic model to be approximately C,,,, = E 72%,
a
surprisingly consistent with our results given just the measurements of a, 5. The matching of the
power dependencies (unexpected saturation), the presence of this “missing rate” and the
estimation of our contrast by just measuring two relevant rates establishes that stimulated

emission plays a dominant role in the SCC process. From the fits of the data, we can further
estimate — ~9 at with p,.s~14 uW. Similarly, we can confirm the ratio of 2> which we

Pres Pres

measure to be ~0.27 in experiment, consistent with the fit from our modeling ~0.18.

IX. Density functional theory (DFT) calculations

i) Theory and methods
a. Energetics
We computed the energy of the ionization threshold (EV2¥, ) from VV°to VV- using Kohn-

q+1/q
Sham density functional theory (DFT):



Byl q = Bty — Efor +AV(q) — AV(q + 1) — e(VBM)

where g= -1 for VV- and g+1=0 for VV°, E,,, is the total energy of the supercell containing the
defect, AV is a correction term to the total energy as derived by Freysoldt et al. in the case of
charged defects (53), and e(VBM) is the position of valence band maximum (VBM) as
determined by the highest occupied Kohn-Sham eigenvalue.

b. Cross sections
The cross section of the stimulated emission as a function of the photon energy 7w and

temperature T is given by (40):
2

it
o,(hw,T) = hor2A,(hw — Ezp;, T) (Eq.S35)

Here « is the fine-structure constant, n is the refractive index, r2 is the square of the optical
matrix element for the transition 3E to 3A; of VV? at a given photon polarization, and Ep;, is the
energy of the zero-phonon line (ZPL). A,(hw, T) is the electron-phonon spectral function for
stimulated emission, which is the same as that of the spontaneous emission (photoluminescence)
(55, 56):

Ay(hw, T) = L0 X Po, (T |(0c,|05,)| 8 (hew — E,, + E,,) (Eq.S36)

Here 0., (0;,) is the a" (b™) nuclear wave function of the system in the excited state °E (ground
state 3A2) with vibrational energy E,, (Eg,), and P, (T) is the distribution function of the
vibrational energies at finite temperature in the excited state. We compute the spectral function
by using the displaced harmonic oscillator approximation and the generating function approach
(55).

Similarly, the ionization cross section is given by:

4m2

O'i(h(x), T) = hw Z] Tl?JAl(fl(,l) - Ei,j' T) (Eq537)

n
Here rfj is the square of the optical matrix element between the initial state (°E state of V\VV?),

and all possible final states (°E state of VV- with a hole in the valence band) for a given photon
polarization direction. The summation over j includes all valence states of the defective system.
E; ; is the energy difference between the initial and final states. A;(Aw, T) is the electron-phonon

spectral function for ionization, which can be computed in the same way as A,(hw, T). We
computed the ionization cross section as a convolution (40):

“ 1
o;(hw,T) = hoof m@(hw’)Ai(hw — how")d(hw') (Eq.538)

where

(Eq.S34)



4%

— o ) r8(ho - Byj) (Eq.539)
7

Here, we replace the & function with a Gaussian function, since in our calculations we utilize a
finite number of k-points to sample the supercell Brillouin zone.

c. Optical matrix elements
Optical matrix elements are key ingredients for the accurate description of both the stimulated-
emission and ionization cross sections. Here we compute optical matrix elements assuming that
the wavefunctions of the single-particle orbitals of the defective crystal are the same irrespective
of the orbital occupation. Hence, the optical matrix elements between two many-electron
wavefunctions can be computed from the matrix elements between single particle orbitals (40).
For example, the optical matrix elements entering the stimulated emission cross section for the
mg = 1 sublevel of the 3E and the 3A; state of \VV° are given by:

rs = (Eyyms =1| X1, | 24z, mg = 1)
= (@18x/y| ZeTe |8y x8ryy) = (@iT]E) /) (Eq.540)

where we use the hole representation for many-electron wavefunctions. A similar expression is
obtained for the mg; = 0 and m, = —1 sublevels, where we assume that the spin-up and spin-
down orbitals are identical.

The ionization optical matrix elements are calculated in a way similar to those of the stimulated
emission. The optical matrix element from the m; = 1 and m, = —1 sublevels of the 3E state of

VV? into the m, = % and mg = — % sublevels of the %E state of VV"~ with a hole in the valence
band are given by:

1 _
rj= < 3Ex/yirns = 1| Ze re ( 2Ex/yr”Ls = 2) + ¢]>
= (@18y/y| ZeTe |€x/yd5) = (@i |7]$)) (Eq.541)

1
r= < 3Ex/y'ms = _1| YeTe (ZEx/y'ms = _7) + ¢]>
= (arx/y| ZeTe |exyd5) = (ai|r]¢;) (Eq.542)

In an analogous fashion, the optical matrix element from the m, = 0 sublevel of the 3E state of
VV? into the mg = % and mg = — % sublevels of the 2E state of VV- with a hole in the valence
band are given by:

(PExppms =3) + )

1 _ _ 1, ~ 1
= ﬁ(alex/ﬂ eTe |ex/y¢j> + ﬁ(alex/yl eTe |BX/y¢j> = ﬁ(allrld’j) (Eq.543)

rj= < Ex/y»ms = O|Ze re



1 —
ri,j = < Ex/y;ms = 0|Zere ( 2Ex/y'"ls = _7) + ¢]>
1

_ 1 _ 1 _
=—(a,18;/y| DeTe € )+ —=(ae,y| DT e ) =—(a,|r|¢p,; (Eq.544)
\/E( 1 x/y| e e| x/y¢1) \/f( 1 x/yl e e| x/y¢1> \/§< 1| |¢1) q
Hence, the cross section is the same for all three sublevels of the 3E state of \VV\V°.

To investigate the effect of photon polarization, we express the photon wavevector in polar
coordinates (Fig. S2B) (58) with the z direction parallel to the ¢ axis of 4H-SiC as:

q = (sin6 cos @, sin 0 sin ¢, cos 0) (Eq.S545)

and two polarization vectors in the x-y plane and the g-z plane as
e, = (—sin¢g,cos,0) (Eq.546)
e, = (—cosBcos@,—cosOsing,sinb) (Eq.547)

As a result, any polarization vector can be expressed as a linear combination of e, and e
e=coséde +sinde; (Eq.548)

and the square of the optical matrix element 2 becomes
r2=le-r|*=|cosé e,-T + sinde, 1|’ (Eq.549)

where the angle ¢ is defined in Fig. S2B.

i) Computational parameters
a. Energetics of the ionization of VV° to VV-

We carried out DFT calculations with the Quantum Espresso code (51, 59, 60) and a dielectric
dependent hybrid (DDH) functional (50), using a fraction of exact exchange equal to 0.15,
corresponding to the inverse of the experimental dielectric constant of 4H-SiC in the direction
parallel to the c-axis (see Fig. S2A) (61). We used supercells with 400 atoms (5*5*2) and
sampled the supercell Brillouin zone with the I" point. We employed SG15 ONCV
pseudopotentials (52) and a plane-wave basis with a kinetic energy cut-off of 80 Ry. We used
constrained occupations in DFT calculations to evaluate the excited states of the VVV° defect and
we computed the Freysoldt correction term (see section i) a.) with the sxdefectalign package
(53). However, larger cell sizes are required to converge the computed values of the ZPL and
here we report the values of the ZPL energy extrapolated to the values obtained with a 1024
atom-site supercell (8*8*2) (55).

b. Cross sections
We used the refractive index n = 2.55 of 4H-SIiC (62) in our calculation of ionization and
stimulated-emission cross sections and in Fig. S4 we aligned the computed (1.196 eV) and the
experimental (1.096 eV) ZPL energies for the stimulated cross section and the computed (1.029
eV) and the experimental (0.88 eV) onset for the ionization cross section.



We computed spectral functions (Eg. S36) using the generating function approach and the
displaced harmonic oscillator approximation (55). We used Gaussian functions with a standard
deviation of 5 meV to broaden the § function entering the expression of the spectral densities
(Egs. 11 and 12 of Ref. (55)). In the case of the stimulated emission, we broadened the ZPL with
A =0.002 meV (Eq. 8 of Ref. (55)), with the temperature set to 0 K in all calculations. We used
Gaussian functions with a standard deviation of 30 meV to broaden the § function entering Eq.
S39 (ionization cross section).

We computed the phonon modes of defective solids using the frozen phonon approach and a
(5*5*2) supercell, with configurations generated with the PHONOPY package (57) and a
displacement of 0.01 A from equilibrium positions. We extrapolated our results to the (16*16*5)
supercell values, as proposed in Ref. (55). The ground-state phonons of the hh-VV?° defect (hh-
V) were used in the calculation of spectral functions of the stimulated emission (ionization).
We used equal occupations of the ex and the ey orbitals in the phonon calculations for hh-VV" to
maintain the Cay symmetry of the point defect.

c. Optical matrix elements
We computed optical matrix elements between Kohn-Sham orbitals for hh-VV/? in its ground
state %A, as

(Walrlhp) =

(all ]l 0550

€a— &p

Here H is the Kohn-Sham Hamiltonian; &, (g,) is the energy of the Kohn-Sham orbital with
single particle wavefunction ¥, (y,,), and the contribution of the non-local potential to the
commutator is explicitly taken into account. Calculations were performed with the WEST code
(63) at the PBE level of theory (54). We checked convergence as a function of the supercell size
by carrying out calculations with a (5*5*2) supercell with 400 atomic sites up to a (9*9*2)
supercell with 1296 atomic sites (see Fig. S6 for details).

iii) Results
a. Polarization dependence

To determine the dependence of stimulated emission and ionization spectra on the light
polarization, we considered the two limiting cases of light propagation along the z-axis, parallel
to the 3-fold rotational axis of the defect, which has Cav symmetry, and that of propagation along
the x-axis (Fig. S2). In the case of propagation along the z-axis, we did not observe any
polarization dependence of either the stimulated emission or the ionization cross sections (Fig.
S5A), due to the symmetry of the defect orbitals in the x-y plane orthogonal to the defect 3-fold
rotational axis. In the case of light propagation within the x-y plane, we observed instead a strong
polarization dependence of the cross sections (Fig. S5C). For out-of-plane polarization parallel to
the defect axis, the stimulated emission vanishes, and the cross-section ratio displays a
pronounced pole.

b. Convergence of calculations
To investigate the finite-size effects on computed optical matrix elements and thus on the cross
sections, we performed calculations using supercells with sizes increasing from (5*5*2) to
(9*9*2) (Fig. S6). We observed an increase of the stimulated emission cross section and a



decrease of the ionization cross section as a function of supercell size and reached convergence
for the (9*9*2) supercell.

X. Comparisons with experiment

We note that the calculated ionization cross sections for VVV° are almost one order of magnitude
greater than for the NV in diamond (40). Our ionization wavelength in this work lies within the
cross-section ratio peak corresponding to the scenario in Fig. S4B. Choosing an ionization laser
closer to the ZPL would likely result in a higher ratio and a reduced effect of stimulated
emission. In our experiments, no polarization dependence of the ionization laser is seen with
light incident along the c-axis, as reproduced in Fig. S5A. Direct comparisons of the calculated
and experimental ionization cross sections can be inferred from the reported rates of two-photon
ionization and stimulated emission and assuming a ~1 pum spot size. To calculate the cross-

section, we use the relation R = % where R is the measured rate, P is the optical power, A is

the optical spot size area, and Aw is the energy of a single photon. However, our estimated cross-
sections are almost one order of magnitude lower than the calculated values. This has many
possible explanations. First, the defect’s quantum efficiency (QE) is non-unity, where a
reduction in radiative pathways reduces the measured stimulated emission rate and competes
with photoionization processes. Second, the creation of V" plus a hole at the VBM doesn’t
always result in the defect being permanently ionized. Immediate hole recapture by the VV-,
reconverting to VVV° may happen frequently, reducing the effective “ionization” rate. The defect
only becomes dark if the hole becomes trapped at a different defect or recombines elsewhere.

Some of these factors are accounted for in the ratio of cross sections, which also eliminates
actual laser power and spot size from our comparisons. We report a ratio %~2.7 which

determines the SCC fidelity. In computation, we calculate that % is between 2.6 and 0.9 from

N
1140 nm to 1150 nm. As a result, the computation is very sensitive to small errors in terms of
this ratio. A direct comparison between % and 2t s difficult, although they represent similar

Os
physics. While a directly relates to the photoionization cross section, it may not relate to the
actual rate of ionization as mentioned above. On the other hand, g is the modification of the spin
flip rate, which is proportional to the stimulated emission cross section, but is likely also
dependent on the branching ratios and intrinsic lifetime of the excited state. This makes direct

comparisons to Fig. 4E difficult as mentioned above. That being said, the metric ? is directly
N
proportional to %, meaning that from a computational perspective one can still optimize the

performance of SCC by optimizing and understanding % Further studies may be able to
definitively link these two factors.
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Fig. S1.
Spin flip lifetime. PL decay trace taken using time-tagging while only the Ex optical transition is

excited after initializing to ms=0. We model the decay in the PL signal as A * exp (— i) +

Tsf
Yo (blue line fit), where A is the PL emission rate, yo is the laser scatter and background count
rate, and z, is the spin flip lifetime, which we calculate to be 3.3 + 0.1 ps. The spin flip rate Rs
is 1/75f. All data is taken at B=18 G and T=5 K. All reported errors represent 1 SD from the fit

and all error bars represent 1 SD of the raw data.
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Fig. S2.

Schematic representation of the system. (A) Structure of the hh divacancy center in 4H-SiC.
The 3-fold rotational axis of the divacancy center is parallel to the ¢ -axis as shown in the plot.
(B) Polarization for a photon with wavevector q, defined by the angles & and ¢ in polar
coordinates. The z-axis is chosen such that it aligns with the c-axis of 4H-SiC. ey is the
component of the photon polarization vector that lies in the x-y plane; e. is the out-of-plane
component of the photon polarization; both e; and e are perpendicular to g. Any polarization
direction e can be expressed as a linear combination of e. and ey.
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Fig. S3.

Schematic representation of the ionization of VV° to VV-, where the energy of the
transitions from many-body states (black lines) are indicated. *A; and °E are the ground and
excited triplet states of VO respectively and 2E corresponds to the ground state of VV-; *A; and
'E, the singlet states of VV° are also indicated.
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Fig. S4.

Computed stimulated emission (os), ionization (i) cross sections and their ratio. Computed
cross sections with the light parallel (A) and perpendicular (C) to the ¢ axis of 4H-SiC averaged
over all possible polarization directions. Ratio of the stimulated emission and ionization cross
sections with the light parallel (B) and perpendicular (D) to the c axis of 4H-SiC averaged over
all possible polarization directions.
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Computed stimulated emission (os), ionization (oi) cross sections and their ratio at 1151 nm.

A) Computed cross sections at 8 = 0 and ¢ = — = (light parallel to the z axis) (C) and at 6 = =
2

T
2

and ¢ = 0 (light perpendicular to the x axis) as a function of the polarization angle §. (B) Ratio
of the stimulated emission cross sections and ionization cross sectionsat 8 = 0 and ¢ = —%

(light parallel to the z axis) (D) and at 6 = %and ¢ = 0 (light perpendicular to the x axis) as a

function of the polarization angle §.
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Fig. S6.

Computed stimulated emission (es), ionization (ei) cross sections and their ratio as a
function of the photon energy for supercells with different sizes. (A) Cross sections (B) and
their ratio reach convergence for the (9*9*2) supercell.



Transition Computed (DFT, eV) Measured (eV)
3A, —3E (ZPL) 1.196 1.096
A, —%E 2.090 1.98
°E > 2%E 1.029 0.88
Table S1.

Comparison between DFT results and experiment. Experimental values of each transition are
calculated using the measured fundamental gap (3.285 eV), experimental ZPL (1.096 eV), and
experimental threshold of ionization (1.31 eV) reported in Ref. (37).
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Fig. S7.

Protocol for preparation into different spin states. Both cases begin with preparation into V\/°
with the application of a 10 millisecond 705 nm charge reset pulse. Pumping of the E1 2 lines
initializes the spin to ms=0. Further manipulation with a microwave 7 pulse rotates the spin to
initialize into ms=+1. From there, other processes such as spin-dependent ionization via SCC, or

charge readout can be performed.
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Fig. S8.
Dynamical decoupling sequences. XY8-N and CPMG-N sequences used for the coherence

preservation demonstrated in the main text (Fig. 5). The final projective mx/2 pulse employed in
both sequences can have positive or negative phase to project onto ms=+1 or ms=0, respectively.
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Fig. S9.
Maximum contrast with increasing pulse number. At high pulse number, the maximum

contrast (at t~0) deteriorates due to control infidelity. All error bars represent 1 SD of the raw
data.
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