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Siliconcarbide(SiC)-baseddefectsarepromisingforquantumcommunications,quantuminformationpro-
cessing,andforthenextgenerationofquantumsensors,astheyfeaturelongcoherencetimes,frequenciesnear
thetelecom,andopticalandmicrowavetransitions.Forsuchapplications,theefficientinitializationofthespin
stateisnecessary. Wedevelopatheoreticaldescriptionofthespinpolarizationprocessbyusingtheintersys-
temcrossingofthesiliconvacancydefect,whichisenabledbyacombinationofopticaldriving,spin-orbit
coupling,andinteractionwithvibrationalmodes.Byusingdistinctopticaldrives,weanalyzetwospinpo-
larizationchannels.Interestingly,wefindthatdifferentspinprojectionsofthegroundstatemanifoldcanbe
polarized.Thisworkhelpstounderstandinitializationandreadoutofthesiliconvacancyandexplainssome
existingexperimentswiththesiliconvacancycenterinSiC.

I. INTRODUCTION

Colorcentersinsiliconcarbide(SiC)havebeenofinterest
overthelastseveralyearsascandidateplatformsalternativeto
theNVcenterindiamondforquantuminformationandsens-
ingapplications[1–6].SiCisattractiveduetothefollowing
properties:ithasalargebandgaptohostdeepdefects[7]and
benefitsfrommaturefabricationtechniques[8];itisCMOS-
compatible[9],anditiscost-effectivecomparedtodiamond.
ThetwomoststudieddefectsinSiCtodatearethedivacancy
(amissingpairofneighboringSiandCatoms)[10–13]and
themonovacancy(amissingSiatom)[14–17].Bothofthese
vacancycentershavepromisingfeaturesforquantuminfor-
mationapplications,suchaslongspincoherencetimes,even
atroomtemperature,andbothopticalandmicrowavetransi-
tionsforcontrol[8,10].
LiketheNVcenterindiamond,thedivacancyinSiChas

sixactiveelectronsassociatedwithit,thesametotalspinanda
similarelectronicstructure.Asaresult,priorinvestigationsof
theNVcenterindiamond[18,19]canbeusedtounderstand,
atleastqualitatively,theelectronicstructureanddynamicsof
theSiCdivacancy. Ontheotherhand,theSimonovacancy
(henceforthreferredtoasVSi)hasfiveactiveelectrons,lead-
ingtoahalf-integertotalspin( inthegroundstate)and
adistinctelectronicstructure.Thishigh-spincharacterofVSi
canprovideadditionalcapabilitiesofinterestinapplications.
Forexample,VSihasbeenusedforvectormagnetometry[20–
22]andall-opticalmagnetometry[6].Inaddition,thisdefect
hasbeenshowntofeatureafewdifferenttransitionsforpo-
tentialuseinspin-photoninterfaces[23,24].
Apreviousworkbyoneofus[25]foundthesymmetry-

adaptedmulti-particlestatesofVSiusinggrouptheoryand
DFT.Goingbeyondtheelectronicstructureandunderstand-
ingthephysicsunderopticaldriveandthemicroscopicmech-
anismsoftheresultingspinpolarization(opticalpumping)is
crucial,bothforapplicationsandforadeeperunderstanding
ofthedefect.SuchananalysisiscurrentlylackingforVSi.
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Inthispaperweaddressthisissueandpresentadetailed
theoreticalanalysisoftheintersystemcrossingmechanism
andthedynamicsofVSiunderopticaldrive. Ourworkex-
aminestheinterplayofthephysicalmechanismsresponsi-
bleforthegenerationofspinpolarization,namelyspin-orbit
coupling(SOC)andcouplingbetweenthedefectelectronic
statesandvibrationalmodes,andrevealswhichpathsamong
themanyallowedtransitionscanyieldspinpolarization. We
showthatforathoroughdescriptionofthisprocess,additional
levels,notincludedinRef.[25],needtobetakenintoac-
count.Throughnumericalsimulationsoftheopticalpolar-
izationprocessandcomparisontoexperiment,wecandeduce
typicalvaluesoftheintersystemcrossingrates. Wefindthat
initializationtoboththe andthe states
canoccur,dependingontheexcitedstatemanifolddrivenby
thelaserandtherelativerelaxationratesamongthedoublets.
Ourworkprovidesamicroscopiccounterparttophenomeno-
logicalmodelsthathavebeenusedtoexplainspinpolarization
experimentsinVSi[26].

Thepaperisstructuredasfollows.InSectionIIwegive
abriefintroductiontothe pointgroup,basedonwhich
themanybodywavefunctionsareobtained.InSectionIII,
weintroducetheconceptofintersystemcrossing(ISC)and
thetermsintheHamiltonianthatcontributetoISCinVSi.In
SectionIV,wedemonstratetwooptically-drivenspinpolar-
izationprotocolsfromtwodistinctchannelscorrespondingto
twodifferentexcitedstatemanifolds. Wesimulatenumeri-
callythedynamicsusingaLindbladequationandshowthat
spinpolarizationcanbeobtainedefficientlywithintheground
quartets.

II. OVERVIEWOF vSYMMETRYIN Si

TherearetwoinequivalentvacancysitesinSiC,onehexag-
onal(h)andonequasi-cubic(k)fortheVSi[14].Thelocal
symmetryofVSiinbothcasesisdescribedbythe point
group[27](seeAppendixAformoredetails).Basedonthe
projectionformula,wecanfindthesymmetryadapted

manybodywavefunctions(i.e.,threebodyintheholespic-
ture)intermsofthesingle-particlesymmetryadaptedmolec-
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TABLEI.SOCbetweenquartetsanddoublets(weusedtheSOCmixedq2andd6,labeledasprime).

Ψ1g Ψ2g Ψ3g Ψ4g Ψ1q1 Ψ2q1 Ψ3q1 Ψ4q1 Ψ1
q2 Ψ2

q2 Ψ3
q2 Ψ4

q2 Ψ5
q2 Ψ6

q2 Ψ7
q2 Ψ8

q2

Ψ1d1 −λ⊥1 −λ⊥1 0 0 −λ⊥2 −λ⊥2 0 0 0 0 0 0 0 0 0 0
Ψ2d1 iλ⊥1 −iλ⊥1 0 0 iλ⊥2 −iλ⊥2 0 0 0 0 0 0 0 0 0 0

Ψ3d1 0 0
iλ⊥1√
3

−
λ⊥1√
3

0 0
iλ⊥2√
3

−
λ⊥2√
3

0 0 0 0 0 0 0 0

Ψ4d1 0 0 −
iλ⊥1√
3

−
λ⊥1√
3

0 0 −
iλ⊥2√
3

−
λ⊥2√
3

0 0 0 0 0 0 0 0

Ψ1d2(d7) 0 0 0 0 0 0 0 0 0 0 ±
iλ⊥2
3
√
2
∓
iλ⊥2
3
√
2

0 0 0
iλ⊥2
∓
√
3

Ψ2d2(d7) 0 0 0 0 0 0 0 0 0 0 ±
λ⊥2
3
√
2
±
λ⊥2
3
√
2

0 0
iλ⊥2
∓
√
3

0

Ψ1d3(d8) 0 0 0 0 0 0 0 0 ±iλ⊥2±λ⊥2 0 0 0 0 0 0

Ψ2d3(d8) 0 0 0 0 0 0 0 0 ∓iλ⊥2∓λ⊥2 0 0 0 0 0 0

Ψ3d3(d8) 0 0 0 0 0 0 0 0 0 0 0 0 0
√
2λ⊥2
±
√
3

0 0

Ψ4d3(d8) 0 0 0 0 0 0 0 0 0 0 0 0
√
2λ⊥2
∓
√
3

0 0 0

Ψ1d4(d9) 0 0 4i√
6
λ(0) 0 0 0 0(4i√

6
λ) 0 0 0 ±

λ⊥2√
6
∓
λ⊥2√
6

0 0 0 ±λ⊥2

Ψ2d4(d9) 0 0 0 4i
−
√
6
λ(0) 0 0 0 0(−4i√

6
λ) 0 0 ±

iλ⊥2√
6
±
iλ⊥2√
6

0 0 ∓λ⊥2 0

Ψ1d5 −iλ†⊥1 −iλ†⊥1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ψ2d5 λ†⊥1 −λ†⊥1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ψ3d5 0 0
λ
†
⊥1√
3

iλ
†
⊥1√
3

0 0 0 0 0 0 0 0 0 0 0 0

Ψ4d5 0 0 −
λ
†
⊥1√
3

iλ
†
⊥1√
3

0 0 0 0 0 0 0 0 0 0 0 0

Ψ1
d6

√
3
2 λ

†
⊥2

√
3
2 λ

†
⊥2 0 0

√
3
2 λ

†
⊥1

√
3
2 λ

†
⊥1 0 0 0 0 0 0 0 0 0 0

Ψ2
d6

λ
†
⊥2

−2
√
3

−
λ
†
⊥2
2
√
3

0 0
λ
†
⊥1
2
√
3

λ
†
⊥1
2
√
3

0 0 0 0 0 0
2λ

3 0 0 0

Ψ3
d6

i
√
3

−2λ
†
⊥2

i
√
3
2 λ

†
⊥2 0 0 i

√
3

−2λ
†
⊥1

i
√
3
2 λ

†
⊥1 0 0 0 0 0 0 0 0 0 0

Ψ4
d6

iλ
†
⊥2

2
√
3

−iλ
†
⊥2

2
√
3

0 0
−iλ

†
⊥1

2
√
3

iλ
†
⊥1

2
√
3

0 0 0 0 0 0 0
2λ

3 0 0
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FIG.1.Electronicconfigurationcharacterizedbytwodifferenttotal
spinnumbers.Thelevelspacingismeanttoconveyqualitativelyour
currentunderstandingoftheorderingofthestates.Thed7,d8,d9
doubletscanbemappedfromd2,d3,d4underv→ uorbitaltrans-
formation(similartomappinggtoq1),theyareplottedhorizontally
togetherforbrevity.The symbols,whichareonlyonthesecond
excitedquartet(q2)andthesixthdoublet(d6),indicatethenatural
mixtureofwavefunctionsincurredbyspin-orbitcoupling.

ularorbitals,i.e.,ex,ey,vandu.ThiswasdoneinRef.[25]
tofindmost,butnotall,ofthestates.Herewefindtheaddi-
tionalstates,fourdoubletslabelledd6−d9,whicharecrucial
fortheintersystemcrossingofthedefect.Allstatesarepre-
sentedinAppendixAandshowninFig.1.

Thespin-orbitcoupling(SOC), whichcouplesthe
symmetry-adaptedwavefunctionsbothwithinthedegenerate
manifoldsandfromdifferentmanifolds,isexpressedas:

HSOC=
j

lj·sj (1)

wherethelandsareorbital/spinangularmomentumopera-
torsandthesummationindexjisondifferentparticles. We
foundtheSOCmixesthewavefunctionswithinq2andd6
only,andthemixedwavefunctions(alllabelledbyprime

hereafter)are:{Ψ
(1−8)
q2 }= {(Ψ2q2−iΨ

1
q1)/
√
2,(Ψ4q2+

iΨ3q1)/
√
2,Ψ7q1,Ψ

8
q1,Ψ

5
q1,Ψ

6
q1,(Ψ

4
q2−iΨ

3
q1)/
√
2,(Ψ2q2+

iΨ1q1)/
√
2},which werealsoderivedinprevious work

[25]and{Ψ
(1−4)
d6 } = {(−Ψ1d6 + Ψ

2
d6)/
√
2;(Ψ1d6 +

Ψ2d6)/
√
2;(−Ψ3d6+Ψ

4
d6)/
√
2;(Ψ3d6+Ψ

4
d6)/
√
2},whichwere

notfoundbefore.Inthefollowingcontext,wealwaysusethe
mixedstatesandneglecttheprimeandstarnotationonthem.

III. INTERSYSTEMCROSSING

Intersystemcrossing(ISC)isanon-radiativemechanismof
transitionbetweenelectronicstateswithdifferentspinnum-

bers.FortheVSiinSiC,thetotalspiniseitherS=
3
2(spin

quartets)orS= 1
2(spindoublets)asshowninFig.1.Op-

ticalpumpingalonecannotrealizeISC,asitdoesnotcou-
plestateswithdifferenttotalspinorspinprojection. The
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strongestspinchangingmechanismisSOC(spin-spininterac-
tionsareweakerandwillbeneglectedinourcalculation).The
SOCnotonlymixeswavefunctionswithinthesubmanifold,
butalso,importantly,coupleswavefunctionsfromquartets
anddoublets.Torepresentthecouplingstrength,byusingthe
Wigner-Eckarttheoremtoreducetheresult,wecansimplify
theSOCbetweenanytwowavefunctionstothreeparame-
ters ,

and (where isanopera-

torbelongingtothe representationof )only,whichare
quantifiedin[28].Thesymmetryoforbitalandspinangular
momentumoperatorsare:

.TheSOCbetweenquartetsanddoubletsareinTableI.
OneshouldnotethatinTableIweusethemixedwavefunc-
tionsfor and andtheyhavetheprimesymbols. The
actualtransitiondynamicsalsocontainthephonon-assisted
transition(weusetheterm‘phonon’somewhatlooselyinthis
worktorefertobothdelocalizedandlocalizedvibrational
modes).Therefore,inthissectionwefocusonhowphonons
coupletoelectronictransitionsintheISCprocess. Wefollow
asimilarapproachtoGoldmanetal.[29,30],whilewenote
thattheISCmechanisminVSiismuchmorecomplexthanin
theNVcenterduetothethelargertotalspinnumberandthe
highernumberofenergylevels,whichenablealargernumber
oftransitions.

TheSOCandphononcouplingcanbecombinedtodescribe
theISCtransitionrate,thereforeeachelectronicstateinthe
transitionalprocessshouldbegenerallydressedbythevibra-
tionalstate,whichweusetolabelthetotalstate.Forexample,

representsthefirstexcitedquartetinitsgroundvibra-
tionalstate.FortheISCstartingfromaspecificquartettoa
targetdoublet,thedirectISCrateis:

(2)

where, representsequivalenceuptonumericalfactorsfrom
SOCamongspecificquartetandtargetdoublets,whichcan
befoundinTableI.States and arethegroundvi-
brationalstateofthequartetandanexcitedvibrationalstate
ofthetargetdoubletrespectively; istheenergyseparat-
ingtheexcitedvibrationallevelofthedoubletanditsground
vibrationalstate; istheenergydifferencebetween and
thetargetdoubletwhenbothareattheirgroundvibrational
states( ).Theaboveformulaonlycapturesthe
unexcited(ground)vibrationalmodefor whileanexcited
versioncanbederivedsimilarly(Eq.(B4)). Generally,the
strengthoftheISCdependsontheenergydifference be-
tweeninitialandfinalstates;theISCwillbeweakif istoo

largeforthevibrationalmodestoovercome.Intermsofthe
energyseparationtotheexcitedquartets,wecanclassifythe
doubletsintotwogroups and
dependingontheirorbitalconfigurations.

Generally,phononsdocoupledifferentelectronicstates.
Wecanrepresenttheelectron-phononinteractionas:

e-ph ph (3)

wheretheprojectorsonsingleorbitals(AppendixB)giverise
totheprojectorphamongsymmetry-adaptedwavefunctions,
and isthephononcouplingrate(alsoshowninEq.(B1));

and aretheannihilationandcreationoperatorswith
wavevector andpolarization .InFig.2,basedontheap-
plicationofselectionrules,weshowthepermittedphononic
transitionsamongsomerepresentativedoubletsintermsof
phononsymmetrytype. Thepossiblephononictransitions
withindoubletsassistthedynamicsofISC,e.g.inSection
IV,twodoublets and contributetotheISCdynamics
torealizespinpolarization.Phononsof symmetrycouple

and ,andwithintheinteractionHamiltonianwefindthe
projectorsforthesymmetry-adaptedwavefunctionstobe:

ph

(4)

ph

(5)

Oncethephononicdensityofstatesiscalculated,theabove
projectorsalong withEq. (2)canquantifytherate. ISC
throughotherdoubletsnotaccessiblebySOCcanoccur
throughanindirect(2ndorder)process.Forinstance, and

arenotdirectlycoupledbySOC,buttheyareindirectly
coupledas .The transitionisenabled
bySOC.

Thesecondpartofthetransitioncanoccurthroughre-
laxationviaemissionofeitherphonons,photons,orboth.
Thecaseofonlyphonon-mediatedrelaxation,schematically
showninFig.3(a), phononsareinvolved:

SOC phonon

UsingthesecondorderFermigoldenrule,inthisscenariowe
obtainthesecondorderISCrateas(seeAppendixB):
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(6)

where .
Therelaxationbetweendoubletscanalsoincludeaspon-

taneousphotonemission,witheither or symmetry(po-
larizationalong orinthe planerespectively),asindi-
catedinFig.3(b).Suchaprocessismostlikelythedominant
mechanismforrelaxationbetweendoubletsfromthegroup

andthosefrom ,compared
toapurelyphonon-drivenscenario,duetothelargeenergy
differencebetweenthegroups.Thisisanalogoustotheinter-
systemcrossingandspinpolarizationcycleintheNVcenter
indiamond,whereanopticaltransitionbetweensingletshas
beenobserved[31,32].

IV. SPINPOLARIZATIONVIAOPTICALLYDRIVENISC

Theoptically-assistedspinpolarizationdynamicshave
beenanalyzedintheNVcenter,andtheassociated mi-
croscopicmechanismshavebeenidentifiedandquantified
[29,30,33].Here,weuseourmodelfromtheprevioussec-
tiontoconstructsimilarspin-polarizationprotocolsforVSi.
Asthequartetshavetwoexcitedmanifolds,i.e.,thefirstex-
citedquartet andthesecondexcitedquartet ,ISCcan
occureitherbetween anddoubletsorbetween anddou-
blets.WefirstexplorethefirstISCfrom .

A. Firstspinpolarizationchannel:from to

Basedonthecalculatedspin-orbitcouplingmatrixele-
mentsfromTableI,wefindthatthefirstISCfrom occursto
doublets , and ,whileotherdoubletsarenotdirectly
coupledto (seeFig.3).
FollowingthemethodinSectionIIIthecorresponding

to transitionrateis:

- (7)

where, istheoverlapofstatesbetweenphonon
groundstatesandexcitedstates.Similarly,the to transi-
tionrateis:

- (8)

Thistransitionrateisnonzeroonlyforthe

DOUBLETS
2E(!")

2E (uve)

2#$(v!
%)2&(v!%)2#%(v!

%)

'(

')'"'%

'$

E   phonons A+phonons

2#$(u!
%)2&(u!%)2#%(u!

%)

','-'.

A+photonsE   photons

states.

FIG.2.Selectionrulesfortheinter-doubletrelaxationprocess,which
isaccompaniedbytheemissionofaphononoraphoton(orboth).
Photonemissionprocessisrepresentedbycurlylinesandphonon
processbystraightlinesfor (green/solid)and (brown/dashedor
dotted).Fortransitionswithlargeenergydifference,phononprocess
aloneisunlikely.Themorephysicalcaseinvolvesacombinationof
photonandphononprocess.

Thesameapproachcanbeappliedto toobtainasimilar
equation. Howeverthetransitionfrom to ispresum-
ablymuchstrongerthanthatfrom to asboth and
stateshave orbitalconfigurationsand,moreimportantly,
itisenergeticallymuchcloserto ,whereasthevibrational
modesof cannotcompensateforthelarge ,making
thetransitionratemuchweaker. Moreover,the
and ISCchannelsfeatureaspin-conservingmech-
anism,i.e.,thespinprojectionof stateswillbepreserved
afterthecycle.Thereforetheredoesnotexistasingledoublet
thatcanbeusedinathree-levelmodeltopolarizetheground
state.Thisconclusionisconsistentwithexperimentalresults
[26].Thisphenomenoncanbeexplainedbythesimilarsym-
metryof ( )and ( )states:both and have
symmetryandthe canbemappedto bychangingor-
bital to,soforaspecificdoublet,theselectionruleapplies
equivalentlyforgroundand wavefunctions.InRef.[26],a
four-levelmodelwasproposedtoexplainthetransition.Here,
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FIG.3.ISCchannelstartingfrom involvingdifferentphotonand
phononemissions.States and coupleto by(a)phononsor
(b)spontaneousphotonemissionalongwithphononemission.States
and arecoupledwith symmetryand and arecoupled

with symmetry.

basedonourwork,wecanassigneither or totheir
metastablelevelandthepopulationfromthemetastablelevels
canberemovedeitheropticallyorthroughphononorphoton
assisteddecaytolowerdoublets.

Foracomplete,microscopicmodelofspinpolarization
throughtheexcitedmanifold ,weconsiderallthepossi-
bletransitionsbetweenthehighenergydoubletsandthose
withlowerenergy. Amongthehighenergydoublets,
( )cancoupleto by ()symmetryrelaxation,as
discussedaboveandillustratedinFig. 3. Weconsider
differentpossiblecombinationsofphotonandphononsym-
metryforatransitionwithagivensymmetry. Forex-
ample,foratransitionwith character,onepossibility
isthat (total)= (photon) (phonon)andanotheris
(total)=(photon) (phonon). Webelievethatthefor-
meroptionismorelikely,asitresemblestheNVcase.In
fact,wespeculatethatevenasimilarvibrationalmodeasin
NV-diamondmaybeinvolvedinthecaseofVSi;fromthe
experimentalresultsofthe Ẅurzburggroup,whofoundthat
theoptimalexcitationenergytomaximizephotoluminescence
fromthedefectis172meVabovetheZPL[15],andcompar-

ingtoavibrationalmodefoundinNV-diamondof169meV
thatplaysakeyroleintherelaxationbetweensinglets[32],we
assignthe phononaccompanyingthephotonemissionto
thismode.Notethatbecausethismodehasbeenfoundtobe
verylocalizedinNV-diamondandtomainlyinvolvethebasal
carbons(andnotthenitrogen),itisquitelikelythatessentially
thesamemodeexistsinVSi.Asindiamond,thismodeisout-
sidethephononspectrumofthebulkSiCmaterial[34].In
fact,inthedataofFuchsetal.[26]thereisevidenceforaddi-
tionallocalizedvibronicmodesatlowerfrequencies(although
onehastobecarefulininterpretingthedata,astheseareen-
sembleexperimentsandcouldinvolvesignalfromotherde-
fects);such(quasi)localizedlower-frequencymodesarecon-
sistentwiththebulkphononspectrumofSiC[34],whichhas
abandgap(70-90meV),afeaturethatisdistinctfromdia-
mond.
Therearetwolow-lyingdoubletstates, and ,thatdi-
rectlyconnecttothegroundstatemanifold.Sincewedonot
knowtheorderingofthesestates,wewillconsidertwomod-
els,eachcorrespondingtooneofthesedoubletsdirectlyre-
laxingtothegroundstate.
Webeginbyanalyzingthecaseofdirectrelaxationof to
.As onlycouplestothe inthe quartet(Eq.
(8)),byusing and astheintermediatestates,wefinda
waythatthe statewithspin cantransitiontothe

stateswith whilethereversetransitiondoesnot
occur,realizingaspin-flippingprocess:

(9)

Basedonthespin-flippingISCfrom to , and
doublets,weconstructthefirstspinpolarizationprotocol.The
doubletsinvolvedcouldbeeffectivelyreducedto , and
(Fig.4).
ThestatesevolveaccordingtotheLindbladequation:

(10)

wherethemodelincludestwostates( and )from
eachquartet and andonestatefromeachofthedoublets
, ,and ,henceitissevendimensional. Weconsider

resonantdrivebetween and ,anddefine tobetheRabi
frequency. TheLindbladoperators ,whicharegivenin
AppendixC,containtheISCratesandspontaneousemission
rate. Wefixtheopticaldrivestrength 1/ ns andthe
spontaneousemissionrate .UsinganISCratevalue
comparabletowhatwasdeducedinRef.[26],wefindthat
spinpolarizationcanoccurinseveralhundredsofnanosec-
onds,asshowninFig.5.(thesteadystateshowsaround40%
populationontheexcited ,which,oncethepump-

ingisturnedoff,istransferredtoground underspin
conservingspontaneousemission).Thenthefinalpolariza-
tionof withinthegroundquartetshouldapproach
100 .Thetimescaleofseveralhundredsofnsisconsistent
withexperiment[8,22].
Analternativescenariotowhatisdescribedaboveisthat
firstrelaxesto ,whichinturnrelaxestothegroundstate.
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FIG.5. Spinpolarizationdynamicsforthefirstprotocolbyusing
opticalpumpingbetweengandq1quartetsandassumingthatthe
decayfromdoubletd4dominatesrelaxationbackintotheground
state.TheratiooftheISCandspontaneousemissionratesistaken
tobe1

5
.Quartetgwith|Sz|=

1
2
(blue/solidline)willbypopulated

asymptotically.Oncethelaserisoff,itiscloseto100%populated.

Thismechanismassumesthatd4hashigherenergy,some-
thingthatisnotknownyet.Becauseofthelimitedinforma-
tionaboutthesedoublets,weconsiderthischannelasapossi-
bilityaswell,asshowninFig.6.SolvingaLindbladequation
asbefore,inthiscase,wefindthattheotherspinprojection
states(|Sz|=3/2)arepolarized,albeitnotfully,sinceacon-
siderablefractionofthepopulationremainsinthe|Sz|

DOUBLETSQUARTETS
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FIG.6.ISCchannelstartingfromq1involvingdifferentphotonand
phononemissions.Statesd6andd9coupletod4by(a)phononsor
(b)spontaneousphotonemissionalongwithphononemission.States
d9andd4arecoupledwithA1symmetryandd6andd4arecoupled
withE
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{
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symmetry.

FIG.7. Spinpolarizationdynamicsforthefirstprotocolbyusing
opticalpumpingbetweengandq1quartetsandassumingthatthe
decayfromdoubletd1dominatesrelaxationbackintotheground
state.TheratiooftheISCandspontaneousemissionratesistaken
tobe1

5
.Quartetgwith|Sz|=

3
2
(red/dotted-dashedline)willby

predominantlypopulated.

B. Secondspinpolarizationchannel:fromq2tog

ISCalsooccursviathesecondexcitedquartetq2,and
canalsoleadtoground-statespinpolarization.Thephysics
oftheISCfromq2ismorecomplicatedcomparedtothat
fromq1. Onequalitativedifferencebetweenthetwocases
isthatthereexistsadoublet(d4)whichcouplestoq2and
gsimultaneouslyandhasspin-flippingtransitions. There-
fore,wecouldconstructathree-levelmodelaccordingly(Fig.
8).However,theenergyconservationwouldrequirephonons
thatmatchthelargefrequenciesofthetransitions.Therefore,
thismodelislesslikelycomparedtoafour-(ormore)level
modelforspinpolarizationviaq2. Wefindthatalldoublets
in{d6,d7,d8,d9}cancoupletoq2directlyand,duetotheir
orbitalconfiguration,weshouldnotignoreanyofthem.As
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discussedabove, , and cancoupletotheirisomorphic
states , and respectively,by symmetryrelaxation.
Asstates , and sharethesameorbitalconfigurations
andthereforetheirenergydifferenceshouldbecomparatively
small, cancoupletoeachofthemthrough relaxation.
Again,weassumean photonand phononasthemore
plausiblecombination,showninFig.8(b).Ontheotherhand,
unlike , and donotcoupleto directly,butindirectly
through .Therefore,theISCandspinpolarizationprotocol
of isquitecomplex,asisillustratedinFig.8.
Toexplainthespinpolarizationmechanism,weneedto

specifyhowthespin-flippingprocessoccursamongthecom-
plexISCs.WedemonstrateallthepossibletransitionsinFig.
8andcomparetheirrelativestrengths. Wecanfocusonthe
doubletsthatcoupleto quartetsdirectly,i.e. and .

Wefindthattransitionsfrom tothrough arespin

conservingandtransitionsfrom to through are
spinflipping,whichisincontrasttothatinthefirstspinpo-
larizationprotocol.TheremainingISCswithinthisprotocol
gothrough . Wefindthat and cancoupletoboth

and of,hencetransitionsvia aremix-
turesofspinconservingandspinflipping.Next,weneedto
comparethespin-flippingprocesswithoppositedirections:

(11)

(12)

where, forexample,representsthetransitionsfrom

to goingthrough and .Butcompar-
ingthosetwogroupsofspin-flippingtransitionsischallenging
duetothecomplexpathstheytakeandthedifficultyofquan-
tifyingtheirstrengths.Onecrucialexampleisthetransition
from to andthatfrom to :evenifwecanexpress
theirtransitionratesbyreferringtoequationsinSectionIII,
theirrelativeratiorequirestheknowledgeofthedensityof
statesoftheirvibrationalmodes.Tothebestofourknowl-
edge,therearenofirstprinciplescalculationsavailablefrom
whichtoobtaintheseparameters.
Intheabsenceoffurtherinputsfromabinitiocalculations,

wesimplifythemodelwithsomereasonableassumptions.We
focusonthe , and doubletsandignorethehigherdou-
bletsasthesethreedeterminethecouplingtothe quartets.
Followingthesameapproachasthefirstspinpolarizationpro-
tocol,weuseLindbladequationstodescribethedynamicsof
thismodel,wherewevarytheISCratesto , and .
Interestingly,inthiscasethesystemcanbepolarizedinei-
therspinprojectionstate, or ,depending
ontherelativestrengthoftherates,asshowninFig10(a)
and(c)respectively. ThiscanbeduetothedifferentSOC
strengthsbetweenthe quartetsandthethreedoublets,where
and preferentiallyrelaxto ,while relaxesto
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*. */ *0
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A2photonsE   photons

(a)

(b)

only. Whentheratesexactlybalanceeachotherno

FIG.8.Doublet istheonlystatewhichcouplesto and si-
multaneouslyandhasspinflippingtransitions,allowingforasim-
plethree-statemodelofspinpolarization.Startingfrom ,amore
likelychannelinvolvesintermediatestates , , and and
throughphononsandopticalspontaneousemission,thesestatescan
coupleto , and respectively.Doublet cancoupleto ,
and .Both and relaxtothe quartetindirectlythrough
.Asinthe channel,weindicate(a)phonon-onlyprocessesand

(b)photon-phononcombinedprocesses,withthelattermorelikely
tohappen.

polarizationisgenerated,asshowninFig10(b).Wenotethat
statessplitunderaxialSOC[25],presumablywithsplit-

tingsintheGHzrange[23,35],soinprincipleaspectrally
narrowlasercouldrealizeselectivepumpingandcreatespin
polarizationirrespectiveoftherelativerates.
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quartet.Forthedoubletsdirectlycoupledtog,bothd4andd1are
mixtureofspin-flippingandspinconservingprocesses. TheE⊥
laserdrivesthesystemfromgtoq2.

V. CONCLUSIONANDOUTLOOK

Inthispaper,westudiedtheISCdynamicsbyanalyzing
theSOCandthephononcouplingbetweensymmetry-adapted
many-particlestatesofVSiinSiC.Wequalitativelyanalyzed
theISCamongdifferentspinmanifoldsandquantifiedthera-
tiooftheirrates.Weanalyzedtwospinpolarizationprotocols
enabledbyopticalpumping,spin-orbitcoupling,andinter-
actionwithphonons.TheISCmechanismthroughthesec-
ondexcitedmanifold(q2)ismorecomplexasmoredoublets
contributetoit.Ingeneralwefindthatbothspinprojections
(|Sz|=

3
2or|Sz|=

1
2)ofthegroundstatemanifoldcanbe

initialized,dependingontherelativestrengthofinter-doublet
relaxationratesandtherelativeorderingofthedoublets.The
twospinpolarizationchannelsdiscussedabovecanbedis-
tinguishedbyopticalmeans. Accordingtoselectionrules,
thegroundquartet(A2symmetry)statecanbeexcitedtothe
firstexcitedquartet(A2symmetry)byapplyinglightpolar-
izedparalleltothec-axisE,whilethesecondexcitedquartet
(Esymmetry)bylightpolarizedperpendiculartothec-axis
E⊥.Ournumericalsimulationsforthepolarizationprocess
involveassumptionsmotivatedbyexperimentalresults.Based
onacomparisonbetweenexperimentsinNVcentersindia-
mond[32]andinVSidefectsinSiC[15,26]wespeculatethat
alocalizedvibronicmodewithfrequency∼170meVisessen-
tiallythesamemodeandpresentinbothdefects.Inthedata
ofFuchsetal.[26]thereisevidenceforadditionallocalized
vibronicmodesatlowerfrequencies;such(quasi)localized
lower-frequencymodesareconsistentwiththebulkphonon
spectrumofSiC[34],sincetheywouldlieinthebandgap(a
featurethatisnotpresentindiamond).Foramorequantita-
tivetheoryandtoliftsomeoftheambiguities,furtherinput
isneededfromabinitio

1:1 1:2

!
"

#

!
$

#

%#
$

#

%#
"

#

&d2(d3):&d4 =1:2

&d2(d3):&d4 =1:1

&d2(d3):&d4 =2:1

(a):

(b):

(c):

calculations.Inparticular,calcula-
tionsinvolvingthevibrationalmodesandtheircouplingtothe
electronicdefectlevelswouldbeparticularlyimportant.The
orderingandspacingofthedoublets,whichrequirescalcula-

FIG.10.Spinpolarizationdynamicswhenpumpingq2.TheISCand
spontaneousemissionratiois1

5
.TheratiooftheISCratestod2(d3)

andd4isvaried.(a)γd2(d3)/γd4=1:2,(b)γd2(d3)/γd4=1:1,and
(c)γd2(d3)/γd4=2:1.Incases(a)and(c),adifferentinitialspin
projectionstateispolarized,whilecase(b)representsthecrossover
point,wherenospinpolarizationisobtained.

tionsbeyondDFT[36]wouldalsobeanimportantinputto
furtherrefineourmodel.
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AppendixA:GroupTheoryInformation

ThebasicC3vgroup(charactertableinTableII),incon-
junctionwiththeSU(2)groupfor12spin,formstheC3vdou-
blegroup[27]whichgivesthefulldescriptionforthebehavior
ofspinorsunderspecificspatialsymmetry.Thedoublegroup
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TABLEIII.symmetry-adaptedwavefunctionsforspinquartets.

Orbital S o⊗ s symmetry-adaptedwavefunctions(S=) Label
± / ⊗ / || g

± / ⊗ / || − g

ground + / ⊗ / ||
√

g

- / ⊗ / ||
√

g

± / ⊗ / || q

± / ⊗ / || − q

1st-excited + / ⊗ / ||
√

q

- / ⊗ / ||
√

q

/ ⊗ / || || q q

− / ⊗ / || || q q

±

/

⊗ /

||
√

q

2nd-excited / || −
√

q

/
{||(uv̄y+ūvy+̄uvy)−i(ūv̄y+̄uv̄y+̄ūvy)

||−i(uv̄x+ūvx+̄uvx)+(ūv̄x+̄uv̄x+̄ūvx)}/2
√
3 q

/
{||(uv̄y+ūvy+̄uvy)+i(ūv̄y+̄uv̄y+̄ūvy)

||−i(uv̄x+ūvx+̄uvx)−(ūv̄x+̄uv̄x+̄ūvx)}/2
√
3 q

TABLEII.Charactertablefor vsymmetrygroup

v E 2C 3ν linearbasis quadraticbasis
A 1 1 1 z
A 1 1 -1 z

E 2 -1 0 (x,y)( x y) ( − )(xz,yz)

forspin isdenotedasD,or .Afullgroupsymbol

canbewrittenas .

a. Symmetry-adaptedwavefunctions

The formsalocalquantumfew-bodysystemwithadis-
creteenergyspectrumdeepinthebandgapwithfoursingle-
particlemolecularorbitals- , , and .Fromthose,the
firsttwoaredegenerateandtransformas ,while and
transformas .The hasfiveelectronsassociatedwithit,
fourofwhicharefromthefourcarbondanglingbondsandone
capturedfromenvironment.Inthispaper,weusethe3holes
picturetofindsymmetryadaptedmany-bodywavefunctions
(filling5electronsin8states isequiv-
alenttofilling3holes).The3holescanhaveatotalspinof
(quartet)or (doublet).Theprojectorcanbescaledtothe
manyparticlesituation.Themodificationisonthesymme-
tryoperation . Asthefermionicmany-bodywavefunc-
tionsareconditionedbyPauliexclusionprincipleandanti-
symmetryofpermutation,weneedtoconstructaspacetrans-
formationmatrix -mapsHilbertspacetoantisymmetric
space-andtransformthe .Thesymmetry-

adaptedtotalwavefunctionscanbeobtainedbydiagonalizing
theprojectorandarelisted(forbrevity,singleorbitals
arerepresentedby,)inTableIII(16quartets)andTableIV
(28doublets).Thedecompositionoforbitalandspinorsym-
metrytypecanbeimplementedbyusingtheClebsh-Gordan
coefficients.

b. Projectorandwavefunctions

Ingrouptheory,theeigenvectors(denotedby )re-
latethesymmetryoperator withitsmatrixrepresenta-
tiondenotedby throughtherelation

.Withrespecttothebasisfunctions,the
transformationscanbedescribedbytheprojectionoperators
(orprojectors)[27] : .Theprojector
[27]isexplicitlygivenintermsofthesymmetryoperatorsfor
thegroupbytherelation:

(A1)

where and arethedimensionof andtherankofthe
grouprespectively.
For ourspecificsituation(to fillthree holesin

orbitals),thesymmetryoperation
isdetailedas:

3holes
(A2)

SolvingEq.(A2)givestheexactwavefunctions,whichare
illustratedinTableIIIandTableIV,.

c. Clebsh-GordanexpansionandWigner-Eckarttheorem

Fordirectproductofrepresentationsofagivengroup,the
Clebsh-Gordanexpansionindicateshowtomakethedecom-

position.Accordingly,thedirectproductsymmetryoperator
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TABLEIV.symmetry-adaptedwavefunctionsforspindoublets.

Orbital S o⊗ s symmetry-adaptedwavefunctions(S=) Label

/

⊗ /

||
√

d

− / || −
√

d

± 1 / || − − − d

± / || − − d

/ ⊗ / || −
√

d

− / ⊗ / || −
√

d

±
/

⊗ /

|| − − − − − −
√

d

/ || − − − −
√

d

/ || − − − d

/ || − − d

+ / ⊗ / ||
√

d

- / ⊗ / ||
√

d

/

⊗ /

|| −
√

d

− / ||
√

d

± / || − d

± / || − − d

/

⊗ /

|| − −
√

d

/ || − −
√

d

− / ||− − −
√

d

− / ||− − −
√

d

/ ⊗ / || −
√

d

− / ⊗ / || −
√

d

±
/

⊗ /

|| − − − − − −
√

d

/ || − − − −
√

d

/ || − − − d

/ || − − d

+ / ⊗ / ||
√

d

- / ⊗ / ||
√

d

transformsthebasisas[37]:

(A3)

wherethebasisis

where
(A4)

If and areirreduciblerepresentations,then

isingeneralareduciblerepresentation.TheClebsh-Gordan
expansiongivesthedecompositiondetailfromreduciblerep-
resentationstoirreducibleones.Ifwedefine asthe
Clebsh-Gordancoefficient(CGC)orreductioncoefficient,the
CGCscanbedeterminedby:

(A5)

SolvingtheaboveequationgivestheCGCtablefor ,
whicharelistedinTableV.Theresultshereareconsistent

withpreviousresults[38,39].
The Winger-Eckarttheorem[40]decomposestheresultsof

theoperatoronstatesofIRswithspecificsub-indicesasthe
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TABLEV.Clebsch-Gordancoefficientsof virreduciblerepresen-
tationsinCartesiancoordinates.

|
|

|
|

√

|
|

|
|

√
−

|
|

|
|

|
| −

TABLEVI.Opticaltransitionsbetweenmultipletsinthe vsym-
metrygroup.

0 ⊥
⊥
⊥

productoftheClebsch-Gordancoefficientandareducedma-
trixelementsdependingonlyontheIRtype:

(A6)
AswehaveincludedasystematicwaytocalculatetheCGCs,

manymatrixelementscanbesimplifiedasthecontraction
termontherightintheaboveequationandtheratioamong
matrixelementsofthesameoperatorwithinthesameIRtypes
canbedeterminedexplicitly.

d. SelectionRules

Selectionrulesstatethatforthegeneraloperator with
symmetrytype andstates and withsymmetrytype

and respectively:

(A7)

Theselectionruleforanelectricfieldamong groupstates
arelistedinTableVI.

AppendixB:PhononsinISC

For symmetry,phononmodeshavetwoIRs: and
,andthestraintensor( )transformsasthelinear

basisproduct . WecantargetonspecificIRsanduse
theCGCstoexplorehowstrainaffectsthesystem. Wecan
getthestrainHamiltonianasthecombinationofprojectorson
singleorbitals,i.e.,Eq.(B3).Tounderstandhowthephonon
modesaffecttheorbitalswefirstconstructthestrainHamil-
tonianwithrespecttothemanifoldencompassingallsingle
orbitalsofinterest :

strain (B1)

where,

. The directioncorrespondsto IRac-
cordingtowhichboth and orbitalstransformandthe

areprojectorsonthesingleor-

bitals[41]inthebasisof andarelistbelow:

(B2)
Reorderingalltermstogetasuccinctprojector:
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(B3)

Theinteractionofphononsamong3-holewavefunctionscan
beconstructedbyusingEq.(3)andtheprojectionrulefor
singleorbitals.Inthemaintext,weexpressthe withthe
assumptionthatthequartetsareinagroundvibrationalmode,
sotheEq.(2)isanapproximation.Thegeneralversionofthe

firstorderISCis:

(B4)
wherethe , representthegeneralvibrationallev-
elsforquartetandtargetdoubletrespectively.
ThederivationofthesecondorderISCformula,Eq.(6),is
asfollows:

(B5)

Thematrixelementsof areobtainedfromTableI,andbyusingEqs.2and3.Usingthesymbol fortheoverall(unknown)
numericalcoefficientwehave:

(B6)

Definingtheelectronicenergydifference andusing

and weobtain

(B7)

OthersymbolsrepresentthesameasinEq.(6).Thegeneral formulaof includesthesimplecaseespeciallyif,e.g.,the
intermediatestateislimitedtojustonephononmode, :

(B8)

(B9)

(B10)

wherethedenominatorsreduceto ifwelimitthe state vibrationas onlyandtheaboveequationsimplifiesasthe
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versionin[29].

AppendixC:LindbladTerms

Forthefirstspinpolarizationprotocolinvolving, quar-
tetsand , doublets,welisttheISCLindbladians:

ISC

ISC

ISC

(C1)
wherewechooseISCamongelectronicenergyclosewave
functionsbutnottheoneswithlargeenergyseparation,inor-
dertohavestrong ISC.TherelaxationLindlbadians(which
couldincludepossiblephotonandphononrelaxation)are:

(C2)

Weassume inourcalculationbytreating
themasafastrelaxationprocess.
Forthesecondspinpolarizationchannel,thecorresponding

ISCLindbladiansare:

ISC

ISC

ISC

ISC

(C3)

ISC

ISC
(C4)

wherewechangetheratiobetween and (hencedifferent
populationpreferenceamong , ,and )tohavedifferent
spinpolarizationresults(showninFig.10);and

ISC

ISC

ISC

ISC

(C5)

TherelaxationLindbladiansare:

(C6)

The hereistakentobethesameastheoneofthefirstspin
polarizationchannel.
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