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Abstract

Silicon vacancies (VSi) color centers in bulk SiC are exallelectron spin qubits. How-
ever, most spin based quantum devices require shallow sfhiitsgqwhose dynamics is often
different from bulk one. Here, we demonstrate i/ a new mefbodreating shallow VSi (V2)
spin qubits below the SiC surface by low energy ion implaatathrough a sacrificiaB O,
layer, ii/ that those shallow VSi are dipolar coupled to ac#bnic spin bath, analysing Hahn
echo decay, dynamical decoupling (DD), and optically pudnpelsed electron electron dou-
ble resonance experiments (OP-PELDOR), iii/ that theirecehce time increase with cooling
the spin bath (from 53s at 297K to 107us at 28K), and that it can be further extended to 220
at 100K by DD, thus demonstrating their relevance for PELBi@2Red quantum sensors and
processors. Finally, iv/ external spins sensing is dennatest by the shift of the Vsi magnetic

resonance lines induced by the dipolar stray magnetic fiedchearby ferrimagnetic YIG film.
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1 Introduction

Itis well known that silicon vacancies (VSi) color centersilicon carbide (SiC), created far in the
bulk by electroi-2 or protor? irradiation, or during growtt,are highly quantum coherent electron
spin qubits, even at room temperature. Recently, methgdeddor single 4H-SiC silicon vacan-
cies spin qubit ODMR (optically detected magnetic resoraspectroscopy were demonstrated,
for both single V1 silicon vacanci@sand single V2 silicon vacanciésfurther demonstrating the
potential of those SiC spin qubits. The potential of thodiemi vacancies color centers spin
qubits in 4H-SiC for developping a relevant spin-photorifiice was also recently underlined,
suggesting the possibility of a futur large scale quantutwvosk, interfacing those spins qubits
with photons travelling in optical fibers.

While many things have been demonstrated on bulk Vsi spintgjuihe study of shallow color
centers spin qubits in SiC remains to be done. Beyond theafuedtal interest, this study is
also highly technologically relevant because many propepe based SiC quantum devices, like
quantum sensord/ quantum processdtsand single quantum photon sourteequire quantum
coherent shallow color centers spin qubits, located beh@nSiC surface, between few firhand
hundreds of nn¥;° depending on the targeted application, as illustrated griLFiln this field of
shallow spin qubits in semiconductors, it is also well kndwam previous studies performed for
example with shallow NV- centers in diamoA@ithat various kinds of additionnal noise and thus
additional decoherence exist for color centers spins éataearby the surface of the semiconduc-
tor. Itis thus reasonable to assume that the same occums 8ithsemiconductor. SiC has however
the advantage over diamond of a more mature SiC semicondectmology for nanoelectronics
and nanophotonics, which could be also an advantage fortguatiechnologies While arrays

of shallow VSi color centers have already been created witkhess by low energy ion implanta-
tion in SiC through a mask or using a focused ion beaM,almost nothing is known about their
intrinsic quantum spin coherence and more broadly abourt $pgn dynamics, near surfaces or
interfaces. Only Ramsey and Rabi experiments, performeshahow silicon vacancies spin en-

sembles created by ions implantation in SiC, and using amgnoopper wire to bring microwave
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to the spins, have been perfornfédo date. Very short decay times of the Ramsey and Rabi os-
cillation were observed? in the range of hundreds of nanoseconds. However, it is weli

that the Ramsey decay reflects inhomogeneous broadenth¢ghaithe Rabi oscillation damping
time also contains many effects, including inhomogeneitiethe applied microwave field (im-
portant in studies using microwave chip), inhomogeneiigfe magnetic parameters of the spin
hamiltonian (like distribution of g factor or of the zero figdplitting), as well as dipolar couplings
when measurements on spin ensembles are perfotfri@dhus, nothing about the intrinsic T2
spin coherence time, as usually obtained by Hahn spin ectayde 18 and about T1, the spin
lattice relaxation time, as usually obtained by inversiecovery?”-18can be extracted from those

kind of Ramsey and Rabi measurements on spin ensembles.

With in mind the idea of developping hybrid paramagneticdmagnetic SiC based quantum
processors or sensors, as recently propdsethere we first demonstrate a new methodology for
creating shallow VSi spin qubits located at a controlledasaale distance below the SiC surface
by low energy ion implantation through a sacrific&D- layer, and then, we demonstrate by var-
ious magnetic resonance methods, that our shallow siliacancies spin qubits are 1/ coupled to
an electronic spin bath, 2/ can be also coupled to the strayneti field of a nearby YIG ferri-
magnetic thin film, and 3/, that despite the interaction wiftd spin bath, they remain quantum
coherent, even at room temperature, which is quite progifn the development of quantum

sensors and processors based on shallow Vsi spin qubits-8i@H

2 Experiments and Results

lon implantation technology is particularly well suiteddeate shallow silicon vacancies in SiC
at a controlled nanoscale depth. This is due to the fact thatalling the ions energy allows the

control of the average depth <z> of the ions positions in tiiel 3 and also the position of the
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Figure 1: Drawings showing silicon vacancies spin qubils€lalots) in SiC in dipolar interaction
with the stray field of a YIG nanostructure (in red), and agoain dipolar couplings between
themselves (blue dots) and eventually also with nuclealsﬂ;pi% (yellow dots), like?®S or13C, or
other electron spins (white squarres), for Quantum Inféiongrocessing/storage/communication
(note that here V2 qubits are few hundreds of nm below SiCasajf and b/, also in dipolar
couplings with external paramagnetic molecules (greams)star external spins Quantum Sensing
(note that here V2 qubits are few nm below SiC surface). V22y,W2c and V2j are assumed
to be shallow V2 type silicon vacancies spins qubits in 48;3vith the ¢ axis along x. Boz is
the static external magnetic field applied, B1y(t) is themmiave magnetic field applied, with a
frequency around 9.5 GHz (X band). ODMR of shallow V2 spinthimse quantum devices require
excitation of the photoluminescence (exciting laser Iigith wave vector kex), and detection of
the photoluminescence (photoluminescence with wave vipth See also cited referencég:®

vacancies defects created by this implantation. This waexfample demonstrated for the creation
of arrays of silicon vacancies color centers at <z>= 42 nnth wilongitudinal straggling of 35
nm, using 30 ke\MC* ions implantation in SiG! While this might be an interesting approach
for fabricating a SiC quantum processor using Vsi silicocarecies spin qubits, this is still a too
large distance from the surface for quantum sensing basegdiosspin dipolar couplings. A more
recent study investigated the possibility to bring silis@eancies spin qubits exactly at the surface
of SiC using ion implantation in SiC followed by controllegactive ion etching of Si¢2 This

study confirmed the feasability of creating very shallowcsih vacancies near the surface, but no
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information about their intrinsic quantum spin coherenoepprties, depurated from inhomoge-
neous effects and ensemble effects, could be obtained tlsacive cannot conclude whether this

approach is detrimental or not to their usefull intrinsi@gtum spin coherence properties.
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Figure 2: a/ Optical Pumping assisted CW EPR study at RT oétfieet of annealing time at 1100
degree C under Argon, on V2 spins in bulk 4H SiC and on otheinsit defects: 1/ as received
bulk 4H-SiC not annealed, 2/ 30 minutes annealed, 3/ 14 hadeded/ 4 days annealed, 5/ 8 days
annealed. Laser at 785 nm, P=32 mW; BO parallel to ¢ axis oB4E-MD5 cavity, microwave
frequency f=9.7 GHz. b/ again CW EPR under OP: comparisond®t 8 days annealed 4H-SiC
sample and the full processesed 4H-SiC sample ion implgetsdtext); Laser at 785 nm, P=44
mW; RT, BO parallel to c axis of 4H-SiC, MS3 cavity, f=9.3 GHz.

Here we investigated a new methodology for creating verli@lid/si spin qubits in SiC and
we performed a detailed investigation of their intrinsiensguantum coherence properties. The
new fabrication method (see Suppl. Info. for details) stast a high temperature annealing of
the HPSI 4H-SiC substrate at 1100 to remove growth induced silicon vacancies (see Fig.2a),
and then basically consist in implanting low enef@y ions in SiC but through a thin sacrificial
thermal oxide layer ofS0,, the energy of theC™ ions being chosen, with the help of SRIM

simulation (see Suppl. Info.), such that the maximum o€sili vacancies produced occurs near



the SO,/SIC interface. As a result, after a simple full HF chemidaheng of the oxide layer,
we obtain a nearly half gaussian distribution of siliconaraes below the SiC surface, whose
creation can be revealed by CW photo-EPR (see Fig.2b) andlphadnescence (see Suppl. Info.).
We then started our magnetic resonance study by demongtfdier based ODMR detection of
this ensemble of shallow V2 color centers spin qubits at Xdbas it is shown on Fig.3a. This X
band ODMR spectrum observed at T=130K under optical pumaimywhen the magnetic field
was applied parallel to the C axis of 4H-SiC, revealed a 50I{&isg between the two lateral EPR

transitions associated to the s@@n= % of the V2 silicon vacancies in 4H-SiC.
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Figure 3: a/ ODMR spectrum of shallow V2 spins of the fully gegesed ion implanted 4H-SiC
sample at T=130K, X band, Plaser=40 mW at 785 nm, Pi pulsearal continuous optical pump-
ing used; b/ OP-DD-PELDOR spectrum of shallow V2 spins offthly processed ion implanted
4H-SiC sample at 130K, Plaser=40 mW at 785 nm.

This is in good agreement with their well know spin hamilemmt-?*H = gug go_é +D <§€é)2
with e; the unit vector along the C axis of 4H-Si€@,—= 2.0028 andD = 35MHz, this 50 G split-
ting corresponding tg‘%, as expected. Note that the central EPR transition (+1/2-&/2) is not
observed under optical pumping, because optical pumpiig§@anhm equalizes the populations of

this two spin levels.



We then performed optical pumping assisted direct detgqmidskd electron-electron double res-
onance experiments at X band (OP-DD-PELDOR) to search fmeselectron spin bath in inter-
action with our shallow V2 spin qubits. This OP-DD-PELDOResfrum, obtained following our
previsously demonstrated methodoldbig, shown on Fig.3b. Two minima or dip in the spin echo
amplitude are observed on the spectrum of Fig.3b. The mpiatdiround 9.296 GHZ corresponds
to the shallow V2 spins used as spin probes for external spiastum sensing (V2 EPR transition
(+3/2 <—> +1/2) also observed at 3291.6 G on Fig.3a). Thelsendip at around 9.227 GHZ cor-
responds to external spins located in the near local envieon of the shallow V2 spin probes. It
is well known that in 4H-SIC many paramagnetic centerspidicig carbon related defetcs, exhibit
a central EPR line corresponding to a g factor equal or cloge-t 2.0028, corresponding here,
to the dip at around 9.227 GHz for an applied field fixed at 32 ®.. The OP-DD-PELDOR spec-
trum of Fig.3b thus demonstrates that the microwave drivb@imicrowave pump frequency of
this electronic spin bath at 9.227 GHz reduces the spin eolcerand thus the spin echo amplitude
of the nearby shallow V2 spin probes observed at the probeoméave frequency of 9.296 GHz.
The precise nature of this electronic spin bath is not cla&rwhat is clear is that this driven deco-
herence can be easily suppressed if one avoids to pump witlowave this spin bath. However,
this electronic spin bath can also have a passive detrimefiézt on the spin coherence of the
nearby V2 spins to which it is dipolar coupled, through thileegrmal fluctuations. However, as we
will show it in the next section, itis possible, to some extémfreeze this spin bath at low temper-
ature such that their impact on the decoherence of the nshdiow V2 spins could be reduced.
To investigate the passive action of this electron spin pegbent nearby the shallow V2 spins, we
thus performed Hahn spin echo decay experiments at seeenpetratures, searching for a spin
bath cooling effect visible on the V2 spin coherence timextracted from such an experiment.
The Fig.4 shows three Hahn spin echo decay curves measuP@F l&t(RT), 130K and 28K
respectivelly, as well as their fit by a stretched expongnti¢gh a characteristic decay tine yamn

and a stretching exponanfjznn. Such a stretched exponential decay was already observed in
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Figure 4: Three Hahn echo decay curves of the shallow V2 gpitise fully processed ion im-
planted 4H-SiC sample recorded at various temperaturetaxdband (f=9.3 GHz), with BO par-
allel to c axis of 4h-SiC, with Plaser= 45 mW at 785 nm, ech@réed on the low field EPR line
of V2 spins, using two steps phase cycling; from top to bottdm297 K, 130 K, 28 K.

the case of NV centers in diamond in interaction with a neaegtronic spin batA/ Theory
also predicts a stretched exponential decay of the Hahneghio due to such kind of electronic
spin bath!’ with a stretch exposant equal g = 1, for a rapidly fluctuating electron spin
bath, thus at high temperature, which should evolve towatds, = 3, for a slowly fluctuating
electron spin bath, thus at low temperature. We found exparially that the stretching exponant
evolved according tOyan, (297K) = 1.54,Nyapn (130K) = 1.77,nyann (28K) = 1.98, and that
in the same timeT, Hann evolved according td, Hann (297K) = 55US, To Hamn (130K) = 84us,
T2, Hahn (28K) = 107us. This behavior is thus in good agreement with the theoriieapected
onel’ describing passive decoherence of the shallow V2 spingetiby thermal fluctuations of
the nearby electronic spin bath. This also confirms the poiggito reduce somehow this passive
spin bath decoherence effect simply by thermal cooling.

To further eliminate possible spin-lattice relaxatioreets from this previous analysis of the

Hahn echo decay, we checked tfa(in fact bothT; pyignt andTy gark (130K) = 4.8ms, depending
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Figure 5: a/ CPMG dynamical decoupling echo decay curvesdi0OD K of the shallow V2 spins
of the fully processed ion implanted 4H-SiC sample recorfdedNpulses=1,2,3,6,10, at X band
(f=9.3 GHz), with BO set at an angle of 20 degree with respetti¢ ¢ axis of 4H-SiC, which is the
normal of the sample; Plaser= 43 mW at 785 nm;s/delay between successive Pi pulse used in
the CPMG sequence; echo recorded on the low field EPR line @&puis, using two steps phase
cycling; b/ Spin coherence time under CPMG DIR cpnyg, as extracted from a stretched exponen-
tial fit of the CPMG echo decay curves shown on a/, and prederg@ function of the number of
Pi pulses in the CPMG DD sequenc®, cpng iS Noted herdys because it is due to spectral dif-
fusion induced by an electronic spin bath near the V2 spihand d/ Spin lattice relaxation time,
respectively noted; pright and Ty gark, depending whether continuous optical pumping was used
or pulsed optical pumping; we found®/ prignt (130K) = 814 sand d/Ty gark (130K) = 4.8ms,
with Plaser =40 mW at 785 nm, echo recorded on the low field ERFOf V2 spins at BO= 3291.6
G, f=9.297 MHz.

whether continuous optical pumping was used or pulsed agiiemping), for example at around
130K, was much longer than tie pann (130K) = 84 s, as shown on Fig.5c and 5d. This con-
firmed that spin lattice relaxation do not participate tortren decoherence process which affects
the shallow V2 spins, as expected from the knéwary long spin lattice relaxation timé&s, gark.
which were previously measured for bulk V2 spins.

While cooling the V2 spins and their nearby electron spirhkalows to slightly improve their
spin coherence time, it is well knowhthat dynamical decoupling pulsed EPR methods can allow

a large increase of the spin coherence time of spin qubitdtbyitig a large part of the magnetic



noise from their environment to which they are submitteéneat a rather high temperature. Thus,
we performed a dynamical decoupling studyrat 100K of the effect of Carr-Purcell-Meiboom-
Gill (CPMG) typel® microwave pulse sequences applied to those shallow V2 spirtiseir spin
coherence timel, ¢pmg (Fig.5a and 5b). As shown on Fig.5a, under application of GRitnami-
cal decoupling pulse sequence involvidg)ses Pi pulses, witiNpyses = 1, 2, 3, 6, 10, we clearly
observed an increase of tiig .pmg Spin coherence time of the shallow V2 spins and a rapid satura
tion of Ty cpmg With the number of Pi pulses used in the CPMG DD sequence. &taded analysis
of those CPMG DD results (see Suppl. Info.), interpretedhenlight of previous results obtained
on shallow NV centers? suggests that at 100K, our CPMG filter removes a large patheofow
frequency noise due to an electron spin bath sensed by tHevgN® spins, localized near or at
the SiC surface. The saturation valueTefcpmg to 258U s, extracted from this analysis, reveals
another decoherence source not removed by our CPMG filtersudygest that it is either a high
frequency noise (related to some surface phonon in SiC) mrséantaneous diffusion decoherence
process? related to the local concentration of shallow V2 created tiea SiC surface. Further
CPMG DD studies, performed with various CPMG filters and masi SiC samples implanted at
various doses are necessary to determine the preciseeafthisT, cpmg limit.

Finally, as we are interested to build hybrid paramagnfetimmagnetic SiC based quantum
devices? " 8particularly hybrid SiC-YiG quantum devicés, here we present our first experiments
in this direction, demonstrating the magnetic interacti@tween V2 spins in SiC and a nearby
ferrimagnetic thin YIG film. In practice we used our 4H-SiGrgde with shallow V2 spins and
we used a commercial thin film of YIG (insulating ferrimagnetxide: YsFesO;, film thickness:
210 nm, normal direction to sample plane: <111>) of high igajrown by liquid phase epitaxy
(LPE) on a GGG substrate. We first checked by FerromagnesoriRece (FMR) Experiments
performed at X band and RT versus the angle of the applied etizgireld with respect to the
<111> axis of YIG, that the FMR rotational pattern was wethslated assuming Bsat=1700 G
for the YIG thin film (Fig.6). Then, we put the two samples ins# contact and then looked for a

signature of their dipolar magnetic interaction throughdipolar stray field produced by the YIG
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Figure 6: left/ Several Ferromagnetic resonance spectilMiR(), obtained at X band and RT and
at various magnetic field orientation, of a YIG thin film on GG@bstrate, which was used in this
study. The angle indicated is the one between the applieschetiadgield and the <111> direction

of YIG, which is also the normal of the sample. An angle of 9Qrée corresponds here to the
case when B0 and the normal of the YIG film are parallel. rigixttacted FMR rotational pattern

(magnetic resonance field versus angle, dashed dot blye dimavell as its numerical simulation

(red dot line) without any free parameter (Bsat= 1700 G ar2l@3fixed).

thin film on the nearby V2 spins. The Fig.7 shows two V2 spirodatid sweep spectrum recorded
in this experimental situation but with two different oriations of the static magnetic field applied
with respect to the normal of the two solid samples in con@eshown on the drawings of Fig.7.
Note that the normal of the two samples corresponds bothete txis for 4H-SiC and to <111>
for YIG. The detailed analysis of those two V2 spin echo fieleéep spectrum (see Suppl. Info.)
shows that in the two orthogonal configuration tested, timarmpagnetic resonance lines of the V2
spins are shifted, and that those shift are of opposite sign.

The quantitative analysis of those shift of few Gauss (Sgepulnfo.), by means of standard
magnetostatic calculations, suggests that magnetic gigkss 210 nm thick YIG film, having an
average diameter close to A0n, can well reproduce the dipolar stray magnetic field senged b

the V2 spins in SiC, which is responsible of their magnetsoreance shift. An open question
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Figure 7: Two V2 spin echo field sweep spectrum recorded awiRii,f=9352 MHz, on the fully
processed ion implanted 4H-SiC sample put into contact avi#10 nm thick YIG film on GGG
substrate. Two different orientation of the static magniéld applied with respect to the normal
of the two solid samples in contact are presented. The nayfilaé two samples corresponds both
to the c axis for 4H-SiC and to <111> for YIG. Top/ The field dtien applied was perpendicular
to the normal of the two solid samples and Bottom/ the apgiedd was parallel to the normal of
the two solid samples. The two spectrum reveal shifts of fewuss of the expected V2 magnetic
resonance positions, which are found in opposite sens éaettwo configuration.

remains however, which is the interpretation of such magriesks of 60u m in diameter in a
YIG film considered in the fully saturated regime of its matgegion, where no static magnetic
domains are expected. We suggest here that the magnetiardgouplings between V2 spins
and nearby YIG spins combined with the intense resonantoweyve drive of V2 spins used in
those experiments, can produce some drive of one or fewrfagmetic spin wave resonance mode
of the YIG film. In this picture, the ferrimagnetic magnon eoénce length would probably be
involved in this experiment. We note that previous studiespin wave propagation in YIG have
shown that the YIG magnon coherence length can reaghr81in YIG (100 nm)/Pt waveguide
structures?? despite the enhanced damping due to metal Pt. As here we ul§ filrdf (210 nm)

on GGG substrate, with an expected lower spin wave dampirggeims reasonable to assume
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a ferrimagnetic magnon coherence length in our sample omtther of 60u m. The detailed
investigation of this question is beyond the scope of thigepa What is clear however, is that
the observed shifts of opposite signs in the two configunatiested can not be explained by the
standard spin hamiltonian of V2 spind (= g ug E?OE +D <§e?> 2) and are thus due to the
presence of the nearby YIG film, introducing an additiongbdar coupling hamiltonian between
V2 spins and nearby YIG spins. Those experiments thus ¢otest demonstration of external

YIG spins sensing by means of V2 spins in 4H-SiC, through ldipmagnetic couplings.

3 Discussion

Let us now discuss the relevance of the shallow implantedpi2 gubits we successfully fabri-
cated here in the context of planed quantum sensing andumaramputing applications. In our
previous theoretial work on the SiC-YIG OD-PELDOR quantuensor! capable of sensing at
nanoscale the electron spin labels of a nearby large targegip or the spin qubits of a nearby
large paramagnetic molecular nanocrystal (Fig.1b), weetlmed the need of having a shallow
V2 spin probe with a sufficiently long spin coherence time.r#&lprecisely, in ODPELDOR, the
maximum distance that can be measured between target dnelgpms is determined by the max-
imum dipolar evolution time, such that 20s are necessary to measure a distance of 10 nm, and
60u sare necessary for measuring a distance of 15 nm. As the rigaotof interest for SiC-YIG
ODPELDOR sensing at nanoscale will have a diameter of 10 nmare, one immediatly con-
cludes that a shallow V2 spin qubit, located within the firsi® below the SiC surface and having
a spin coherence time of at least68is required. As a long T1 of the dark spins (spin labels or re-
mote qubits) is also necessaryhich almost always implies cooling the whole sample at toe
100K, havingTz (T = 100K) = 60u sfor the V2 shallow spin probe is what we need in practice.
Here, we have demonstrated that our shallow silicon vaean¢2 spin qubits are dipolar coupled
to an electronic spin bath, which seems localized near tGes8iface considering our first OP-

PELDOR and CPMG Dynamical Decoupling (DD) experiments s®pin bath limits the shallow
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V2 spin coherence time to arouiig = 84 us at 130K, without DD, which is however sufficient to
perform the planned nanoscale resolution OD-PELDOR empris applied to structural biology.
We also showed thal, can reach around 1Q@ at 28K without DD, which offers some further
improvement. Extending, up to 220us at 100K by CPMG DD has also been demonstrated here,
also suggesting that further improvements by DD are passévien at 100K. It must be also noted
that surface passivation or surface capping has not betea tesre, and this could also allow futur
improvements by eliminating or diluting the surface elestc spin bath which limitg, without
CPMG DD. It must be also underlined that here we performea epsemble measurements, such
thatT, = 84 us at 130K has to be considered as an average value, and futigle shallow V2
spin experiments may reveal some distributionfgfvalues depending on the local surface spin
bath concentration experienced by those shallow single V2.

Finally, let us discuss our results in the context of quantmmputing with V2 spin qubits intro-
duced by ion implantation in a SiC quantum device. Even syrophsidering single qubit quantum
gates, generally performed using short resonant microwalges (a typical Pi pulse in a 3D mi-
crowave cavity last 30 ns), one would need at I&ast 300us to go beyong the@;ﬁ > 10t
threshold previously established for fault tolerant quamtomputing!® T, = 100us at 28K with-
out DD is thus not sufficient for fault tolerant quantum cortipgl with this kind of shallow V2
spins. Extending@> up to 220Qus at 100K by CPMG DD has been demonstrated here for our shal-
low V2 spin qubits, but it is still limited by either surfacé@non or by the instantaneous diffusion
related to the too high local concentration of such shall@wsyin qubits created by ion implan-
tation. However, assuming one wishes to perform quantunulaiions on a diluted cluster of
dipolar coupled V2 spins (or a mixture of V2 and V1 silicon &acies spin qubits), created by ion
implantation at low dose and submitted to the strong dipolagnetic field gradient produced by a
nearby YIG nanostripe, located at an optimal distanoggf= 150mrmfrom V2 spin qubité-¥(see
Fig.1), then in that case, we see we do not need anymore theskaHow V2 spin qubits used
for OD-PELDOR quantum sensing. One just needs here V2 spoaddd between 100 nm and

200 nm below the SiC surface for quantum computing. In the¢ cthe V2 spins should become
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strongly isolated from the intrinsic surface noise of Si®jah is detrimental to theif,, and also
from the noise related to thermal fluctuations of the neagbyrhagnetic YiG nanostripé8 If one
assumes that at such a large distance from the surface off&®/2 spins have spin coherence
properties similar to those previously measured for bulksgis? then one expect to extend the
T> of such nearly bulk V2 spin qubits up T cpmg = 45ms at 17K using a 19 CPMG DD
pulse sequence, as it was previously demonstrated at loagnetic field? It was also deduced
by extrapolation that using a 1@PMG DD pulse sequence, one could redghpmg = 300s

at 17K2 Now, considering two V2 electron spins in the V2 cluster sefsl by a distance of
10 nm, one would need typically a dipolar evolution time afward 20u s, as already discussed
above in the ODPELDOR quantum sensing context, to performoaqubit quantum gate, such
that one would need, > 200ns to go beyong therga;r%Q > 10* threshold requiered for fault
tolerant quantum computing with such a diluted cluster ofspihs. Thus, using a ion implanted
cluster of nearly bulk V2 spins located few hundreds of nastems below the SiC surface, using
intensive dynamical decoupling microwave pulse sequehebsv 17 K, using the strong mag-
netic field gradient produced by a nearby YiG ferrimagnetoastripe (between 0.1 G/nm and
0.5 G/nm)/-8 and using resonant selective optical and microwave maatipuls® of the various
V2 spin qubits, it seems feasible to perform fault tolerardmfum computing at X band (10 GHz)
using an hybrid SiC-YIG quantum device, such as the one sloowg.1a. Adding one or few V1
silicon vacancies (or few other SiC color centers more gmpaite for quantum communication)
to this V2 cluster of spin qubits would also offer interegtpossibilities for an optical fiber based
spin-photon interfacecompatible with the proposed experimental approaaehd which could be
usefull for extending the scalability of such an interméeliscale fault-tolerant hybrid SiC-YIG
quantum computing approaci¥ As a last remark, we note that diluted non-zero nuclear spins
the SiC device, like those 8PS or 13C, present from growth or introduced by ion implantation
nearby the cluster of V2 spin qubits, could also be used asaatgm ressource both for long
term storage of quantum states, and for extending the skiglaif such an intermediate-scale

fault-tolerant hybrid SiC-YIG quantum computer withoutngsthe spin-photon interface.
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4 Conclusion

In conclusion, here we have demonstrated i/ a new methogdtogcreating shallow VSi spin
gubits located at nanoscale distance below the SiC surfalmmenergy ion implantation through
a sacrificialS O, layer, ii/ that those shallow Vsi spin qubits are dipolar gled to an electronic
spin bath, probably localized near or at the surface, amg\rdahn echo decay, dynamical decou-
pling (DD), and OP-PELDOR experiments, iii/ that their codrece time increase with cooling the
spin bath (from 5hs at 297K, to 84us at 130K, and to 10i#s at 28K), and that it can be further
extended to 220s at 100K by DD. At temperatures below 130K, with or without DiBe spin co-
herence time of those shallow V2 spin probes is thus cleafficgent for OD-PELDOR quantum
sensing applications. Finally, iv/ we demonstrated th& shthe shallow V2 spin qubits magnetic
resonance induced by the stray field of a nearby YIG film. Teimadnstrates external YIG spins
sensing by V2 spins in SiC. This work thus constitutes a psargistep towards the development
of the recently proposed SiC-YIG hybrid quantum devicesbfith nanoscale ODPELDOR quan-
tum sensing and for spin based fault tolerant quantum camgtgchnologies, which have both
the advantage that they could be fiber integrated to a statet cdbmmercially available pulsed

EPR spectrometer, offering a wide access to those inteateesicale quantum technologies.

5 Supplementary Information

Details on the fabrication of shallow silicon vacancies.

First, we start with a high purity and semi-insulating connons 4H-SiC wafer. 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 siliconarages 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 procalésd the Reset process, was performed

at room temperature under optical pumping. It is clearlynsmeFig.2a that after 8 days of such an
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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 wafdniaing profilometry and ellipsometry
experiments (not shown), we determined the oxidation rbddeSiC 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, weriduan 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 concemtra@ontrolling 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. SRIM simulation indicated that for such a syst@@; (74 nm)/4H-SiC(infinite) C*
ions having an energy of around 23 keV would produce a maximisilicon vacancies near the
S0,/4H-SiC interface. Thus, 23 ke®@* ions were implanted through this 74 nm oxide layer at a
dose of 21&cm~2. The SiO2 was then removed from the implanted 4H-SiC sampéefbll HF
etching, producing a nearly half gaussian distributionikiédan vacancies below the SiC surface,
with a maximum at the surface and a half width of around 25 roogmling to SRIM simulations
(see further). Finally, as we wanted to activate a large gh@nsemble of those shallow silicon
vacancies created by ion implantation, we then performedsi implantation annealing of 90
minutes at 700C under argon gas, in order to optimize the amount of shalltieosi vacancies
of V2 type in this implanted 4H-SiC sample. Still using CW phv&PR, we clearly observed the
re-appearance of the silicon vacancies in our 4H-SiC saapke result of this ion implantation
process (see Fig.2b), as requiered for a full pulsed EPRy sititheir quantum spin coherence

properties.

Fig.8 shows the result of a SRIM numerical simulation of thre 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-
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SiC reference sample and the one of the fully processed andchjganted 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
photolminescence setup, allowing both laser light exiotaat 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 CElytamical decoupling pulse
sequence involvindlyy ses Pi pulses, witfNpyses = 1, 2, 3, 6, 10, we clearly observed an increase
of theT; ¢pmg SPin coherence time of the shallow V2 spins (respectivielypmg in 4 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 segeern 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 efitectespect toNpyises, Starting

at a low value ofNpss. This effect was previously observed for isolated shallow ¢enters in
diamond?? In this previous study on isolated shallow NV centers, thea deere fitted by a func-
tion of the typeT2, comg (Npuises» Nzt , K T2,1p) = T2, 1p (Néat + (Ngulsa — Ngt) eNﬁJ%) 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 bathyhile for very

shallow NV centers in diamond (2 or 3 nm below the surfaceg,fihreported gave the param-

eter k in the rang¢0.30, 0.48].10 Concerning the paramet®ly found for shallow NV centers
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in diamond, it was found in the rang&3, 20(],10 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, T 1p = 73360ns, and
thus an optimal shallow V2 spin coherence time in SiC with@BMG noise filtering sequence of
T2, cpmgeo = 258 s, which can be reached with a good approximation ublpgkes > > Neg = 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 diamorAfwhich were more exposed to the surface noise, which
was considered as a 2D surface spin bath with a correlatios &t room temperature of around
Tc (RT) = 11us. As here, our V2 spin distribution is expected to be roughhak 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 aroeliectpin 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
T2, 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 timetod spin specy that constitute the surface
spin bath at this temperature. Assuming that at 100K, thiaseiispin 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+($r 7z (A being the spin qubit - spin bath coupling in this mod@then
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 nuailfpulses increase, this could

explains whyT; cpmg Saturates rapidly with the number of Pi pulses applied inesqperimental
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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 = 258Us.
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 cesie diamond'® Our CPMG
noise filter atfg = 2—1T = 71kHz with N=10 could thus not remove efficiently this high fre-
quency noise, which would explaifp, cpmge = 258u'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 o comgee = 2584 s is in fact limited by the instantaneous diffusion decoheesprocest®
which exist when spin ensemble are studied and which canensgrhoved by CPMG dynamical
decoupling methods. Thus, the ultimate spin coherence itinoeir sample for the shallow V2
spins would bél; cpmgeo = Tip = 258u's. To decide between those two possible explanations of
T2, cpmges = 258U'S, one needs to perform a set of similar CPMG noise spectrgseqgperiments
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 fetet future work.

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 c 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 splittted by

25 Gauss, centered around the field resonance value condiegdog = 2.0028 at the fixed mi-
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crowave frequency used. For a magnetic field applied pétaltbe ¢ axis of 4H-SiC, one expects,
without YIG, two V2 EPR lines splittted by 50 Gauss, centesealund the field resonance value
corresponding t@ = 2.0028 at the fixed microwave frequency used. We clearly oleservthe
Fig.7 top spectrum two V2 EPR lines splittted by 25 Gauss ae&bed in this configuration, but
not centered around a field resonance value correspondipg-t@.0028 at the fixed microwave
frequency used, but at a higher magnetic field value, cooredipg to a shift of around- 2.5G.
This shift of the two EPR lines towards higher magnetic figlthes can be explained if one consid-
ers that a dipolar stray magnetic field produced by the YIGma#g film is sensed by the shallow
V2 spins and that it has the same direction as the one of tieeratly applied magnetic field, but
is of opposite sens. This is qualitatively what one expeatthis first experimental configuration,
as schematically explained by the drawing nearby the Fapspectrum. 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 resonanceevauesponding tg = 2.0028 at
the fixed microwave frequency used, but at a lower magnetit Velue, 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 magfheld 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.Tonospectrum.

One question remains which concerns the microscopic oafjthis dipolar stray magnetic field
sensed by the V2 spins in SiC, located below the YIG thin filrhjoh 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 \t2ssp SiC located nearby the YIG
film. However, if one makes the hypothesis that we have a &pitagnetic length of 62 m

involved in this experiment (see text for discussion of iigin), then standard magnetostatic cal-
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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 dimansof one edge of the square being
Aedge = 60 M, assuming a film thickness of 2hn, 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 wiiti@rfirst 6u 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 firsttém 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.
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Figure 8: SRIM simulation of the ion implantation proces®8fkeV C+ ions through a 74.5 nm
SiO2 sacrificial layer present on top of the 4H-SiC subsipateprocessed (see text).
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Figure 9: Infrared micro-photoluminescence spectrum ef8hdays annealed 4H-SiC reference
sample (in blue) and the one of the fully processed and iotainted 4H-SiC sample studied here

in details (in red). Spectrum obtained on a micro-Ramantspeeter at RT (300K), objective
*100, NA=0.9, Plaser= 90mW at 532 nm, Tinteg= 60sec.
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