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Supplementary I nfor mation

Details on the fabrication of shallow silicon vacancies.

First, we start with a high purity and semi-insulating connored 4H-SiC wafer whose resistivity
is > 10’ Qcm. There is no intentional Nitrogen doping in this HPSI 4H Si&fer. Due to growth,
this substrate already contains many bulk defects, inofuthe silicon vacancies defects we are
interested in here. As it is well known that those siliconarades spin qubits color centers can be
removed by a high temperature annealing typically above® 8)Qve started by a long 110@
thermal annealing under argon gaz of this wafer. As it is show Fig.2a, a cw EPR (electron

paramagnetic resonance) study of this annealing procaiésd the Reset process, was performed
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at room temperature under optical pumping. It is clearlynsmeFig.2a that after 8 days of such an
annealing, the photo-EPR signal of V2 type silicon vacanaieX band (around 9.7 GHz) was no
more detected. Using other reference pieces of this wafdrusing profilometry and ellipsometry
experiments (not shown), we determined the oxidation reddeSiC by thermal oxidation under
pure Oxygen at 1100C, as well as the chemical etching rate of the resul8i@ layer by a di-
luted solution of HF. In our experimental conditions, weridwan etching rate close to 63 nm per
minute, thus of roughly 1 nm per second. Of course, sloweastef etching rates &0, on SiC
could be designed, depending on the HF solution concemtrafiontrolling the 4H-SiC oxidation
rate and the SiO2 chemical etching rate, we fabricated a 7dxide layer on our Reset and oxi-
dized 4H-SiC wafer, which was then used as a sacrificial lyrehe subsequent ion implantation
process. Note that a sacrificial layer®0, could probably be coated directly on the SiC wafer,
as a simpler alternative to our oxidation/etching procesgithere, but under the conditions that
i/ the exact density and stoechiometry of the co&di€ab layer be known, otherwise it should be
measured to adjust the energy of e ions implanted, and ii/ that the surface roughness of the
SO, coated layer is small compared to the precision requirecheroptimal implantation depth
(target depth nearby tH&8O, - SiC interface). Note that in our case, the RMS surface roagh

of thermal oxide layer on SiC iAzg0, ~ 0.2nm, and that the SiC RMS surface roughness af-
ter HF etching of thermal oxide layer &szgc =~ 0.7nm (as obtained by AFM, not shown here.)
SRIM simulation indicated that for such a systedi©, (74 nm)/4H-SiC(infinite)C™* ions having

an energy of around 23 keV would produce a maximum of silicacewncies near th&O,/4H-
SiC interface. Thus, 23 ke€™" ions were implanted through this 74 nm oxide layer at a dose of
210 cm2. The SiO2 was then removed from the implanted 4H-SiC samypéefbll HF etching,
producing a nearly half gaussian distribution of silicomasacies below the SiC surface, with a
maximum at the surface and a half width of around 25 nm, adaogrd SRIM simulations (see
further). Finally, as we wanted to activate a large enougierble of those shallow silicon vacan-
cies created by ion implantation, we then performed a posfantation annealing of 90 minutes at

700°C under argon gas, in order to optimize the amount of shallbeosi vacancies of V2 type in



this implanted 4H-SiC sample. Still using CW photo-EPR, Veady observed the re-appearance
of the silicon vacancies in our 4H-SiC sample as a result isf iim implantation process (see

Fig.2b), as required for a full pulsed EPR study of their quamspin coherence properties.

Fig.8 shows the result of a SRIM numerical simulation of the implantation process in 4H-

SiC through a sacrificial SiO2 layer, used here to creatdashd2 spins.

The Fig.9 compares the V2 infrared photoluminescence gpaatf the 8 days annealed 4H-
SiC reference sample and the one of the fully processed ancthjglanted 4H-SiC sample studied

here in details.

All the magnetic resonance experiments presented here pefermed on a commercial
ELEXYS E580 pulsed EPR spectrometer from BRUKER operating band (9.3 - 9.7 GHz).
This pulsed EPR spectrometer was interfaced by means oftarabfiber to a standard external
photoluminescence setup, allowing both laser light ekomaat 785 nm and photoluminescence
collection and detection, following previously publishéthodologies for fiber based OP-pulsed

EPR, OP-PELDOR and ODMR/

Details on the analysis of CPMG DD experiments on the shall@vgpins.

Following the previously described method used for shaldw centers in diamond?® we ex-

t
T2,cpmg

tracted T, cpmg from a stretched exponential fitekp [—( )a]) of the echo decay under
CPMG sequence. As shown on Fig.5a, under application of Cllytamical decoupling pulse
sequence involvinYlyy ses Pi pulses, witfNpyses = 1, 2, 3, 6, 10, we clearly observed an increase
of the T, ¢pmg SPin coherence time of the shallow V2 spins (respectivielypmg in 1 sanda were
found to be: (89,1.86), (111,1.79), (136,2.06), (197,),.6224,2.28)). To further investigate the
nature of the noise filtering effect of this CPMG pulse segeemn the electronic spin bath nearby

the shallow V2 spins, we plotted on Fig.5B; cpmg as a function ofNpy s, the number of Pi



pulses in the CPMG sequence. We observed a saturation efiibctespect taNp s, Starting

at a low value ofNpy s This effect was previously observed for isolated shallowdenters in
diamond?® In this previous study on isolated shallow NV centers, thia deere fitted by a func-
tion of the typeT2 comg (Npuises» Nzt » K T2, 1p) = T2, 1p <N§at + <NEU|S$ — Ngt) e‘Nﬂ%) For
shallow NV centers in diamond located 20 nm below the surfdeefit reported gave the param-
eterk = 0.53, close to th& = 2/3 expected for a simple lorentzian spin bawyhile for very
shallow NV centers in diamond (2 or 3 nm below the surface),fihreported gave the param-
eter k in the rangé0.30, 0.48].1° Concerning the parametély found for shallow NV centers

in diamond, it was found in the rand&3, 200,° depending on the depth and surface proper-
ties of the diamond surface. Here, the fit of our CPMG resulfB=400K on shallow V2 spins

in 4H-SiC provided the parameterbly = 17.38,k = 0.44 +/— 0.1, Tp 1p = 73360ns, and
thus an optimal shallow V2 spin coherence time in SiC with@BMG noise filtering sequence of
T2, cpmgeo = 258u's, which can be reached with a good approximation ublpgkes > > Negt = 17.
The valuek = 0.44+/— 0.1 that we found is close to the values observed for isolatefiicstt NV
centers. This is somehow expected here because we perf@RdG experiments on V2 spins
ensemble, distributed according to SRIM after C+ ion imtdéion, mainly between 0 nm and 25
nm below the SiC surface. This valuelof= 0.44 + /— 0.1 is however closer to the values found
for very shallow NV centers in diamorfwhich were more exposed to the surface noise, which
was considered as a 2D surface spin bath with a correlatios &t room temperature of around
T. (RT) = 11us. As here, our V2 spin distribution is expected to be roughhat gaussian with
maximum at the SiC surface, this seems reasonable. Thiksgimin the k factor value also sug-
gests that in our case the surface noise is also due to arogliectpin bath, as already suggested by
our PELDOR experiments (Fig.3b) and Hahn echo decay expetsiversus temperature (Fig.4).
Note that our CPMG experiments were performed at a fixed detay’ u s between the Pi pulses,
corresponding to a CPMG filter function centered at arofgne 2—1T = 71kHz With Npyises = 10,

the spectral bandwidth of this CPMG filter is of arourkHz Here we found a rapid saturation of

T, cpmg With the number of Pi pulses. This is also somehow expecteduse by cooling our 4H-



SiC sample at T=100K, the spin bath is also cooled and thusitelation time becomes longer,
typically on the order of the spin lattice relaxation timetud spin specy that constitute the surface
spin bath at this temperature. Assuming that at 100K, theseiispin bath has a correlation time

Tc (100K) = 1ms(thusfpoisecutoff = L — 1kH2), with an associated spectral density of noise of

Tc

the formS(w) = A—nz 1+(1(1:)Tc)2 (A being the spin qubit - spin bath coupling in this mod@hen
we see that our CPMG filter d§ = 2—1T = 71kHzwith N=10 removes a large part of this noise. As
the CPMG filter becomes narrower and narrower when the nuoff8pulses increase, this could
explains whyT, .pmg Saturates rapidly with the number of Pi pulses applied inesyperimental
conditions.

The remaining question is what is the fundamental decokerpnocess which remains in our
CPMG experiments at T=100K and which is responsible for themate valuel,, cpmge = 258U s.
Here we suggest two possibilities. Either, like for shallbBW centers in diamond® another
noise contribution has to be considered which is relateduttase phonon in SiC and which
would have a spectral density of noise with a frequency €utmfated at a much higher fre-
quency, like around 10 MHz as it was found for shallow NV cesia diamond'® Our CPMG
noise filter atfo = 2—1T = 71kHz with N=10 could thus not remove efficiently this high fre-
quency noise, which would explaifp, cpmge = 258's. The other possibility, which is pos-
sible in our study but which was not possible in the previowsly of shallow NV centers, is
that T comgee = 2584 s is in fact limited by the instantaneous diffusion decoheeeprocest®
which exist when spin ensemble are studied and which canens#rboved by CPMG dynamical
decoupling methods. Thus, the ultimate spin coherence itinoeir sample for the shallow V2
spins would bél; cpmgee = Tip = 258u's. To decide between those two possible explanations of
T2, cpmge = 258u'S, one needs to perform a set of similar CPMG noise spectrgseqperiments
with various CPMG filter at various filter frequencies, witlrous bandwidth, eventually at vari-
ous temperature, and on various samples with various dédges imns implanted below the SiC

surface. This is beyond the scope of this study and this feitet future work.



Putting the SiC and YIG samples into contact.

To put the two 5 mm*1.8 mm SiC and YIG samples into contact, vatlyi stack them horizontally
on a flat clean surface. Then we also install the EPR tube draady and then we insert with a
tweezer the stacked two samples simultaneously inside Bk tibe, at its entrance. Then we
push both simultaneously at the end of the EPR tube, usintp@anBPR tube of smaller diameter.
Then, we introduce, holding the EPR tube at,4geveral small diameter quartz capillaries inside
the EPR tube, allowing to fill the gap between the two solidgasstacked and the EPR tube in-
ternal wall. The last capillary is introduced in the EPR tuba nearly vertical position and allows
to introduce a small pressure on the two stacked samplesdlaatically between the capillaries

and the internal wall of the EPR tube.

Detailed analysis of the two shift of opposite sign obsemethe V2 magnetic resonance lines
when placing a YIG thin film into contact with our implantedSsample.
The first field direction applied was perpendicular to themarof the two solid samples, SiC and
YIG (Fig.7 top spectrum), and the second one was parallélisaiormal (Fig.7 bottom spectrum).
For a magnetic field applied perpendicular to the ¢ axis ofS1€- without YIG and just consider-
ing the well known spin hamiltoniad = gug E:Z)g +D (ge?c)z with e; the unit vector along
the C axis of 4H-SiCg = 2.0028 andD = 35MHz, one expects two V2 EPR lines splited by
25 Gauss, centered around the field resonance value condiegdog = 2.0028 at the fixed mi-
crowave frequency used. For a magnetic field applied pataltbe c axis of 4H-SiC, one expects,
without YIG, two V2 EPR lines splittted by 50 Gauss, centesenlund the field resonance value
corresponding t@ = 2.0028 at the fixed microwave frequency used. We clearly olesemvthe
Fig.7 top spectrum two V2 EPR lines splited by 25 Gauss asaegén this configuration, but not
centered around a field resonance value correspondiggt@®.0028 at the fixed microwave fre-
guency used, but at a higher magnetic field value, correspgnad a shift of around-2.5G. This
shift of the two EPR lines towards higher magnetic field valoan be explained if one considers

that a dipolar stray magnetic field produced by the YIG magridt is sensed by the shallow V2



spins and that it has the same direction as the one of thenelieapplied magnetic field, but is
of opposite sens. This is qualitatively what one expecthimfirst experimental configuration, as
schematically explained by the drawing nearby the Fig.7sjogctrum. We also clearly observe
on the Fig.7 bottom spectrum two V2 EPR lines splittted by 3% as expected in this second
configuration, but not centered around a field resonanceevauresponding tg = 2.0028 at
the fixed microwave frequency used, but at a lower magnetit Ve&lue, corresponding to a shift
of around— 4.4G. This shift of the two EPR lines towards lower magnetic fietddues can be
explained again, if one considers that a dipolar stray magfield produced by the YIG magnetic
film is sensed by the shallow V2 spins and that it has the sareetitin as the one of the externally
applied magnetic field (along the c axis of SiC, which is als® €111> axis of YIG) and also
the same sens. This is qualitatively what one expects irsddend experimental configuration, as
schematically explained by the drawing nearby the Fig.Tdnospectrum.

One question remains which concerns the microscopic oafjthis dipolar stray magnetic field
sensed by the V2 spins in SiC, located below the YIG thin filrhjok is related to the quantita-
tive analysis of the observed shift in the V2 magnetic resoagosition. Indeed, for a uniformly
magnetized thin film, with static magnetic domains of inBniimension, one would expect no
dipolar stray magnetic field which could be sensed by the \2ssp SiC located nearby the YIG
film. However, if one makes the hypothesis that we have a &piagnetic length of 62 m
involved in this experiment (see text for discussion of iigin), then standard magnetostatic cal-
culations (not shown) allow to explain those two shift of opipe sens, simply assuming magnetic
squares (or disk) exist into the YIG thin film, with the dimemsof one edge of the square being
Aedge = 60 M, assuming a film thickness of 2h0n, and assuming a saturation magnetization of
this YIG film of Bz = 1700G, as confirmed by our YIG film FMR experiments (Fig.6). More-pre
cisely, the calculations show that one expect a dipolay stragnetic field induced shift of around
+2.5 G for the case where V2 spins are located anywhere wittarfirst 61 m below the SiC
surface and at the vertical of the center of the magneticreqeansidered, and when the magnetic

field was applied perpendicular to the normal of the two seédhples. Calculations also show



that one expects a dipolar stray magnetic field induced shifi G for the case were V2 spins are
located anywhere within the firsttom below the SiC surface and at the vertical of the center of
the magnetic square considered, and when the magnetic fasddapplied parallel to the normal
of the two solid samples. The magnetostatic calculatioaghars in good quantitative agreement

with the experimentally observed shift.

References

(1) M. Widmann et al., Nature Materialsl, 164 (2015).

(2) D. Simin et al., Phys. Rev. B5, 161201(R) (2017).

(3) J.S. Embley et al., Phys. Rev9B, 45206 (2017).

(4) J. Tribollet, Eur. Phys. J. Appl. Phys. 90, 20103 (2020).

(5) R. Nagy et al., Nature Comrii0, 1954 (2019)

(6) H.B. Banks, Phys. Rev. Applied 11, 24013 (2019).

(7) J. Tribollet, Eur. Phys. J. Appl. Phys. 90, 20102 (2020).

(8) J. Tribollet et al., Eur. Phys. J. B7, 183 (2014).

(9) S. Castelleto et al., J. Phys. Photoriic622001 (2020).
(10) Y. Romach et al., Phys. Rev. Lettdrst, 17601 (2015).
(11) J. Wang et al., Phys. Rev. Appligd64021 (2017).

(12) J. Wang et al., ACS Photonids1054 (2017).
(13) Q. Lietal., Nanoscal&l, 20544 (2019).

(14) S. Agnello et al., Phys. Rev. 39, 4087 (1999).

8



(15) R.N. Shakhmuratov et al., Phys. Rev. Lett&s2963 (1997).

(16) J.F. Ziegler et al., Nuclear Instruments and MethodBhgsics Research section B Beam

interaction with Materials and Aton68, 1818 (2010).
(17) G. de Lange et al., Scien880, 60 (2010).

(18) A. Schweiger et al., Principles of pulse electron pa@netic resonance, Oxford University

Press, Oxford UK; New York (2001).
(19) D.P. DiVincenzo, Fortschr. Phy48, 771 (2000).
(20) P. Pirro et al., Appl. Phys. Lett04, 12402 (2014).

(21) J. Wang et al., ACS Photoniés1736 (2019).



I WAl ST

ION RANGES

Skewness =-0,5260
244 A ; Kurtosis =2,4223

lon Range
Straggle

(ATOMS/em3) / (ATOMS/em2) ® |}

AN I rTTm ) 3 e

COLLISION EVENTS

Number/{Angstrom-lon) &

5102

SiC
2

o | Savehs [IPrint)] Help

=

File Help, FAQ and Scientific Explanations
| vep | i (R eroe 7 | I 17655 of 89939 ons
lonType (€112 lam | 5/ (93) into SI02+SIC (2 layers, 4 atoms) Backscaltered lons | 152
lon Energy |23 keV Transmitted lons
Vacmewes Mo 2602
Stopped atom colors > i
Completed | 17654/0f/39999 || i oryion Width (&) [Densiy | 5i (26,086]0 (15,999 s.[zaumcuz,u: ""Smsfnange “Sraggle |
SHOVLIVEDATA | HELP |
2|Sic 745 3210 000000 000000 050000 0500 [Lateral Prop| 2414 3044
" __|Lattice Binding Energy 2 3 2 i 3
PLOT Window Radial 334l 1994
Displacement Eneigy 15 28 15 f
?

c | TARGET DATA Caleulstion Paramater
lon Angle 7—] 1 Mating atom colors -
5i02 75 2250 033393  Ogeee’ 000000 0000 [Longitudinal] 7254 2444
D L 1490 —49—“““"“ L L Lol 2 471 I’f Type of Damage Calculation
R

Figure 1: This figure 1 is called Fig.8 in the above text of EERIM simulation of the ion implan-
tation process of 23 keV C+ ions through a 74.5 nm SiO2 saialifigyer present on top of the
4H-SIC substrate pre-processed (see text).
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Figure 2: This figure 2 is called Fig.9 in the above text of H8frared micro-photoluminescence
spectrum of the 8 days annealed 4H-SiC reference sampléug@) édnd the one of the fully pro-
cessed and ion implanted 4H-SiC sample studied here inlglétaired). Spectrum obtained on
a micro-Raman spectrometer at RT (300K), objective *100=NA, Plaser= 90mW at 532 nm,
Tinteg= 60sec.
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