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Abstract

Silicon vacancies (VSi) color centers in bulk SiC are excellent electron spin qubits. How-

ever, most spin based quantum devices require shallow spin qubits, whose dynamics is often

different from bulk one. Here, we demonstrate i/ a new methodfor creating shallow VSi (V2)

spin qubits below the SiC surface by low energy ion implantation through a sacrificialSiO2

layer, ii/ that those shallow VSi are dipolar coupled to an electronic spin bath, analysing Hahn

echo decay, dynamical decoupling (DD), and optically pumped pulsed electron electron dou-

ble resonance experiments (OP-PELDOR), iii/ that their coherence time increase with cooling

the spin bath (from 55µs at 297K to 107µs at 28K), and that it can be further extended to 220µs

at 100K by DD, thus demonstrating their relevance for PELDOR-based quantum sensors and

processors. Finally, iv/ external spins sensing is demonstrated by the shift of the Vsi magnetic

resonance lines induced by the dipolar stray magnetic field of a nearby ferrimagnetic YIG film.
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1 Introduction

It is well known that silicon vacancies (VSi) color centers in silicon carbide (SiC), created far in the

bulk by electron1,2 or proton3 irradiation, or during growth,4 are highly quantum coherent electron

spin qubits, even at room temperature. Recently, methodologies for single 4H-SiC silicon vacan-

cies spin qubit ODMR (optically detected magnetic resonance) spectroscopy were demonstrated,

for both single V1 silicon vacancies5 and single V2 silicon vacancies,6 further demonstrating the

potential of those SiC spin qubits. The potential of those silicon vacancies color centers spin

qubits in 4H-SiC for developping a relevant spin-photon interface was also recently underlined,5

suggesting the possibility of a futur large scale quantum network, interfacing those spins qubits

with photons travelling in optical fibers.

While many things have been demonstrated on bulk Vsi spin qubits, the study of shallow color

centers spin qubits in SiC remains to be done. Beyond the fundamental interest, this study is

also highly technologically relevant because many proposed spin based SiC quantum devices, like

quantum sensors,4,7 quantum processors8 and single quantum photon source,9 require quantum

coherent shallow color centers spin qubits, located below the SiC surface, between few nm4,7 and

hundreds of nm,8,9 depending on the targeted application, as illustrated on Fig.1. In this field of

shallow spin qubits in semiconductors, it is also well knownfrom previous studies performed for

example with shallow NV- centers in diamond,10 that various kinds of additionnal noise and thus

additional decoherence exist for color centers spins located nearby the surface of the semiconduc-

tor. It is thus reasonable to assume that the same occurs in the SiC semiconductor. SiC has however

the advantage over diamond of a more mature SiC semiconductor technology for nanoelectronics

and nanophotonics, which could be also an advantage for quantum technologies.7–9 While arrays

of shallow VSi color centers have already been created with success by low energy ion implanta-

tion in SiC through a mask11 or using a focused ion beam,12 almost nothing is known about their

intrinsic quantum spin coherence and more broadly about their spin dynamics, near surfaces or

interfaces. Only Ramsey and Rabi experiments, performed onshallow silicon vacancies spin en-

sembles created by ions implantation in SiC, and using an on chip copper wire to bring microwave
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to the spins, have been performed13 to date. Very short decay times of the Ramsey and Rabi os-

cillation were observed,13 in the range of hundreds of nanoseconds. However, it is well known

that the Ramsey decay reflects inhomogeneous broadening, and that the Rabi oscillation damping

time also contains many effects, including inhomogeneities of the applied microwave field (im-

portant in studies using microwave chip), inhomogeneitiesof the magnetic parameters of the spin

hamiltonian (like distribution of g factor or of the zero field splitting), as well as dipolar couplings

when measurements on spin ensembles are performed.14,15 Thus, nothing about the intrinsic T2

spin coherence time, as usually obtained by Hahn spin echo decay,2,7,18 and about T1, the spin

lattice relaxation time, as usually obtained by inversion recovery,2,7,18can be extracted from those

kind of Ramsey and Rabi measurements on spin ensembles.

With in mind the idea of developping hybrid paramagnetic-ferromagnetic SiC based quantum

processors or sensors, as recently proposed,4,7,8 here we first demonstrate a new methodology for

creating shallow VSi spin qubits located at a controlled nanoscale distance below the SiC surface

by low energy ion implantation through a sacrificialSiO2 layer, and then, we demonstrate by var-

ious magnetic resonance methods, that our shallow silicon vacancies spin qubits are 1/ coupled to

an electronic spin bath, 2/ can be also coupled to the stray magnetic field of a nearby YIG ferri-

magnetic thin film, and 3/, that despite the interaction withthe spin bath, they remain quantum

coherent, even at room temperature, which is quite promising for the development of quantum

sensors and processors based on shallow Vsi spin qubits in 4H-SiC.

2 Experiments and Results

Ion implantation technology is particularly well suited tocreate shallow silicon vacancies in SiC

at a controlled nanoscale depth. This is due to the fact that controlling the ions energy allows the

control of the average depth <z> of the ions positions in the solid,16 and also the position of the
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Figure 1: Drawings showing silicon vacancies spin qubits (blue dots) in SiC in dipolar interaction
with the stray field of a YIG nanostructure (in red), and a/, also in dipolar couplings between
themselves (blue dots) and eventually also with nuclear spinsI= 1

2 (yellow dots), like29Si or 13C, or
other electron spins (white squarres), for Quantum Information processing/storage/communication
(note that here V2 qubits are few hundreds of nm below SiC surface), and b/, also in dipolar
couplings with external paramagnetic molecules (green stars) for external spins Quantum Sensing
(note that here V2 qubits are few nm below SiC surface). V2a, V2b, V2c and V2j are assumed
to be shallow V2 type silicon vacancies spins qubits in 4H-SiC, with the c axis along x. Boz is
the static external magnetic field applied, B1y(t) is the microwave magnetic field applied, with a
frequency around 9.5 GHz (X band). ODMR of shallow V2 spins inthose quantum devices require
excitation of the photoluminescence (exciting laser lightwith wave vector kex), and detection of
the photoluminescence (photoluminescence with wave vector kpl). See also cited references.4,7,8

vacancies defects created by this implantation. This was for example demonstrated for the creation

of arrays of silicon vacancies color centers at <z>= 42 nm, with a longitudinal straggling of 35

nm, using 30 keVC+ ions implantation in SiC.11 While this might be an interesting approach

for fabricating a SiC quantum processor using Vsi silicon vacancies spin qubits, this is still a too

large distance from the surface for quantum sensing based onspin-spin dipolar couplings. A more

recent study investigated the possibility to bring siliconvacancies spin qubits exactly at the surface

of SiC using ion implantation in SiC followed by controlled reactive ion etching of SiC.13 This

study confirmed the feasability of creating very shallow silicon vacancies near the surface, but no
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information about their intrinsic quantum spin coherence properties, depurated from inhomoge-

neous effects and ensemble effects, could be obtained, suchthat we cannot conclude whether this

approach is detrimental or not to their usefull intrinsic quantum spin coherence properties.
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Figure 2: a/ Optical Pumping assisted CW EPR study at RT of theeffect of annealing time at 1100
degree C under Argon, on V2 spins in bulk 4H SiC and on other intrinsic defects: 1/ as received
bulk 4H-SiC not annealed, 2/ 30 minutes annealed, 3/ 14 h annealed, 4/ 4 days annealed, 5/ 8 days
annealed. Laser at 785 nm, P=32 mW; B0 parallel to c axis of 4H-SiC, MD5 cavity, microwave
frequency f=9.7 GHz. b/ again CW EPR under OP: comparison between 8 days annealed 4H-SiC
sample and the full processesed 4H-SiC sample ion implanted(see text); Laser at 785 nm, P=44
mW; RT, B0 parallel to c axis of 4H-SiC, MS3 cavity, f=9.3 GHz.

Here we investigated a new methodology for creating very shallow Vsi spin qubits in SiC and

we performed a detailed investigation of their intrinsic spin quantum coherence properties. The

new fabrication method (see Suppl. Info. for details) starts by a high temperature annealing of

the HPSI 4H-SiC substrate at 1100◦C to remove growth induced silicon vacancies (see Fig.2a),

and then basically consist in implanting low energyC+ ions in SiC but through a thin sacrificial

thermal oxide layer ofSiO2, the energy of theC+ ions being chosen, with the help of SRIM

simulation (see Suppl. Info.), such that the maximum of silicon vacancies produced occurs near
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the SiO2/SiC interface. As a result, after a simple full HF chemical etching of the oxide layer,

we obtain a nearly half gaussian distribution of silicon vacancies below the SiC surface, whose

creation can be revealed by CW photo-EPR (see Fig.2b) and photoluminescence (see Suppl. Info.).

We then started our magnetic resonance study by demonstrating fiber based ODMR detection of

this ensemble of shallow V2 color centers spin qubits at X band, as it is shown on Fig.3a. This X

band ODMR spectrum observed at T=130K under optical pumpingand when the magnetic field

was applied parallel to the C axis of 4H-SiC, revealed a 50 G splitting between the two lateral EPR

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

This is in good agreement with their well know spin hamiltonian:1,2,4H = gµB
→

B0.
→

S +D
(

→

S .
→
ec

)2
,

with
→
ec the unit vector along the C axis of 4H-SiC,g = 2.0028 andD = 35MHz, this 50 G split-

ting corresponding to4D
g µB

, as expected. Note that the central EPR transition (+1/2 <–>-1/2) is not

observed under optical pumping, because optical pumping at785 nm equalizes the populations of

this two spin levels.
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We then performed optical pumping assisted direct detectedpulsed electron-electron double res-

onance experiments at X band (OP-DD-PELDOR) to search for some electron spin bath in inter-

action with our shallow V2 spin qubits. This OP-DD-PELDOR spectrum, obtained following our

previsously demonstrated methodology,4 is shown on Fig.3b. Two minima or dip in the spin echo

amplitude are observed on the spectrum of Fig.3b. The main dip at around 9.296 GHZ corresponds

to the shallow V2 spins used as spin probes for external spinsquantum sensing (V2 EPR transition

(+3/2 <–> +1/2) also observed at 3291.6 G on Fig.3a). The smaller dip at around 9.227 GHZ cor-

responds to external spins located in the near local environment of the shallow V2 spin probes. It

is well known that in 4H-SiC many paramagnetic centers, including carbon related defetcs, exhibit

a central EPR line corresponding to a g factor equal or close to g = 2.0028, corresponding here,

to the dip at around 9.227 GHz for an applied field fixed at 3291.6 G. The OP-DD-PELDOR spec-

trum of Fig.3b thus demonstrates that the microwave drive atthe microwave pump frequency of

this electronic spin bath at 9.227 GHz reduces the spin coherence and thus the spin echo amplitude

of the nearby shallow V2 spin probes observed at the probe microwave frequency of 9.296 GHz.

The precise nature of this electronic spin bath is not clear,but what is clear is that this driven deco-

herence can be easily suppressed if one avoids to pump with microwave this spin bath. However,

this electronic spin bath can also have a passive detrimental effect on the spin coherence of the

nearby V2 spins to which it is dipolar coupled, through theirthermal fluctuations. However, as we

will show it in the next section, it is possible, to some extent, to freeze this spin bath at low temper-

ature such that their impact on the decoherence of the nearbyshallow V2 spins could be reduced.

To investigate the passive action of this electron spin bathpresent nearby the shallow V2 spins, we

thus performed Hahn spin echo decay experiments at several temperatures, searching for a spin

bath cooling effect visible on the V2 spin coherence timeT2 extracted from such an experiment.

The Fig.4 shows three Hahn spin echo decay curves measured at297K (RT), 130K and 28K

respectivelly, as well as their fit by a stretched exponential, with a characteristic decay timeT2,Hahn

and a stretching exponantnHahn. Such a stretched exponential decay was already observed in
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Figure 4: Three Hahn echo decay curves of the shallow V2 spinsof the fully processed ion im-
planted 4H-SiC sample recorded at various temperature and at X band (f=9.3 GHz), with B0 par-
allel to c axis of 4h-SiC, with Plaser= 45 mW at 785 nm, echo recorded on the low field EPR line
of V2 spins, using two steps phase cycling; from top to bottom: T= 297 K, 130 K, 28 K.

the case of NV centers in diamond in interaction with a nearbyelectronic spin bath.17 Theory

also predicts a stretched exponential decay of the Hahn spinecho due to such kind of electronic

spin bath,17 with a stretch exposant equal tonHahn = 1, for a rapidly fluctuating electron spin

bath, thus at high temperature, which should evolve towardsnHahn = 3, for a slowly fluctuating

electron spin bath, thus at low temperature. We found experimentally that the stretching exponant

evolved according tonHahn (297K) = 1.54,nHahn (130K) = 1.77,nHahn (28K) = 1.98, and that

in the same time,T2,Hahn evolved according toT2,Hahn (297K) = 55µ s, T2,Hahn (130K) = 84µ s,

T2,Hahn (28K) = 107µ s. This behavior is thus in good agreement with the theoretically expected

one17 describing passive decoherence of the shallow V2 spins induced by thermal fluctuations of

the nearby electronic spin bath. This also confirms the possibility to reduce somehow this passive

spin bath decoherence effect simply by thermal cooling.

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

Hahn echo decay, we checked thatT1 (in fact bothT1,bright andT1,dark (130K)= 4.8ms, depending
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Figure 5: a/ CPMG dynamical decoupling echo decay curves at T= 100 K of the shallow V2 spins
of the fully processed ion implanted 4H-SiC sample recordedfor Npulses= 1,2,3,6,10, at X band
(f=9.3 GHz), with B0 set at an angle of 20 degree with respect to the c axis of 4H-SiC, which is the
normal of the sample; Plaser= 43 mW at 785 nm; 7µ s delay between successive Pi pulse used in
the CPMG sequence; echo recorded on the low field EPR line of V2spins, using two steps phase
cycling; b/ Spin coherence time under CPMG DD,T2, cpmg, as extracted from a stretched exponen-
tial fit of the CPMG echo decay curves shown on a/, and presented as a function of the number of
Pi pulses in the CPMG DD sequence.T2, cpmg is noted hereTdse because it is due to spectral dif-
fusion induced by an electronic spin bath near the V2 spins. c/ and d/ Spin lattice relaxation time,
respectively notedT1,bright andT1,dark, depending whether continuous optical pumping was used
or pulsed optical pumping; we found c/T1,bright (130K)= 814µ s and d/T1,dark (130K)= 4.8ms,
with Plaser = 40 mW at 785 nm, echo recorded on the low field EPR line of V2 spins at B0= 3291.6
G, f=9.297 MHz.

whether continuous optical pumping was used or pulsed optical pumping), for example at around

130K, was much longer than theT2,Hahn (130K) = 84µ s, as shown on Fig.5c and 5d. This con-

firmed that spin lattice relaxation do not participate to themain decoherence process which affects

the shallow V2 spins, as expected from the known2 very long spin lattice relaxation timesT1,dark,

which were previously measured for bulk V2 spins.

While cooling the V2 spins and their nearby electron spin bath allows to slightly improve their

spin coherence time, it is well known10 that dynamical decoupling pulsed EPR methods can allow

a large increase of the spin coherence time of spin qubits by filtering a large part of the magnetic
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noise from their environment to which they are submitted, even at a rather high temperature. Thus,

we performed a dynamical decoupling study atT = 100K of the effect of Carr-Purcell-Meiboom-

Gill (CPMG) type10 microwave pulse sequences applied to those shallow V2 spinson their spin

coherence time,T2, cpmg (Fig.5a and 5b). As shown on Fig.5a, under application of CPMG dynami-

cal decoupling pulse sequence involvingNpulses Pi pulses, withNpulses = 1, 2, 3, 6, 10, we clearly

observed an increase of theT2, cpmg spin coherence time of the shallow V2 spins and a rapid satura-

tion of T2, cpmg with the number of Pi pulses used in the CPMG DD sequence. The detailed analysis

of those CPMG DD results (see Suppl. Info.), interpreted in the light of previous results obtained

on shallow NV centers,10 suggests that at 100K, our CPMG filter removes a large part of the low

frequency noise due to an electron spin bath sensed by the shallow V2 spins, localized near or at

the SiC surface. The saturation value ofT2, cpmg to 258µ s, extracted from this analysis, reveals

another decoherence source not removed by our CPMG filter. Wesuggest that it is either a high

frequency noise (related to some surface phonon in SiC) or aninstantaneous diffusion decoherence

process18 related to the local concentration of shallow V2 created near the SiC surface. Further

CPMG DD studies, performed with various CPMG filters and various SiC samples implanted at

various doses are necessary to determine the precise origine of thisT2, cpmg limit.

Finally, as we are interested to build hybrid paramagnetic-ferromagnetic SiC based quantum

devices,4,7,8particularly hybrid SiC-YiG quantum devices,4,7 here we present our first experiments

in this direction, demonstrating the magnetic interactionbetween V2 spins in SiC and a nearby

ferrimagnetic thin YIG film. In practice we used our 4H-SiC sample with shallow V2 spins and

we used a commercial thin film of YIG (insulating ferrimagnetic oxide:Y3Fe5O12, film thickness:

210 nm, normal direction to sample plane: <111>) of high quality, grown by liquid phase epitaxy

(LPE) on a GGG substrate. We first checked by Ferromagnetic Resonance (FMR) Experiments

performed at X band and RT versus the angle of the applied magnetic field with respect to the

<111> axis of YIG, that the FMR rotational pattern was well simulated assuming Bsat=1700 G

for the YIG thin film (Fig.6). Then, we put the two samples in close contact and then looked for a

signature of their dipolar magnetic interaction through the dipolar stray field produced by the YIG
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Figure 6: left/ Several Ferromagnetic resonance spectrum (FMR), obtained at X band and RT and
at various magnetic field orientation, of a YIG thin film on GGGsubstrate, which was used in this
study. The angle indicated is the one between the applied magnetic field and the <111> direction
of YIG, which is also the normal of the sample. An angle of 90 degree corresponds here to the
case when B0 and the normal of the YIG film are parallel. right/Extracted FMR rotational pattern
(magnetic resonance field versus angle, dashed dot blue line), as well as its numerical simulation
(red dot line) without any free parameter (Bsat= 1700 G and g=2.00 fixed).

thin film on the nearby V2 spins. The Fig.7 shows two V2 spin echo field sweep spectrum recorded

in this experimental situation but with two different orientations of the static magnetic field applied

with respect to the normal of the two solid samples in contact, as shown on the drawings of Fig.7.

Note that the normal of the two samples corresponds both to the c axis for 4H-SiC and to <111>

for YIG. The detailed analysis of those two V2 spin echo field sweep spectrum (see Suppl. Info.)

shows that in the two orthogonal configuration tested, the paramagnetic 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 (See Suppl. Info.), by means of standard

magnetostatic calculations, suggests that magnetic disksin this 210 nm thick YIG film, having an

average diameter close to 60µ m, can well reproduce the dipolar stray magnetic field sensed by

the V2 spins in SiC, which is responsible of their magnetic resonance shift. An open question
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remains however, which is the interpretation of such magnetic disks of 60µ m in diameter in a

YIG film considered in the fully saturated regime of its magnetization, where no static magnetic

domains are expected. We suggest here that the magnetic dipolar couplings between V2 spins

and nearby YIG spins combined with the intense resonant microwave drive of V2 spins used in

those experiments, can produce some drive of one or few ferrimagnetic spin wave resonance mode

of the YIG film. In this picture, the ferrimagnetic magnon coherence length would probably be

involved in this experiment. We note that previous studies of spin wave propagation in YIG have

shown that the YIG magnon coherence length can reach 31µ m in YIG (100 nm)/Pt waveguide

structures,20 despite the enhanced damping due to metal Pt. As here we use a YIG film (210 nm)

on GGG substrate, with an expected lower spin wave damping, it seems reasonable to assume
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a ferrimagnetic magnon coherence length in our sample on theorder of 60µ m. The detailed

investigation of this question is beyond the scope of this paper. What is clear however, is that

the observed shifts of opposite signs in the two configurations tested can not be explained by the

standard spin hamiltonian of V2 spins (H = g µB
→

B0 .
→

S +D
(

→

S .
→
ec

)2
) and are thus due to the

presence of the nearby YIG film, introducing an additional dipolar coupling hamiltonian between

V2 spins and nearby YIG spins. Those experiments thus constitute a demonstration of external

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

3 Discussion

Let us now discuss the relevance of the shallow implanted V2 spin qubits we successfully fabri-

cated here in the context of planed quantum sensing and quantum computing applications. In our

previous theoretial work on the SiC-YIG OD-PELDOR quantum sensor,7 capable of sensing at

nanoscale the electron spin labels of a nearby large target protein or the spin qubits of a nearby

large paramagnetic molecular nanocrystal (Fig.1b), we underlined the need of having a shallow

V2 spin probe with a sufficiently long spin coherence time. More precisely, in ODPELDOR, the

maximum distance that can be measured between target and probe spins is determined by the max-

imum dipolar evolution time, such that 20µ s are necessary to measure a distance of 10 nm, and

60µ s are necessary for measuring a distance of 15 nm. As the nano-object of interest for SiC-YIG

ODPELDOR sensing at nanoscale will have a diameter of 10 nm ormore, one immediatly con-

cludes that a shallow V2 spin qubit, located within the first 5nm below the SiC surface and having

a spin coherence time of at least 60µ s is required. As a long T1 of the dark spins (spin labels or re-

mote qubits) is also necessary,7 which almost always implies cooling the whole sample at or below

100K, havingT2(T = 100K) = 60µ s for the V2 shallow spin probe is what we need in practice.

Here, we have demonstrated that our shallow silicon vacancies V2 spin qubits are dipolar coupled

to an electronic spin bath, which seems localized near the SiC surface considering our first OP-

PELDOR and CPMG Dynamical Decoupling (DD) experiments. This spin bath limits the shallow
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V2 spin coherence time to aroundT2 = 84µs at 130K, without DD, which is however sufficient to

perform the planned nanoscale resolution OD-PELDOR experiments applied to structural biology.

We also showed thatT2 can reach around 100µs at 28K without DD, which offers some further

improvement. ExtendingT2 up to 220µs at 100K by CPMG DD has also been demonstrated here,

also suggesting that further improvements by DD are possible, even at 100K. It must be also noted

that surface passivation or surface capping has not been tested here, and this could also allow futur

improvements by eliminating or diluting the surface electronic spin bath which limitsT2 without

CPMG DD. It must be also underlined that here we performed spin ensemble measurements, such

that T2 = 84µs at 130K has to be considered as an average value, and future single shallow V2

spin experiments may reveal some distribution ofT2 values depending on the local surface spin

bath concentration experienced by those shallow single V2.

Finally, let us discuss our results in the context of quantumcomputing with V2 spin qubits intro-

duced by ion implantation in a SiC quantum device. Even simply considering single qubit quantum

gates, generally performed using short resonant microwavepulses (a typical Pi pulse in a 3D mi-

crowave cavity last 30 ns), one would need at leastT2 ≥ 300µs to go beyong the T2
Tgate 1Q

≥ 104

threshold previously established for fault tolerant quantum computing.19 T2 = 100µs at 28K with-

out DD is thus not sufficient for fault tolerant quantum computing with this kind of shallow V2

spins. ExtendingT2 up to 220µs at 100K by CPMG DD has been demonstrated here for our shal-

low V2 spin qubits, but it is still limited by either surface phonon or by the instantaneous diffusion

related to the too high local concentration of such shallow V2 spin qubits created by ion implan-

tation. However, assuming one wishes to perform quantum simulations on a diluted cluster of

dipolar coupled V2 spins (or a mixture of V2 and V1 silicon vacancies spin qubits), created by ion

implantation at low dose and submitted to the strong dipolarmagnetic field gradient produced by a

nearby YIG nanostripe, located at an optimal distance ofxopt = 150nm from V2 spin qubits7,8(see

Fig.1), then in that case, we see we do not need anymore the very shallow V2 spin qubits used

for OD-PELDOR quantum sensing. One just needs here V2 spins located between 100 nm and

200 nm below the SiC surface for quantum computing. In that case, the V2 spins should become
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strongly isolated from the intrinsic surface noise of SiC, which is detrimental to theirT2, and also

from the noise related to thermal fluctuations of the nearby ferrimagnetic YiG nanostripe.7,8 If one

assumes that at such a large distance from the surface of SiC,the V2 spins have spin coherence

properties similar to those previously measured for bulk V2spins,2 then one expect to extend the

T2 of such nearly bulk V2 spin qubits up toT2, cpmg = 45m s at 17K using a 105 CPMG DD

pulse sequence, as it was previously demonstrated at lower magnetic field.2 It was also deduced

by extrapolation that using a 107 CPMG DD pulse sequence, one could reachT2, cpmg = 300ms

at 17K.2 Now, considering two V2 electron spins in the V2 cluster separated by a distance of

10 nm, one would need typically a dipolar evolution time of around 20µ s, as already discussed

above in the ODPELDOR quantum sensing context, to perform a two qubit quantum gate, such

that one would needT2 ≥ 200ms to go beyong the T2
Tgate 2Q

≥ 104 threshold requiered for fault

tolerant quantum computing with such a diluted cluster of V2spins. Thus, using a ion implanted

cluster of nearly bulk V2 spins located few hundreds of nanometers below the SiC surface, using

intensive dynamical decoupling microwave pulse sequencesbelow 17 K, using the strong mag-

netic field gradient produced by a nearby YiG ferrimagnetic nanostripe (between 0.1 G/nm and

0.5 G/nm),7,8 and using resonant selective optical and microwave manipulations6 of the various

V2 spin qubits, it seems feasible to perform fault tolerant quantum computing at X band (10 GHz)

using an hybrid SiC-YIG quantum device, such as the one shownon Fig.1a. Adding one or few V1

silicon vacancies (or few other SiC color centers more appropriate for quantum communication)

to this V2 cluster of spin qubits would also offer interesting possibilities for an optical fiber based

spin-photon interface5 compatible with the proposed experimental approach,7 and which could be

usefull for extending the scalability of such an intermediate-scale fault-tolerant hybrid SiC-YIG

quantum computing approach.7,8 As a last remark, we note that diluted non-zero nuclear spinsin

the SiC device, like those of29Si or 13C, present from growth or introduced by ion implantation

nearby the cluster of V2 spin qubits, could also be used as a quantum ressource,5 both for long

term storage of quantum states, and for extending the scalability of such an intermediate-scale

fault-tolerant hybrid SiC-YIG quantum computer without using the spin-photon interface.
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4 Conclusion

In conclusion, here we have demonstrated i/ a new methodology for creating shallow VSi spin

qubits located at nanoscale distance below the SiC surface by low energy ion implantation through

a sacrificialSiO2 layer, ii/ that those shallow Vsi spin qubits are dipolar coupled to an electronic

spin bath, probably localized near or at the surface, analysing Hahn echo decay, dynamical decou-

pling (DD), and OP-PELDOR experiments, iii/ that their coherence time increase with cooling the

spin bath (from 55µs at 297K, to 84µs at 130K, and to 107µs at 28K), and that it can be further

extended to 220µs at 100K by DD. At temperatures below 130K, with or without DD,the spin co-

herence time of those shallow V2 spin probes is thus clearly sufficient for OD-PELDOR quantum

sensing applications. Finally, iv/ we demonstrated the shift of the shallow V2 spin qubits magnetic

resonance induced by the stray field of a nearby YIG film. This demonstrates external YIG spins

sensing by V2 spins in SiC. This work thus constitutes a promising step towards the development

of the recently proposed SiC-YIG hybrid quantum devices, for both nanoscale ODPELDOR quan-

tum sensing and for spin based fault tolerant quantum computing technologies, which have both

the advantage that they could be fiber integrated to a state ofart commercially available pulsed

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

5 Supplementary Information

Details on the fabrication of shallow silicon vacancies.

First, we start with a high purity and semi-insulating commercial 4H-SiC wafer. Due to growth,

this substrate already contains many bulk defects, including the silicon vacancies defects we are

interested in here. As it is well known that those silicon vacancies spin qubits color centers can be

removed by a high temperature annealing typically above 800◦ C, we started by a long 1100◦C

thermal annealing under argon gaz of this wafer. As it is shown on Fig.2a, a cw EPR (electron

paramagnetic resonance) study of this annealing process, called the Reset process, was performed

at room temperature under optical pumping. It is clearly seen on Fig.2a that after 8 days of such an
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annealing, the photo-EPR signal of V2 type silicon vacancies at X band (around 9.7 GHz) was no

more detected. Using other reference pieces of this wafer, and using profilometry and ellipsometry

experiments (not shown), we determined the oxidation rate of 4H-SiC by thermal oxidation under

pure Oxygen at 1100◦C, as well as the chemical etching rate of the resultingSiO2 layer by a di-

luted solution of HF. In our experimental conditions, we found an etching rate close to 63 nm per

minute, thus of roughly 1 nm per second. Of course, slower or faster etching rates ofSiO2 on SiC

could be designed, depending on the HF solution concentration. Controlling the 4H-SiC oxidation

rate and the SiO2 chemical etching rate, we fabricated a 74 nmoxide layer on our Reset and oxi-

dized 4H-SiC wafer, which was then used as a sacrificial layerfor the subsequent ion implantation

process. SRIM simulation indicated that for such a system,SiO2 (74 nm)/4H-SiC(infinite),C+

ions having an energy of around 23 keV would produce a maximumof silicon vacancies near the

SiO2/4H-SiC interface. Thus, 23 keVC+ ions were implanted through this 74 nm oxide layer at a

dose of 21013cm−2. The SiO2 was then removed from the implanted 4H-SiC sample by a full HF

etching, producing a nearly half gaussian distribution of silicon vacancies below the SiC surface,

with a maximum at the surface and a half width of around 25 nm, according to SRIM simulations

(see further). Finally, as we wanted to activate a large enough ensemble of those shallow silicon

vacancies created by ion implantation, we then performed a post implantation annealing of 90

minutes at 700◦C under argon gas, in order to optimize the amount of shallow silicon vacancies

of V2 type in this implanted 4H-SiC sample. Still using CW photo-EPR, we clearly observed the

re-appearance of the silicon vacancies in our 4H-SiC sampleas a result of this ion implantation

process (see Fig.2b), as requiered for a full pulsed EPR study of their quantum spin coherence

properties.

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

SiC through a sacrificial SiO2 layer, used here to create shallow V2 spins.

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

here in details.

All the magnetic resonance experiments presented here wereperformed on a commercial

ELEXYS E580 pulsed EPR spectrometer from BRUKER operating at X band (9.3 - 9.7 GHz).

This pulsed EPR spectrometer was interfaced by means of an optical fiber to a standard external

photolminescence setup, allowing both laser light excitation at 785 nm and photoluminescence

collection and detection, following previously publishedmethodologies for fiber based OP-pulsed

EPR, OP-PELDOR and ODMR.4,7

Details on the analysis of CPMG DD experiments on the shallowV2 spins.

Following the previously described method used for shallowNV centers in diamond,10 we ex-

tractedT2, cpmg from a stretched exponential fit (exp
[

−

(

t
T2, cpmg

)α]
) of the echo decay under

CPMG sequence. As shown on Fig.5a, under application of CPMGdynamical decoupling pulse

sequence involvingNpulses Pi pulses, withNpulses = 1, 2, 3, 6, 10, we clearly observed an increase

of theT2, cpmg spin coherence time of the shallow V2 spins (respectively,T2, cpmg in µ s andα were

found to be: (89,1.86), (111,1.79), (136,2.06), (197,1.99), (224,2.28)). To further investigate the

nature of the noise filtering effect of this CPMG pulse sequence on the electronic spin bath nearby

the shallow V2 spins, we plotted on Fig.5b,T2, cpmg as a function ofNpulses, the number of Pi

pulses in the CPMG sequence. We observed a saturation effectwith respect toNpulses, starting

at a low value ofNpulses. This effect was previously observed for isolated shallow NV centers in

diamond.10 In this previous study on isolated shallow NV centers, the data were fitted by a func-

tion of the typeT2, cpmg
(

Npulses , Nsat , k , T2,1p
)

= T2,1p

(

Nk
sat +

(

Nk
pulses − Nk

sat

)

e−
Npulses

Nsat

)

. For

shallow NV centers in diamond located 20 nm below the surface, the fit reported gave the param-

eterk = 0.53, close to thek = 2/3 expected for a simple lorentzian spin bath,10 while for very

shallow NV centers in diamond (2 or 3 nm below the surface), the fit reported gave the param-

eter k in the range[0.30, 0.48].10 Concerning the parameterNsat found for shallow NV centers
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in diamond, it was found in the range[13, 200],10 depending on the depth and surface proper-

ties of the diamond surface. Here, the fit of our CPMG results at T=100K on shallow V2 spins

in 4H-SiC provided the parameters:Nsat = 17.38, k = 0.44 +/− 0.1, T2,1p = 73360n s, and

thus an optimal shallow V2 spin coherence time in SiC with ourCPMG noise filtering sequence of

T2, cpmg ∞ = 258µ s, which can be reached with a good approximation usingNpulses ≥≥ Nsat = 17.

The valuek = 0.44+/− 0.1 that we found is close to the values observed for isolated shallow NV

centers. This is somehow expected here because we performedCPMG experiments on V2 spins

ensemble, distributed according to SRIM after C+ ion implantation, mainly between 0 nm and 25

nm below the SiC surface. This value ofk = 0.44+/− 0.1 is however closer to the values found

for very shallow NV centers in diamond10 which were more exposed to the surface noise, which

was considered as a 2D surface spin bath with a correlation time at room temperature of around

τc (RT ) = 11µ s. As here, our V2 spin distribution is expected to be roughly ahalf gaussian with

maximum at the SiC surface, this seems reasonable. This similarity in the k factor value also sug-

gests that in our case the surface noise is also due to an electronic spin bath, as already suggested by

our PELDOR experiments (Fig.3b) and Hahn echo decay experiments versus temperature (Fig.4).

Note that our CPMG experiments were performed at a fixed delayτ = 7µ s between the Pi pulses,

corresponding to a CPMG filter function centered at aroundf0 = 1
2τ = 71kHz. With Npulses = 10,

the spectral bandwidth of this CPMG filter is of around 7kHz. Here we found a rapid saturation of

T2, cpmg with the number of Pi pulses. This is also somehow expected because by cooling our 4H-

SiC sample at T=100K, the spin bath is also cooled and thus itscorrelation time becomes longer,

typically on the order of the spin lattice relaxation time ofthe spin specy that constitute the surface

spin bath at this temperature. Assuming that at 100K, the surface spin bath has a correlation time

τc (100K) = 1ms (thus fnoise cuto f f = 1
τc

= 1kHz), with an associated spectral density of noise of

the formS (ω) = ∆2

π
τc

1+(ω τc)
2 (∆ being the spin qubit - spin bath coupling in this model),10 then

we see that our CPMG filter atf0 = 1
2τ = 71kHz with N=10 removes a large part of this noise. As

the CPMG filter becomes narrower and narrower when the numberof Pi pulses increase, this could

explains whyT2, cpmg saturates rapidly with the number of Pi pulses applied in ourexperimental
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conditions.

The remaining question is what is the fundamental decoherence process which remains in our

CPMG experiments at T=100K and which is responsible for the ultimate valueT2, cpmg ∞ = 258µ s.

Here we suggest two possibilities. Either, like for shallowNV centers in diamond,10 another

noise contribution has to be considered which is related to surface phonon in SiC and which

would have a spectral density of noise with a frequency cutoff located at a much higher fre-

quency, like around 10 MHz as it was found for shallow NV centers in diamond.10 Our CPMG

noise filter at f0 = 1
2τ = 71kHz with N=10 could thus not remove efficiently this high fre-

quency noise, which would explainT2, cpmg ∞ = 258µ s. The other possibility, which is pos-

sible in our study but which was not possible in the previous study of shallow NV centers, is

that T2, cpmg ∞ = 258µ s is in fact limited by the instantaneous diffusion decoherence process18

which exist when spin ensemble are studied and which can not be removed by CPMG dynamical

decoupling methods. Thus, the ultimate spin coherence timein our sample for the shallow V2

spins would beT2, cpmg ∞ = TID = 258µ s. To decide between those two possible explanations of

T2, cpmg ∞ = 258µ s, one needs to perform a set of similar CPMG noise spectroscopy experiments

with various CPMG filter at various filter frequencies, with various bandwidth, eventually at vari-

ous temperature, and on various samples with various doses of C+ ions implanted below the SiC

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

Detailed analysis of the two shift of opposite sign observedon the V2 magnetic resonance lines

when placing a YIG thin film into contact with our implanted SiC sample.

The first field direction applied was perpendicular to the normal of the two solid samples, SiC and

YIG (Fig.7 top spectrum), and the second one was parallel to this normal (Fig.7 bottom spectrum).

For a magnetic field applied perpendicular to the c axis of 4H-SiC, without YIG and just consider-

ing the well known spin hamiltonianH = g µB
→

B0 .
→

S +D
(

→

S .
→
ec

)2
, with

→
ec the unit vector along

the C axis of 4H-SiC,g = 2.0028 andD = 35MHz, one expects two V2 EPR lines splittted by

25 Gauss, centered around the field resonance value corresponding tog = 2.0028 at the fixed mi-
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crowave frequency used. For a magnetic field applied parallel to the c axis of 4H-SiC, one expects,

without YIG, two V2 EPR lines splittted by 50 Gauss, centeredaround the field resonance value

corresponding tog = 2.0028 at the fixed microwave frequency used. We clearly observe on the

Fig.7 top spectrum two V2 EPR lines splittted by 25 Gauss as expected in this configuration, but

not centered around a field resonance value corresponding tog = 2.0028 at the fixed microwave

frequency used, but at a higher magnetic field value, corresponding to a shift of around+2.5G.

This shift of the two EPR lines towards higher magnetic field values can be explained if one consid-

ers that a dipolar stray magnetic field produced by the YIG magnetic film is sensed by the shallow

V2 spins and that it has the same direction as the one of the externally applied magnetic field, but

is of opposite sens. This is qualitatively what one expects in this first experimental configuration,

as schematically explained by the drawing nearby the Fig.7 top spectrum. We also clearly observe

on the Fig.7 bottom spectrum two V2 EPR lines splittted by 50 Gauss as expected in this second

configuration, but not centered around a field resonance value corresponding tog = 2.0028 at

the fixed microwave frequency used, but at a lower magnetic field value, corresponding to a shift

of around− 4.4G. This shift of the two EPR lines towards lower magnetic field values can be

explained again, if one considers that a dipolar stray magnetic field produced by the YIG magnetic

film is sensed by the shallow V2 spins and that it has the same direction as the one of the externally

applied magnetic field (along the c axis of SiC, which is also the <111> axis of YIG) and also

the same sens. This is qualitatively what one expects in thissecond experimental configuration, as

schematically explained by the drawing nearby the Fig.7 bottom spectrum.

One question remains which concerns the microscopic originof this dipolar stray magnetic field

sensed by the V2 spins in SiC, located below the YIG thin film, which is related to the quantita-

tive analysis of the observed shift in the V2 magnetic resonance position. Indeed, for a uniformly

magnetized thin film, with static magnetic domains of infinite dimension, one would expect no

dipolar stray magnetic field which could be sensed by the V2 spins in SiC located nearby the YIG

film. However, if one makes the hypothesis that we have a typical magnetic length of 60µ m

involved in this experiment (see text for discussion of its origin), then standard magnetostatic cal-
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culations (not shown) allow to explain those two shift of opposite sens, simply assuming magnetic

squares (or disk) exist into the YIG thin film, with the dimension of one edge of the square being

aedge = 60µ m, assuming a film thickness of 210n m, and assuming a saturation magnetization of

this YIG film of Bsat = 1700G, as confirmed by our YIG film FMR experiments (Fig.6). More pre-

cisely, the calculations show that one expect a dipolar stray magnetic field induced shift of around

+2.5 G for the case where V2 spins are located anywhere withinthe first 6µ m below the SiC

surface and at the vertical of the center of the magnetic square considered, and when the magnetic

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

that one expects a dipolar stray magnetic field induced shiftof -5 G for the case were V2 spins are

located anywhere within the first 6µ m below the SiC surface and at the vertical of the center of

the magnetic square considered, and when the magnetic field was applied parallel to the normal

of the two solid samples. The magnetostatic calculations are thus in good quantitative agreement

with the experimentally observed shift.
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Figure 8: SRIM simulation of the ion implantation process of23 keV C+ ions through a 74.5 nm
SiO2 sacrificial layer present on top of the 4H-SiC substratepre-processed (see text).
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Figure 9: Infrared micro-photoluminescence spectrum of the 8 days annealed 4H-SiC reference
sample (in blue) and the one of the fully processed and ion implanted 4H-SiC sample studied here
in details (in red). Spectrum obtained on a micro-Raman spectrometer at RT (300K), objective
*100, NA=0.9, Plaser= 90mW at 532 nm, Tinteg= 60sec.
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