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B 'pa~Kax' r.p~~.nM>KeH\IIs:I CVll1bHOH CB~3M C Mcnol1b30Ba~MeM cP0pManM3Ma 
rpMHOBCKMX ¢lYHKLtMM paCC\.fllnaHbl CTM-M306pa>KeHMSl nOBepxHociM rpa¢lMTa 
npM HanW-UU1 p,e¢leKTOB - BaKaHCMH B nOBepXHOCTHOM cnoe M Me>K,Qoy3f1MH B 
nepBoM Me>KC!10eBOM npoMe>KYTKe. Pac\.jeT npOBeAeH AJlR pe>tG1Ma 
nOCToSlHHoli1 BblCOTbI Mr11b1 (30H,lta) HSA noeepxHocTblO o6pa34a. 
npOaHaIlM3MpOBaHa cne'-'McPMKa KOHTpaCTa CTM-M306pa>KeH\II1i1 
nOBepxHocTeH B o611acTH p,e¢eKTOB, 06yc.noaneHHafI oC06eHHOCTSlMH 
pacnpep,elleHIfISl aneKTpoHHoH rUlOTHOCTM. BblSlBneHbl C1l~alfl oAH03Ha\.jHolif M 
HeoAH03Ha\.jHoH HHTepnpeTa,-,MM CTM-M306pa>KeHMH npMnoBepxHocTHOH 
p,e¢eKTHoli1 CTPYKTYpbl. 

CALCULATION OF THE STM-IMAGES OF GRAPHITE SURFACE NEAR 
POINT DEFECTS WITHIN THE FRAMEWORK OF TIGHT-BINDING 
APPROXIMATION 
V.F.Elesin, A.V.Krasheninnikov, L.A.Openov, A.L.Suvorov 

Within the framework of tight-binding approximation using Green's functions 
formalism, STM images of a graphite surface with vacancy defects in the 
surface layer and interstitiaIs in the first layer-to--Iayer interspace were 
computed. Computations were carried out for the condition of permanent 
needle (probe) height over the sample surface. The characteristic features 
of contrast of the STM images in the region of defects due to specific 
electron density distribution are analyzed. Cases of ambiguous and 
unambiguous interpretation of the sub-surface defect structure in the STM 
images are revealed. 

PMC. - 21, cn~COK n14T. - 39 HaMM. 
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1. BBEAEHIIIE 

8 npeAwecTsytoLJ-'lo1x pa60Tax (CM., Hanplo1Mep, [1+3]) 6blI10 nOKa3aHO, 4TO 

cYl.lteCTsyeT Clo1nbHoe AeepopMal-'IflOHHOe B3alo1MOAe~CTB\.1e Me>KA0Y3enbHblx 

aTOMOB yrnepoAa, pacnOnO>KeHHblX Me>KAY nosepxHocTHblM Ifl cneAytou.t\.1M 

3a Hlo1M KpIiICTaJ1nOrpaep~4eCKlo1M\.1 cnOs:lMlo1 rpaep~1Ta (TO eCTb B 

np\.1nOBepXHOCTHOM Me>KCIl0eBOM npOMe>KYTKe). HaIl\.14 \.1e 

AeepopMa~~OHHoro B3a\.1MOAe~CTBlo1s:1 nplo1BOAlo1T K np~Ts:I>KeH\.1K> Me>KAOY3nlo1~ 

(T.K. B 3TOM CIlY"iae YMeHbWaeTCs:I 06IlaCTb paCTs:I>KeH\.1s:1 peweTK~) \.1 

06pa30BaH\.1to KJlaCTepOB ~3 Me>KAoY3ellbHblX aTOMOB, nepBOHa4anbHO 

yp,aneHHblX APyr OT APyra Ha 3Ha4\.1Te.nbHoe paCCTOs:lH\.1e. 

KaK Op,lo1H04Hble Me>KAOY3IlV1f1, TaK \.1 KllaCTepbl Me>KAOY311~~ B 

np\.1nOeepXHOCTHOM CIloe np~BOAs:lT K cP0pM\.1pOBaHliltO Ha nOBepXHOCT\.1 

rpaep\.1Ta BblnYKIlOCTec::1 C xapaKTepHblM\.1 nonepe4HblM\.1 pa3MepaM\.1 OT 

"HeCKOnbK\.1X E \.1 Bblwe (B 3aBLo1C\.1MOCTIiI OT 41i1CIla Me>KAOY3J1lo1~ B KIlaCTepe \.1 

epOPMbl KJlaCTepa). 

nOAo6Hbie BblnYKllOCTIiI - "XOIlM&!1K\.1" HeoAHOKpaTHO Ha6J1tOAall\.1Cb Ha 

3KCnep\.1MeHTe [4+16] np\.1 \.1CClleAOBaH\.1\.1 C nOM0lL.lbto ~KaH\.1pytolL.leVl 

TYHHellbHoVl M\.1KpocKon \.1\.1 (CTM) B pe>K\.1Me nOCTOs:lHHOrO TOKa 

(Tonorpaepl.1'.iecKoM pe>K\.1Me) nOBepXHOCT\.1 rpaep\.1Ta, 0611Y\.feHHOrO \.10HaM\.1. 

B pe>K\.1Me nOCTOs:lHHO~ BblCOTbl \.1rllbl "XOI1M\.1KLo1"npOs:lBlls:ltoTCs:I KaK 06JlaCT\.1 C 

pe3K\.1M YBeJ1\.14eH\.1eM TyHHeJ1bHOrO TOKa. AeTanbHblVi 0630P 

3KCnep\.1MeHTanbHblx pe3YJ1bTaTOB npOBeAeH aBTOpaM\.1 B npol-'ecce 

BbJnOllHeHVls:I npoeKTa N2 467-97 MHTl...\ [17]. nonep84HblVi pa3Mep 

"xonM\.1KOslI COCTaBlls:ln p,eCs:lTKLo1 E, BblCOTa - AO 5 E. 
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PaHee [1 +3] MeTo,o,OM MoneKynRpHolii AVlHaMlt1KH HaMlt1 6blnlt1 paccl.u1TaHbi 

xapaKTeplt1CTVlKlt1 nOAHRTVI~ (nonepe~Hbl~ pa3Mep VI BblcoTa), KOTopble 

OKa3anlt1Cb HeCKOIlbKO MeHbwe, "teM 3KcnepVlMeHTaI1bHO HaOI1IOAaeMbie 

"XOI1MVlKlt1". 0AHaKo Heo6xoAlttMO OTMen1Tb, YTO HenocpeACTseHHoe 

cpaBHeHlt1e pac"teTHo~ ,o,eepopMallVlVl nOBepxHocTH rpaeplt1Ta C ,o,aHHblMH CTM 

RBI1f1eTCR He COBceM KOppeKTHbiM (nOCKonbt<y CTM perVlCTpVlpyeT 

pacnpeAeneHVle He aTOMHO~, a aneKTpOHHoJ71 nI10THOCTM). n03TOMY ,D,nR 

AeTaI1bHOrO cpaBHeHHR pesynbTaToB pac~eTOB C 3KcnepVlMeHTaIlbHblMVI 

AaHHblMII1 HeooXOAVIM paCl.feT II1MeHHO pacnpeAeneHVlfI TYHHeI1bHOrO TOKa 

BonH3V1 AeepeKTa, a He TonorpaepVllt1 nosepXHOCTlt1. 

OTMeTlt1M, ~TO "XOI1MVlKVI" VlHorAa II1HTepnpeTVlpylOTCR He KaK Vl3MeHeHVle 

Tonorpaeplt1V1 nosepXHOCTVI (Vl3-sa nOAHflTHfi noaepXHOCTHOrO cnOR rpaepVlTa 

ac.neACTBlt1e HanVl4V1R Me>KAOY3I1V1~ [4+11]), a KaK 4V1CTO 3neKTpOHHblii 

aepepeKT, He CBSl3aHHblJ71 C Vl3MeHeHVleM nOnO>KeHVlR aTOMOB (HanpVlMep, Vl3

3a yaeI11114eHlt1R 3neKTPOHHoJ71 nI10THOCTII1 Ha ypoBHe 4>epMVI BOnll13H BaKaHCVlIii 

[12+14]). 

TaKVlM 00pa30M, HecMoTpR Ha 3Ha~liITeI1bHOe YVlCI10 3KcnepHMeHTaIlbHbiX 

pa60T, ,0,0 CVlX nop HeT OAH03HaYHOrO OTBeTa Ha Bonpoc a npVlpoAe 

IXOIlMVlKOB", Ha6nlOAaeMbix H8 CTM Vl306pa>KeHVlRX rpaepVITa npl,1 HaI1W·IVIVI 

AeepeKTOB, s '"IaCTHOCTVI, C03AasaeMbiX P8AVlallVloHHbIM 06nY"leHVleM. 

B03MO>KHbi ABa npeAeI1bHbiX cny~aR: 

1. ''xonMVlK101'' 06ycnosneHbi IlOKaI1bHbIM nOAHSlTVleM nOBepxHOCTVI 

(Mlt1KpOpacnyxaHVleM) Vl3-3a nORBneHVlfI KIlaCTepOB Me>KA0Y3n&llJ71 B 

Me>KcnoeBblx npOMe>KYTKax B6nVl3&11 nOBepXHOCT&II; 

2. "xonMHKVI" RBJlRIOTCR CI1eACTBVleM YBeI1W-,eHVlR 3IleKTpOHHoJ71 nnOTHOC1lf1 

s6nH3w saKaHCVlC1, npll1 3TOM nOAHflTHIii nOBepXHOCTVI He o6pa3yeTCSl. 

8 peanbHoJ71 CI,1CTeMe B03MO>KHbl HaI10>KeHVlSl 06oll1x 3cPcPeKTOB. KpoMe TOro, 

Ha pacnpeAeneHVle TyHHenbHoro TOKa OYAYT BI1I,1f1Tb aAaTOMbl, 
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nplf1cyTcTByt01.4~e Ha nOBepxHocT~ rpaepll'lTa, oAHaKo y4eT 3Toro 3epq,eKTa 

BbIXOA~T Ha HaCTo~L.LteM 3Tane 3a paMKIf1 AaHHo~ pa50Tbl. 

OTcyTCTB"Ie eA"1HOAYW~~ aBTopoB no 3TOMY Bonpocy O'NaCTIf1 

06ycnOBlleHO He3Hal.l~TenbHblMKOllVlyeCTBOM TeOpeT"IYeCKMX pa60T no 3TO~ 

_TeMaTMKe, KOTopble 6bl n03BOll~n~ rny6>Ke nOH~Tb pe3YllbTaTbl 

3KCnep"lMeHToB. B03Ae~cTBMe BaKaHc~~ Ha CTM-M306pa>KeHMR 

paCC\oIVlTblSanocb B [14+16]. 

OAHaKO HaM He~3BeCTHbl pa60Tbl, B KOTOpblX 6bl TeOpeT~YeCKM 

M3YY81l0Cb (oc06eHHO C yyeTOM pellaKCa4~"I nOBepXHOCTM B5n"13M 

AeepeKTOB), KaK l<J1aCTepbl Me>KAOY3J1~L4 B np"InOBepXHOCTHbIX cnORX 

M3MeH~IOT CTM-1II306pa>KeHt1~rpaeplATa. 

BClleACTBlf1e 3Toro paCyeT CTM 1II306pa>KeHII1L4 rpaep~Ta B61l~3111 

KllaCTepOB Me>KAOY31lt1~ npeACTaBnfleTC~ oco6eHHO Ba>KHblM, nOCKOflbKY OH 

n03BOflll1fl 6bl HenocpeACTBeHHO CB~3aTb pe3ynbTaTbi paCyeTOB reOMeTpll1111 111 

CTPYKTYPbl l<J1aCTepOB, a TalOKe C03AaBaeMbiX ~MII1 nOAHS1TII1~ nOBepXHOcTlI1 

rpaepll1Ta C pe3ynbTaTaM~ 3Kcnep~MeHTOB. 

ApyrlllM 3q,q,eKTOM. yaCTO 3Kcnep~MeHTaflbHO Ha6fllOAaeMbiM Ha CTM

'1II306pa>KeHII1RX rpaepll1Ta e6nlll3111 AeepeKTOB. ~BflReTCR nORBfleHlI1e T. H. 

caepxCTpyKTYP [5, 18+22]. <1>opMlIlpoBaH~e cBepxcTpyKlYP cPaKT~YeCKVI 

03HayaeT 1II3MeHeHVle 110nQ)KeHII1~ MaKclIIMyMOB TyHHellbHoro TOKa 86Jl1ll3111 

AeepeKTOB. (OTMeTII1M, YTO Aa>Ke B OTcYTcTBlI1e AeepeKTOB lIIHTepnpeTaLlIl1f1 

CTM-1II306pa>KeHII1~ rpaepll1Ta ocnO>KH~eTCR 3neKTpOHHblMII1 3epepeKTaMVI: B 

rpaepll1Te BII1AeH Ka>KAbl~ BTopofl aTOM 1I13-3a He3KBII1B81leHTHOCTII1 nOnO>KeHII1(i; 

aTOMOS B peweTKe. 60nee nOAPo6HO 3TOT 3epepeKT on~caH B np~flO>KeH~lII 

I.) 

B HacTos:lL.Ltefl pa60Te Mbl npll1BOAII1M pe3YllbTaTbi paCl.leTa 

pacnpe.a.eneHII1s:1 TyHHenbHoro TOKa, MOAenll1pYIOL.LterO CTM-1I1306pa>KeHlf1e 

nOBepXHOCTIf1 rpaepll1Ta, npll1 Hanw·nllVl .o.eepeKTOB aaKaHCII1ii1 B 
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noeepxHocTHOM CIloe ~ Me~OY3n~~ B nepBoM Me>KcnoeeoM npOMe>t<yTKe. 

KaK ~ Ha npe.o.bw.yl!.t~X 3TanaX, AJ1R paCyeTa nOn_O>KeH~~ aTOMOB rpaepma 

B6n~3~ .o.e<t:>eKTOB ~cnonb30BallCR MeTOA MOIleKYIlSipHO~ A~HaM~K~ c 

yYeTOM KOBaneHTHblX CBSi3e~ Me~y Me>KAOY3eIlbHbIM~ aTOMaM~. AnSi 

on~caH~Si 3J1eKTpOHHO~ CTPYKTYPbl rpa<t:>V1Ta ~CnOnb30BaIlOCb np~6Il~>KeH1I1e· 

CWlbHO" CeR31/1 1/1 <t:>OPMMI/I3M rpMHOBCKVlX <t:>YHK4~~ (pe3YIlbTaTbl nOIlyYeHbl 

B paMKax nepeoro nopRAKa Teop~~ B03MYU4eH~H no B3a~MOAe"CTB~1O"~rIla 

- Kp~CTaIlJ1 rpa<t:>~Ta"). MOAeIl~pOBaI1CR pe>K~M nOCTORHHO~ -BblCOTbl ~rnbl 

HSA nOBepXHOCTblO. 

ABTopaMM paCCY~TaHbl xapaKTep~CTVIKVI "XOIlM~KOB", B03H~KatOutIltX Ha 

CTM-1It306pa>KeHIltRX np~· HaIlIltY~~ OA~HOYHbIX Me~OY3J1~~, KJlaCTepOB 

Me~OY3I1~~ ~ BaKaHCIIt~. nOKa3aHO, YTO KaK Me>KAOY3I1Li1R (KOTopble 

06pa3yIOT KrIaCTepbl BCI1eACTBlite Ae<t:>opMa41110HHoro B3aIltMOAe~CTBMR), TaK 

111 BaKaHCIIt~ npl1BOASIT K nORBI1eHVlIO Ha CTM-1It305pa>KeHMRX "XOIlM~KOB" 

(poery TYHHeI1bHOrO TOKa) e6Il113~ Ae<t:>eKTOB, OAHaKO KIlaCTepbl C03AaiOT 

"XOIlM~K~" ropa3AO 60I1bW~X pa3MepOB. Pa3Mepbl paCCY~TaHHbJX XOI1M~KOB 

corI1aCytoTCR C pa3MepaMlit 3KCneplltMeHTaIlbHO Ha6mOAaeMbiX. nOIlY4eHbl 

CBepXCTpYKTYpbJ, XopOWO cornaCYlOlI.ll1eCR C Ha6I1IOAaeMbIMIA Ha 

3KCnep1ltMeHTe. 

Ta~M 05pa30M, MO>KHO yrBep>KAaTb, YTO pe3YIlbTaTbi paC\.feTOB CTM

1It306pa>KeHlJIH nOBepXHOCTL1 rpa<t:>MTa B6nM3~ Ae<t:>eKTOB cB~AeTeI1bCTBYIOT s 

n0I1b3Y 06pa30BaH~R KnaCTepOB Me>KAoY3eI1bHblX aTOMOB yrIlepoAa Me>KAY 

nnOCKOCT~MIIt rpa<t:>MTa 3a CyeT Ae<t:>opMa4V10HHoro B3a~MOAe~CTBVls:I. 

2. TEOPETMl.IECKAfI MO.QEIIb M METO.Q PAClfETA 

MbJ OnlltCblSaeM C1'1CTeMy CTM· rpa¢>VJT B paMKax np116I1I/1)f(eH~R CIltIlbHO~ 

CBR311t. 3TOT nOAxoA ycnewHo ~Cn0I1b3yeTcR npl/I paC\.feTe xapaKTeplltCTIltK 

CVlCTeM, He o5nap,alOlltVlX TpaHCnR~IItOHHOl1 CIAMMeTplo1e~ (HanpIitMep, nplo1 

HaI1lo1\.fl1l/1 AeepeKTOe), nOCKonbKY n03Bom:teT paCCMaTplitBaTb .o.oCTaTo4Ho 
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60nbw~e Kplo1CTannm-bl, COCTOfl~Lile 1i13 HeCKOnbKIltX TblCfl4 aTOMOB. nonHbl~ 

raMlr1nbTOH~aH H CLilCTeMbi MO>KeT 6blTb npeACTasneH B BIltAe CYMMbl 

H =HUp + H graphiJe + H1ip-grap/rite , (1 ) 

rAe nepBoe cnaraeMoe Onlr1CblBaeT 3neKTpOHHYIO CTpyKTYPY lr1r.nbl, sTopoe

3neKTpOHHYIO, CTpYKTYPY rpa¢Ir1Ta" nocneAHee cnaraeMoe OTpa>KaeT 

B3alltMOAelf1CTBilte Me>KAY IItrno~ lit nOBepxHOCTblO rpa¢IItTa. B 06~eM cnY4ae 

raMLilnbTOHllt8H Ir1MeeT SIr1A 

(2) 

rAe eYMMIr1pOB8Hllte oCYLUecTBll~eTC~ no BeeM Y3n8M CIr1CTeMbl IItrna

KpLilCTarJn, Ej -oAHoY3enbHbie 3HeprlilLil Ha Y3Ile i, \/ij npeAcTaBnfleT co6o~ 

3HeprLilIO nepecKoKa 3neKTpOHa e Y3na i Ha Y3en j. nOA4epKHeM, 4TO 

nepecKoKLiI MOryl" ocy~ecTBIlflTbC~ He TonbKO Me>KP.Y 6IlLil>KaYlWLilMlo1 Y3IlaMilt 

peweTKIlt. 

2.1. TYHHenbHbl~ TOK 

Allfl paC\.feTa TYHHeIlbHoro TOKa Mbl Bocnonb3yeMcR MeTOAIltKOYl, 

nOAPo6HO 1It3IlO>KeHHOH B [23]. C IItCn0l1b30BaHLileM epopMaIlllt3M8 rpLilHOBCKLilX 

¢YHK~LiIM LiI nepBoro nopfiAKa TeOpVUJI B03MYl.I.teHIiIM no B3aLJIMOAe~cTBLilto 

I.1rIla-KpLilcTaIlIl (npeAnoIlaraeTcR, 4TO Lilrna LJI KplltCTann f1BIlfiIOTCfI 

cna6ocBfl3aHHble) AJ'lfi cIlY4afl HYIleBblx TeMnepaTYP TYHHeIlbHbl~ TOK 

Me>K,D.Y LilrIlOH LiI nOBepxHocTblO rpaeplr1Ta MO>KeT 6blTb 3anlr1CaH B BIr1Ae ~ 

(3) 

rAe Ptip{E) J10KaJ1bHafl nnOTHOCTb 3IleKTpOHHblX COCTOflHI.1Yl Ir1fJ1bJ; Psurf{fi, E) 

J10KanbHas:l nOBepxHOCTHaff nnOTHOCTb COCTOflHVtH (local density of states, 

LDOS) rpaeplr1Ta Ha aTOMe C KOOPAIr1HaTOIf1 fi; \Ii - TYHHeIlbHbl~ MaTpLil4HblH 

3IleMeHT Me>K,D.Y Kpa~HIltM aTOMOM Ir1rnbl (npeAnonaraeTCfI, 4TO 

TYHHeIlLilpOB8HLile OCYu.teCTBJ1f1eTCfI TOIlbKO C Hero) III aTOMOM i rpaepLilTa; EF 

3Heprlr1f1 et>epMrtI Kplr1CTanJ1Li1Ta rpa¢I.1Ta; Vbias - BHeWHee nplr1nO>KeHHOe 
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HanpR>KeHlo1e (Hanp~)f(eH1'1e Ha ~rne). CYMMlo1pOBaH~e B (3) ocy~ecTBn~eTc~ 

no BeeM nOBepxHoCTHblM aToMaM, C KOTOPblMLo1 ",rna B3a~MoAeOlCTByeT. 

pswf(r.E) = ~Jl'n(r}12 o(E - E,,) I (4) 
" 

rAe 'Pn co6CTseHH8R QlYHKIlMH HgraPhite (Hgraphite'¥n = En'¥n), 

cooTBeTCTBytO~a~ 3Heprl<1H En. C Y'"leTOM reOMeTpLo1l<1 3aAa\llil (CM. pliIc.1) 

TYHHenbHbl" TOK KaK cPYHK~Ir1S1 KOOPAliIHaT ~rnbl (x, y, h) onpeAeru:teTCR 

BblproKeHliIeM 

2
I(x,y,h} = 2xe L: L:1V;(x - xpy - yph - zJl2 

p/ip(EII )!\}JII(r;)1 • (5) 
Ii £F-.V"""<E.<£,, i 

z OCTPME-30HA 

h 

y 

nOBEPXHOCTbrPA~~TA 

P1'1c.1. CxeMaT1iI4Hoe npeACTaBneHlo1e B3alilMOAe~CTBlo1~ B 
CliICTeMe Io1rna-Kpl1CTaI1nlo1T rpacP~Ta. 
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MaTp~4HbIH 3neMeHT Vi Bbl'"l~cnsmCs:t C nOMOLi4blO Sblpa)l(eH~~, 

nony'"leHHorO 6apA~Hb1M [24] S nepsoM nop~AKe Teop~~ B03My~eH~H AIls:t 

AByx cna60CBs:l3aHHblx C~CTeM: 

(6) 

rAe ~a, ~13 = ~p(ri) SlBns:tIOTcs:I <PYHK4V1RM~ BaHHbe 3neKTpOHOB, 

nOKanVl30BaHHbiX Ha KOH4e VlrI1bl lit aTOMe i rpaep~Ta COOTBeTCTBeHHO. 3rVl 

<PYHKU~lit annpOKCVlMVlpOBanViCb cneTepOBCKVlMVI epYHK~V1s:1MVI Afls:l dz2 (VirIla) 

~ 2pz (rpa<pVlT) op6V1TaneH COOTBeTCTBeHHO [23]. V1HTerplitpOBaHVle 

oCYl.1.\eCTBJUUlOCb '"IViCIleHHO no nnOCKOCTVI x-y, HaxOASll..L(el7lCs:I Ha n0I10BlitHe 

BblCOTbl Me>K.QY ~rI1ol71 VI KpVlCTanJ10M. B Bblpa>KeHVIVI AJl~ 2pz -epYHKL(Vllit 

(~2p, (r) - zexp(-~r) ) napaMeTp ~ BbI6V1paI1Cs:I pasHblM 3Ha4eHVlIO 3TOVI 

BeI1V14V1Hbl AJ1R cBo60AHOro aTOMa yrnepoAa: ~ :::: 1.6 (aToMHblX eAVlHVlL() [25], 

a B Bblpa>KeHVIVI Ans:l dz2 -<PYHKUVI~ (~Ar) - (3z2 -r 2 )exp(-ar) ) napaMeTp U :::: 

=1.3 AflSl BOIlbeppaMoBoH Vlfnbl [26]. 

2.2. 3neKTpOHHaH CTpYKTypa rpaep~Ta B6n~3V1 nOBepxHocT~ et>epMVI 

.QnSl on~CaH~s:I 3neKTpoHHOH CTpYKTYpbl rpa¢VlTa B6nJ.t13~ nOBepXHOCTJ.t1 

4>epMVI VlCn0I1b3YIOTC~ pa3I1V14Hble MOAeI1V1 CIf1I1bHOH CB~3V1 [27..;.-31], 

napaMeTpbl B KOTOpblX (MarpVl4Hble 3neMeHTbi nepeCKOKa SneKTpOHOB 

Me>Kt\Y Y3I1aMVI VI Y3eI1bHble 3HeprJ.t1~) Bbl6V1palOTcSl ~3 COOTBeTCTBVlSl 

pe3ynbTaToB 30HHbiX pac4eToB (~ pac4eToB 3Hepr~1f1 CBs:l3~ aToMoB), 

BblnOI1HeHHblX B paMKax 3TVlX MOAeneH VI MeroA8MVI \lab-initio", 8 TalOKe Vl3 

coBnSAeHVlH C 3KcnepVlMeHTaI1bHb1MVI AaHHbIMVI. 

HaMVI If1Cn0I1b30SaHa napaMeTpVl3auVls:l, npeAJlO>KeHHaR B [31]. 

3aBVlc~MoCTb MaTp~4Horo sneMeHTa nepecKoKa 3neKTpOHOS OT paCCTOs:lHJ.t1f1 

Me>KAY aTOMaMVI onVlCblBanaCb 3MnlitpVl4eCKoVl epyHKUVleH, ~BHbIH BViA 

KOTOPOI7t npVlBeAeH B [31], a AJl~ yyeTa 0pVleHTa~VIVI op6V1Tanel7l B 
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npocrpaHCTBe 14CnOnb30BanaCb annpOKCHMaL4H~ CneTepa-Kocrepa. 31'a 

MOAenb npHMeH~naCb HaMH paHee WI$) MOAenHpOBaHHR BaKaHCH~ 1.1 

Me>KAOY3nH~ B rpa¢HTe [3]. OTMeTHM' TalOKe, 4TO OHa MO>KeT 6blTb 

HCn0I1b30BaHa AJl~ pa~eTa H30J1HpOBaHHbIX KJ1aCTepOB yrnepoAa [32]. K 

HeAoCTaTKaM 3TO~ MOAenll1 MO>KHO OTHeCTH TO, "ITO OHa HeKoppeKTHO 

onHCblBaeT Me>KCllOeBOe B3aHMOAe~CTBHe, npHpOAa KOToporo ropa3Ao 

MeHee flCHa [33], "IeM npHpOAa KOBaI1eHTHoro· B3aHMOAe~CTBlI1R B 

rpa¢MTOBbIX nnocKocrflX. n03TOMY Mbl MOAII1¢lI1L4HPOBaIl14 MOAenb, A06aBMS 

no aHanOll1H C 5WMc- MOAenblO [30] rpa¢MTa CIlaraeMoe, OTpa>KalOll.tee 

nepecKoKM 3neKTPOHOB Me>KAY nnOCKOCTflMH C MaTpH"IHbIM 3neMeHTOM B 

Aec~Tb pa3 MeHbWHM, "IeM y onHCblsalOUlero nepeCKOKH 3J1eKTpOHOB Me>K.AY 

aTOMaMH B nnOCKoCTfiX. PaC"IeT nnOTHOCT'" COCTO~HH~ B paMKax 

Hcnonb30BaHHO~ MOAenH AaI1 xopowee KOI1H"IeCTSeHHoe COBnaAeHMe C 

pe3ynbTaTaMH, nony"leHHblMM AIlfi APyrHX MOAene~ rpa¢HTa. 

nOCKOI1bKY Hac HHTepecylOT 3neKTpOHHbie COCTOflHMfI B Y3KO~ 06naCTH 

B6nH314 3HeprnH Cl>epMli1, T.K. li1MeHHO OHM onpeAeI1~IOT TyHHenbHbl~ TOK npH 

He6oI1bWHX BHeWHli1X nplM10>KeHHblX Hanp~>KeHIJI~X (Hanp~)KeHHH Ha Hrne) 

V Mbi MO>KeM paCCMaTpHBaTb TonbKO 2Pz 3I1eKTpOHbl. ~e"'CTBHTenbHO,bias, 

XopOWO H3seCTHO [34,27], "ITO 3J1eKTpOHHble COCTOflHM~ B6J11113H 3HeplV11r1 

<l>epMM B rpa¢lI1Te 6e3 AeepeKTOB onp8Ae.m:UOTC~ TonbKO 2pz-COCTO~HH~MIr1,14 

MO>KHO O>K14AaTb, "ITO npH HaJ1H"IHH BaKaHCH~' H Me>KAOY3nH~ OCHOBHO~ 

BKnaA B nI10THOCTb COCTOflHli1Vt 6YAYT AaBaTb 2pz -op6HTallH. 

HaMIJI paCCMaTpll1Ban14Cb KOHe"lHble KpHCTanl114Tbl rpa¢HTa (epparMeHTbl 

rpa¢wroBblX n.nOCKOCTe~), COCTO~I.Lf,14e 1.13 AByx enoeB, np14 3TOM aTOMbl 

yrnepoAa B pa3nH"IHblX nnOCKOCT$)X c.L\BHHyTbI OTHOCHTenbHO APyr APyra TaK, 

"fTO H8A K~bIM BTOPblM aTOMOM B nepBO~ nnOCKOCTH HaXOAHTCfI nyCToe 

MeCTO B rpaepll1TOBO~ peweTKe BTOpoUi nnOCKOCTM (AS stacking, Bernal form 

of graphite). TaKaSl nOC11eAOBaTenbHOCTb aTOMOB B pa3J1H"IHbIX nnOCKOCTSlX 

HaH60nee "IaCTO BCTpe"laeTCSI B npll1pOAHOM rpacPMTe. OTMen1M, "ITO 
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nllOTHOCTb COCTO~HHIf1 Ha ypoBHe <t>epML1, orrpeAell~ltoU.(a~ TyHHeflbHb11f1 TOK, 

Clf1llbHO 3aBHCL1T OT nma CTblKOBKH nnocKocTei1 [27]. B paC'-IeTaX 

I.'tCnOnb30BaIllt1Cb nepHoAH4ecKHe rpaHW-IHble ycnoBH~. 

2.3. 3IleKTpOHHaR cTPYKTypa V1rnbl 

Ltlrna MOAeIlV1poBanacb nony6ecKoHelofHoI7I oAHoMepHolf1 4eno4KoIA 

aTOMOB C nepecKoKaMV1 311eKTpOHOB TonbKO Me>KAY 6IlV1)f(a~WV1MV1 coceA~MH. 

npeAnOIlaranOCb, "'ITO TYHHenYipOBaHVle npOHCXOAIf1T TonbKO C Kpal7lHero 

aTOMa B 4ello4Ke. 8 paMKax AaHHoro npV16111ll>KeHHs:I peallbHa~ reoMeTpH~ 

V1rllbl He Y4V1TbIBaeTCR, OAHaKO, nOCKonbKY OHa, Boo6l..4e rOBOpft, 

HeIt13BeCTHa, TO TaKOIA nOAxoA npeACTaBIlfleTcfl pa3YMHbiM AllR 

MOAenV1pOeaHIt1f1 CTMMIt1306pa>t<eHHVr. 

¢>YHK4lo1R rplo1Ha 3neKTpOHa Ha Kpa(JHeM aTOMe B 4el104Ke Mo>t<eT 6blTb 

3anHcaHa cn~ytol..4HM o6pa30M [35]: 

2
G,ip(E) = 2~2 (E ± ~E2 -4W ) (7)I 

rAe W - MaTpV14HbJI7I 3neMeHT nepecKoKa 311eKTpOHa Me>t<,qy coceAHHMV1 

aTOMaMV1 8 4enO'-lKe. VlcnOllb3YR 1f13BeCTHoe COOTHoweHV1e Me>t<,qy 

nllOTHOCTblO COCTORHHVr 111 <pYHK4HeVr rplo1Ha 

p(E) = -.!.ImlimTr(G(E + is)) , (8) 
1t 

nOIly"lIf1M, "'ITO IlOKanbHas:l nnOTHOCTb 3neKTpOHHbiX COCTOflH1IlVr VIrIlbl (Ha 

Kpa~HeM aTOMe) onpeAenfleTC~ Bblpa>t<eHHeM 

1 .J 2 2 (9)PriP(E) = ~-2 4W - E . 
21tW 

OTMeTlo1M, "fTO e6n1f13lo1 E = 0 Ptip{E) flBnfleTCfl Me.qIleHHO MeHflfOllielACs:I 

epYHK4V1ei4. B paC4eTax nonaranOCb W= 1eB. 
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3.PE3YflbTATbIPAC4ETOB 
S- HSCToSl~e~ pa60Te 6b11lL1 oCYl.LleCTBneHbl pa~eTbl CTM-~306paJKeH~~ 

nOBepxHoCT..... rpaep~Ta B61l~3~ OA~H04HblX Me>K.l\oY3n1t1~, KIlacTepoB 

Me>KAoY3n....." ~ BaKaHc~£1. PaccMaTp~Ban~cb Kp~CTaIln~Tbl ~3 AByx 

rpaep~ToBblX enoeB, B Ka>KAoM ~3 KOTOpblX cOAepJKaIlOCb 448, 860, 1196 

aTOMOB. KaK nOKa3anlfl Haw~ paC4eTbl, pe3YllbTaTbi cna60 3aBLtlCSlT OT 

pa3MepoB KP~CTann~Ta. YBen~4eH~e 4~cna aTOMOB. B ....eTbipe pa3a 

np~BoA~IlO n~Wb K He3Ha4~TenbHoMY (10-20%) KOIlw·teCTBeHHoMY OTll1l141t11O. 

AnSI paC"IeTOB KooPA~HaT aTOMOB B KflaCTepe C AeepeKTSMVI 

VlcnOIlb30BaIlCSI MeTOA MOneKYIlflpHoti A~HaM~KL.1. AeTanbHoe on~caHL.1e 

MeTOA~KLtl paC\.feTOB np~BeAeHO B [1+3]. Kp~cTann rpaep~Ta, COAep>Ka~~~ 

AeepeKTbl B sepXHeM cnoe, MOAen~poBancfI KpL.1CTaIlIl~TOM, COCTOfl~L.1M ~3 

weCT~ rpaep~ToBblX cnoeB no 1980 STOMOB Ka>KAbl'1. noc.ne peIlaKCa~~L.1 

nOBepXHOCT~ np~ C03AaH~L.1 AeepeKTOB, T.e. M~H~M~3a~~~ 3Heprlo1~, .....3 AByx 

BepXH~X cnoeB KpLtlCTallll~Ta IBblpe3ancSI" Kp~CTann~T MeHbW~X pa3Mepos 

(CM. pL1c.2), KOTOPbl~ ~cnonb30BancSI A11S1 paC4eTa B paMKax np~61l1l1>KeH~SI 

c~nbHO~ CBfl3~ nosepxHoCTHO'1 3neKTpoHHoti nIlOTHOCT~ (2). AnSI 

onpeAeneH~s:I co6cTBeHHbix epYHK~~1f; \{In raM~nbTOH~aHa Hgraphite 

np~MeHSlncSI MeTOA T04HO~ A~arOHanL.13aL4~~. 

Bce pe3YIlbTaTbJ nOIlYl.leHbI B pe>K~Me nocToSlHHot1 BblCOTbl iI1rnbl HaA 

nOBepxHoCTblO. 

3.1. CTM-L1306p~eH~e rpaep~Ta 6e3 AeepeKTOB . 

PaccMoTp~M BHa4ane CTM-~306pa>KeH~e rpaep~Ta 6e3 AeepeKTOB. 

nOnO>KeHL1e aTOMOB yrnepoAa Ha nOBepXHOCT1I1 rpacP~Ta cxeMaT~4eCKlt1 

nOKa3aHO Ha p~c. 3. CnnowHble Kpy>KKlI1 cooTBeTcTBylOT n03~U~51M aTOMOB B 

BepXHeM enoe, 06BeAeHHbie KPy>KK~ - n03"'4",SlM a-aTOMOB (noA KOTOPbIM~ 

BO BTOpOM c.noe TalOKe HaXOA~TCfl aTOM yrnepoAa). CornacHo 
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3KcneplllMeHTaIlbHbiM AaHHblM, Ha CTM-1Il306pa>KeHi-1ftX nplll MaIlblX 

3Hal.feHa.1S1X Vbias Ba.1AHbl TOIlbKO ~ aTOMbl (nOA KOTOPbIM~ HeT aTOMa). 
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PIo1C. 2. a) Bi-1A c6oK}' 11881-aToMHoro Kplo1cTan.nLona C OAH~M Me>KAoy3IlL1eM, 

L1CnOIlb30eaHHoro AJ'lSl peflaKCa~i-1L1 peWeTKL1 B6Il10131f1 Ae¢eKTa MeTOAOM 

MOIleKYIlRpHO~ AL1HaM~KL1; 6) BL1A c60KY 2192-aTOMHoro KpL1CTaIlflvlTa, 

COCToS1~ero 1013 ASYX CI10eB no 1096 aTOMOB Ka>KAbIVl, Io1cnOIlb30BaHHoro AIls:! 
paCl.feTa nOBepxHocTHO~ nIlOTHOCT~ COCTOS1HIo1~ B npIo16IlIo1~eH~1Il CIIlIlbHOVl 

CBs:l311l; B) TpeXMepHoe 101306pa>KeHlIle XOIlML1Ka, C03AaHHoro OAHIIlM 

l'J\e>KAoy3fJlo1eM. 
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PL<1c.3. CXeMaTI.1'·moe 1rt306pa)KeHHe Kplf1CTanna rpa¢u,1Ta (TVlna "Bernal 

graphite") L<1 caepxpeW6TKVI .fiR x.fiR 30·, o6ycnoBneHHO~ 

H60AHOPOAHOCTbtO 3J1eKTpOHHOVl nnOTHOCTIrt. ManeHbKlf1e KPy>KKIf1 

COOTBeTCTsytOT n031rtl\~~M aTOMOB yrnepOAa. COJlbWlrte Kpy>KJU1 

COOTBeTCTSYIOT aTOMaM, KOTopble He BHOCflT BKnaAa B TyHHenbHblLit TOK (<1.
Y3Jlbl). KBa.o.paTbl COOTBeTCTBYtOT aTOMaM C BblCOKOVl II1HTeHCIf1BHOCTblO 

TYHHe.nbHoro TOKa (npH Hanlf141f11f1 csepxpeWeTKIf1). PaCCTO~H101e Me>K,D.y 

aTOMaMII1 C BblCOKOLit ~HTeHClrtBHOCTbtO TOKa Rss B J3 pa3 60I1bWe 

paCCTOflHL<151 Me>KAY p-aTOMaMIf1 C R=.[i B, rAe a - pacCToflH~e Me>Kt'.Y 

6nH~V1WlrtMH coceARMIf1 B rpaeplrtTe. 

Ha Plf1c. 4 nOKa3aHO paCC41f1TaHHOe HaMIf1 CTM-L1306pa>KeHli1e nOBepxHoCTH 

rpaeplf1Ta 6e3 .o.eepeKTOB npH Vbias =0.1 B. CBeTnble y",aCTKlII cooTBeTCTBytOT 

MaKCf,1MYMaM TYHHenbHoro TOKa, yepHblMH TOYKaMI;t nOK838Hbi nOnO>KeHL1f1 

aTOMOB. BIf1.o.HO, "'TO Ha6I1tOAaeMa~ peweTKa 51snfleTCfI TpeyronbHo~ C 
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neplo1oAoM R == J3a, rAe a=1.42A - paccTo51Hlo1e Me~y 6I1lo1>Ka~Wlo1Mlo1 

coceA~Mlo1 B rpaeplo1Te. B COOTseTCTBlo1lo1 C 3Kcneplo1MeHToM, MaKclo1MyMaM TOKa 

OTBe4aiOT nOIlO>KeHlo1~ f3-aToMos. 

Plo1C.4. TeopeTlo14eCKl-1 paCC4l-1TaHHOe 24x24A CTM-lo1306pa>KeHl-1e 

nOBepxHoCTlo1 rpaeplltTa 6e3 AeepeKTOB. CBeTIlbie o6nacn1 cooTBeTcTBylOT 

o6.nacT~M, rAe TYHHeIlbHbl~ TOK MaKC&o1ManeH. TeMHbie Kpy>KKlo1 nOKa3blBalOT 

no.nO>KeHlo1e aTOMOB yr.nepoAa (Vbias =0.1 B). 

Ha plo1c.5. nOKa3aHa 3aSlI/Clo1MOCTb TYHHeIlbHoro TOKa OT KooPAlo1HaTbi 

lo1rI1bl np1t1 ABlI/>KeHL.1lo1 BAOIlb IlL.1HlI/L.1 lI/3 T04KL.1 1 B T04KY 2 (CM. Plo1C 2) npL.1 

pa3Illo14HbiX Vbias lI/ pa3Illl/4HO~ BblCOTe lo1rJlbi h HaA nOBepXHOCTblO. 

Clo1MBonoM "h" o603Ha4eHo no.nO>KeHlo1e lo1rnbl HaA u.eHTpoM rpaepll/TOBOrO 

weCT~yronbHlltKa. Blo1AHO, 4TO C YBeIllo14eHlo1eM paCCTO~Hlo1R TYHHeflbHblH TOK 

3KcnOHeHLU·1anbHO naAaeT. C pOCTOM Vbias aC&t1MMeTpl-1f1 Me>K.Qy f3- lit a

aTOMaM&t1 CTaHOBlo1TCR MeHbwe, nocKo.nbKY C POCTOM Vbias yaeIllo14l1/BaeTCR 

4&t1CIlO COCTORH&t1H, AalOlLlL.1X BKIlaA a TYHHeIlbHblH TOK. Pacc4lo1TaHHble CTM

&t1306pa>KeHIo151 He 3aBL.1CeIl&t1 OT 3HaKa Vbias• nO.nY4eHHble pe3ynbTaTbi 

HaXOA~TC~ B xopoweM CorJ1aClI/~ C AaHHbIM~ APyr&t1X aSTopOB [23,34J. 
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P~c.5. TYHHeI1bHbI~ TOK KaK epYHK~~f1 n0I10>KeH~f1 ~rI1bl np~ CKaHVlpOBaH~~ 

no nOBepXHOCTM rpaep~Ta BAonb I1MH~"1 1 -- 2 (CM. p"1C. 2): a) Vbias =0.1 B, h 
=4 A; 6) Vbias =0.6B, h =4 A; B) Vbias =0.18, h =5 A; r) Vbias =0.6B, h = 5 A. 

3.2. CTM-M306pa>KeHMe rpaep"1Ta B6nM3M OA~H04Horo Me>KA0Y3I1MS1 

OTMeT~M, 4TO "13-3a BblcoKoC. nOABI.1>KHOCTI.1 0AI.1HO....Horo Me>KA0Y3I1MfI 

Me>KAY rpaepMToBblMlt1 CIlOs:lMM npeACTaBIlReTcR Ma1l0eepORTHblM, lfTO 

Ha6I1IOAaeMble Ha 3KCnepl.1MeHTe XOI1Mlt1KM RBJUllOTCs:I CIleACTBlt1eM 
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oTAenbHblX Me>KAOY3n~lfi. O,l:\HaKO 1I13Y"'leH~e B03AelficTBII1f1 0AV1H04HOrO 

Me>KA0Y3n~f1 Ha CTM-lI1306pa>t<eHL1e npep.CTaBns:leTCH MeTOAOnOrll14eCKlJI 

~eneC006pa3HblM Allf1 nOH~MaHlllfI q>~3lJ14ecKolfi np~pOAbl nOHBJleH~H 

o6naCTeifi 3HaYIIITenbHorO YBen~YeHlJIfi TYHHenbHOrO TOKa. 

Ha pL1c.2 6bln npeACTaBJleH BlI1A c60KY 2192-aToMHoro KPL1CTaIlJlL1Ta, 

~CnOJlb30BaHHoro Anfl paC4eTa TYHHenbHoro TOKa, a TalOKe nOJlO>t<eH~e 

aTOMOS BepXHe~ nnOCKOCT~ HenocpeACTseHHO HClA Me>KAOy3JlL1eM. 

Me>KAoY3JllJle HaXOA~JlOCb Me>KAY rpa¢lJITOBblMlI1 nJlOCKOCTflMlI1 B ~eHTpe 

. KplJlCTanJl~Ta. XopOWO 3aMeTHO paCnl>KeH~e nOBepXHOCTHoro CJ10rJ B6Jl~3~ 

Me>KAOy3JlIl1f1, nplJl 3TOM xapaKTepHbJ~ pa3Mep HapyweHlJIfi HOpMallbHOrO 

pacnOll0>t<eH~f1 aTOMOB B rpaQ:>lJITOSO~ peweTKe COCTaBJlfleT 6-8 

Me>KaTOMHbIX pacCToflHV1~, T.e. 10-12 A. 

Ha PlJlc. 6a npeACTaBileH TyHHeJlbHbl~ TOK I = l(x,Y) KaK ¢YHK1-'lJIfi 

KooPAV1HaT lI1rJlbl B nnOCKOCTlJI (x,Y) npIII Vbias =0.1 V, h =4 A. Xopowo 

3aMeTHO pe3Koe YBeJllJl4eHVle TYHHeJlbHoro TOKa B611V13lJ1 Me>t<t\oY3JllJIfI, 

o6ycnoBneHHoe nporn6oM nOBepxHocTLiI rpaq>lJITa HaA Me>KA0Y3nlJleM. nplJl 

3TOM, COrilaCHO HaWLilM pac4eTaM, JlOKallbHafl 3.neKTpOHHaH nJlOTHOCTb 

rpa¢lJITa cna60 1I13MeHlJIJlaCb no cpaBHeHlJIlO co CJ1Y4aeM, KorAa Aeq>eKTbl 

OTCyrCTBytoT. 

Ha pL1c. 66 nOKa3aHO ce4eHLile Lil306pa>KeHLilfI p~c. 6a rOpL130HTaJlbHO~ 

nJlOCKOCTbto, OTBeYato~et1 HeKoTopoMy l1oporosoMy 3Ha4eHlJIto TYHHenbHoro 

TOKa. CBeTJlble q>parMeHTbl OTBe"'latoT 06naCTflM, B KOTOpblX TOK 60Ilbwe 

noporoBoro 3HaYeH~$l, TeMHbie - rAe MeHbwe. TaKo~ nOAXo,l:\ YAo6eH AJ1f1 

conOCTaSIleHlJIfI C 3KCneplitMeHT8JlbHO nony"'leHHblM CTM-H306pa>KeHLileM. 

BLilAHO, YTO BLil3yaJlbHbl~ pa3Mep o6naCTIr1 cYLLlecTseHHoro YBenHyeHVlfI 

TyHHenbHoro TOKa COCTaBIlfleT ..., 1OA. O~eHKa pa3Mepa "xonMLilKa" KaK 

WlJIplJIHa Ha nonyBblcoTe AaeT - 5A. B JleBolfi 4aCTVI V1306pa>KeHVlfI 

e.paKTVI"'IeCKVI coxpaHeHa cTpYKTYpa MaKclJIMyMoB TYHHenbHoro TOKa, 

OTBe4alO~CUI rpae.pVlTy 6e3 Ae¢eKTOB, B npaBo~ yaCTVI 3aMeTHa 
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a 

6 

PHc.6. TYHHenbHblH TOK KaK cPyHKl.-'lIIfI KOOPAHHaT (X,Y) Hmbl 66111113H 

OAHHOYHOro Me>KAoy311111f1: a) TpeXMepHoe 111306pa>t<eHllle; 6) paCCYIIITaHHoe 

30x30A CTM-H306pa>t<eHHe (Vbias = 0.1 B, h =4 A). TeMHbie KPY>KKH 

nOKa3blBalOT n0I10>KeHHe aTOM06 yrnepOAa. 
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cBepxpeweTKa .fj x .fj R 30° (\.IaCTO Ha6J1tOAaeMa~ B rpaqwne B6n~3~ 

AeepeKTOB), CM. TalOKe p~c. 3. B03HJ..1KHOBeH~e cBepxpeWeTKJ..1 npoS1BnS1eTcS1 B 

TOM, "fTO J..1HTeHC~aHOCTb T)'HHenbHoro TOKa Ha HeKOTopblX aTOMax 

yaeIWf\.lL4BaeTCS1 no cpaBHeH~1O C APyrL4ML4, npL4BOA~ K epopML4pOaaHVHO 

HeKoTopoVi peWeTKL4.. HaI10>KeHHO~ noaepx BJ..1A&.1MO~ a rpae;pL4Te 6e3 

Aee;peKTOB TpeyroIlbHo~ peWeTK&.1. 

Ha PL1C 7. nOKa3aH per/bee;p TyHHeIlbHoro TOKa npJ..1 h = SA B 

HenocpeAcTBeHHo'1 6nJ..130CTJ..1 OT Me>KAoY3IlJ..1R C YBeIlJ..1\.1eHJ..1eM 

h BKfl8A OT oTAenbHblx aTOMoa CTaHOBJ..1TCS1 MeHee 3aMeTHbIM, oAHaKo 

cTpYKTYpa IXOIlMJ..1Ka" coxpaH~eTcR 

YBeIlw..leHJ..1e Hanp~>KeHJ..1~ Ha J..1rJle npl'lBOAl'IT K Il~He~HoMY POCT)' (no 

Hanp71>KeH~'9) l'IHTeHCJ..1BHOCTJ..1 TOKa. Ha Pl'lc. 8 nOKa3aH peIlbe¢ 

TYHHeIlbHoro TOKa BAorJb f1J..1HJ..1l'1 x = a npl'l pa3IlJ..1""1HbIX 3Ha\.leHl'I~X Vbias. 

V13MeHeHVle 3HaKa Vbias He BIlJ..171IlO Ha HaI1L1\.1J..1e J..1 pa3Mep Ha6IltOAaeMOrO 

"XOnMJ..1Ka". 

3.3. CTM-J..1306pa>KeHJ..1e rpaepLIITa a6Jll'l3J..1, KnaCTepoe Me>K.QOY3IlL4VI 

Mbl paCC"f~TaJlJ..1 CTM-L11306pa>KeH~~rpaepJ..1Ta e6IlLll3Lo1 KflaCTepOB L113 2, 

4 LII 10 Me>KAOY3J1L11~. npOl..4eAypa paC4eTa KOoPALII.HaT aToMoB MeTOAOM 

MOneKYIlS1pHOV; AJ..1HaMl'IKLII 1ft Bbl60p Kpl'lCTaIlIlJ..1Ta MeHbWJ..1X.. pa3MepOB AJlfl 

paC4eTa TYHHeIlbHoro TOKa B npLll6IlLII>KeHLIILII CLi1IlbHO~ CBS13L11 6blJla 

aHaIlOrJ..14Ha OnJ..1CaHHor1l Bblwe AJ1~ 0AJ..1HO"fHOrO Me.>KAOY3I1i1lR V'lCXOAHO 

Me>KAOY3JlLIIS1 pacllpeAeIls:lIlLIICb no KpJ..1CTaIlIlillTY CIlY4a~HbIM 06pa30M Me>KAY 

nepBor1l LII BTOPO~ rpaepJ..1TOBor1l nIlOCKOCTblO, LII B npol..4ecce penaKCa4L11L11 

CVlCTeMbl BCIleACTBJ..1e AeepopMal..4i1lOHHoro 83aLIIMoAer1lCTBJ..1S1 np0J..1CXOAJ..1IlO 

oopa30aaHVle KIlacTepa. 

Ha Plftc. 9a npeACTaBIleH T)'HHeIlbHblr1l TOK I = I(x,y) KaK epYHK4L11~ 

KooPALIIHaT L4rIlbl B nIlOCKOCTJ..1 (x,y) B6IlVl3J..1 ABy>< Me>KAOY3J1L11r11, 

o603Ha4eHHbix (PJ..1C 96) npS1MoyroIlbHLIIKaMJ..1. Vbias = 0.1 V, h =4 A. BViAHO, 
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Pl-1c.7. TYHHeI1bHbl~ TOK KaK ¢YHKL.\~~ KOOPA~HaT (X,Y) ~mbl B6mt3l-1 

OA~HOI.IHOrO Me>KA0Y3I1~R Vblas =0.1 B, h =5 A. 

I.ITO TYHHeI1bHbl'1 TOK YBeI1~l.IeH B6I1l-13l-1 KIlacTepa Me>KAoY3I1~V1. 3TOT 

3¢¢eKT flsnReTc~ CI1eACTBl-1eM nporn6a (- 1 A) nOBepXHOCTl-1 rpaep~Ta HClA 

KIlaCTepoM. AHaIlOnil.lHO CIlYl.latO OA~HOI.IHorO Me>KAoY3I1~fl, He 

Ha6I1IOAaeTCfI cy~eCTBeHHoro ~3MeHeHl-1S'l I10KaflbHo'1 3I1eKTpOHHo'1 

nI10THOCT~ rpa¢l-1Ta B0I1~3~ KTlaCTepa Me>KAOY3n~'1. OTMeT~M, I.ITO B 

06I1aCT~ "xonM~Ka" XopOWO pa3I1~1.l~M BKTlaA OT OTAeI1bHbIX aTOMOB (p~C. 

9a). 

Ha p~c. 96 nOKa3aHO Cel.leHl-1e Pl-1C. 9a rop~30HTaI1bHOVI nI10CKocTbtO, 

MOA8I1~pytOll.\ee CTM-~306pa>KeH~e. TOI.IK\I1 COOTBeTCTBytOT n03~L.\~~M 

aTOMOB B aepxHe'1 nI10CKOCT~, KBClApantKV1 - Me>KAoy3f1V1f1M. BVl3yaflbHbl~ 

pa3Mep "XOI1MIo1Ka" COCTaBmm OK0I10 10 A, OL.\eHKa KaK wIo1plIIHa Ha 

nOI1YBblcoTe AaIla 6 A. CBepXpeWeTKa B6I11013~ AeepeKTa He Ha6nlOAanaCb, 101 

peI1beep TYHHe.nbHoro TOKa 6blI1 TaKoVi >Ke, KaK III B rpa¢IIlTe 6e3 Ae¢eKTOB. 

AHaIlOl11l.1Hble pe3yI1bTaTbl nOI1Y1.1eHbl AIlfl KTlaCTepOB ~3 4 (p~c. 10) III 



Plftc.8. TYHHenbHbl!i\ TOK BAOJ1b nVlHVlIft x =0 KaK <PYHK4",f1 KOOPAlftHaTbl y 
V1rJ1bl B6J1~3"" 0A",HOYHOrO Me>KAOy3.m1f1 Ans:f pa3JllftYHblX Vbias (h =5 A). 

10 (p~c.11 ) Me>KAoY3J1~~. B"'3yanbHbl~ pa3Mep "xoflMLIIKa" 6blfl 

npII16n",3V1TenbHo pasHblM 12 ", 17 A COOTseTCTBeHHO, wLllp~Ha Ha 

nonyBblcoTe COCTaSJ1Sma 7 1ft 12 A, cBepxpeweTKLII He Ha6nlOAanlftCb. 

Ha PLIIC 12. nOKa3aH peIlbeep TYHHeflbHoro TOKa AJls:f 10-aToMHoro 

KJ1aCTepa nplft h = 5A. C YBenVl4eHIr1e h BKnaA OT OTAeI1bHbIX aTOMOB 
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a 

-15 -10 -5 o 5 10 15
 

P~c.9. TYHHeIlbHblH TOK KaK <PYHKLt~~ KOOPA~HaT (X,Y) Io1mbl B6f1~3~ 

KJlaCTepa ~S AByx Me>KAoysnIo1H: a) B~ c6oKY; 6) paCC4~TaHHoe 40x40A 
CTM-101306pa>KeHlo1e (Vbias = 0.18, h =4 A). T eMHble KPy>KK~ nOKa3blBalOT 
nOflO>KeH~e aTOMOB yrnepoAa. KBa.o.paT~K~ COOTBeTCTBYIOT Me>KAOY3f1Io1~M. 
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P\I1c.10. TYHHeIlbHbl1it TOK KaK ¢YHKL4\11~ KOOPA\I1HaT (x,Y) \I1mbl B6m.,3101 
KIlaCTepa \113 "leTblpeX Me>KAoy3Il\l1I1t: a) BillA c6oKY; 6) paCC4\11TaHHOe 40x40A 
CTM-\I1306pa>KeHlI1e (Vbias = 0.18, h =4 A). TeMHble Kpy>KKII1 nOKa3blBalOT 
n0J10>KeH\I1e aTOMOB yrnepOAa. 
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P/.1c.11. TYHHenbHbl~ TOK KaK epyHKL-'L-1s:t KOOPAL-1HaT (X,Y) ~rflbl . B6n1ll3L-1 

K11aCTepa 1II3 yeTblpeX Me)I(AOY3nL-1~: a) BlIIA c60Ky; 6) paC~L-1TaHHOe50x50A 
CTM-~306pa)l(eHj,'Je (Vbias = 0.18, h =4 A). TeMHble KpYJKKlII nOK93blBalOT 
nO!lO>KeH~e aTOMOB yrnepOAa. 

http:�...-.�.�.�.........�
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Plllc.12. TYHHe11bHbl~ TOK KaK epyHKlllIISl KOOPAIIIHaT (x,y) IIImbl e6111113111 
KllaCTepa 1113 AeCRTI1 Me>K,D,oy3flllllli: a) BillA c6ot<y; 6) paCC'4l11TaHHOe 40x40A 
CTM-1II306pa>t<eHllle (Vbias = 0.1 B, h =5 A). 
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CTaHOB~TC~ MeHee 3aMeTHbIM, oAHaKo crrpYKTYpa "xonM~Ka" coxpaHfleTcR 

KaK ~ B CJ1Y"1ae OA~HOqHOrO M~OY3.n~~, YBe[I~4eH~e Vbias np~BoA~T 

K n~He~HoMY pOCT)' (no Hanp~>KeH""IO) TOKa, a ~3MeHeH~e 3HaKa Vbias He 

Bn~s:lnO Ha Han~4~e ~ pa3Mep Ha6nlOAaeMoro lxonM~Ka". 

3.4. CTM-~306pa>KeH~erpaep~Ta B6n~3~ OA~H04HO~ BaKaHC~~ 

nOM~MO Me>KAoY3n~~, APyr~M~ B03MO>KHbIM Ae¢eKTaM~, Bn~~IO~V1MVI 

Ha TYHHenbHbl~ TOK, flBnsnOTCfI BaKaHC~~. B03MO>KeH cnyqallt a- ~ [3

BaKaHC~lit (OTcyrCTB~e a- lit [3-aToMa), a TaJOKe HeCKOllbKIo1X BaKaHcH~, 

HaXOA~~~XCfI PRAOM. KaK ~ np~ paC4eTe TYHHenbHoro TOKa np~ Han~4~~ 

Me>KAoY3n~11, nepeA pac4eToM TYHHenbHoro TOKa npo~3BoA~nacb 

pe.naKcaU~fl aTOMOB Kp~CTannVlTa. nplit 3TOM ~3MeHeH~e 110J10>KeH~~ aTOMOB 
\ 

S6f1V13H BaKaHC~101 6blno ropa3Ao MeHbwe, 4eM np~ HanVl4V1~ Me>KAOY3n~~. 

MaKc~ManbHas:l l CABVI>KKa" aTOMOB, OTHOC~TenbHO n03V1U~~ B V1AeaI1bHOIlt 

rpaepVlTOBOlil peweT1<e COCTaBJlflna .....0.1 A AJ1~ aTOMOB, 6n~>Kat1wVlx K 

BaKaHCVI~, a xapaKTepHbll1 pa3Mep HapyweH~~ V1AeanbHOCT(.1 peWeTK(.1 

COCTaBn~l1 2-3 Me>KaTOMHbIX paccTo~HVI~, T.e. 3-4 A. 

An~ cnY4as:l p-BaKaHCHVI Ha pVlC. 13 npeACTaBJ1eH TYHHeflbHbl~ TOK / = 

=/(x,y) KaK ¢YHKl(~~ KooPA~HaT ~rllbl B nnOCKOCT~ (x,y) npVl Vbias =0.1 B, h = 
4 A. BaKaHc~f1 HaxoA~nacb B Hayane KooPA~HaT. B~HO, qTO TYHHeJlbHblVt 

TOK YBen~4eH B6nlJl3(.1 BaKaHCVI~. OAHaKo B OTJl~4~e OT cn~a~ Me>KAoy3nVll1, 

3TOT 3¢¢eKT He ~Bn~eTC~ cneACTB~eM V13MeHeH~~ reoMeTplo1V1 nOBepXHOCT(.1 

rpaep~Ta (nOBepXHOCTb OCTaeTC~ nnocKol71), a o6ycnoBneH pe3K~M pOCTOM 

3IleKTpOHH0l1 nIlOTHOCTIo1 86Il(.13(.1 3Hepr(.1(.1 4»epMVI Ha aTOMax yrIlepoAa, 

OKpY>KalO~Io1X SaKaHa1IO. B611~3~ Ae¢eKTa 04eHb XopOWO B~AHa (p~c 136) 

cBepxpeweTKa .J3 x .J3 R 30°, MeAfleHHO cnSAato~a~ c paCCTOs:lH(.1eM OT 

BaKaHC(.1~. 

He3Ha4~TenbHoe YMeHbWeHlite TOKa BAoIlb l1\<1H~V1 y =0 s:lBI1~eTCfl 
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·20 -15 -5 5 10 15 

P~c.13. TYHHeIlbHblVI TOK KaK ¢>YHK4111~ KOOPAIIIHaT (X,Y) ~rI1bl B6mf3~ 

OA~HO~HOH BaKaHC~IiI: a) BIllA c6oKy; 6) paCC~liITaHHOe 50x50A CTM

111306paJKeHllle (Vblas = 0.18, h =4 A). TeMHbie Kpy>KKIiI nOKa3blBalOT 

nOIlO>KeHllle aTOMOB yrnepoAa. 
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apnt<f>aKTOM MeTOAVlKJ,1 paCyeTa VI CBfl3aHO C TeM, "'ITO B nlO6oM KOHe4HOM 

KpVlCTannVlTe rpa<f>J,1Ta npJ,1 HaIlJ,1y V1J,1 Ae<f>eKTOB cylJ.(eCTByeT 

He3KBIt1BaneHTHOCTb HanpaBn~HJ,101 X J,1 Y J,13-3a q,OPMbl 3neMeHTapHO~ 

f14e~KJ,1 rpaq,ff1Ta. BJ,13ya.nbHbl~ pa3Mep o6naCTVI CYUleCTBeHHoro YBeIlVl4eHJ,1f1 

TYHHe.nbHoro TOKa COCTaBIlSfeT - 8A. Ol.leHKa pa3Mepa "XOIlMVlKa" KaK 

WlJIpHHa Ha n01lYBbiCOTe AaeT - 4A. 

Pa3Mep "XOnMVlKa" He 3aBVIceIl OT 3HaKa Vbias (PJ,1c. 14), oAHaKo npJ,1 

CMeHe Vbias cBepxpeweTKa OKa3blBanaCb MeHee Bblpa>KeHHol7I. YBenJ,14eHLlle 

Vbias npJ,1BOAJ,1T K poery (no Hanps:l>KeHLllto) TOKa (pVlC. 15), OAHaKO YBeIlVl4eHJ,1e 

6blIlO 60nee MeAIteHHblM, 4eM AIlfi cnY4as:l Me>Ktl.oY3nJ,1~. npJ,1 YBeIlJ,1'-1eHVIVI 

Vbias cBepxCTpYKTYPbl npOnaAaIlJ,1 (pVlC. 16). 

PaC'-leT TYHHenbHoro TOKa npVl HanJ,14J,1J,1 BaKaHCJ,1ff1 B ce.-n03J,1l.llln1 Aan 

Ka4eCTBeHHO T~~~ye3ynbTaTbl (eAVlHCTBeHHbIM OTnlJl4J,1eM 6blno 

YBem'NeHVle Ha 30 % MaKCJ,1ManbHOro TyHHe1lbHOrO TOKa no cpaBHeHJ,1to C 13
BaKaHcLlle~). 

3.5. CTM-V1306pa)f(eHJ,1e rpae;pVlTa B6nJ,13J,1 AJ,1-·J,1 TpJ,1-BaKaHCJ,1V1 

B cny4ae AJ,1- J,1 TpJ,1-BaKaHCJ,1V1 Ha CTM-J,1306pa>KeHJ,1s:1X TalOKe 

Ha6nlOAanJ,1Cb "XOnMV1KJ,1". Ha pJ,1C 17 nOKasaH penbee;p TYHHenbHoro TOKa 

B611J,13J,1 AJ,1-BaKaHCJ,1J,1. Xopowo 3aMeTHbi cBepxpeWeTKJ,1 AByx nmOB, 

Haff160nee yaCTO Ha6nlOAaeMbie Ha 3KCnepJ,1MeHTe - TpeyrOJ1bHaSf peweTK3 

J3 x .[j R 30° (npaBbl~ aepxHIt101 yron) J,1 KOnbl.la, aHanOrJ,14Hble rpaepJ,1TOBblM, 

HO C paCCTOflHff1eM Me>Ktl.y 6nJ,1>Ka~WJ,1MLIl cOCeA~MJ,1 R=Jja. AMnnJ,1TY,qa 

CBepxpeWeTKJ,1 MeA11eHHO cna.aana C paCCTORHVleM (pJ,1c. 17a). 

HeCMMMeTpJ,14HOe pacnpe,qeIleHJ,1e J,1HTeHCJ,1BHOCTJ,1 TOKa OTHOCJ,1TenbHO 

Ae¢eKTa CBs:l3aH C pa3nJ,1~J,1RMJ,1 B nOnO>KeHli1J,1 STOMOB HVI)f(He~ nnOCKOCTVI. 

.Qns:l cnY4as:t AJ,1-SaKaHCJ,1V1 3¢epeKT pOCTa 3neKTpOHHO~ nIlOTHOCTff1 B6J1\r1S\r1 

3HeprJ,1J,1 cllepMff1 Ha aTOMax ymepoAa, oKpY>KatOl4J,1x AeepeKT, MeHee 



27 

8.0E-4 

l 
] 
I 

4.0E-4 -l 

-30 -20 -10 o 10 30 

~ 
I 

l 
I 

20 
0.0E+0 .'----'-....J...:...C=---.....<.=L.--J-......l.-..J..::......I..-....L......l.--..l-.-'---L----I...-.l...------L--'--.J.......::..L.-J.-.l..-...:::::..l...-'""'-'--'-'---'--' 

P~c.14. TYHHenbHbl~ TOK BAonb n~H~~ X =0 KaK epYHK4lo1R KOOPA~HaTbl y 
~rnbl a6nlo13LJ1 OA~HOYHO~ BaKaHClo1L11 AJ1R nOnO>KLllTeflbHblX ~ o·rp~4aTenbHblx 

3HaYeHLJI~ Vbias (h =4 A). 

3aMeTeH, yeM AJlR OALJlH04HO~ BaKaHC~III, YTO Bblpa>KeHO B YMeHbweH~1I1 

MaKCIIIManbHoro TYHHeIlbHoro TOKa (CM. Ta6n. 1). 

8 cflyYae TpV1-BaKaHclo1lo1 ~Meno MeCTO YBefllo1YeH~e 3f1eK"rpOHHO~ 

n.nOTHOCT~ B6f11113111 AeepeKTa, "ITO Bbl3Bano COOTBeTCTBYIO~III~POCT 

HanpRlIlett"e H8 "me 

-- "Vbias=O.1V 

-- ""vbias=-o.1V 
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n03H4L'1R OCTpHR, A 

TYHHeJlbHbl~ TOK BAOJlb Jl~H~~ X = 0 KaK epYHKLtlitfi KooPA~HaTbl y 
~rJlbl B6Jl~3lit OA~HO\.fHolll BaKaHC~~ p,r1s:1 pa3Jl~\.fHbIX 3Ha4eHlitlll Vbias (h =4 A). 

TyHHeJlbHOrOToKa. OAHaKo naTepaJlbHble pa3Mepbl "XOJlMlitKa" 6blJlM 

npaKT~4eCK~ TaKlo1M~ >Ke, KaK ~ AJ1~ OA~H04Holll BaKaHCIo1~ (eM. Ta6Jl.). 

OTMeT~M TalOKe, \.fTO, KaK nOKa3aJllit HaUJ~ paC4eTbl, HaJlM\.f~e nOA TP~

BaKaHct,.telll OAlifHO\.fHOIll BaKaHC~lit (\.fTO npeACTaBIls:leTCfI BepOfiTHblM np~ 

c03AaH~~ HaJ1eTat01.4lo1M~ ~OHaM~ Tp~-BaKaHClo1~) pe3Ko YMeHbwaeT 3cPcPeKT 

pOCTa 3JleKTpoHHolll nnoTHoCT~ Ha aTOMax B6Jllo13~ Tplo1-BaKaHClo1lo1. 
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P..,c.16. TYHHellbHbl~ TOK KaK epYHKI.l"'~ KOOPA..,H8T (X,y) ..,rnbl e6m13.., 
OAL-1HOYHOM e8K8HC..,..,: 8) rpexMepHoe L-1306pa>KeHL-1e; 6) P8CCY..,T8HHoe 

30x30A CTM-..,306pa>KeH..,e (Vbias = 0.68, h =4 A). TeMHbie Kpy>t<KH 
nOK83blealOT nOllO>KeH..,e arOMOB yrnepoAa. 
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P~c.17. TYHHellbHblM TOK KaK <PYHK14MflKOOPA~HaT (X,Y) Lilnlbl B6n~3~ 

ABO~HO~ BaKaHC~II1: a) B~ c6oKY; 6) pacc4MTaHHoe 50x50A CTM
1I1306pa>KeHlI1e (Vbias = 0.18, h =4 A). 
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4. 06CY>K.QEHME PE3YllbTATOe 

XapaKTep~CTVlK~ "xonMVlKoB", Ha6moAaeMbix Ha CTM-Vl306pa>t<eHVls:lX 

nOBepxHoCTVI rpaepVlTa B6IlVl3V1 AeQ:>eKTOB, npeAcTaBIleHbl B Ta6n. 1. KaK 

cneAyeT Vl3 HawVlX pe3ynbTaToB, KaK BaKaHCVlVI, TaK VI Me>KAoy3IlVls:l npVlBOAs:lT 

K nOs:lBneHVltO "xonMVlKos" C naTepanbHblMVI pa3MepaMVI 4 A VI Sblwe 

(MaKcVlManbHbl~ pa3Mep onpeAens:leTCs:I KOnVll.:jeCTSOM Me>KAoY3nVl~ B 

KnaCTepe, o6pa30BaSWitlMCfI nOA nosepxHocTHblM cnoeM). 86nVl31f1 

IIXOIlMVlKOB" B c.nY4ae BaKaHcVI~ xopowo 3aMeTHbi cBepxpeWeTKf,1. Ans:l 

0AVlH04Horo Me>K,q0Y3nf,1s:l cBepxpeweTKa Bblpa>KeHa ropa3Ao cna6ee VI 

nOflHOCTblO OTCYTCTByeT AJlfl KnaCTepOB Me>K,qoy3I1V1I71. 

Ha OCHosaHVlVI AaHHblx, npeACTaBI1eHHbIX B Ta6n. 1, Ha pVlC. 18 Mbl 

nOCTpoVlnVl rpa¢ll-tK 3aSVlCl-tM0C1V1 cpeAHero no nepel.:jHOro pa3Mepa 

"xonMVlKa" KaK cPYHK~VlIO 41f1cna Me>K,qoY3Ilf,1~ VI BaKaHCVI~ B CVlCTeMe. BVIAHO, 

4TO B cl1yYae Me>K.Q,oy3IlVlI7I pa3Mep "xOI1Ml-tKa" npRMo r1ponop~""oHaJ1eH 

4f,1Cny AeepeKTOB B CVlCTeMe, B TO BpeMs:l K8K Afls:l B8K8HCf,1171 pOCT pa3Mepa 

He3Ha4V1TeneH. Ha pVlC. 19 nOKa3aHa 3aSl-tCVlMOCTb M8KCVlM8nbHoro 

TYHHenbHoro TOKa OT 4V1cna Me>K,q0Y3IlVlL1 B KnaCTepe. TYHHeI1bHbll7l TOK 

nps:lMO nponop~VlOHaJ1eH 4V1CI1Y Me>KAoy3I1V1Ii1. He3HaYf,1TeI1bHOe YMeHbWeHl.1e 

TyHHenbHoro TOKa AJlfI ABYX Me>K,qoy3f1l.1H (no cpaSHeHlr1tO co CI1Y4aeM 

OAHoro Me>KA0Y3nVls:l) CBs:l3aHO C YMeHbweHVleM I10KaI1bHO~ nnOTHOCTIr1 

COCTOs:lHVlH Ha aTOMax, 06pa3ytOll\IAX "XOI1Ml-tK". 

K CO>t<aI1eH VI to, npl-t MOAenVlpOBaHVlVI pa60Tbi CTM B pe>Kl-tMe 

nOCToffHHoli1 BblCOTbl f,1rIlbl He npeACTaBI1ReTCs:l B03MO>KHbIM 

HenocpeACTBeHHO paCCI.:Il-tTaTb BblCOTy IIXOI1Ml-tKOS", a paCyeT B pe>KVlMe 

nOCTOffHHoro TOKa Tpe6yeT 3Ha"lIllTeI1bHbIX BbNVlCnVlTeI1bHblX 3aTpaT. OAHaKO 

npeACTaBI1s:leTCs:l B03MO.>KHbIM 0LleHVlTb BblCOTy "XOI1MVlKOB", npeAnOl1aras:l 

3KcnOHeH~Vlal1bHYto3aBVlCVlMOCTb TOKa OT BblCOTbl Vlrl1bl: 

1 = 10 exp(1;hhillod:) ' 
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Ta6nlo1ua 1. XapaKTep~CTI1Klt1 "xonM~KOB" np~ pa3I1H4Hb1X Tlo1nax
 

AeepeKTOB.
 

"BH3YaJIbHbIH" 

p83Mep "XOJIMHKa" 

Pa3Mep KaK lliHpHHa 

Ha nonysbICOTe 

MaKCHMaJIbHblH 

TYHHeJIbHbIH TOlC., 

"pOmBo E,ltHHHUbI 

O,ltHHO'-IHOe 

MeiK.l\0)'3JIHe 

10 5 3.4 xlO-3 

KJIaCTep H3 2 

MeiK.l\°Y3JlHH 

10 6 3.1 x1O-3 

KJIaCTep H3 4 

Me)KJtOy.3JlHH 

12 7 4.7 x1O-~ 

KJIacrep H3 10 

Me)KJl,Oy:3JlHH 

17 12 8.6,,10-3 

P-BaKaHCHSI 8 4 1.6 x10·3 

U-BaKllHCIDI 9 5 2.1 xl 0-3 

JlH-BaXaHCIDI 7 4 1.3 xlO-3 

rAe 10 - TOK Ha f3- aTOMe nOSepXHOCTIf1 rpaeplt1Ta 6e3 AeepeKTOB, hhilloCk _ 

BblCOTa "XO.nM~Ka", S XapaKTepHafl 06paTHafl AIlHHa CnaAaHL4fl 

3.neKTpOHHO~ nnOTHOCT~ Anfl cBo6oAHOrO aTOMa yrnepOAa. Pe3ynbTaTbi 

pac4eTaBbicoTbi "XOIlM\JIKa" npeACTasIleHbl Ha pt.1c. 20. XapaKTepHble 

3Ha4eH~fl hhinock OKa3bIBaK>TCfl 3-4 A, 4TO corI1acyeTC.R C 

3KcnepHMeHTanbHblM", .QaHHbIMIo1 (1 - 5 A). OTMeT\JIM, 4TO onpeAeneHHafl 

TaKLi1M cnoco6oM Be.n~4Io1Ha hhillock B HeCKOJlbKO pa3 npeBocxoA~T peanbHble 

3Hal.{eH~fl CMe~eH\JI~ aTOMOB Ha nOBepxHocT~ (1 - 1.5 A). 

KaK nOKa3b1BaK>T Haw~ pac4eTbi l YBe.n~14eH~e TYHHenbHoro TOKa 

B6IlLo13H Me>KAoY3n~~ CBs:l3aHO C ~3MeHeHlo1eM Tonorpaep~lo1 nosepXHOCTLi1 
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12 

a 0
~o 0 saK8HCVlVI 

o -l-----.,.--.-----r------.---,----,----.-----,r---,.------,I 

o 2 4 6 8 10 

4lt1CJ10 AeepeKTOB B Clt1CTeMe 

PHc.18. 3aB~CHMOCTb CpeAHerO pa3Mepa XOIlMHK8 (OnpeAeIleHHOrO KaK 

WHp~Ha Ha nOnYBbICOTe). KB8ApaT~KH COOTBeTcTBytOT Me>KA0Y3n~RM, 

Kpy>KK/,1 - BaKaHC/,1f1M. 

(nOAHHT/,1eM nOeepXHOCT/,1 /,13-38 paCTR>KeHH~ peWeTK/,1 Me)I(Aoy3Il1-1f1MIII) III 

POCTOM BcneACTBLtle 3TOrO TYHHenbHOrO MaTpW·IHOrO 3neMeHTa (KOTOpbl~ 

3KCnOHeH4111aIlbHO 3aBHCIIIT OT paCCTORHlllfi MeAY IIIrno~ lit nOeepXHOCTHbIMf,1 

aTOMaMIII). 

YBenHyeHllle TYHHenbHOrO TOKa B5nlll3111 BaKaHCf,1~ o6ycnoaneHO 
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APyrlo1M eplo131014eCKIo1M 3epepeKTOM - pe3KIo1M pOCTOM 3J1eKTpOHHO~ nJ10THOCTY1 

a6nlo13111 3HeprY1101 4>epMII1 Ha aTOMax, oKpy>KatOUlIo1X eaKaHC1I11O (14,18]. 

PeanbHaSi reoMeTplo1~ noaepxHocTIo1 nplo1 3TOM OCTaeTCSI nJ10CKolf;. 86nY13111 

eaKaHClo1lJ1 nOflBJ1~IOTCfI cBepxpeweTKIo1 - KBa3101nepIIIOAII1yeCKOe 1013MeHeHII1e 
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4!t1CJ10 MeJKAoy3J1I11VJ B KflaCTepe 

PIf1c.19. 3aBVlC\.1MOCTb TYHHeflbHoro TOKa OT Ylo1cna Me>K,D.OY3nlo1~ a KIlaCTepe. 

M3KCY1MYMOB TYHHenbHoro TOKa, B03HIo1KatOl..l-'ee 1113-3a OC~Io1I1I1~~Y1l71 

3neKTpOHHOlf; n.nOTHOCTIo1 a6111,13111 mOt/et/Hoac AecPeKTa (KaK OTMeyanOCb 
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4V1cno Me>KAOY3.n~17t B K11aCTepe 

P~c.20. 3aB~C~MOCTb BblCOTbl XOnM~Ka OT 4~Cna Me>K,lJ.OY3n~H B KIlaCTepe. 

Bblwe, BaKaHC~1iI np~BOASlT n~Wb K He3Ha\.f~TeIlbHOMY 11'13MeHeH~1O 

nOnO>KeHliIs:I COceAH~X aTOMOB; BMeCTe C TeM, OTCYTCTB~e aTOMa ~Bll~eTC~ 

pe3K~M, cPaKT~YeCK~ AeIlbTa-Q:>YHK,-,liIOHHbrM, B03My~eH~eM B CliICTeMe). 

B03MO>KHOe 06bs:lCHeH1fte 3Toro 4~CTO 3f1eKTpOHHOro aQ:>¢eKTa AaHO B [20]. 

Hanw·u"e B C~CTeMe pe3Koro IlOKanbHoro B03MYLI..leH~~ (BaKaHc~~ ~ 

aAaToMbl) npIiIBOA~T K ~HTepQ:>epeHL4~~ pacceRHHoH Ha .Qee;peKTe II'! 

HOpMaf1bHO~ 3f1eKTpOHHbIX BOIlH (oTBeyalOLI..lII'IX 3HepreTw../eCKIiIM COCTOs:lH~s:lM 
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B6IWI3'" 3Heprlo1101 <J>epMLtl), '"ITO 06yc11aB11LtlBaeT OCL.WI1111~llLtl'" 3IleKTpOHHo'1 

n11OTHOCT'" B6nLo13~ Aect>eKT8, MeAfleHHO CnaAalO~Ltle C paCCTORHLtleM. 

<J>Ltl3Lo1'"1eCKLtl 3TO RBneH1I1e CXOAHO C ¢PVlAeneBCK1I1MVI OCllVlIln~llLtlRMLtl 

311eKTpOHHoli1 nnOTHOCTIo1 B MeTannaX B0311e TOl.{e'"lHbiX AeepeKTOB. OTMeTVlM, 

'"ITO npOCTe~WaR 3MnLtlpVl4eCKaR V1HTep¢epeHllLtlOHHaR MOAe11b 

CBepXpeWeTOK B rpact>LtlTe [21,22] (CM. TalOKe npLtlIlO>KeHVle II) n03S0IlLtlI1a 

BocnpoVl3BeCTVI OCHOBHbie TVlnbl Ha6moA8eMbix cBepxpeweToK. 

npLo1 pac4eTe APyrLtlMVI aBTopaMVI CTM-Ltl305pa>KeHLtl'" B6nLtl3Ltl BaKaHCLtl~ 

. 6blIWI nOI1Y\.feHbl CXOAHble pe3YI1bTaTbJ. 

TaK, B [19] CTM-Ltl306pa>KeHLtlR a6IlLtl3Ltl BaKaHCLtl~ Ltl aAaTOMOB 6blI1Ltl 

nOI1yt-leHbl B paMKax ct>opManLtl3Ma cPYHKllVlOHaI1a n110THOCTLtl MeTOAOM 

pa3I10>KeHLtlR no nI10CKIt1M BOI1HaM. nOCKOnbKY TaKLtle paC'"IeTbi Tpe6ytOT 

50nbworo 06beMa Bbl'"lLtlCneHLtlI7t, aBTopbl paCCMaTpLtlBaI'lLtl Kp1l1CTannLtlT ~3 2 

rpacPLtlTOBblX enoeB, COAep>KaLUVlX Bcero no 44 aTOMa Ka>K.QbJ"'. npLtl MaIlbiX 

Vbias = 0.1 B Ha6moAaIlacb 110KaIlLtl3allLtlR It1 OCll~IlIl~~LtlR 311eKTpOHHO~ 

nI10THOCTLtl e6IlVl3Ltl Ae¢eKTOB. HecMoTpR Ha CpaBHLtlTeIlbHO He60IlbWLtle 

pa3Mepbl KpLtlCTaJ1J1LtlTa (Ha Haw B3mRA, KpLtlCTanIlLtlT AOI1>KeH VlMeTb 

pa3Mepbl 60IlbWVle V1J1V1 conOCTaBLtlMbie C xapaKTepHO~ AIlLtlHO'1 3aTyxaHLtlfJ 

OCll",nI1Rllll1&+;) npVl MaIlblX 3H8'"1eHVlRX Vbias aSTopbl nOIly'"lLtlI1Ltl ceepxpeWeTKLtl C 

nepLtlOAOM .fj x J3 , XOpowo cornacYIO~Ltlec~ C 3KCnepLtlMeHTaIlbHblMLtl 

AaHHbIMVI. Pe3YIlbTaTbi 6blIlLtl Ka'"leCTBeHHO 0AHLtlMVI Ltl TeM'" >Ke AflfJ B8KaHC"'~ 

(He38BLtlCLtlMO OT TVlna a LtlIlLtl (3) Ltl Af1R aAaToMoB. npVl yBeI1Ltl'"leHLtlLtl 

HanpR>KeHVlR caepXCTpYKTYPbl npOn~aIlVI. Ha OCHOSaHLtlLtl 3Toro, a TalOKe 

npLtlH"'MaR BO BH1I1M8HLtle TO, '"ITO B paC'"IeT8X He Y'"lLtlTbIBaIl8Cb Aect>opM8L4V1R 

peweTKVI, 8BTOP8MVI AenaeTCfJ BbiBOA, 4TO YBeIlLtl'"leHLtle nORBI1eHVlfJ 

CBepxpeweTOK H8 CTM-Vl306p8>KeHLtlfJX B6Il\ll3Ltl Ae¢eKTOB RBIlfJeTCR '"IViCTO 

3I1e~pOHHbiM 3epepeKTOM. 

B03Ae~CTBVle B8KaHCLtl~ Ha CTM-Ltl306pi3>KeHLtlfJ rpaq,LtlTa 6blI10 T810Ke 
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TeOpen1\.feCKIo1 Io1ccIleAoBaHo B [15] C Io1cnonb30BaHlo1eM pacwlllpeHHoro 

MeTOAa XtoKKen~, T.e. B paMKax npIl16nlo1>KeHII1s:1 ClllnbHOYl CB~3111. AHanOIl1\.fHO 

HaWII'IM pe3yJ1bTaTaM, 6blIlO o6Hapy>t<eHo YBeIl~'l\.feHIr1e 3neKTpOHHOYl 

nnOTHOCTIII Ha aToMax, HenocpeACTBeHHo oKpY'KalOll.lIllX BaKaHCllllO, 4TO 

AOJ1>KHO nplIIBeCTIII K nos:tBneHIllIO uxonMIIIKa" Ha CTM-1II306pa.>KeHII'IIII. 

8 [18] MeTOA XIOKKen~ npIIIMeHs:lJ1cs:t AfI~ pac4eTa 3neKTpOHHOM 

CTPYKTYPbl rpaq,IIITa S6nll'l3111 OAft1H04HO~ saKaHCIIIlII, AIII-saKaHCIIIIII III Tplo1

SaKaHCIr1I11. KplIICTann rpaqn1Ta MOAenll'lpOBancs:t ASyMepHblM KnaCTepOM 1113 

150 aTOMOB yrnepoA8, K KOTOpOMy no KpaflM 6blJ1111 Ao6asneHbi aTOMbl 

SOAopoAa AI1s:t yCTpaHeHlllfi "60nTatoL1.(II1XC~"cBfl3et7t. CornaCHO pe3YJ1bTaTaM 

paC4eTOS, Hanlll4111e SaKaHCft1Yl nplIISOAIIIT K POCTY 3neKTPOHHO~ nnOTHOCTII1 

B6J1111311'1 3HeprnV1 ¢>epMIII Ha aTOM8x, OKpY>KalOll.lIl1X BaKaHCIIIIII. 3TOT 3¢¢>eKT 

6btn oc06eHHO ClllnbHblM AI1s:t CJlY4as:t Tplll-BaKaHCIIIII1, a AJl~ AIII-BaKaHCIIIL1 

YBenlll4eHllle nnOTHOCTIII 6blno cna6ee, 4eM AIls:t OAII1H04HO~ S8KaHCIIIIII. POCT 

nnOTHOCTII1 IIIMen MeCTO KaK nplll Y4eTe COCTOs:tHIIIYl HIII>Ke 3Heprll11r1 <bepMIII, TaK 

L1 Bblwe, OAHaKO KOnlr14eCTSeHHO pe3ynbTaTbi OTnlll4anlr1Cb. OTMeTIIIM, \.fTO 

npIII paC4eTax 3neKTpOHHO~ nnOTHOCTIII B IIIcnonb30BaHHOYl HaMill MOAenlll 

6blJ1111 nonY4eHbi aHanorlll4Hbie pe3yI1bTaTbI, 3a IIICKIlto4eHllleM 8CIIIMMeTpIIIIII 

nplll CMeHe 3HaKa Vbias, 4TO MO)f(eT 6blTb CSs:t3aHO C Y4eTOM 4eTbipeX 

3neKTpOHHbiX Op6111Taneill Ha aTOMe B [18J. 

5. BblBOAbl 

B paMKax npIll6J1I11>KeHIIIs:t ClllnbHOYl CSs:l3111 C IIIcnonb30BaHllleM 

q,OpMaIl1ll3Ma rplIIHOBCKIIIX epYHK4111~ HaMill 6blnlll paCC4111TaHbi CTM

111306pa.>KeHIIISl nOBepXHOCTII'I rpaq,IIITa npIII Hanlll41r11r1 Aeq,eKTOB -BaKaHCIII~ B 

nOBepxHoCTHOM enoe III Me>KAoY3n1l1Yl B nepBOM Me>KCJ10eSOM npoMe>KyrKe. 

An~ pe>KII1Ma nOCTOs:lHHOYl BblCOTbl lo1rI1bl HaA nOBepxHocTblO 6blnlll nOJ1Y4eHbl 

cneAylOL1.(lI1e OCHOBHble pe3ynbTaTbi. 

1. Ham141r1e Me>KAoY3n1llYl (KOTopble 06pa3ylOT KnaCTepbl BcneACTBllle 
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AecPOpMaU~OHHOro B3a~MOAe~CTB~f1} B6Il~3~ nOBepxHoCT~ rpacP~Ta 

np~BoA~T K nOflBIleHl;1to Ha CTM-V1306pa)KeH~~X IXOIlM~KOB" (pOCTy 

TyHHeIlbHoro TOKa). Pa3Mepbl pacc4V1TaHHblx XOIlMVlKOB corIlacytoTc~ C 

3Kcnep~MeHTaIlbHo Ha6IltoAaeMbIMVI. 

2.	 B c.ny4ae Me>KAOY3nM~ 3IleKTpOHHa~ nnOTHOCTb Ha ypoBHe et>epM~ MeH~eTC~ 

HecyU-'ecTBeHHo, nOCKOIlbKY XapaKTepHbl~ pa3Mep AecPOpMa4M~ peWeTKVI 

60IlbWO~ (HecKOIlbKO HaHOMeTpOB), 11'1 OTcyrCTByeT V1HTepcPepeHUVls:I 

pacCe~HHblx Ha T04eYHOM AeepeKTe ~ HOpMaIlbHblX 3neKTpOHHbiX BOIlH. 

3. et>~3~YeCKVlJiiI MexaHH3M, np~BoA~U-'II'1H K nO~BIleHlI'1to "XOIlM~KOB", T.e. K pocry 

TyHHeIlbHoro TOKa. CB~3aH C TonOrpa¢>w·leCKII'1M ~3MeHeH~eM nOBepxHoCT~ 

BcneACTB~e paCTs:I)l(eH~s:I peweTK~ Me>KAoY3Il~~M~ (T.e. nOAHHT~to 

nOBepXHOCTHblX aTOMOB). 

4.	 KaK c.neAyeT Vl3 pe3YllbTaTOB paC4eTa, B 05IlaCTVl "XOIlM\I1KOB" COXpaH~eTCs:I 

CTpYKTYpa rpae;p~Ta. KOTOpas:l Ha6IltoAaeTC~ 3KCnepVlMeHTaIlbHO Ha CTM

Vl306pa)KeH\I1~X. 

5.	 BaKaHcVl~ TaK>Ke np~BoA~T K nO~BneH~1O o6IlaCTe~. rAe TYHHenbHbll4 TOK 

YBe.n~YeH. KOTopble lo1HorAa V1HTepnpeT~pYIOTC~ KaK "xonM~K~". YBeIl~"IeHV'le 

TOKa o6yCIloBneHo "IV1CTO 3neKTpOHHblMVI ~HTepct:>epeH4V1oHHbIM~ 

3epepeKTaMII'1 - POCTOM 3IleKTpOHHOH nIlOTHOCT~ Ha ypoBHe et>epMV1, 

nOKan~30BaHHoVl B npocTpaHCTBe Ha aTOMax B6Il~3L<1 BaKaHc~H. Pea.nbHa~ 

reoMeTp~~ nOBepxHocT~ OCTaeTC~ nnocKoVl. 

6. "XonM~K~", c03AaBaeMbie BaKaHc~~M~, VlMelOT MeHbw~e pa3Mepbl. 4eM 

C03AaBaeMble Me>KAoy3IlL<1s:1MVl. CM. Ta6n. 1. nOA4epKHeM, "ITO eCJ1Vl 

llaTepaIlbHble pa3Mepbl IfxonM~KOB" AJ1f1 OA~HO"lHOl4 BaKaHC~~ Vl 

Me>KAoY3nVls:l pa3Il~"IaIOTC~ He3Ha"lHTeIlbHO, TO C POCTOM "Ilf1cna Aee;peKToe B 

C~CTeMe pa3Mep "xoIlMVlKa", c03AaeaeMoro macTepoM Me~oY3J1~H, 

Il~He~HO pacTeT, B TO BpeMfi KaK AJ1~ BaKaHC~~ MeHfleTCs:I OyeHb cIla60 (CM. 

pVlc.18). 

7. TaK~M 06pa30M, 60Ilbw~e ( > 10 A) XOflM~K~ MOryr 6bITb o6ycnoaneHbi 
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TonbKO K118CTepaMM Me"'AOY3f1M~. 

8. "XOI1Y"'K"''' ManbiX pa3MepoB ( 1-6 A) MOryr RBn~TbCs:I CJ1eACTB",eM Han"''-I'"R

MeJKAOY3l1Ml1 B npMnOBepXHOCTHOl1 06naCT'" (nepBbI~, BTOpa" Me>KCllOeBOl1 

npOMe>KYTOK). a TalOKe nOBepXHOCTHblX BaKaHC"'~. 

9. "XonMMKM" Ha6ntOAatOTCR TaJOKe npM "'3MeHeHMM 3HaKa BHeWHero 

HanpR>KeH"'R (HanpR)KeH""R H8 Mrne). Pa3Mepbl xonMMKOB He 3aeMCRT OT 

3HaKa H8nps:l>KeH"'R. 3TO HaXOAMTCR B comaC"'M C 3Kcnep"'MeHTanbHblM'" 

Pe3YllbT8TaM"'. 

10. np", ManOY BHeWHeM HanpR>KeHM'" ( < 0.2 B) e6n"'3'" BaKaHCMM 38MeTHbl 

cBepXpeWeTKM, napaMeTPbI KOTOpblX xopowo cornacytOTCR 

3KcnepMMeHTaJ1bHO Ha6n1OAaeMb1MM. C POCTOM H8nps:l>KeHIr1s:1 ceepxpeweTK'" 

MC'-Ie3atOT. 

11. 86m13M	 OA"'HO'-lHbIX MeJKAOY3n"'£1 ceepxpeweTK'" Bblpa>KeHbl cna6ee '" 

np8KTM'-IeCKM OTCYTCTBYtOT e6m13M KIl8CTepOB Me>KAOY311"'~. 

12. Pe3ynbTaTbi paC'-leTOe nOATBep>KA8IOT CAenaHHble HaM'" B [1-3J BbiBOAbl 0 

MeX8HM3Me 06pa30BaHIr1R KOMnneKCOB AeepeKToe 38 C'-IeT AeepopM8~MOHHoro 

B3aMMOAel1CTBMR. npMBQARUlerO K epOPMMPOB8HMIO maCTepOB Me>KAoy311Mi4, 

npORBnSlIOUlMXCs:I K8K "xonMIr1IG1" Ha CTM-M306pa>t<eHIr1RX rpaep~a. 

HaCTORLLtaR pa60Ta BblnOIlHeHa B p8MK8X npoeKTa N!2 467-97,

epMH8HcMpyeMoro Me>K.QYHapoAHbIM H8Y\.fHo-TeXHM\.4eCKMM l(eHTpoM. 

C 
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nPHflO>KEHHE I 

nOBepxHocTHa~ .nOKanbHafl nIlOTHOCTb 3IleKTpOHHbiX COCTOflH~~ B rpaep~Te. 

OTKpblTMe cKaH~pytOLL.tero TYHHeIlbHOro M~KpocKOna (CTM) n03B0J1~J10 

~ccneAoBaTb c aTOMHblM pa3peweH~eM nOBepxHoCTb TBepAblX Tell. KaK 

nOKa3blBatOT 3Kcnep~MeHTbl, AJlfl 60JlbW~HCTBa MeTallIlOB CTM

M306pa>KeH~~ epalIT~4eCK~ OTpa>KcHOT reOMeTp~YeCKOe pacnOJlO>KeH~e 

aTOMOB Ha nOBepXHOCTM. BMeCTe C TeM, AJl~ HeKOTopblX nOJlYMeTaIlJ10B ~ 

M30nflTopOB TaKa51 ~HTepnpeTaLtMfI CTM-\f1306pa>KeH~" OKaabiBaeTC~ 

HeKOppeKTHO~. 

np~MepOM nOAo6HbiX C~CTeM ~BJl~eTC~ rpaep~T, Ha CTM

~306pa)l(eHlII~X KOToporo np~ He6onbWOM BHeWHeM HanpR>KeH~lII 

(Hanpfl>KeH~M Ha MrIle) Vbias .... 0.1 B BMeCTO rpaepLilToBblX KOJleLt C 

paCCToflH~eM Me>KAY 6JlM>Ka"W~MM coceAflM~ a = 1.42 A Ha6JltOAaeTcfI 

TpeyronbHas:t peweTKa c nepMAOM 2.46 A, T.e. Jia. TaK~M o6pa30M, Blf1AeH 

Ka>KAbl~ BTOPO~ aTOM. 

3Ta aClIIMMeTplllR flBJlfleTC51 YlliCTO 3IleKTpOHHbiM 3epepeKTOM [1] 111 

o6yCJlOBJleHa He3KBLilBaIleHTHOCTbIO n03"1l.tM~ aTOMOB Ha nOBepXHOCTM Ms-aa 

Toro, '-ITO rpaep~TOBble nnOCKOCTI1 CABlf1HyrbJ OTHOCMTel1bHO APyr-APyra. TaK 

B rpaep~Te T~na BERNAL (AS-stacking) B KplllCTaIll1e MO)f(HO BblAeJllllTb a 

nOApeweTKY, oTBe'-lat014YIO aTOMaM B CMe>KHbIX nnOCKOCTflX, 

pacnOJlO>KeHHbiM 0AlIIH Hat\ APyrVlM, 1II 13 - nOApeweTKY, B KOTOPO~ aToMy B 

OAHOM enoe cooTseTCTByeT nYCToe MeCTO B coceAHe~ nJlOCKOCTlII. KaK 

nOKasaHO B [1], np~ He6oJlbWOM Vbias n0110>KeHlIIfI MaKc~MYMOB TYHHe.nbHoro 

TOKa Ha CTM-~306pa}l(eHlIIflX cooTBeTCTBYIOT n03V14111lo1 13-aToMoB. 3TOT 

3epepeKT CBfl3aH C TeM, '-ITO CTM "4YBCTByeT" 3neKTpOHHble COCTOflHlIIfI 

s6n1ll3V1 nOBepXHOCTVI 4>epMVI, 8 nplll TaKO~ CTblKOBKe aTOMOS 3neKTpOHH8f1 
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nnOTHOCTb Ha ypoBHe Cl>epM\.1 OKa3blBaeTCR 110Kan~30BaHHO~ S 

npOCTpaHCTSe Ha r3-aTOMaX. 

OTMeTMM, "ITO 110KanbHan 3l1etcrpOHHaSf nl10THOCTb Ha nOBepXHOCTH 

4>epMH. OnpeAel1RIOL1.laSl TYHHel1bHbl~ TOK, CHl1bHO 3aSHCHT OT Me>KcnoeBoro 

ynoPAAo4eHMR [2-4], KOTopoe MO>KeT 6b1Tb TpeX TJ,mos: reKcaroHal1bHblM 

rpaQnrr (nlloCKOCT" HaXQASlTCSl T04HO O.QHa HaA APyro~, A-A stacking), 

BERNAL rpaep"T (nnocKoCTH "CABHHYTbl
lt 

OTHOCII1TellbHO APyr-APyra, A·B· 

stacking) M pOM603AP\.1\.1eCKII1~ (ABCABC staking). 82% HarypanbHoro 

. rpa¢lI1Ta OTHOCMTCR K Bernal nmy, 12% RBnReTCSf pOM603APH4eCIG1M. 

V1cteyccTBeHHo nOl1Y"iaeMbl~ HOPG (highly oriented pyrolithic graphite) npM 

BblCOKOM CTeneHM ynopflA04eHHR BAOIlb OCM C xapaKTep"'3yeTcR cnY\.la~Ho~ 

KOMnoHoBKoH no OTHoweHlll1O KOCH a [2]. 

npl-1 YBeIlM"IeHHIfl Vbias B03paCTaeT BKI18A OT a. y3l10S, aCHMMeTpMR 

CTaHOal-1TCfI MeHbwe, OAHaKO nonHOCTblO He HC"Ie3aeT. np" 3TOM 

aCHMMeTpMSl He 3aB~CMT OT 3HaKa Vbias• 

B paMKax Teop~M elM, npenO>KeHHOM B [36,37], AIlSl He50l1bWMX 

nOIlO>tG1TeJ1bHbIX 3Ha"leHMH HanpSf>KeHIflR Ha Hrne V nnOTHOCTb TyHHeIlbHoro 

TOKa j(r, V) onpeAens:leTCR Bblpa>KeH"eM 

E" 

j(r,v)oc jp(r,E)dE, 
ErcV 

(1 ) 

p(r,E) E 2: I'" n.k (r)t 6(Enk 
n.k 

- E), (2) 

rAe p{r,E)-110KanbHas:l nIlOTHOCTb COCTOs:lHMH B TO"lKe r = (x,y,z), B KOTOPO~ 

HaxOAII1TCSl oCTp~e IflrIlbl; "'",k(r)- co6cTBeHHbie cPYHKlI~U1, 

cooTBeTCTBYlOut."e HeB03MyuteHHoH nOBepxHocTM ." OTBe"laIOLUHe 3Hepr."M 

Enk., 
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<l> (r k) = I "" erk(R-tj)p (r - R + 't )
J' 7NLJ , J' j=a,a',p,W· (4) 

R 

6110XOBCKllte epYHKllVlVl cI>/r,k), 1l0Ka11V130BaHHble Ha Y3IlaX peWeTlG1 a, a', 13, 

13', nOCTpoeHbl Ha pz-Op6V1TaI1SfX, AatOl.llVlX rllaSHblH 8KnaA B TyHHe.nbHbI~ TOK. 

B6nVl3V1 nOBepXHOCTIIt 4>epMVI C Y4eTOM TOI1bKO 611V1>K8~WVlX coceAel7t 

raMVlnbTOHOBa MaTpVlua Hif(k) = (tI>;IH1tI>j) MO>KeT 6blTb 3anVlcaHa c.neAYIOti.{VlM 

06pa30M: 

Ea. fa. 0 0 

H(k -kF )= 
fa. 

0 
Ea. 
0 

0 

Ep 

0 

0 
(5) 

0 0 0 Ep 

T8Kas:l epOPM8 r8MVlIlbTOHOBol7t MaTpVlUbl (OTCYTCTBlt1e M8TPVlYHbiX 

311eMeHTOB Me>KAY a- VI f3- epYHK41t1s:1MVIVI AMarOHa11bHbI~ BVIA l3-no.qMaTplt1Ubl) 

s:lBI1s:1eTCs:I CIle.qCTBVleM 3HaYIIITeIlbHoro MeHbwero nepeKpblS8H&-1H 

Op6V1T8Ile~, 110K8rU130BaHHbiX H8 f3- VI W-Y311aX, 'ieM Ha a. VI 0.' . nOCKOnbKY 

8TOMHoe OKpy>KeHVley311oB a It1 PcPaKTVlyeCKVI OAVlHaKoeoe, Ea. ~ EB• T8KVlM 

06pa30M, 86111<13V1 nosepXHocrVl 4>epMVI 1f13 (5) c.neAyeT, 4TO VlMeeTCR 

AByKp8THo Bblp0>K.D.eHH8s:r 30H8, OTSeyalOLllafl epYHKL\lt1flM, I10KaI1lo130eaHHblM 

Ha l3-y3Ilax, 8 TalOKe 30Ha, 06na.qalOL1.taH A1<1CnepCVle~, OTSeyalOutaR a

epYHKllVlflM (CM. pVlc.A1). CTM, "yYBCTBYI014",~1I 311eKTpOHHble COCTOs:lHVls:I B 

Y3KO~ 0611aCTVI e611Vl3V1 noaepXHOCTlll <!>epMIf1, Y4V1TbIBaeT BKllaA OT p-Y3nOB VI 

npaKTVl4eCIG1 He OTCJ1e>K&r1eaeT BKIlaA OT a-Y3I10B. np~ ysen~4eHVIVI 

HanpH>KeHVls:r V Ha If1rlle B03paCT8eT -BKn8.q OT a.-y3nos, aCIt1MMeTp&r1R 

CTaHOBVlTCs:r MeHbWe, 0AH8KO nOl1HOCTbtO He VlCye3aeT. npVl 3TOM 

aCVlMMeTplf1s:r, B COOTSeTCTBVlIf1 C 3KcnepVlMeHTOM, He 3aBVlCVlT OT 3HaKa V. 
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6a 

P14c.A1. (a) - 30Ha On14nIl103Ha iii (6) - CXeMaT144eCKOe ~306pa>KeH14e 30HHO~ 

: CTPYKTYpbl 7t-COCTOs:lHIiI~ rpaep~1Ta BAOilb P IlL1H14H (COCTOflHIiIs:l , AalOl..414e 

BKnaA B TYHHenbHbl~ TOK, nOKa3aHbi WTPIiIXOBKO~ Ha pIiIC. (6)). 

np~.nO>KEHME II
 

~HTepepepeHLtIilOHHafi MOAenb csepxcTpYKlYP Ha nOBepXHOCT14 rpaqnna
 

npIII Hanlf141i1111 AeepeKTOB
 

C1>1f13li1yecKYIO nplr1poAY 3epepeKTa o6pa30BaHIiIs:l caepxpeweTKIiI MO>KHO 

npOIiIMIOCTplr1pOBaTb Ha npliIMepe I1Ii1He~HO~ ,-,en04KIiI aTOMOB, CYIiITas:l, "ITO 

Ha Ka>KAbl~ aTOM nplilxOAIiITCs:l 0AIiIH 3IleKTpoH. XopOWO 1113BeCTHO, 4TO B 

np1f16J1If1JKeH14l11 C14J1bHOM CBHalll B 3TOM cnyt.lae B CIr1CTeMe cPopMlf1pyeTcH 

nonyaanOJ1HeHHas:l 30Ha. np14 3TOM 3HeprlilVi <t>epMIII cooTseTcTBytOT ABe 

BOilHOBble epYHKU1414 C k =± rc/2d (AfIIi1Ha BOIlHbl 4d), rAe d MeJKaTOMHOe 

paCCTOftHlile. AHTIiIC/,1MMeTp14YHa~.14 cliIMMeTpW-IHas:l J1If1He'1Hble KOM6Ii1HaL.t~-W1 

3TIiIX epYHK,-,V1&:1 06pa3YIOT nOIlHYIO BOilHOBYIO epYHK'-'IiIIO, nplil 3TOM 

cIiIMMeTplil4Has:l BOIlHOe8s:l epYH~IiI~ IiIMeeT y3flbl Ha aTOMax B LtenOYKe C 

4eTHbIMlf1 HOMepaMliI, a aHTIiICL-tMMeTpL14Has:l - C HeyeTHblMIiI. ECTecTBeHHo, 

nOIlHas:I 3IleKTpOHHaH nnOTHOCTb Ha ypoBHe ¢lepM/,1, onpeAeIls:teMaff CYMMO~ 

KBClApaToB 3TLIIX AByx cPYH~Ir1~, 6YAeT pasHOH Ha Ka>KAOM aTOMe, T.e. 

06IlaAaTb nep1010A1r14HOCTbfO peweTKIiI. 
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npH BBeAeHIIU1 B CHCTeMY .nOKanH30SaHHOrO B03MYLl..-'eHHfI (TO"le"lHOrO 

AeepeKTa) aHTHCHMMeTpH"IHa~epYHKLtIl1f1, HMeto~a~ Hynesyto aMnnWrYAY Ha 

y3.ne, rAe HaxoAHTCfI AeepeKT,' OCTaHeTCfI HeBo3My~eHHo'1 [38], B TO BpeMfi 

KaK CHMMeTpll't"lH'as:r BonHOBafi epyHKLtHfI npeTepnHT H3MeHeHHR 8 3TOM 

cnyYae 3IleKTpOHHafl nIlOTHOCTb H3MeHHTCfI TOI1bKO Ha 4eTHbiX aTOMax, "ITO 

npHaeAeT K 06pa30BaHHIO csepxpeweTKH C YABoeHHblM nepHOAOM peweTKH. 

OTMeTHM, "ITO epOpMHposaHHe CBepxpeweTKH II'tMeeT Ty >Ke npHpOAY, "ITO 14 

B03HHKHOBeHHe <1>pHAeIleaCKHx OC~HIlnHLtIl'tI7l 3neKTpOHHO~ nIlOTHOCTH npH 

HanHYHH Ae¢eKTa S MeT8Ilne 

3TH npOCTble coo6pIDKeHHs:I MOryr 6bITb o606~eHbl Ha cny"la 171 

KBa3HAsyMepHoVl peweTKH rpaeplf1Ta. Oco6eHHOCTII't CTpOeH&.1f1 3IleMeHTapHO~ 

f1"1e~KH rpa¢HTa H TpaHCnflLtlf10HH0lf1 CHMMeTplf1H npHsOAfiT K 06pa30aaHHIO 

csepXpeUJeTKH C AflHHOIf1 BonHbl 3J3d /2, rAe d - paccToflHHe Me>KAY 

coceAHHMH aTOMaMH. 

3IleKTpOHbi C 3HeprHs:lMH 6nlf13KHMH K 3HeprHVI <1>epMVI MOryr 6blTb 

onHcaHbl [39] AByMfI BOIlHOBblMH e:pYHKL-'If1f1MIf1, npeACTaBIlflto~HM'" co50~ 

CLtlMMeTpW·IHYtO H aHTHC1t1MMeTpH"IHylO nHHe~Hble KOM6HHaLtHH weCTH 

nnOCKHX BOIlH, HMetoll.lHX opHeHTaLtHtO H AlU1HY BonHbl eeKTOpOB <1>epMH: 

3 

\II .(r):: La, cos(k;r) 
;~I 

3 

'lJa(r):: La, sin(k;r) , 
;-1 

(dlJ - paCCTOflHHe Me>KAY (3-aToMaMH B rpaepHTe, a, b - nOArOHO"lHble 

KOHCTaHTbl). V13MeHfIfI , 8, b aBTopaM [39] YAanocb BocnpOH3SeCl11 

HeKOTopb,e CBepxpeweTKH, Ha6IllOAaeMbie Ha 3KcnepHMeHTe. 
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