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Abstract
Silicon vacancies in silicon carbide (SiC) have been proposed as interesting candidates for quantum
technology applications such as quantum sensing and quantum repeaters. SiC exists inmany
polytypes with different plane stacking sequences, and in each polytype, the vacancies can occupy a
variety of different lattice sites. In this work, we focus on the three important charged silicon vacancies
in the 6H-SiC polytype.We record the photoluminescence and continuous-wave optically detected
magnetic resonance (ODMR) spectra at different radio-frequency power levels and different
temperatures.We individually select the zero-phonon lines of the different silicon vacancies at low
temperatures and record the correspondingODMR spectra. ODMRallows us to correlate optical and
magnetic resonance spectra and thereby separate signals fromV1 andV3. The results also explain the
observed sign change of theODMR signal as a function of temperature.

1. Introduction

Silicon carbide (SiC) is an interestingmaterial for a range of applications that rely on its wide bandgap and
establishedmanufacturing processes [1–8]. It contains different types of silicon vacancies [9–13] and silicon-
carbon divacancies [14–16], which show remarkable spin properties thatmake thempromising candidates for
newquantum technologies [17, 18]. As a specific example, negatively charged silicon vacancies (VSi

-), have spin
3/2 [19]. Irradiationwith visible or near-infrared light results in non-thermal population of the spin states. Two
characteristic parameters ofVSi

- centers are the emissionwavelength and the zero field splitting (ZFS).
In the low temperature photoluminescence (PL) spectra, different centers can be identified by their emission

wavelengths. In sequence of increasing wavelengths, they are therefore labeledV1,V2 andV3 in the case of the
6H-SiC polytype [20]. In terms of the local structure, they are associatedwith different lattice sites where the
environment has cubic (k) or hexagonal (h) symmetry. The correspondence between emissionwavelength and
lattice sites is amatter of ongoing controversy in 6H-SiC [9, 14, 21–23].

In a previous paper, silicon vacancies in 6H-SiCwere characterised [24] in terms of their photoluminescence
aswell as their spinHamiltonian, usingODMR. SinceODMRcorrelates optical properties with energy
differences between spin states, it provides a useful approach for associating the zero-field splittings with the
emissionwavelengths. The goal of this work is to identify the different types ofVSi

- centers in 6H-SiC. For this
purpose, we combine photoluminescence (PL)measurements at different wavelengthswith radio-frequency
excitation of the spin transitions to recordODMR spectra under a range of different conditions, including its
temperature dependence. In previous work [25], wemeasured the relaxation of silicon vacancies in 6H-SiCwith
almost inverted spin isotope concentrations, i.e., 13C (4.7%) and 29Si (0.1%), whereas the 6H-SiC sample used in
this study has natural abundance of 13C (1.1%) and 29Si (4.7%). In this work, wemeasure the relaxation rates of
the vacancies and compare themwith the results obtained in a different sample [25].

This work is structured as follows: section 2 introduces the spin systemof the sample, as well as its
photoluminescence as a function of the direction of the emissionwith respect to c-axis, and separates it into the
contributions of the 3 types of vacancies. Section 3 shows the temperature-dependent ODMR spectra for
emission parallel and perpendicular to the c-axis. To distinguish the contributions from the different types of
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centers, we record signals at different wavelengths separately. Section 4 contains the spin-lattice and spin-spin
relaxation times obtained by time-resolvedODMR. Section 5 contains a brief discussion and concluding
remarks.

2. System

For creating silicon vacancies homogeneously, the sample can be irradiatedwith neutrons or electrons [26].
Neutron irradiation leads tomore lattice damage than electron irradiation and createsmany other unwanted
defects, resulting in faster relaxation rates of the vacancy spins [27]. For this work, to createVSi

- centers, the 6H-
SiC crystal was irradiatedwith electronswith a dose of 1018 cm−2 and an energy of 2 MeV at room temperature
[28].More details of the sample preparation are given in appendix A.

At the silicon vacancy site, four dangling sp3 orbitals contribute four electrons. In addition, the silicon
vacancy can capture one or two electrons, depending on the Fermi level, and become a negatively charged silicon
vacancy (VSi

-). Here, we only consider centers with a single negative charge, which have a spin of 3/2 [19]. The
energy levels of these vacancies can be determined froma PL spectrum.

2.1. Photoluminescence
We start the characterisation of the sample with the photoluminescence spectra. Depending on the transition
dipole, whose orientation varies with the different types of vacancies [24, 29], the PL emission shows an
orientation dependence.We therefore recorded PL spectra for emission parallel and perpendicular to the c-axis.
The detailed description of the PL setup is given in appendix B.

Figures 1(a) and (b) show the PL spectra recorded for emission perpendicular and parallel to the c-axis at 5K.
In addition to the full spectra, wherewe used an 850 nm long-pass (LP)filter to suppress scattered laser light, we
also recorded spectra with 860 nm, 890 nmand 905 nmbandpass (BP)filters. The zero phonon lines (ZPL) of
the differentVSi

- are clearly visible in the spectra at 865 nm (V1), 887 nm (V2), and 908 nm (V3) [9, 21].
Comparison of the two sets of spectra shows thatV1 andV3 emitmore PL parallel to the c-axis, whileV2 emits
more perpendicular to the c-axis [24, 25, 30].

The assignment of the emission lines to specific lattice sites was debated in the literature. An early study of
6H-SiC [9], indicated thatV1 andV3 correspond toVSi

- at the cubic lattice sites k1 and k2 andV2 corresponds to
the hexagonal lattice site h. However,more detailed studies indicate thatV1 corresponds to the hexagonal lattice
site h andV2 andV3 to the cubic lattice sites k2 and k1 respectively [14, 23].We adopt the latter assignment here.

2.2. Spin
Weconsider the S= 3/2 spin of a ofVSi

- center in the absence of an externalmagnetic field. Figure 1(c) shows the
relevant part of the energy level diagram. The states |G1〉 and |G2〉 are doubly degenerate spin substates of the
electronic ground state withms=± 1/2 and±3/2 in the case ofV1 andV2 [14, 21]. In the case ofV3, the ZFS is
negative and the lowest energy states are thereforems=± 3/2 [14]. Similarly, the states |E1〉 and |E2〉 are spin
states of the electronically excited state. The state |S〉 represents the shelving state (for simplicity, we consider |S〉
as a single level, although it appears thatmultiple statesmight participate in the role of the shelving state.), which
has spin S= 1/2 and plays an essential role for generating spin polarization by optical pumping [21, 31]. Laser
illumination excites transitions from the ground states |G1〉 and |G2〉 to the excited states |E1〉 and |E2〉. From the
excited states |Ei〉, most of the population falls back to the ground states |Gi〉 due to spontaneous emission. A
smaller fraction undergoes intersystem crossing (ISC) to the shelving state |S〉, and from there, preferentially
populates the ground state |G2〉 , as shown in figure 1, where |G2〉 represent spin sublevels |± 3/2〉 in case ofV1

andV2 and |± 1/2〉 in the case ofV3 [14].
In the absence of an externalmagnetic field, the effective spinHamiltonian is

D S 5 4 , 1z
2( ) ( )= -

whereD is the zero-field splitting constant whose value depends on the environment of the center. Sz is the
electron spin operator along the z axis (|| crystal c axis). In themagnetic resonance spectra, we therefore expect a
single resonance line at frequency 2D for every type of vacancy. The 1Dprojections infigure 2(a) and (b) show, as
examples, ODMR spectra of a 6H-SiC sample containing three different types of vacancies, recorded parallel and
perpendicular to the c-axis, respectively, using the 850 nmLP filter. They consist of two resonance lines close to
28MHz and 130MHz. The assignment of these resonance lines to the different types ofVSi

- in 6H-SiC has been
somewhat contentious, in particular with respect toV1. Table 1 provides a summary of the relevant parameters.
WhileDavidsson et al [14] assume thatV1 contributes to the resonance near 28 MHz, Biktagirov et al [23] suggest
that it is close to zero and therefore not observable. In the following section, we resolve this issue bymeasuring
ODMR spectra at low temperatures and separating the PL from the ZPLs of the 3 different vacancies using
suitable optical bandpassfilters.
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3.Optically detectedmagnetic resonance

ODMRcombines opticalmeasurements with electron spin resonance (ESR) spectroscopy. Compared to
conventional ESR, this double resonance technique increases the sensitivity and information content of
magnetic resonance [32–34]. For low-temperatureODMR,we placed the sample in a liquid heliumflow cryostat
and irradiated it with 785 nm laser light. The emitted PLwas collected using a convex lens and focusedwith
another convex lens on an avalanche photodiode (APD) via a suitable opticalfilter. The photocurrent was
measuredwith a lock-in amplifier. A radio-frequency (RF)fieldwas applied to the sample through awire (for
continuous-waveODMR) or a coil (for pulsed experiments), terminatedwith a 50-Ohm resistor. To reduce
background signal, wemodulated the RFwith a TTL signal from a digital word generator (DWG) and
demodulated theAPD signal with a lock-in amplifier referenced to the TTL signal. AppendixC provides a
detailed description of theODMR setup and theODMRdependence onRF power.

3.1. Temperature dependence
Figures 2(a) and (b) show theODMR spectra for the range of temperatures from5K to 290Kwhen the PL is
recorded parallel and perpendicular to the c-axis using anRF power of 26 dBm (0.4W). The horizontal axis
corresponds to the RF frequency, and the vertical axis to the temperature. The color represents the relative
change of PL, as indicated by the scale bar on the right. TheODMR signal near 130MHz,which corresponds to
V2, increases with decreasing temperaturewhile theODMR signal near 28MHz, which is due toV1/V3,
decreases.We recorded largerODMR signals (ΔPL/PL)when the PL is emitted parallel to the c-axis in the case
ofV1/V3, whereas theODMR signal ofV2 was larger for emission⊥c. In both orientations, theV2 signal
increases with decreasing temperature, while it gets smaller in the case ofV1/V3. However, for PL emitted

Figure 1.Photoluminescence (PL) recordedwith different opticalfilters at 5K (a) for photons emitted⊥ to the c-axis and (b) || to the c-
axis. PL spectra obtained by filtering the PLwith 860 nm, 890 nmand 905 nmbandpassfilters of 10 nmbandwidth to select the zero-
phonon line ofV1,V2, andV3 type VSi

-. (c)Energy level diagramof VSi
- and optical pumping scheme. |Gi〉 are the spin states of the

electronic ground state, |Ei〉 those of the electronically excited state and |S〉 for the shelving states. (d)Ground state populations ofV1,
V2, andV3 type VSi

-.
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parallel to the c-axis, theODMR signal near 28MHz changes sign. Figure 2 (c), shows that theODMR signal
vanishes at 22K and becomes negative at 15K. At even lower temperatures, the negative signal increases in
magnitude.

Figure 3(a) and (b) show themeasured frequency of theODMR resonance lines that correspond to the ZFS
as a function of temperature. (a) corresponds to theV2 center while the resonance line near 28 MHz is
dominated by the signal fromV3 in the temperature range from36K to 295K. The extracted data arefitted to the
function

ZFS T ZFS b T . 20
2( ) ( )= +

Figure 2.ODMR signal as a function of temperature recordedwith PL emitted (a, c) parallel and (b, d)perpendicular to the c-axis. The
range from5 MHz to 50 MHz is shown on an expanded scale in (c, d). The color scale and the y-axis of the 1D spectra are in units of
ΔPL/PL%.

Table 1.Experimental values for the zerofield splittings (ZFS) 2D for the 3
types of VSi

- in 6H-SiC. The upper indices g refer to the electronic ground
states. The values and the proposed assignments to the different types of
centers are taken from3 earlier publications.

Center Sorman et al [9]
Biktagirov et al

[23]
Davidsson et al

[14]
Exp Exp Exp Exp

2Dg (Site) 2Dg (Site) |2Dg| (Site) |2Dg| (Site)

V1 27.6 MHz (k1) 0 (h) 26.6 MHz (h)
V2 128.4 MHz (h) 128 MHz (k2) 128 MHz (k2)
V3 27.6 MHz (k2) 28 MHz (k1) 27.8 MHz (k1)
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The bestfits are obtained for the parametersZFS0= 129.9± 0.5 MHz and 28.64± 0.02MHz ,
b=(−1.19± 0.02)×10−5MHzK−2 and (−1.52± 0.02)×10−5MHzK−2 forV2 andV1/V3, respectively. These
results show a temperature dependence in contrast to earlier reports that suggested the ground-state ZFS does
not varywith temperature [35]. The excited-state ZFS ofVSi

- in SiC (both for 4H and 6Hpolytypes) is larger
compared to the ground-state ZFS. Temperature dependence studies of the excited-state ZFS have already been
reported experimentally [36] and theoretically [37] for 4H-SiC. In the case of nitrogen vacancies (NV) in
diamond, temperature-dependent variations in the ground-state ZFS have been attributed to the effect of
macroscopic thermal expansion and the resulting changes inmicroscopic equilibriumpositions. This
phenomenon accounts for approximately 15%of the observed decrease in the ground-state ZFS [38]. However,
in the case ofVSi

- in 6H-SiC, the ZFS decreases with temperature by approximately 1% to 5%, depending on the
type of vacancy.

3.2.Optically selective detection
For a better identification of the differentODMR signals, we only collect PL from specificwavelength ranges by
passing it through different opticalfilters. Figure 4(a) shows theODMR spectra recordedwith different
bandpass (BP)filters at 28K for PL emitted ∥c-axis. The top,middle, and bottom spectra were recordedwith
860 nm, 890 nm, and 905 nmBP (10 nmbandwidth)filters, which predominantly select PL from the zero-
phonon line (ZPL) of theV1,V2, andV3 vacancies, respectively.

The top spectrum (860 nmBP), contains only a small negative peak near 27 MHz. This differs strongly from
the 1Dprojections infigure 2(a) and theODMR spectra infigureC2 recordedwith the 850 nmLP filter, where
we observed two resonances near 28MHz and 130MHz. Since the 860 nmBPfilter selects the ZPL ofV1, we

Figure 3.Measured temperature dependence of the ZFS of the resonance lines near 130 (a) and 28 MHz (b).

Figure 4. (a)ODMRspectra recordedwith different optical filters at 28 K for PL emitted parallel to the c-axis. 860 nm, 890 nm and
905 nmbandpass filters were used to select the zero-phonon lines ofV1,V2, andV3. (b)The range from18 MHz to 38 MHz, where the
V1 andV3 resonances are located, is shown on an expanded scale. Themain peakswere fitted to Lorentzians.With the 860 nmand
905 nmBPfilters, the center frequencies are 27 MHz and 28.08 MHz, respectively.
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assign the negative peak at 27 MHz toV1. Since the signal is quite small under these conditions, we expanded the
vertical scale of the top spectrumby a factor of 20 tomake the peak visible.

ThemiddleODMR spectrumwas recordedwith a BPfilter centered at the ZPL ofV2. It is dominated by a
signal near 130MHz, whichwe therefore attribute toV2. The bottomODMR spectrumwas recordedwith the
905 nmBP filter; we observe one negative and two positive peaks.We attribute the positive peak at 28.1 MHz to
theV3 center, whose ZPL coincides with the center of the 905 nmBPfilter. The negative peak at 129.93 MHz is
due to the phonon sidebands (PSB) ofV2, which extendwell into the range of the 905 BPfilter.

Figure 4(b) shows the frequency range from18MHz to 38MHz, where the signals fromV1 andV3 are
centered, on an expanded scale. In the top spectrum, the signal fromV1 dominates, in the bottom spectrum that
fromV3.

3.3. Separating the contributions fromV1 andV3

As discussed in the introduction, there is conflicting evidence on the ZFS ofV1 andV3. The experiments
presented in subsection 3.1 and 3.2were designed to provide data for distinguishing between them. The results
can be interpreted consistently if we assume that the ZFS splittings ofV1 andV3 are both close to 28 MHz but
have slightly different frequencies (27MHz and 28MHz) and contribute to theODMR spectrumwith opposite
signs: forV1, theODMR signal is negative (ΔPL/PL< 0), forV3 it is positive. Since the combined linewidth is
larger than the separation between the two resonance frequencies, only a single line is observed and the two
signals partially cancel.

The signals from the two centers also have different temperature dependence. At low temperatures, theV1

signal at 27 MHzdominates, resulting in an overall negative signal but at high temperatures, theV3 signal at
28MHz dominates, resulting in an overall positive signal. For amore detailed analysis, we compare the
experimental signal at different temperatures to a theoretical spectrum consisting of two Lorentzians with the
frequencies ofV1 andV3 and opposite amplitudes

S f T
A T

f ZFS

A T

f ZFS
, , 31 1

1
2

1
2

3 3

3
2

3
2

( ) ( )
( )

( )
( )

( )s
s

s
s

=
- +

+
- +

using the temperature coefficient b= (−1.52± 0.02)×10−5MHzK−2 in equation (2) forV1 andV3. The values
of the ZFS atT= 0were determined from the spectrameasuredwith opticalfilters at 28K asZFS0= 27MHz
and 28MHz forV1 andV3. The linewidthsσ1= 5.9MHz andσ3= 6.1 MHzwere also taken from the spectra
measured at 28K.

Figure 5(a) shows theODMR spectrum at 28Kfitted to a sumof two Lorentzians at 27 and 28MHz and
opposite amplitudes. Figure 5(b) shows theODMR spectra for the frequency range 10 to 50MHz at different
temperatures, togetherwith afitted signal, where only the amplitudesAiwere taken asfitting parameters to
measure the contributions fromV1 andV3. Overall, the superposition of the two resonance lines yields good
agreementwith the experimental data for temperatures< 50K ,with a slight deviation between the fitted and
experimental data above 50K. This deviationmay be due to the change in ZFSwith temperature, as shown in
figure 3, as well as temperature-induced variations in the crystal’s stress [39].

For PL emitted⊥c, the signal near 28MHz decreases with temperature but does not become negative, as
shown infigure 2(d). This is also consistent with the assumption that the negative signal is associatedwithV1: as

Figure 5.ODMR spectrameasuredwith the 850 nmLPfilter (a) at 25K and (b) at different temperatures for PL emitted parallel to the
c-axis. Only the region of theV1 andV3 resonances is shown and the spectra arefitted to a sumof two Lorentzians.
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shown in appendix E,V1 emits less PL perpendicular to the c-axis as shown infigure 1 and therefore can not
dominate over the contribution fromV3.

4. Relaxationmeasurements

In this sectionwe focus on the evolution of the spin system towards thermal equilibrium,which is driven by
interactionswith the environment [40–42]. Each type of silicon vacancies has a different structure and therefore
different interactions with the environment that can be probed by relaxationmeasurements.

4.1. Population relaxation
The spin-lattice interaction drives the spin system towards thermal equilibriumwith its environment. Under
our experimental conditions, the thermal equilibrium spin state is completely unpolarised, i.e. the density
operator is proportional to the unit operator. The time scale onwhich the system approaches this equilibrium
state is characterized by the spin-lattice relaxation timeT1. Figure 6(a) shows the pulse sequence used tomeasure
theT1 relaxation time. A 300μs laser pulse of 785 nmwavelengthwas applied to polarize the spin system, which
was then allowed to evolve for a time τ1. AnRFpulse withflip angleπwas applied beforemeasuring the
remaining spin polarisationwith a second laser pulse of 4μs. Themeasured signal was subtracted from the
reference signal obtainedwithout applying the RF pulse [25, 28, 31]. Figure 6(b) shows themeasured signal
versus the delay τ1. The recorded experimental data can befitted by an exponential

S S A e , 4T
1 0 1

1 1( ) ( ) ( )t t- =p
t-

where Sπ(τ1) (S0(τ1)) is the optical signal recordedwhen aπ-pulse was applied (not applied) beforemeasuring
the remaining spin polarization. At room temperature, the extracted relaxation timesT1 were 145± 2μs forV2

and 166± 2μs forV1/V3. Thesemeasured values are in the same range as those fromprevious experimental
studies onV2 type vacancies in 4H-SiCwith naturally abundant spin isotopes, conducted at room temperature
[43, 44]. TheT1 relaxation of the silicon vacancy is influenced by various environmental spins, including spin-1/
2, spin-1, and spin-3/2 point defects [45].

4.2.Dephasing
Relaxation affects not only the populations, but also the coherence of the spins [46].While population relaxation
is dominated byfluctuations at the Larmor frequency, coherence dephases under the influence of (quasi-) static
interactions. A free induction decay (FID) forVSi

-wasmeasured using the Ramsey scheme [47]. The dephasing
time constant *T2 was 42± 4 ns forV2 and 65± 5 ns forV1/V3 [28]. Details of the pulse sequence used and
experimental data obtained are given in appendixD.

Next, we focus on homogeneous dephasing, which can bemeasured using the spin-echo experiment [48].
We refer to the time constant of the spin-echo decay asT2. Figure 7(a) shows the pulse sequence. The systemwas
again polarisedwith a 300μs laser pulse. Thefirst RF pulse withflip-angleπ/2 generated coherence between the

Figure 6. (a)Pulse sequence used tomeasure theT1 relaxation. The orange and blue rectangles represent the laser andRFpulses. The
duration of the laser pulses is written above each pulse. (b)Resulting signal (normalized) as a function of the delay τ1,measured at
room temperature. The experimental data (circles) forV2 andV1/V3 are fitted to function equation (4).
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states±3/2⟷± 1/2. The inhomogeneous dephasingwas reversedwith aπ pulse, which generated a spin-echo
at time τ2 after the initialπ/2 pulse. A secondπ/2RF pulse at the time of the echo converted the remaining
coherence into population difference, whichwasmeasured by the final laser pulse [25, 31]. Figure 7(b) shows the
experimental signal versus the delay τ2 at room temperature. The recorded experimental data can again befitted
to a single exponential and the extracted dephasing timesT2 were 4.1± 0.4μs and 7.1± 1.7μs forV2 andV1/V3,
respectively, roughly 2 orders ofmagnitude longer than *T2 . The spin-echo data forV1/V3 does notfit well to the

single exponential, sowe also compared it to a sumof 2 exponentials A e B eT Ts f
2 2 2 2( )+t t- - , as shown in

figure 7with a yellow dashed curve (A=−0.8± 0.1, T2
s = 7.7± 0.3μs,B=−0.2± 0.1, andT2

f = 0.8± 0.4μs).
The chi-square for the double exponential Fit is 0.33, which is slightly better thanwhat we obtained for the single
exponential fit (chi-square for single exponential fit: 0.37). The observed spin echo-time is longer than that
measured previously in a similarly prepared 6H-SiC sample with different spin isotopic concentration [25].

Next, we appliedmultiple refocusing pulses to further extend the coherence lifetime at room temperature.
These refocusing pulses remove the dephasing effect of non-static perturbations that have longer correlation
times than the spacing between the refocusing pulses.We utilized theCarr-Purcell-Meiboom-Gill (CPMG)
sequence [49, 50]. Themeasured dephasing timeT2

CPMG for theV2 (V1/V3) type ofVSi
- spin ensemblewas 47± 7

μs (59± 3μs)when the spacing between the refocusing pulses was 200 ns (100 ns), and the duration of eachπ
pulsewas 38 ns (40 ns). Details of the pulse sequence used and plots of the experimental data are given in
appendixD.

Table 2, shows the comparison of the relaxation timesmeasured in our previous paper where the 6H-SiC
sample contained a higher concentration of 13C but lower concentration of 29Si [25]. In the present sample,T1 is
slightly longer than in the sample used in [25], which indicates a somewhat lower concentration of paramagnetic
centers [44]. The longer dephasing times *T ,2 T2 can be attributed to the lower concentration of

13C,which
represent the nearest neighbors (NN) of the silicon vacancy. The higher concentration of 29Si does not have a
significant effect, since the silicon atoms have amuchweaker hyperfine interaction.

Figure 7. (a)Pulse sequence formeasuring the spin coherence timewith a refocusing pulse. The red and blues rectangles represent the
laser andRFpulses, respectively. (b)Decay of the spin coherence during the echo sequence at room temperature. The experimental
data (circles) forV2 andV1/V3 are fitted to exponential functions.

Table 2.Comparison of room-temperature relaxation times of
two 6H-SiC samples.

Exp

13 C (1.1%)&29

Si(4.7%)

13 C (4.7%)& 29

Si(0.1%) [25]

V1/V3 V2 V1/V3 V2

T 1 166 μs 142 μs 142 μs 107 μs

T *2 65 ns 42 ns 38 ns 31 ns

T spin echo
2

- 7.1 μs 4.6 μs 3.7 μs 3.3 μs

T CPMG
2 57 μs 47 μs 56 μs 51 μs
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5.Discussion and conclusion

TheVSi
- center in SiC has attracted considerable interest in the context of emerging quantum technologies, since

its spin can be optically polarized, has a sufficiently long coherence time and can be coherently controlled. These
propertiesmake it an attractive candidate for quantum information and quantum sensing. To develop this
potential, it is essential tomore precisely characterise its properties. They depend, e.g., on the lattice site at which
the vacancy is created. In the 6H-SiC polytype, three different lattice sites exist, and the corresponding vacancies
are referred to asV1,V2 andV3.

In this work, we have gathered newdata on all three types of vacancies. In particular, we related the
properties of the PL of each center to themagnetic resonance by performingODMRexperiments for different
directions of PL emission (parallel and perpendicular to the c-axis of the sample).V1/V3 emit preferentially in
the direction of the c-axis while V2 emits preferentially perpendicular to c-axis. This observation supported the
notion that the optical dipole orientation ofV2 differs from that ofV1 andV3 [24]. ODMRexperiments detecting
photons that are emittedmostly by one type of center allowed us to determine the zero-field splitting of theV1

vacancy, for which different values had been reported in previousworks [14, 23]. Our results agreewith those of
[14].With the identification of theODMR frequencies of all three vacancies, we can explain the temperature
dependence and change of sign of theODMR signal near 28 MHz: At high temperature, the signal fromV3

dominates but at low temperature the signal fromV1 dominates, which is negative. In other defect systems such
asNV in diamonds, the ZFS typically shows a small temperature variation.We checked the ZFS variationwith
temperature and found that the values increase by about 1 MHz as the temperature decreases from room
temperature to 5K. This variation is significantly smaller than the temperature variation of the excited state ZFS
[36]. It is therefore possible to use the silicon vacancy for simultaneousmeasurements of themagnetic field and
the temperature, using the ground state asmagnetic field sensor and the excited state as temperature sensor [36].

We alsomeasured the transverse and longitudinal relaxation rates. The relaxation ratesmeasured herewere
lower than those reported earlier in a different sample [25] that contained a higher concentration of 13C. Since
13C is the next nearest neighbor to the vacancy, an increase in its concentration increases the rate of relaxation.
However, reducing the concentration of 29Si can compensate for this to some extent. Notably, the spin-echo
decay forV1/V3, does notfit well to a single exponential, which is possibly due to the small difference in their
ZFS and relaxation behavior. So, with the pulsemeasurements and temperature, we can separate theV1 andV3

ensemble signals. For example, the Rabi oscillations recorded at 5 K in Breev et al [24]weremainly due toV1

vacancies, while at room temperature, they aremainly due toV3 vacancies. The distinction betweenV1 andV3

vacancies could be ultimately clarified by repeatingmeasurements on individualV1 andV3 vacancies. However,
the background concentration of vacancies in the 6H-SiC samples currently available to us does not allowus to
do so. In future work, wewill try to obtainmore specific data for the relaxation times of the different centers and
determine the different hyperfine coupling constants, and utilize them for hyperpolarization applications
[51–54].
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AppendixA. Sample

SiC crystals were grownwith a low content of background impurities frompolycrystalline sources of
semiconductor silicon and spectrally pure carbon. Theywere degassed using a resistive heating growthmachine
over 2 hours at 2200°C and 10−3 Torr to prepare the crucible and internal furnace reinforcement. After that, a
stoichiometricmixture of carbon and silicon powders was loaded into the crucible. All components of the
crucible weremade from the same graphite (6516pT (Mersen, France)) tominimize stress due to from thermal
expansionwhen the crucible is exposed to temperatures exceeding the synthesis temperature of the source
(above 1600°C).We used silicon carbide crystals polytype 6H as seeds. To grow crystals, the following conditions
were used: 2050 °C, 1 to 5Torr argon pressure, 99.9999%pure argon, a growth rate of 150 μm / h. Crystals that
grew under these conditions had less than 3micropores per cm2. The grown crystal was then cut into chips 2
inches (50mm) in diameter and 300 μmthick. To create theVSi

- centers, we performed electron irradiationwith
an energy of 2 MeV and afluence of 1018 cm−2, ensuring a homogeneous VSi

-distribution and optimizing the
ODMR signal-to-noise ratio [55].

Appendix B. PL setup

Formeasuring the photoluminescence (PL) at different temperatures, the sample wasmounted on the cold
finger of a helium flow cryostat (MicrostatHe-R fromOxford instruments)using silver glue. A tunable (799-813
nm) single-mode diode laser (DLpro fromToptica Photonics)was used to excite the sample optically. The laser
beamwasmodulated by a chopper and focused onto the sample as shown infigure C1, usingmirrorM and lens
L1, without anAOM in the laser path. Two convex lenses collected the PL, whichwas then filtered by an 850 nm
long-passfilter (Thorlabs), and passed through amonochromator (Spex 1704). For detecting the PL, an
avalanche photodiode (APD)module with a frequency bandwidth fromdc to 100 kHz (C5460-1 series from
Hamamatsu)was attached to themonochromator. The amplified photocurrent wasmeasuredwith a lock-in
amplifier (SRSmodel SR830DSP) referenced to the sync signal of the chopper [25].When recording the PL
parallel to the crystal c-axis, the samplewas positionedwith the plane perpendicular to the c-axis towards the
detector (as shown in the dashed rectangle instet labeled A1 infigureC1) .When recording PL perpendicular to
the c-axis, the crystal was placed such that the c-axis formed a 90-degree angle with the detector (as shown in the
dashed rectangle instet labeled A2 infigure C1). The laser beamwas directed onto the surface facing the detector.

AppendixC.ODMRsetup

Figure C1 shows the setup used for the cw- and time-resolvedODMRmeasurements. For cooling the sample, we
used the heliumflow cryostat.We used a turbopump (Pfeiffer) for creating a vacuum in the cryostat less than
10−6mbar. A LD785-SE400 diode laser with a laser with a LDC202C series controller and a temperature
controller (TED200C)was used as the light source. Laser pulses were generated by an acoustic-optical
modulator (NECmodelOD8813A).We used three orthogonal coil pairs to apply a staticmagnetic field to the
sample. AnAPDmodulewith a frequency bandwidth fromdc to 10MHz (C12703 series fromHamamatsu)was
used to collect the PL signal. For time-resolved experiments, the signal was digitizedwith a PicoScope 2000USB
oscilloscope card. For cw-ODMR, the signal from theAPDwas sent to the lock-in. AnAnalogDevices’AD9915
direct digital synthesizer (DDS)was used as an RF source for cw-ODMR experiments and aHunterMicro
DAx14000 arbitrary wave generator (AWG) for pulsedODMRexperiments. The RF signal from the sourcewas
amplifiedwith anRF amplifier (LZY-22+ fromMini-Circuits). For feeding RF power to a sample, we used awire
(mounted directly over the sample labled S infigureC1) and a coil (as shown in dashed rectangle labeldA3 in
figureC1), terminatedwith a 50-Ohm resistor for CWandpulsedODMRexperiments, respectively.We
generated TTL pulses using a digital word generator (DWG; SpinCore PulseBlaster ESR-PROPCI card) to
trigger the laser andRF pulses.

C.1.Dependence onRF power
Figure C2 (a) showsODMR spectra recordedwith different RF powers at room temperature (296K) and at 5 K.
These spectra were recordedwith an 850 nm long pass opticalfilter, which suppresses the scattered laser light but
passesmost of the PL fromVsi

-. At lowRF power, only twoODMRpeaks are visible near 28MHz and 130MHz.
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With increasing RF power, additional resonances appear at 14MHz (P3
2), 42 MHz (P2

3), and 64MHz (P2
2). The

peak P3
2 is due to the absorption of 2 RF photons by theV1/V3 vacancy [28], whereas the peaks P2

2 and P2
3 are due

to 2 and 3 photon absorption by theV2 vacancy [28]. Some shoulders are not labeled, which could potentially be
attributed to the hyperfine coupling betweenVSi

- and the nuclear spins, primarily 29 Si, given its higher
concentration in this sample. For instance, the peaks at 43 and 25MHz are likely due to the splitting induced by
29 Si in theV1/V3 vacancy levels [56]. However, a detailed analysis of these effects is beyond the scope of this
paper. Figure C2 (b) shows the amplitudes of the 1-photon peaks ofV1/V3 andV2 versus the applied RF power:
they increase with the applied power but saturate forP> 0.3W. This behaviour can befittedwith the function

S P S P P P , C1max 0( ) [ ( )] ( )= +

where S(P) is the signal amplitude at power P, Smax is the asymptotic amplitude andP0 the saturation power. The
resultingfitting parameters are given in table C1.

Figure C2 (c) shows the linewidths of the 1-photon peaks ofV1/V3 andV2 versus the RF power. The
linewidth data LW(P)were fitted to the function

LW P LW a P , C20( ) ( )= +

where LW0 and a are fitting parameters and the fitted values are given in table C1. At room temperature, the
fitting parameter LW0 for the sample with inverted isotope concentration [25]was 6.2 MHz (7.9MHz) for
V1/V3(V2), respectively.

FigureC1. Experimental setup formeasuringODMRat low temperature.

Table C1. Fitting parameters of equations C1 andC2.

Vsi
- Temp Smax(ΔPL/PL) P0(W) LW0(MHz) a (MHzW−1/2)

V1/V3 298K 0.14 ± 0.01 0.05 ± 0.03 6.6 ± 0.4 3.4 ± 0.3

V1/V3 5K −0.014 ± 0.001 0.023 ± 0.012 5.5 ± 0.8 2.3 ± 0.7

V2 298K −0.069 ± 0.007 0.070 ± 0.043 8.4 ± 0.7 3.7 ± 0.6

V2 5K −0.234 ± 0.054 0.097 ± 0.097 7.5 ± 0.4 3.4 ± 0.4
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AppendixD. FID andCPMG

FigureD1(a) shows the pulse sequence for theFIDmeasurement. A laser pulse of 300μs and a power of 100mW
was used topolarize the vacancy spin ensemble. A delay τf was given between the twoπ/2RFpulses, and thePL
signalwas obtainedusing the second laser pulse. The phase of thefirstπ/2 pulsewas along x. For the secondπ/2
pulse, itwas along x+fd.We repeated the same sequence for the reference scan except for the phase of the second
π/2 pulsewas−x+ fd. Here the d det ff n t= and the detuning frequencywas detn = 40MHz. FigureD1(b)
shows the signals recorded for bothVSi

- as a function of the dephasing delay τf. The experimental signal ofV2 (V3)
wasfitted to the function

*S S A c ecos 2 , D1x x det f
T

d d
f 2( ) ( )pn t- = +f f
t

+ - +
-

where S x df + is the average PL signalmeasuredwith aπ/2RF detection pulse of phase±x+ fd. Fitting the
experimental signal using equation (D1) led to *T2 =42 ns (65± 5 ns).

FigureD2(a) shows the pulse sequence formeasuring the spin coherence time under theCPMG sequence.
Wefirst polarized the spin ensemble with the 300μs laser pulse and created the coherencewith the firstπ/2
pulse. TheCPMG sequencewas applied i.e., a train of 2Nπ pulses applied along the y-axis, whichwere separated

FigureC2. (a)ODMRsignal versus frequency recordedwith different RF powers in zeromagneticfield at 5K and 296K. The
horizontal axis is the frequency inMHz and the vertical axis the relative change of the PL, recorded by the lock-in amplifier. (b)ODMR
signal versus RF power and (c) linewidth vs RF power.

FigureD1. (a)Pulse sequence tomeasure the FIDof VSi
-. (b)Experimental FID signals at room temperature.
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by a delay of τc/2 from each other. Finally, the coherence was coverted into a population by the secondπ/2 pulse
along the x-axis and the PL signal wasmeasuredwith the second laser pulse. A reference signal was recordedwith
the same pulse sequence, but the secondπ/2 pulsewas applied along the−x-axis. The difference between the
experimentallymeasured PL signals was fitted to the function.

S S A e , D2x x
TCPMG

CPMG n
2 ( )( )- = t

-
-

where the total duration is τCMPG= 2N(τc+ τπpulse) 2N is number ofπ pulses and τπpulse is the duration of aπ
pulse, whichwas 20 ns forV1/V3 andV2.
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