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【Abstract】 Weemploydensityfunctionaltheory(DFT)toinvestigatetheelectronicandmagneticpropertiesof

hydrogenpassivatedequilateraltriangulargraphenenanoflake(GNF).Itispredictedthatthegroundstateofsuch

graphenenanostructureexhibitsrobustmagneticedgestatesandstrongquantumconfinementeffects.OurDFT

calculationsbasedondifferentexchange-correlationfunctionalsdemonstratethattheelectronicenergygapandlocal

magneticmomentofGNFsdependsensitivelyontheGNFsize.Thisisattributedtothedifferentnumbersofatoms

inthetwosublatticesofgraphenesincethespinsonthesameanddifferentsublatticescoupleferromagneticallyand

antiferromagnetically,respectively.Thetotalnetmagneticmomentscaleslinearlywiththesizeofnanoflakes,while

theaveragemagneticmomentlocalizedatedgesincreasesandsaturatestoaconstantvalueforlargersizes.Weshow

thatthespin-flippedandspin-preservingenergygapsnearFermileveldecreaseasthesizeofGNFsincreases.The

degeneraciesnearFermienergyareproportionaltothelengthofedgeinthesetriangularzigzag-edgedGNFsaswell.

TheelectronicandmagneticpropertiesofGNFsthusopennewavenuesforutilizingtriangulargrapheneinnanoscale

magneticsemiconductorandoptoelectronicdevices.
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【摘要】 基于密度泛函理论,本文研究了氢钝化锯齿形边缘三角形石墨烯纳米片的电子结构和磁学性质,这种石

墨烯纳米结构的基态表现出强烈的磁性边缘态和量子尺寸效应。我们应用多种交换关联泛函,对体系的自旋密度

和电子结构进行了第一性原理计算和理论分析,结果表明三角形石墨烯纳米片的总磁矩和自旋随尺寸线性变化,

平均磁矩随着尺寸变大而增加,并逐渐趋于一个定值。与此同时,体系的能隙随着尺寸增加而减小,其中自旋不变

能隙的调控对光学响应和光子激发有着重要意义。计算得到的单电子能谱表明,费米能级的简并度与体系尺寸成

正比。应用多种交换关联泛函的计算结果表明,三角形石墨烯纳米片具有可调控的自旋和能隙,为其在纳米级光

电器件和磁性半导体的应用方面提供了理论依据.
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1 Introduction

Itiswellknownthatmagnetisminsolidsisu-
suallyattributedtoeitherdorfelectrons,and
thereforecarbon-basedmaterialsaregenerallyre-
garded as non-magnetic.Nevertheless,it was
showedthatintrinsicmagnetismmightexistins-p
electronsystems,andsuch magneticorderwas
predicted to be stable even at room
temperature[1,2].Sincegraphenewassuccessfully
exfoliatedinexperiment[3],thelow-dimensional
carbon-basedmaterialshavedrawnenormousat-
tentionduetotheirextraordinarypropertiesinclu-
ding electronicconductivity[4],superconductivi-
ty[5-6],andhighcarriermobility[7].Grapheneisa
kindofone-atom-thickcarbonlayerofgraphite,

madeupofahoneycomblatticeintwodimensions.
Although the ideal graphene’s nonmagnetic
groundstateholdsbackitsapplicationinspintron-
ics[8],recentstudieshavefoundtheemergenceof
long-rangemagneticorderonthezigzagedgesin
thegraphene-derivedstructures when goingto
lowerdimensions(e.g.quasi-one-dimensionalna-
noribbon[9-13] andzero-dimensionalnanoflakes[14-18].
Graphene nanoflakes (GNFs),or nanodisks,

nanoislandsand quantum dots,have different
shapesandsizes,whichmightberealizedbysyn-
thesizingfromsmallermoleculesorcuttingfroma
graphenesheet.Recently,thefabrication and
characterizationofvariousgraphene-basednanode-
vices[19-21]providedaccesstodetailedknowledgeof

graphene-derived structures.In this context,

GNFshavebeenidentifiedasattractivecandidates
forspinqubitsandquantum informationstor-
age[22-24].ThesynthesisoftriangularGNFs,how-
ever,isextremelychallengingduetotheenhanced
chemicalinstability[25].Theiropen-shellstructures
andthepresenceofunpairedelectronsmakesuch
triangulene difficulttofabricate.Nevertheless,

triangularGNFshavebeensynthesizedbyusing
thebottom-upon-surfaceapproach[26-28],witha-
tomicprecision.Althoughthemagneticproperties

ofexactlytriangular-shapedGNFshavenotbeen
wellunderstoodexperimentally[29],thenanoflakes
withatriangularshapewerepredicted[26]tohost
nonzeromagneticmomentsmainlyontheirzigzag
edges,andthelocalmagnetizationdecaysinwards
andtendsto disappearin the middle ofthe
graphenefragment.

ThenonzeronetspinoftriangularGNFsisat-
tributedtoitsdistinctivehoneycombframework
containing(n-1)unpairedelectrons[16,27-28,30-31].
Thelatticeofgrapheneisformedbytwosublattic-
es,namelyAandB.Intriangulene,thenumbers
ofatomsinthetwosublatticesarenotequal,NA

≠ NB.ThetotalspinvalueSscaleslinearlywith
(NA-NB)(andtheGNFsizeaswell),which
couldbeanticipatedfrom Lieb’stheorem[32].
UsingtheHubbardmodelwithabipartitelattice
andahalf-filledband,it wasshownthatthe
groundstatehasS = (NA-NB)/2.Intriangular
shapedquantumdots,thesublatticeimbalanceNA

-NB=n-1,wherennumberofsublatticeAat-
omsononeedgeofthetriangulene.Thus,thenet
spinalwayssatisfiesS = (n-1)/2.Itwouldbe
interestingandimportanttoinvestigatethefinite-
size effects on the electronic and magnetic
propertiesofnanoflakes.Inthiswork,wecharac-
terizetheflakesizeofGNFsbytheindexn.We
carriedoutfirst-principlescalculationstoexplore
themagneticandenergeticpropertiesoftriangular
zigzag-edgedn-GNFswiththeedgelengthsinthe
rangeof0.68to5.11nm (from2-GNFto20-
GNF).Thelargestflakecontains481carbon
atomsasshowninFig.1(a).Weinvestigatethe
magneticmomentandenergygapasfunctionsof
size;thedegeneracyatFermilevelisalsoanalyzed
forthespin-polarizedgroundstates.Thisinvesti-
gationprovidesquantitativeunderstandingofthe
size-scalingbehaviorofthemagneticandelectronic
propertiesoftriangulargraphenenanoflakeswith
hydrogenatedzigzagedges.

2 Methods

Ourcalculationswerecarriedoutbasedon
·7110·
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spinpolarizeddensityfunctionaltheory(DFT),u-
sing projector-augmented wave (PAW )

method[33,34]asimplementedinViennaabinitio
simulationpackage(VASP)[35-36].OneGammak-
pointsamplingwasused,andtheelectronicwave-
functionswereexpandedusingaplane-wavebasis
setwithacutoffenergyof500eV,whichgaverise
togoodconvergencefortheenergy (10-5eV).
ThestructuresofallGNFsareoptimizeduntilthe
forceoneachatomissmallerthan0.01eV/Å.
Thespin-polarized local density approximation
(LDA)[37],Perdew-Burke-Ernzerhof(PBE)[38]of

generalizedgradientapproximation (GGA)[39-40],

and PBEsol[41] exchange-correlation functionals
wereemployedfortheDFTcomputations.The
calculatedspindensityisosurfaceswereplottedu-
singVESTA[42].

3 Resultsanddiscussion

Wehaveconstructedandoptimizedstructures
ofasetoftriangularGNFswithdifferenttriangle
edgesizes,inwhicheachcarbonatomatedgesis
bondedtoasinglehydrogenatom.The mono-
hydrogenatedflakeswerefoundtoretaintriangular
shapeafteroptimizationregardlessoftheirsizes
and exchange-correlation functionals. Besides,

eachcarbonringinnanoflakeskeepsitshexagonal
shapefromtheedgetocentralregions.Asshown
inFig.1,theedgesofthetriangularGNFsarepas-
sivatedbyhydrogenatomstoeliminatedangling
bonds.Wesummarizedthecalculatededgelengths
andbondlengthsofaseriesofoptimizedtriangular
hydrogenatedGNFswithn=2,3,…,9,10.U-
singthePBEfunctional,itwasfoundthatbond
lengthschangesignificantlycomparedwithideal
graphene.ThelengthoftheC-Cbondslocatedat
thethreecornersofn-GNFsis1.39Å,whichis
slightlyshorterthanotherC-Cbonds(1.41 ~
1.44Å)attheedgeandtheinnerarea;thelength
ofH-Cbondsis1.09Å.ForlargerGNFswithn
=11,12,…,19,20,weadoptedthestructureof
pristinegraphene,withtheH-Cbondsfixedat

1.09ÅandC-Cbonds1.42Å.InFig.1(a),we
showthe20-GNFtrianguleneconsistingofn2+
4n+1=481Catomsand3n+3=63Hatoms.
Thelengthoftheedgeisabout51Å.Thehoney-
comblatticeofGNFsformedbytwosublatticesA
andBisshowninFig.1(b),withNA-NB=n-1
=19for20-GNF.

Weemployedthreedifferentenergyfunctions
toinvestigatethemagnetismandelectronicstruc-
turesofGNFsofdifferentsizes.Ourresultsshow
thatthetotalmagneticmomentincreaseswiththe
nanoflakesize,regardlessofthefunctionalused.
Meanwhile,theenergygapsarefoundtodecrease
monotonically(exceptforthephenalenyl2-GNF)

withincreasingnanoflakesize.Notethatatlargen
limit,weexpectadisappearanceofbandgapfor
the infinite sized graphene. Our calculations
suggestthat the ground states of triangular
nanoflakeswithzigzagedgesareintrinsicallymag-
netic,withspinferromagneticallycoupledwithin
thesublatticeandantiferromagneticallycoupled
betweenthetwosublattices,givingrisetoaferri-
magneticorderinginthetriangularnanoflakes.
Theferrimagneticorderingisclearlyseenbyplot-
tingthespindensityisosurfacesasshowninFig.1
(c)~(h).Thespinpolarizationdensityisdefined
asM(r)=ρ↑(r)-ρ↓(r).ThenetspinS = (N↑
-N↓)/2 whereN↑ and N↓ correspondtothe
numberofatomslocalizedupanddownmagnetic
moments,respectively,andthussatisfiesS =(NA
-NB)/2= (n-1)/2.

Thespindensitiesfor10-GNFatLDA,PBE-
sol,andPBElevelsareshowninFig.1(c)~(e),

respectively, where different colors indicate
differentspin states:blueisforthe up-spin
momentwhileredfordown-spinmoment.Inthe
zigzagedgedtriangle-shapedGNFstructure,the
up-spinmomentpreferstolocalizeonsublatticeA
whiledown-spinmomentpreferstolocalizeonB,

givingrisetoanetspin-upmagneticstate.Thisis
tominimizetheon-siteCoulombrepulsionandpre-
ventadoubleoccupationofonepzorbitalatthe
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samecarbonsite[32,43].

Fig.1 Atomicstructureandspindensityoftriangle

shapedGNFs.(a)OneHatom(smallandwhite)isatta-

chedtoeachoftheoutmostCatoms(bigandgrey)at

threeedgesin20-GNF.(b)Two-dimensionalcrystalline

latticeofgraphene.Theareaindicatedbyreddashedline

representstheunitcellofgraphenecontainingtwocarbon

atomswhichbelongtothetwosublatticesofgraphene,

namelyA (emptycircle)andB (filledcircle).Spin

densityof10-GNF obtainedthrough DFT calculation

using(c)LDA,(d)PBEsol,and(e)PBEfunctionals.
(f)-(h)Thespindensityof20-GNFiscalculatedbyusing
thosethreefunctionals.Blue/redisosurfacescorrespond

tothespinup/downdensity.Themagnitudesofupand

downspinmomentsareproportionaltothesizeofthe

spheres.Theisosurfacesofspindensityaredrawnusing

VESTA[42].

InFig.1,wepresentthespindensityof10-

GNFin(c)-(e)andthatof20-GNFin(f)-(h).It
isillustratedclearlythatmagneticmomentsoftri-
angular nanoflakes develop mainly along the
edges.Inaddition,wefindthatthelargerthesize
ofGNFs,themorelocalizedtheedgestates.For
thelargestnanoflake,20-GNF,thetotalmagnetic
momentisM=19μB.Itisinterestingthatsucha
largemagneticmomentcandevelopinananoscale
s-psystem.Wecomparedtheisosurfacesofspin
densitycalculatedusingthreeDFTfunctionalsand
foundonlysmalldifferences,suggestingthero-
bustnessofthemagnetisminthesenanoflakes.In-
spectingthespindensityfor20-GNFcalculated
withintheLDAinFig.1(f),weobservethatthe
localmagneticmomentssitmainlyontheedges,

thendecayrapidlyandvanisheventuallywhenap-
proachingtothecenteroftheflake.For20-GNF,

asthemagneticmomentsaremainlylocalizedon
threeedges,atomsnearthecenterofthenanoflake
havenegligiblelocalmoments(~0.004μB).

Itiswellknowthatthemagneticpropertiesof
graphenenanoribboncanbetunedbydifferenthy-
drogen passivated schemes,wecomparethree
othernanoflakesofdifferenthydrogenpassivation
withtheabovediscussedmonohydrogenatedGNFs
(Cn2+4n+1H3n+3).Wetake5-GNFasarepresenta-
tiveexample,consideringbarenanoflakewithno
hydrogen passivated edges (Cn2+4n+1 ), and
nanoflakes with dihydrogenated carbon edges
(Cn2+4n+1H6n+6)aswell.Besides,weconstructa
specialkindofcorner-dihydrogenated nanoflake
withthreecarbonatomsatcornerssaturatedby
twoHatomsandotheredgeatomsbondedtoone
Hatom(Cn2+4n+1H3n+6).Optimizedstructuresfor
thesefourdifferenthydrogen-passivatedconfigura-
tionsareshowninFig.2.

Compared with our previous
monohydrogenated configuration, the carbon
atomsatedgesorcornerstransformfromsp2tosp
andsp3typesinbare,corner-dihydrogenatedand
dihydrogenatednanoflakes.Thisresultsinthedif-
ferentnumberofunpairedelectronsintriangular

·9110·
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Fig.2 Atomicstructuresof5-GNFswithdifferenthydrogenpassivatedschemes:(a)bare,(b)monohydrogenated,(c)

corner-dihydrogenatedand(d)dihydrogenatednanoflakes.Calculatedspindensityandtotalmomentsofnanoflakesaregiven

in(e)-(h)for(a)-(d)respectively.

GNFsandthereforechangesthetotalmoments.
Wepresentthecalculatedspindensityisosurface
andtotalspinmomentsMforbare,monohydroge-
nated,corner-dihydrogenatedanddihydrogenated
nanoflakesin Fig.2(e)-(f).The calculated
magneticmomentofthemonohydrogenatedcaseis
4μBwith4unpairedelectrons.Forbare5-GNF,

when all hydrogen atoms are removed the
nanoflakes,eachof3n sublattice A atomsand
threesublatticeBatomshasanextranonbonding
electronthatcontributestothemagneticmoment,

thusgivingrisetoanetmagneticmoment(n -1
+3n -3)μB=16μB.Forcorner-dihydrogenated
5-GNF,threemorehydrogenatomsthanthemo-
nohydrogenated 5-GNF are passivated on the
corneratoms.Thisinducesthreeextraunpairede-
lectronsandresultsinatotalmagneticmoment(n
-1+3)μB=7μB.Forconfigurationshownin
Fig.2 (d),atthreedihydrogenatededges,each
carbonatomhassp3hybridizedelectrons,giving
risetoatotalmagneticmoment|n -1-3n +3|

μB=8μBandthespin-polarizedorientationisre-
versed[44]. From these results, it will be
interestingtoobtaintunablemagneticmomentsof
GNFsthroughvarioushydrogensaturationwhich
mightbeappliedinspintronicnanodevices.

Next,wecontinuetofocusontheelectronic

andmagneticpropertiesoftriangularGNFswith
monohydrogenatedzigzagedges.Wehavealsocal-
culatedthedensityofstatesandtheenergyspectra
forasetoftriangularzigzag-edgedGNFwithdif-
ferentsizesnasshowninFig.3.InFig.3(a)and
Fig.3(c),wepresenttheprojecteddensityof
states(PDOS)ontoselectedorbitalsofcarbonand
hydrogenatomsofnanoflakeswithn =10and20
usingthePBEfunctional.Theverticaldashedlines
denotetheFermilevel,andtheupperandlower
panelsshowspin-upandspin-downstates,respec-
tively.Ourcalculationsrevealthatthehighestoc-
cupiedmolecularorbital(HOMO)andlowestun-
occupiedmolecularorbital(LUMO)are mainly
contributedbythe2pz orbitalsofCatomsin
GNFs.WenotethatthestatesneartheFermi
levelarestronglyspin-polarized:thestatesbelow
zeroenergyarethemajorityspin(up-spin)states,

andthoseaboveareminority(down-spin)ones.
Fig.3(b)and3(d)showtheenergylevelscal-

culatedfor10-GNFand20-GNF,respectively.
Filled(empty)trianglesrepresentoccupied(un-
occupied)energylevels,andblueandredcolors
distinguishes different spin orientations. The
energygapsareformedbetweenup-anddown-spin
states,whichare0.49eVfor10-GNFand0.30eV
for20-GNF,asshowninFigures.3(b)and3(d).
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Fig.3 Projecteddensityofstates(PDOS)andenergylevelsofGNFscalculatedbyusingPBEfunctional.(a)and(b)show

thePDOSandself-consistentenergylevelsrespectivelyintriangulargraphenenanoflakewithn =10.(c)and(d)show

whatinthenanoflakewithn =20.In(a)and(c),theverticaldashedlinedenotestheFermilevel,theupperandlower

panelsrepresentspin-upandspin-downstates,respectively.In(b)and(d),thehorizontaldashedlinedenotestheFermi

level,filled(empty)trianglesrepresentoccupied(un-occupied)energylevels,and,blueandredcolorsindicatespinupand

down.

Heretheenergygapisdefinedastheenergydiffer-
encebetweenthespin-upHOMOandspin-down
LUMO, which are appropriate for processes
involvespinflipping.Wemayalsodefinespin-pre-
servinggaps:up-spingapisbetweentheup-spin
HOMOandLUMO,whiledown-spingapisbe-
tweenthedown-spinones.Thespin-preserving
gapsareabout1.40eVfor10-GNFand0.78eV
for20-GNF,withverylittledifferencebetweenthe
twospinchannels.Wementionthatthespin-pre-
servinggapsmaybecomparedwithopticalexcita-
tions(ifbothelectron-electronandelectron-hole
interactionsaretakeninaccount)insystemswith
weakspin-orbitcouplingeffects.
Itisinterestingtonotethatthereisavery

highdegreeofdegeneracyforthestatesnearthe
Fermilevel(bothinFigures.3(b)and3(d)),

whichcoincideswiththeenergywindowinwhich
significantspin-splittingareobserved.Inother
words,spinpolarizationandsplittingareaccompa-
niedwithahighdegreeofdegeneracyinanarrow

energyrangearoundtheFermilevel(EF± 0.5
eV).Therefore,thespin-polarizationoftheelec-
tronicstates(soasthemagneticmomentforma-
tion)comesexclusivelyatthebandedgeswithina
smallenergywindow(±0.5eV)fromtheFermi
level.Outsidethisenergywindow,thereisvery
smallspinsplittingbetweenup-anddown-spin
states.Thisappearstobeauniquefeatureofthe
magnetisminthesenanoflakes.Inaddition,there
areprecisely(n-1)spin-polarizedstatesimmedi-
atelybelow (majorityspin)orabove (minority
spin)theFermilevel.Ourresultsagreewithpre-
viousworkswhichshowthatthedegeneracyat
Fermienergyisequaltothedifferencebetween
numbersoftwosublatticesinthebipartitelattice.
Sincethereare (n-1)moreoccupiedup-spin
statesthandown-spinstates,thecalculatednet
spinis9/2(19/2)for10-GNF(20-GNF).Itcan
beanticipatedfrom thepresenceof (n -1)

unpairedelectrons,eachofwhichcarries1/2spin
andoneBohrmagneton.Thisisconsistentwith
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Lieb’stheoremregardingthetotalspinS = (n-
1)/2,whichisdictatedbythesublatticeimbalance
NA-NB=n-1andthusS=(NA-NB)/2.

Fig.4  (a) The linear scaling of total magnetic

momentsMversustriangularsizenofGNFs.Resultscal-

culatedusingthreedifferentenergyfunctionalsshowno

differences.(b)Theaveragemagneticmoment<M>edge
ontheoutermostedgeatomsscalesas(n-1)/3nand

convergesto1/3μBforlargen.

Nowweaddressthesizeeffectsontheelec-
tronicandmagneticpropertiesoftriangularGNFs.
Fig.4(a)showsthecalculatednetmagneticmo-
mentsofn-GNFsasafunctionofsizen.Thedis-
tinctivetopologyofourquantum dots,coupled
withthehalf-fillednatureofgraphenelattice,re-
sultsinthepresenceof(n-1)unpairedelectrons.
Ourresults confirms alinear scaling ofthe
magneticmomentwiththesystemsizenaspredic-
tedbyLieb[32]basedonabipartitehalf-filledHub-
bardmodelwithrepulsiveinteractions.Wemen-
tionedthatwehavecarriedoutcalculationsusing
threedifferentfunctionals,namely,the PBE,

PBEsol,and LDA functionals,theresultsare

practicallyidentical.Thus,weonlyshowthere-
sultscalculatedusingthePBEfunctional.Thenet
magneticmomentisfoundtobeproportionalto
theedgesize,i.e.,M = (n -1)μB,withn
beingthenumberofatomsontheAsublatticeon
oneoftheedges.Fig.4(b)showstheaveragedlo-
calmagneticmoment<M>edge= (n-1)/3nonthe
outermostedgeatomsasafunctionofn.The

resultconvergesto1/3μBinthelargenlimit.
Thequantumconfinementeffectsalsohavean

importantinfluenceontheelectronicproperties,in
particular,theenergygapsofthesesystemsas
showninFig.5.Weshowthespin-flippinggaps
calculatedusingthreedifferentfunctionals.Ingen-
eral,thePBEfunctionalgivesslightlylargergaps.
TheDFT-PBE(spin-flipped)gapvariesfrom0.24
to0.69eVforn-GNFswithnrangingfrom2to
20,decreasingmonotonically(butmoderately)for
n greater than 3. Interestingly, the spin-
preservinggapshowsamuchgreatersizedepend-
ence,decreasingfrom2.70eVfor2-GNFto0.72
eVfor20-GNF.AlthoughDFTcalculationscannot
giveaccuratepredictionsoftheenergygap,ourre-
sultsstillsuggestthatthesetriangularquantum
dotsmaybeusedasbuildingblocksformagnetic
semiconductorandoptoelectronicdeviceswithsize-
tunablegaps[27,28,31].

Fig.5 Spin-preserving(opentriangles)andspin-flipping
(bars)energygapsasafunctionofn.OnlythePBEre-

sultsareshownforthespin-preservinggaps.

4 Conclusion

Inconclusion,wehaveinvestigatedtheelec-
tronic and magnetic properties oftriangular
shapedgraphenenanoflakesusingspin-polarized
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DFTcalculations.Ourfirst-principlescalculations
demonstratethattheelectronicandmagneticprop-
ertiesoftrianguleneareintimatelyrelatedtotheir
sizes.The minimizationoftheCoulombenergy
leadstothelocalizationoftheseunpairedelectron
ononethegraphenesublattices,givingrisetoa
magneticgroundstate.Thenetmagneticmoment
isfoundtobeproportionaltotheedgesize,i.e.,

M = (n -1)μB,withnbeingthenumberofat-
omsontheAsublatticeononeoftheedges.Inter-
estingly,theaveragemagneticmomentontheout-
ermostedgeatomsconvergestoaconstantvalue
(n -1)/3n asthesizeofthequantum dot

increases.Thedegreeofdegeneracyofthespin-po-
larizednear-edgestatesisalsoequalton-1.We
show that the energy gaps,both the spin-
preservingandspin-flippingones,decreaseasthe
sizeofGNFsincreasesasaresultofdiminishing
quantum confinementeffects. We believethat
thesesystemsprovideauniqueopportunityforde-
signingquantumstructureswithahighdegreeof
degeneracy,analogouslytothetwo-dimensionale-
lectrongasinastrongmagneticfield.Theelec-
tronicandmagneticpropertiesofGNFsthusopen
newavenuesforutilizingtriangulargraphenein
nanoscalemagneticsemiconductordevices.
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