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Supplementary Note 1 ODMR detection under Stokes excitation

The ODMR contrast depends on the intrinsic properties of the defect and external
parameters too. Such external parameters consist of technicalities (such as the optical
excitation power, microwave power, etc.) and materials issues (background
luminescence due to other defects, defect-defect interaction via ionisation and other
processes). The intrinsic properties of the defect qubit include the basic electronic
structure, electron-phonon interaction and spin-orbit interaction that are responsible for
the radiative decay and non-radiative decay from the optical excited states!. In our
analysis in the main text, we focus on the intrinsic properties of the Vs; in 4H-SiC. We
assume that the continuous-wave (CW) laser excitation leads to relatively weak
illumination per defect meaning that the ground state spins manifold is dominantly
occupied for the ensembles of Vs; defects in the process.

The analysis starts with the basic electronic structure of the defect. The defect
introduces three levels in the gap with a1 symmetry and {ai, e} symmetries where the
latter is a pseudo triply degenerate state (2 in the cubic polytype of SiC) which splits to
ai and e levels due to the C3y symmetry of the 4H SiC crystal field>. In order to
distinguish the two a; states, those are often labelled as u and v in the literature beside
the double degenerate e level. In the negative charge state, the defect levels are occupied
by five electrons. The ground state electronic configuration is u(2)v(1)e(2), i.e., the
lowest a; state is fully occupied whereas the other three electrons may reside parallel to
each other which establishes $=3/2 electron spin state. This manifold can be shortly
described as v(1)e(2) by explicitly writing only the open shell defect levels. By
promoting an electron from u to v level, i.e., u(1)»(2)e(2) electron configuration or
shortly u(1)e(2), a higher energy S=3/2 state can be formed. Another excited state S=3/2
can be achieved by u(1)v(1)e(3) electron configuration or u(1)v(1)e(1) configuration in
the hole picture.

Indeed, the defect has $S=3/2 ground and optically accessible excited states with
ms=%1/2 and my==+3/2 spin manifolds. The ground state and the lowest energy S=3/2
excited state have *A, symmetry whereas the higher energy quartet has “E symmetry?.

The usual excitation scheme when the excitation energy is larger than the zero



phonon line (ZPL) energy, the so-called Stokes excitation (see Fig. 1a in the main text).
In this case, one may use a five-level scheme where the series of doublet states is
substituted by a single effective doublet state (state 5) where the electron may scatter
from the excited state spin manifolds (states 3 and 4, i.e., m—=+1/2 and m=+3/2,
respectively) to this state or can scatter from this state to the ground state spin manifolds
(states 1 and 2, i.e., my—=+1/2 and m~=%3/2, respectively) via intersystem crossing (ISC).
The ISC is responsible for the observed optically detected magnetic resonance (ODMR)
readout contrast and the optical spin-polarisation in the quartet ground state. As we
argued in the main text, the doublet states play a crucial role also in the anti-Stokes
excitation of the defect. Unfortunately, the nature of the doublet states is still largely
unexplored. Although, a detailed group theory analysis about the quartet and dark
doublet states and the possible intersystem crossing routes have been recently reported
but the positions and the order of doublet levels have not yet been explicitly determined
3. In a recent study, the vertical excitation energies of the quartet and doublet levels
between the quartet levels in Vs; in 4H-SiC have been reported in a theoretical study
but the doublet levels above the excited states’ quartet levels were not listed*, and the
final position of the electronic levels may shift by taking the ionic relaxations in each
multiplet into account. Furthermore, electron-phonon coupling may also mix these
electronic doublet states similarly to the “A, and “E excited states® which can seriously
affect the corresponding ISC rates. In the lack of direct ab initio data, one has to rely
on group theory considerations® and interpret the experimental results based on the
selection rules.

In the followings, we use the labels and definitions from Ref. 3 in the discussion. The
ISC goes with AF(E) where A is the spin-orbit coupling between the quartet and doublet
state, £ is the energy difference between these levels and F is the phonon overlap
spectral function at this energy. Depending on the symmetry of the quartet and doublet
states, the parallel A (ms quantum is preserved) or the perpendicular AL component (g
quantum number shifts) of the spin-orbit coupling may be allowed. We add our
comment here to the results in Ref. 3 that the u orbital is very much an atomic s-like

function whereas the v orbital is rather a p,-like function, thus the spin-orbit coupling



between u and e orbitals (pixyi-like function), labelled as A2, should be weak
compared to that of v and e orbitals, labelled as 11,1, in Ref.3. Another consideration is
that the ionic relaxations are relatively small between such states that share the same
electron configurations. In this case, F(F) is larger for smaller E, i.e., energy spacing
between the initial and final states in ISC. As a consequence, the ISC rate is higher
between 1°/2” and 5’ states than that between 1/2 and 5 states (see Fig 5d in the main
text).

In the proposed anti-Stokes excitation scheme, an electron can be excited from the
metastable doublet state 5’ to an excited doublet state 6’ from which a dominant spin-
selective ISC should occur towards the bright m=+3/2 manifold of the excited quartet
states (see Fig. 5a of the main text). According to Ref. 3, the °E doublet with u(1)v(1)e(1)
character (labelled as d6 function there) is connected to the m=+3/2 *A> manifold by
AL1. Indeed, it is likely that the 2E doublet with u(1)v(1)e(1) character should reside
close in energy to “E level which has also an u(1)v(1)e(1) character and it lies above the
A, level by ~20 meV, so the energy spacing between *A; level and this 2E level should
be small which makes F(E) in ISC rate sizeable. On the other hand, Aj connects this *E
state to my==+1/2 *E manifold too which goes against the occupation of m,=+3/2 state.
Thus, this 2E level should either reside between the *A» and “E levels to be effective
only towards m,=+3/2 *A; state or it lies above “E level but then A1 should be greater
than A for dominant occupation of m=+3/2 *A, state. Both scenarios are principally

feasible which may explain the enhanced ODMR contrast upon anti-Stokes excitation.

Supplementary Note 2 Additional experimental data

We also measure the PL confocal images of Vs;i defects in 4H-SiC under AS
excitation. Four 10 x 10 pm? confocal images under AS excitation at different low
temperatures are displayed in Fig. S1. We can see that the AS excited counts slowly
increase as the temperature increases from 11 to 223 K, and then dramatically increase

when the temperature increases to 297 K.
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Supplementary Figure 1. AS excited PL confocal scans. a-d, AS excited PL confocal

images (10 x 10 um?) of Vs; defects at four different temperatures.

In Fig. S2a, we present the AS excited counts as a function of laser power at different
low temperatures. All counts linearly increase as laser power increases, which
demonstrate the AS PL is due to the phonon-assisted single photon emission process.
Moreover, we can see that the slope increases slowly as the temperature increases from
11 to 210 K, and increases quickly as the temperature increases to 319 K. In addition to
count tracing at maximum laser power for different temperatures in the main text, we
also studied tracing for different laser powers at room temperature. As shown in Fig.
S2b, the counts are stable for three different laser powers, which demonstrates the
robustness of the AS excitation of Vs; defects. We then measured the Stokes excited
counts as a function of laser power at four different high temperatures (Fig. S2¢). The

saturation counts decrease as temperature increases.



-]

20 b c

14 2000
= 11.6K 1030 nm - %21&%
W . e
e 103.5K 2F —ImW — 5mW — 10mw | 22433%
5 v 201.3K - =10 STk
. " ! s
£ 319.3K j . 12000
&8 el Z 800F
S - M | 2
4 g4 w O 400
0 [ i ‘.\ L T h 0
L L 1 L 1 L L 1 O L I 1 L 1 n L L 1 1 1 1 1 1 L
0z 4 6 8 10 12 14 0 S0 100 150 200 250 300 0 2 4 6 8 10 12 14

Laser power (mW) Times (s) Laser power (mW)

Supplementary Figure 2. AS excited counts at different temperature. a, AS excited
counts as a function of the laser power at different low temperatures. b, Time trace of
AS excited counts for different laser powers at room temperature. ¢, The Stokes excited

counts as a function of laser power at different high temperatures.
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Supplementary Figure 3. ZFS measurements. ZFS of Vs; defects under Stokes
excitation as the temperature increases from 11 K to 500 K. Error bars represent the

standard deviations of the corresponding fittings.

Finally, as presented in Fig. S3, we investigate the zero field splitting (ZFS) of Vs;
defects as a function of temperature under the Stokes excitation. ZFS is almost constant
as the temperature increases from low (11 K) to elevated temperature (501 K), which is
the same with previous results and silicon vacancy in 6H-SiC%®. The temperature

independent of ZFS is important for temperature-independent DC magnetic field

sensing.



Supplementary Note 3 The pulse sequences for coherent control

The pulse sequence is same for both the Stokes and anti-Stokes excitation. As shown
in Fig. S4, for the Rabi and Ramsey experiment the laser pulse for both polarization
and readout is 5 ps, while for the spin echo, the laser pulse length for polarization and

readout is 10 ps. Both the pulse lengths are the same as previous pulse lengths®*.
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Supplementary Figure 4. Experiments pulse sequences. Laser and microwave pulse

sequences of the Rabi, Ramsey oscillations and the spin echo in the main text.
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