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8 pam:ax npnﬁnunceﬂvm CUNBHOW CBSi3W C UCNOMb30BAHUEM q:opmanuama
FpuHoBckux dyHkymit paccuutansl CTM-nso6pakeHuns nosepxHocTy rpaguTa
npu Hanuyuu aedexToB — BaKAHCUA B NOBEPXHOCTHOM CROE ¥ MEeXOoYy3nui B
nepBOM  MeXCrnoeBoM npomexyTike. Pacyer npoBepeH p[ns  pexvma
NOCTOAHHOI  BLICOTHI  WMbl  (30HAA) Had NOBEePXHOCTLIO obpasua.
[lpoananusupoBaHa cneuucbuka KOHTpacTa CTM-u3obpaxeHuii
noeepxHocTei B obnacTu pedpextos, obycnosneHHas ocoGeHHoCTAMU
pacnpegerneHyst 3NeKTPOHHOA NNOTHOCT, BbISBNEHL! CNYYan O4HO3HAYHOMN W
HEOAHO3HA4HOU wuHTepnpeTaumn CTM-usobpaxeHwlit NPUNOBEPXHOCTHOR
neceKTHON CTPYKTYpbiI.

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 framewaork of tight-binding approximation using Green's functions
formalism, STM images of a graphite surface with vacancy defects in the
surface layer and interstitials in the first layerto-layer 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.
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1. BBEAEHUE

B npeatwecTytowmx paborax (cm., Hanpumep, [1+3]) Bbino nokasaHo, 4To
cyljecTsyeT cunbHoe AedopMaLioHHOE B3aWMOASNCTBUE MENAOY3EenbHbLIX
aTOMOB Yrnepoaa, PacrnonoXeHHbIX MeXAY MOBEPXHOCTHLIM U CNEAyoLUM
3a HWM Kpucrannorpaduuyeckumu crnosmm rpagura (TO ectb B
npUNOBEPXHOCTHOM MEXCNOEE0oM npoMexyTKe). Hanwnuve
AedOPMaLIMOHHOIO B3aUMOAENCTBUS NMPUBOAUT K NPUTSIKEHNIO MEX[0Y3NUit
(TK. B 3TOM crnyyae yMeHbluaeTcs obrnacTb pacTsKeHwsi pelleTku) u
o6pa3oBaHnio KNAcTepoB U3 MeXZOoy3enbHbIX aToMOB, NEpPBOHAYANLHO
yAaaneHHbIX Apyr OT Apyra Ha 3Ha4YUTENbHOE PacCTORHUE.

Kak opuHOYHble MEeXOoy3Nnns, Tak ¥ KnacTepbl MeXpoysnuid 8
NPUMOBEPXHOCTHOM Cnoe fpUBOAAT K (DOPMUPOBAHUIO HA MNOBEPXHOCTU
rpachuta BbINYWIOCTEA C XapaKTEPHbIMW (ONEPEYHLIMN pasmMepamyu  oT
Heckonbkux E u sbilie (B 3aBUCMMOCTH OT YMCNa MEXAOY3NUIA B KNacTepe u
dhopmbi knactepa).

MopofHule BbinyknocTy — “XONMUKN’ HEOQHOKPaTHO Habnioganuce Ha
akcnepumerte [4+16] npu uvccnegosaHuM C  MOMOLbLIO CKaHupyrowied
TyHHeNbHOW  mukpockorm (CTM) B  pexume MOCTOAHHOrO  Toka
(TororpachnyecKkoM pexume) NOBepxXHocTK rpaduTta, o6My4eHHOTro MoHaMMW.
B pexume MOCTOAHHON BbICOTbBI UMbl "XONMuku" NPoABRAOTCA KaK obnacti ¢
peskim  yBEnuW4eHWEeM  TyHHEnoHoro  Toka.  [leTanbHbii  o63op
3KCNEePUMEHTaNbHLIX pe3ynbTaToB MpoBeAeH asTopamy B npouecce
soinonHeHna [lpoexta Ne 467-97 MHTL [17]. lMonepeunbit pasmep
“"XONMUKOB" COCTaBNAN ASCATKM E, BbicoTa— 0 5 E.
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Panee [1+3] MeToaoM MonekynsapHoi auHaMUKK HaMu Bwinu paccuuTaHb!
XapaKTepucTUKU NOAHATWA (NonepeuHbiit pa3mep W BbicoTa), KOTopble
OKa3anucCh HEeCKONbKOo MeHblle, 4YeMm 3KcnepuMeHTanbHo Habnogaemeie
“xonmuku". OgHako HeobXxogMMO OTMETUTb, 4YTO HEeNnocpeaCTBEHHOe
CpaBHEHWE pacueTHo# gedopmatim NoBepxHOCTH rpaduTa ¢ AaHHbimu CTM
ABNAETCA HEe COBCEeM KOppekTHbiM (nockonbky CTM  perucTpupyeT
pacnpejeneHne He aTOMHOW, a 3NeKTPOHHOW nnoTtHocTu). lMoaToMmy ans
AeTanbHOro CpasHeHUs pesynbTaToB PacyeToOBR C 3KCNEPUMEHTANbHBIMM
AaHHbIMM HeobxoAMM pacHeT UMEHHO pacfpefeneHus TYHHENbHOro Toka
B6nuau gedexra, a He Tonorpacun NOBEPXHOCTH. ’

OTMeTUM, YTO "XOnMuKn" vmorp,a' VWHTEPNPETUPYIOTCA HEe Kak U3MeHeHue
Tonorpagpun NoBePXHOCTU (U3-3a NOAHATUS NOBEPXHOCTHOro crnos rpacduTa
BCneAcTeMe Hanuuus Mexgoysnui [4+11]), a Kak 4NCTO INEKTPOHHbLIA
adpexT, He CBA3AHHbIA C U3MEHEHUEM NONOXEHUA aToMOB (HanpuMep, w3-
3a yBenuueHunA MeKTPOHHOW NMOTHOCTU Ha yposHe Pepmu B6nNnan BakaHcuin
[12+14]).

Takum 06pa3oM, HECMOTPS Ha 3HAYUTENBHOE YUCHO SKCNEePUMEHTANbHBLIX
pabGoT, RO CUX NOp HET OAHO3HAa4HOro oTeeTa Ha BONpoc O fpupoae
“xonmukos", Habniogaemsix Ha CTM uaobpaxeHusix rpadura Npu Hanuuum
nedeKkToB, B 4acTHOCTY, CO3faBaeMbiX paguauMoHHbiM 0OnydYeHveMm.
Bo3amoxHbI ABa npefenbHbIX Cnyyas:

1. "xonmuku"  oBycrioBneHbl  flOKanbHbIM  NOAHATMEM  MOBEPXHOCTU
(MuKpopacnyxaHuem) MKa3-3a NOABNEHUA KNacTepos MEXZOoy3nuidé B
MEXCNOEBLIX NpoMeXyTkax BOMU3N NOBEPXHOCTH,

2. "XonMukn" sIBNSIOTCA CMEACTBUEM YBenuueHUs aneKTPOHHON MNOTHOCTH
BONW3K BakaHCuiA, Npy 3ToM NOSHATUIA NOBEepXHOCTH He obpasyeTcs.

B peancHoi cucTeMe BO3MOXHbI HanoxeHuss oboux acdexros. Kpome Toro,

Ha pacripefeneHdne TYHHenbHoro Toka OyayT BNUATL  afaToMbl,
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NpuUcyTCTBYIOLME Ha NOBEpXHOCTU rpaduTa, OgHAKO yder atoro addekra
BHIXOQUT Ha HACTOALLEM 3Tane 3a pamku JaHHOW patoTsl.

OTcyTcTBME €OVHOAYLUMA aBTOPOB MO 3TOMY BOMPOCY OTYacTu

06YCnoBneHo HesHauUTENbHbIM KONMYECTBOM TeopeTUdeckux paboT no aTon

_TeMaTuke, KOTopble Obl no3sonunM rNyGxe NOHATL pesynbTaThl
akcnepumeHToB.  Bospeicreue  BakaHcmit  Ha — CTM-usobpaxeHun
paccuuTbiBanoce B [14+16].

OpgHako HaMm HeusBeCTHbl paboThl, B KOTOpbiXx Obi Teoperudecku
W3yyanoch (OCOBEHHO C YYETOM penakcaLuy nOBEepXHOCTW  B6NU3M
AeMEKTOB), KaK KnacTepbl MEXOOY3nuii B MPUMNOBEPXHOCTHBLIX CRosxX
nameHsaoT CTM-usobpaxerna rpacdura.

Bcneactewe atoro pacder CTM  um3obpaxenuwid rpacura B6nu3n
KnacTepos MEXA0Y3NuUi NpeacTasnAeTcs 0COGEHHO BaXHLIM, MOCKONLKY OH
no3sonun 6b! HENOCPEACTBEHHO CBA3aTb Pe3ynbTaTkl PACYETOB reoMeTPUM U
CTPYKTYpb! KITacTepoB, a Taike CO3AaBaeMbiX UMW NOQHATUI MOBEPXHOCTH
rpacura c pesynbraTamy KCNEPUMEHTOS.

Opyrum acbdhexTom, YacTo akcriepyMmeHTanbHo HabniogaemeiM Ha CTM-
‘usoBpaxenuax rpacduta B6nusn gedexToB, NBRASETCS NOSBMEHWE T.H.
ceepxcTpyktyp [5,18+22]. ®opmupoBaHne CBepXCTPYKTYp chakTuueckm
o3HayaeT M3MEHeHWe NOMOXKEHWI MaKCUMYMOB TyHHEnbHoro Toka BOnusu
pedekros. (OTMeTUM, 4TO AaXe B OTCYTCTBUE ASChEeKTOB WHTepnpeTauus
CTM-uzobpaxeHuit rpacduta OCIOXKHASTCH INEKTPOHHbIMU 3addekTamn: B
rpaduTe BUBEH KAXKALIM BTOPOA aTOM 13-3a2 HEIKBUBANEHTHOCTU NOMNOXEHUA
aTomor B pewetke. Bornee nogpobHo 3ToT achchekT onmucaH B MpunocxeHnn
1)

B Hacroswenn pabore ™Mbl fpUBOGMM  pe3ynbTaThl  pacuera
pacnpefencHus TyHHENbHOro Toka, mogenuvpytoulero CTM-uaocbpaxeHnue

NoBEpPXHOCTV rpaduta, npu Hanuumu gJedekTos -— BaKaHCWA B
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NOBEPXHOCTHOM CriOE ¥ MEXAOY3NUA B MEepBOM MEXCIIOEBOM NPOMEXYTKE.
Kak u Ha npeabidywux 3Tanax, Ans pacyeTa NonoxeHwid atomos rpagura
BONM3an OedeKToB UCNONbL3OBaNCA MEeTOR MONEKYNAPHON AWHAMWKM C
YYETOM KOBANEHTHbIX CBA3EA MeXAy Mexaoy3enbHbiMu atomamu. [ns
ONUCAHWA dNEeKTPOHHOW CTPYKTYpbI rpacduTa MCNONb30BaNoCcy Npudnuxenne
CWbHOI CcBA3U M dopManuam PHOBCKUX YHKUMIA (pe3ynbTaTbl NONYJeHbI
B paMKax nepsoro nopaaka Teopv BO3MyLLEHWA No BaaumoaeicTemio "urna
- kpuctann rpacura”). Moaenupoeasncs peXxum NOCTOSHHOW -BbiCOTh! WUIMbl
Haj, NOBEPXHOCTHLIO.

ABTOpaMK paccuUTaHbl XapakTEepUCTVKM "XONMUKOB", BO3HMKAIOWMX Ha
CTM-n3oBpaxeHusix Npy  HanuuuM OJMHOYHBIX MEMAOY3NWA, KNacTepos
MeXI0y3fiMiA 1 BakaHcuit. [MokasaHo, 4TO Kak Mexgoy3nusi (KoTopbie
06pa3yloT Knactepbl BCrneacTaue AedopMaLiMoHHOro B3aMMogencTems), Tak
W BaKaHCUU NPWBOAST K nosiBrieHnio Ha CTM-uzoBpaxeHusx "xonmukos"
(pocTy TyHHenbHOro Toka) 86nuav AedekTos, oAHAKO KnacTepbli CO3[AIT |
"XonMuKn" ropasno 6onblunx pasMepoB. Pasmepbl paccuMTaHHbLIX XONMUKOB
COrMNacyloTcs € pasMepamu 3KCnepuMeHTanbHo Habniofaembix. MonyueHs
CBEPXCTPYKTYPbl, XOpOWO cornacyloijecs ¢  HabniogaembiMu  Ha
3KCTIEPUMEHTE.

Takum o6pasomM, MOXHO yTBEpMpaThL, YTO pesynbrathl pacyetroB CTM-
n3oBpaxeHuit nosepxHocTy rpadurta 86nman aedekTos CBUAETENBCTBYIOT B
nonb3y obpasoBaHUst KNacTepoB MeXA0y3eNnbHLIX aTOMOB YrMepoaa Mexay
TNIOCKOCTSIMU TpacuTa 33 cHeT AedopMaLMOHHOTO B3aUMO4eNCTBUA.

2. TEOPETUYECKAA MOJIEfIb U METOl PACYETA
Me! onuckiBaem cuctemy CTM- rpacuT B pamkax npubnuxeHns cuibHOM
cBSi3n. DTOT noAxop YCMEewHo WUCMONb3yeTCA NpU pacyeTe XapaKTepucTuk
cuctem, He 00nNapaouUX TPAHCINAUWMOHHOK CUMMETpuen (Hanpumep, npw
Hanuann f[edeKToB), NOCKONbKY NO3BONAET paccMaTpuBaTb AOCTATOYHO
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GOonbLLME KPUCTAMNMUTBI, COCTOSLLME U3 HECKOMbKUX Thicay aTtomos. MonHblii
raMmunsToHUaH H cuctembl MOXET GbiTh NPeAiCTaBMEH B BUAE CYMMbI
H=Hy, + Heppiro + Hop_grapmicr (1)
rae NepBoOE CiiaraeMoe ONUCHIBAET SFIEKTPOHHYIO CTPYKTYPY UrMbl, BTOpPOe —
SNEKTPOHHYIO | CTPYKTYPY rpaduTa, . nocnepHee criaraemoe OTpaXaer
B3avMOAENCTBNE MEXIY MIMOoi U NoBepXHOCTLIO rpaduta. B obuiem cnyyae

ramwnbTOHWaH UMeeT BULg

=3 J0)e i)~ Xlik Ut )

roe cymMmuposaHMe OCYLUECTBMISeTCA N0 BCeM Yyanam CcucCTeMbl urna-
KpUCTann, & —OAHOY3EnNbHbIE dHEeprum Ha yane i, Vj npeactasnser cobon
3HEPruI0 riepeckoka aneKTpoHa ¢ y3na i Ha ysen j. lNogyepkHem, 4To
flepecKoKM MOTyT OCYLLECTBIATECA HE TOMbKO Mexay Bnukaillmmu yanamu
peLUeTKH. '
2.1. TyHHenbHbIA TOK
[ns pacdeTra TyHHENBHOro TOKa Mbl BOCMOMNb3YEMCS METOAWUKONM,
noapo6Ho usnoxenHon B [23]. C ucnonb3oeaHuem dopmManuama MpUHOBCKKUX
yHKUUA U NEepBOro NOpsfika TEopUM BO3MyLUEHWIA Mo B3auMoZeRCTBUID
vrna-kpucrann (npeanonaraeTca, 4YTO urma U Kpuctann ABNAKTCA
cnabocesizaHHble) AnA CRyvyas HyneBbix TemnepaTyp TYHHesbHbid TOK /
MEX/Y WrIion U NOBEPXHOCTBIO rpadmTa MOXeT BbiTb 3anucaH B Buae
1= S (B . BV, (3)
h Ep-eh !
rae pip(E) NoxansHas NNOTHOCTb ANEKTPOHHLIX COCTOSIHWA UMb, Psur(fi, E) -
nokanbHas NOBEPXHOCTHas N/IOTHOCTB cocTosiHuit (local density of states,
LDOS) rpacdwuta Ha atome C KOOPAUHATON fi; Vi - TYHHEnNbHbIA MaTpUYHbIA
3NeMeHT Mexay KpalHuM aroMom umbl  (NpegnosiaraeTcs,  UTo
TYHHENUpOBAHWE OCYLLECTBNSIETCH TOSIbKO C Hero) u atoMom / rpacura; Ef -

aHeprna depmu kpuctannura rpacduta; Ve - BHEWHEE MPUMIOXEHHOE
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HanpspkeHue (HanpsbkeHve Ha urne). Cymmuposasuve B (3) ocylecTanseTca

fi0 BCEM NOBEPXHOCTHbLIM aTOMaM, C KOTOPbIMU UrMa B3auMOAENCTBYET.

Puy (1 E)= Y ¥, ("W S(E - E,), (4)

rae ¥, - cobcrBeHHan DYHKUMA  Hgaphte (HgraphiteWn = EnWh),
cooTBeTCTRYIOWAR 3aHeprun £, C yueToMm reoMeTpwun sagauu (cm. puc.1)
TYHHENbHbIA TOK Kak (yHKUMS KoopauHaTt urnel (X, y, h) onpepensercs

‘BblpaXXeHeM
. 2ne 2 2
I(x,y,h)= - Y 2 -x,y—yuh=-z) e (EJE, () - (%)
Ep—eVyp<E,<Ep i
z A OCTPUE-30HA

NOBEPXHOCTb FPA®UTA

Puc.1. CxemaTuyHoe npeacTaeneHne B3auMogeincTBmA B
CUCTEME UrMa-KpUCTANnNUT rpacduTa.
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MaTpuuHbiii  aneMeHT Vi BLIMUCNANCA C  NOMOWBIO  BblpaXXeHus,
nony4enHoro bapauHbim [24] B nepsom nopsgke Teopun BO3MYUISHWA Ans

ABYX cnabocBa3zaHHbIX CUCTEM:
B oar. .
Vi =5~ [B5[6.70; - 4,98, ], (6)
S .

rae b., ¢p = op(r) seBnaAwTCR  dyHKUMAMU  BarHbe  3NeKTPOHOB,
NOKanuW30BaHHbIX Ha KOKLE WIMibl U atome i rpacduTa COOTBETCTBEHHO. ITH
hyHKUUN annpoKCUMKUPOBaNUCh crieTeposckumu dyHKUMaMI ans d;2 (wrna)
u 2p, (rpachut) opbutaneir cooteeTcTBEeHHO [23]. WHTerpuposanue
OCYLIECTBRSINOCH YUCNEHHO NO MfI0CKOCTY X-Y, HAXOAAWENCH Ha NonosuHe
BbICOTbI MeXay Wrnon u Kpucrannom. B BbipaxeHuu gna 2p, -cbyHKuwyl

(9, (") ~zexp(~&r) ) napameTp & Bbifupanca pasHbiM 3HaYeHUO 3TOM

BenuU4UHBLI AN ceoBogHoro atoma yrnepoga: £ = 1.6 (aTomHbix eguHnly) [25],
a B BbipaXeHun Ana d;2 -dyHkunmu (o,(r) ~ (32> —r?)exp(-ar) ) NapameTp o =

=1.3 ans BonbpaMoBOi Urn! [26].

2.2. 3nexTpoHnas cTpykTypa rpacdmra B6nn3mn nosepxHoctu Gepmu

[na onucaHus aneKTpoHHOW CTPYKTypbl rpadura s6nuau nosepxHOCTH
depMn  UCTONL3YIOTCA  pa3nuuHble MOZEenu CcunbHOW cBssn  [27+31],
napameTpbl B KOTOPbiX (MaTpUYHbIE 3MEMEHTbHl TEPEecKoKa 3reKTPOHOB
MEXAY Y3flaMu W Y3enbHble 2Hepruu) BblOUpawTcA W3 COOTBETCTBUA
pe3ynbTaToB 30HHBbIX pacyeToB (4 pacyeToB 3HEPruM CBA3N aTOMOB),
BbINONHEHHBIX B paMKax 3TMX mogeneil U MeToaamu "ab-initio”, a Taicke us
COBNAAGHWSA C 2KCNIEPUMEHTANbHLIMU SaHHbIMU.

Hamy# wvcnonbsoBana mnapameTpusaums, npeanoxendHaa B8 [31].
3aBUCMMOCTb MaTPU4HOMO 3fIEMEHTA NEpPEecKoKa 3MeKTPOHOB OT PACCTOAHUR
MeXgy aToMaMy ONUCbLIBasiacb 3IMNUPUYECKOR yHKUWEN, SiBHbIA Buj,
koTopoir npueeseH B [31], a ans yyeta opuenTaiuu opburtaneih B
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NpocTpaHcTBe MUCNoMb3oBanach annpokcumaunsa Cnertepa-Kocrepa. 3ta
MoAenb NpUMEeHANnachk HaMu paHee ANR MOAS/MPOBaHUA BakaHCUhi
mexxaoysnuii 8 rpacdute [3]. OTmeT¥M Tawkke, 4TO OHa MOXeT BbiTh
ucrnonb3oBaHa AnA pacyeTa M3ONMpPOBaHHBIX knacTepos yrnepoaa [32] K
HeaoCTaTKam 3TOW MOAEeN MOXHO OTHECTU TO, UTO OHa HEKOPPEKTHO
onuchiBaeT MEXCoeBoEe B3auMoaelcTBUE, NpUPoAa KOTOpOro ropasno
MeHee fcHa [33], 4emM npuposa KOBanNEHTHOroO . B3auMmoAeWcTBUst B
rpachuToBbIX NAOCKOCTAX. MoaToMy Mbi MoanduLMpoBank Mogens, obasus
no aHanormu ¢ SWMc- mogeneio [30] rpacdura cnaraemoe, oTpaxaiwiuee
NEepPecKoKn 3INEKTPOHOB MEXAY MMOCKOCTAMU C MaTpUUHbLIM 3SIEMEHTOM B
LECATb PAa3 MEHbLUINMM, YeM Y ONUCHIBAIOLLErO NEPECKOKU 9FIEKTPOHOB MeXAy
aToMaMu B MIOCKOCTAX, Pacqejr MIOTHOCTU ~ COCTOAHUMA B pamkax
MCNONL30BaHHOW MOZENU Jan Xopoulee KONMMYECTBEHHOE COBNafeHue C
pesyfibTatamu, fNostyHeHHbIMKU 4ANA ApYrix Moaenen rpacdura.

TMockonbKy Hac MHTEPECYIOT 3MeXTPOHHLIE COCTOSiHWUSI B y3Ko# oGnactu
B86nunan sHeprun depmu, T.K. UMEHHO OHU ONPEAENAIOT TYHHENBHbIA TOK Npw
HeBoNbLUNX BHELLIHVX NPUNOXEHHBIX HaNPSHXKEHUsX (HanpskeHun Ha urne)
Vibias, Mbt MOXEM PaccMaTpuBaTh TONLKO 2p, AMEKTPOHbI. [JencTBUTENbHO,
XOpouwio u3sBecTHO [34,27], 4TO 3NEKTPOHHbIE COCTOAHMA BOAWU3M 3Hepruu
®epmu B rpacute Ges AedekToB oNpedesiAloTCA TONbKO 2p,-COCTOAHUAMMU, U
MOXHO OXWAATL, YTO NMPU HANMYMW BAKAHCUA U MEMAOY3NWUA OCHOBHOMN
BKNag B IOTHOCTb COCTOSHUIA ByayT aasath 2p, -opbutanu.

Hamu paccMaTpUBanuCh KOHEUHBIE KPUCTANAUTLI rpadmTa (hparMeHTsl
rpacATOBBIX MIOCKOCTENR), COCTOSILIME U3 ABYX CFOEB, fipM 3TOM aTtoMbl
yrnepo4a B pasnuu4HbiX MIOCKOCTAX CABUHYTEI OTHOCUTENBHO APYr Apyra Tak,
YTO Hafi KaXbiM BTOPbIM aTOMOM B NEpBOW MTOCKOCTH HaAXOAMTCR nycroe
MecTe B rpacdhuToBOi petleTke BTopow rtockoctu (AB stacking, Bernal form
- of graphite). Takas nocnegoeaTenbHOCTL aTOMOB B Pa3iiUUHbIX MSTOCKOCTAX

Haubonee u4acro BCTpe4YaeTCA B MPUPOAHOM rpacduTe. OTMETUM, uTO
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fINOTHOCTL COCTOSIHWA Ha ypoBHe depmu, onpefensiowan TYHHENbHbLIA TOK,
CWbHO 33aBMCUT OT TWnNa CTbIKOBKM nnockocten [27]. B pacyerax

ucnons3osaniicb nepuoguvecke rpainvHbIC yernosus.

2.3. 3neKTpoHHas CTPYKTYpa Urnbl

WUrna wmopenuposBanacb nonybeckoHeYHon oAHor{nepHoﬁ LIeNOYKOn
aTOMOB C NEPECKOKaMU 3MEKTPOHOB TOMLKO MeXay BrikaklLuMu cocessimu.
Mpennonaranocb, 4TO TYHHENWPOBaHWE MNPOUCXOAWT TOMBKO C KpaiiHero
aToma B8 Lienouke. B pamkax AaHHOrO NpuBNMKeHus peanbHas reomeTpus
UMbl HE YYMTbIBAETCH, OfHAKO, MOCKOMbKY OHa, BoofWe foBOps,
HEN3BECTHA, TO TaKoOW noAxop NPeACTaBNAETC  pasyMHbIM - ANS

MogenupoaHus CTM-usobpaxeHui.
dyHKUMsA TpuHa anekTpoHa Ha KpalHeMm aTome B Liernoyke MoXeT BbiTb

3anucaHa cnegyouwum obpasom [35]:

G, (E) = #(E +VE — 4w ) , @)
rae W - mMaTpudHbiii 3MeMeHT Nepeckoka aMfeKTpoHa MEX@y COCEeAHWMM

artomamm B Lenodke. Wcnonb3ys UW3BECTHOE COOTHOLUEHWE Mexay

MNOTHOCTLIO COCTOAHWA U dyHKUWei [puHa
p(E) = —%Imlim’l‘r(G(E +ig)), (8)
£—0"

nony4ynM, HTO fokanbHas NNOTHOCTb JANEKTPOHHbLIX COCTOAHWUA urnbl (Ha

KpajiHeM aTome) onpegensaeTcs BbipaXeHnem
(B = 5 AW B . 9)

OTMeTm, uto B6nMau E = 0 py{E) ABMsETCS MeAneHHO MeHsowerncs
dyHkUuels. B pacyetax nonaranoce W = 1eB.
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3. PE3YNILTAThI PACHETOB

- B HacTosiwein paboTe 6binu ocywiecTeneHel pacuetsi CTM-u3o6paxeHuii
MOBEPXHOCTU rpacmta BOMU3N  OAMHOYHBIX MEXAOY3NWIA, KNacTepos
MEeXAOoy3nuA v BakaHcwii. PaccmaTpuBanuCh KpuCTannuTbl U3 ABYX
rpachuToBbIX CMOEB, B KaXQOM M3 KOTOPLIX copepxanoch 448, 860, 1196
atoMos. Kak nokasanuM Hawu pacueTbl, pesynbTaThi cnabo 3aBucAT OT
pasMepoB KpuCTannura. YBenuyeHue 4Yucna aroMoB B MeTbipe pasa
NpUMBOANIIO NMULLIL K HE3HauYUTeNbHOMY (10-20%) KONUYECTBEHHOMY OTIIAYMIO.
[Qns pacyeToB KoOpAMHaT aroMoB B knactepe c  pgedekramu
ncronb3oBarcsd METoA MONeKynapHoi auHamuku. [etanbHoe onucaHue
METOAWKM pacyeToB npusefeHo B [1+3]. Kpuctann rpadgpura, cogepxalymi
nedexTbl B BEPXHEM Croe, MOAENUpoBancs KpucTanfiutom, COCTOSALLUM U3
wecrTn rpacdpuroBbix croes no 1980 aToMmoB Kaxabli., IMocne penakcauuu
NOBEPXHOCTU MpK Co3AiaHUM AeheKTOoB, T.e. MUHUMU3aUMK 3HEPTVK, N3 ABYX
BEPXHWX CMOEB KpUCTannura "Bbipesanca’ KpUCTannuT MeHbLUNX pasMepoB
{cM. p1c.2), KOTOPbIN UCHonNb3oBancs 4ns pacdeTa B pamKkax npubnuxeHus
CWNMbHOA CBR3W MOBEPXHOCTHOW 3NEeKTPOHHOW nnoTHoctu (2). [Ans
onpegeneHus COGCTBEHHBIX  DYHKLMIA "Pn raMunbToHUWaHa  Hgraphite

MPUMEHSATICA METOA TOMHOW AnaroHanusauuu.
Bce pesynbTaThl NOMyYeHbl B peXuMe NOCTOAHHOW BLICOTHI WrMbl Hag

NOBEPXHOCTDbIO.

3.1. CTM-u3o6paxenue rpacura 6e3 neekros -
PaccmoTpum BHauane CTM-usobpaxenue rpaduta 6e3 pedekros.
MonoxeHwe aTOMOB Yyrfepojga Ha MOBEpXHOCTW rpadura cxemaTudeckv
nokasaHo Ha puc. 3. CnnoLuHbIe KPYXKKM COOTBETCTBYIOT NO3ULIMAM aTOMOB B
BEpXHEM Cnoe, 06BeaeHHbIE KPYXKKN — Mo3utMAM o-aTOMOB (Nog KOTOpbIMU

BO BTOPOM Cnoe TawKe Haxoautca artom mepona . CornacHo
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aKCrepuMeHTanbHbiM  AaHHbIM, Ha CTM-usobpaxeHwax npu  Manbix

3HAYEHUAX Viias BUAHDI TOMBKO B aTOMbI (MOA KOTOPLIMU HET aToMma).
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Puc. 2. a) Bun cboky 11881-a10MHOro KpUCTannuTa ¢ 0ARUM MENAOY3NUEM,
MCNONb30BAHHOrO ANS penakcauum peweTtku BONu3n Aedekta MeToaoMm
MOMNeKynspHo# auHamuky, 6) Bua cboky 2192-aTOMHOro Kpucranaura,
cocrosiero ns asyx crnoee no 1096 atoMoB Kaxkabii, NCNONb3OBAHHOIO ANst
pacyeTa NOBEPXHOCTHOW MMOTHOCTW COCTOAHUA B NPUBIIMOKEHUM CUNbHOW
CBSI3W; B) TpexmepHoe unaobpaeHuWe XOnmuka, CO34aHHOrO OZHUM
MEXA0Y3NneMm.




Puc.3. CxemartmuHoe u3obpaxeHwe kpuctanna rpacduta (Tvna “Bemal
graphite”) " cBepXpeLUeTku V3Rx 3R 307, 06ycnosneHHoM
HEOQHOPOAHOCTLIO  3MEKTPOHHOW  nnoTHocT.  ManeHbkne  KpyKu
COOTBETCTBYIOT  MNosuumMsim  atomoB  yrnepopsa. bBonbuine  KpyxKu
COOTBETCTBYIOT aTOMaM, KOTOPbleé He BHOCAT BKNafa B TyHHENbHbIA ToK (o-
yanbi). KBagpaTbi COOTBETCTBYT aroMam C BbICOKOWM WHTEHCUBHOCTHLIO
TYHHENbHOro TOKa (nNpyM Hanuuum ceepxpelueTku). PaccrosHue Mexay
aToMamu C BbICOKOW WHTEHCUMBHOCTHIO Toka R B 3 pas Gonble
paccrosHus Mexay B-aTomMamu ¢ R=y3a, rae a - paccrosiHme Mexay
Gnmkanwmmn cocegamu B rpacure.

Ha puc. 4 nokasaHo paccuuTaHHoe Hamu CTM-usoBpadkeHue noBepXHOCTH
rpacdvTa 6e3 pedekToB nNpU Vs = 0.1B. CeeTnbie ywacTkn cooTBETCTBYIOT

MaKCUMYMaM TYHHENbLHOro TOKa, YepHbIMW TOMKaMU MOoKa3aHbl MOoXKeHns
atomoe. BugHo, yto Habniofaemas pelweTka SABNAETCA TPEYronkHoOW ¢
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NepuoaoM R=+3a, rae a=142A - pacCTosHue Mexay 6Gnumxanmmm
cocenamu B rpacdute. B cooTBETCTBUM C SKCNEPUMEHTOM, MaKCUMyMaM ToKa

OTBEYAIOT NONOXeHUs B-aToMoB.
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Puc.4. Teopetudeckn paccuuTaHHoe 24x24A  CTM-usobpaxetie
rioBepxHocTu rpacuTta 6e3 pecpekroB. CBeTnble obnactn COOTBETCTBYIOT
obnacTam, rae TYHHenbHbIA TOK MakcumaneH. TeMHbIE KPYXKU NoKasbiBakT
nonoxexue atomoB yrnepoga (Vias = 0.1 B).

Ha puc.5. nokasaHa 3aBUCMMOCTb TYHHENBHOIO TOKa OT KOOpAWMHATbI
Urabl NPy ABUKEHUA BAOMb MAHUKM M3 Toukn 1 B Touky 2 (cM. puc 2) npu
pasnuuHbIX  Viias. M PA3MWYHOA BbICOTE Wbl h Haj MNOBEPXHOCTbIO.
CumeonomM "h" 0603Ha4YeHO NONOXEHWE UMbl Had UEHTPOM rpaduToBOro
LecTuyrosfibHuka. BuaHo, 4To C yBEnUUeHUeM pacCTOsiHUSE TYHHETbHbIA TOK
aKkcrnoHeHuvanbHo nagaer. C poCcToM Viis aCUMMETPUR MeXay B- 1 o-
aToMamyu CTAHOBWUTCA MEHblUEe, NOCKONbKY C POCTOM Viias YBEMUUMBAETCH
YMCNo COCTOSIHWIA, AalOWMX BKAAA B TYHHENbHbIA Tok. PaccuntanHble CTM-
n300pakeHn He 3aBucenu OT 3HaKka Vpias. [lonydeHHbie ‘peayanaTu
HaXOANATCS B XOpOLLEem cornacvm C faHHbIMW Apyrux asTopos [23,34].
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Puc.5. TyHHenbHbIA TOK kaK yHKUUA MOMOXKEHUS Wbl NPYU CKaHWPOBAHUKA
no noeepxHocTu rpadura BAOSb NNHKUK 1 — 2 (cM. puc. 2). a) V= 0.1B, h
=4 A; 6) Vbias =0.6B,h=4 A; B) Vhias = 0.1B, h=5 A, I') vbias = OGB, h=5 A

3.2. CTM-un3obpaxeHune rpacdura BO6MM3an 0AUHOUHOIO MEXA0Y3Nns

OTMETUM, YTO U3-3a BbICOKOW MOABWKHOCTY OAUHOYHOTO MEXAOY3NUA
MeXAY rpaduToBbIMU  CrOAMU [PeACTaBMnASTCA ManoBEpPOSTHbIM, uTO
HabniogaeMble Ha  3KCMIEPUMEHTE  XONMUKN  SIBNSIIOTCS  CNeacTBUeM
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oTAenbHbIX Mexgoyanuit. OpHako WU3yyeHwe BO3REACTBUA OAUHOYHOMO
mexgoysnua Ha CTM-usobpakeHue npeAcTaBnseTc MeTOLONOMMYECKM
uenecoofpasHbiM ONA  MOHUMaHWA U3NYECKON NpPUPOAbLl NOABNEHUA
obnacren 3Ha4ynMTENbHOMO YBENnuYeHUst TYHHENbHOIO TOKA.

Ha puc.2 66in npeacTaeneH Bun cBoky 2192-aTOMHOIO KPUCTaNNUTa,
UCIONb3OBAHHOMO ANIA pacyeTa TYHHEeNbHOro TOKa, a TarKe MNOoNnoXeHue
aToMOB BEpXHEA [JIOCKOCTU HEMOCPEACTBEHHO HAafh  MeXaoysnuem.
Mexgoysnue Haxoaunocb Mexay rpacpuToBbiMuM NIOCKOCTAMMU B LEHTpe
. KpucTannuta. XopoLo 3aMETHO PacTAXEHNE NOBEPXHOCTHOrO Cnos BOMNan
MEXOOY3NnvA, NPpW 3TOM XapakTepHbld pasMep HapyleHWs HOPMAarbHOro
pacnonoXeHus aTtoMoB B  rpaduToBOW pemefxe coctagnaet 6-8
MEXATOMHBIX paccrosHui, T.e. 10-12 A,

Ha puc. 6a npepcrasneH TyHHenbHbI TOK | = /X,y) kak ¢yHKUMA
KOOPAWHAT urnbl B niiockocTu (X,¥) fipu Veas = 0.1V, h =4 A, Xopowo
3aMEeTHO pesKoe YBenuyeHWe TYHHESIbHOro TOKa BONW3W MEXZOY3nus,
obycnoenexHoe nporvbom roeepxHocTu rpacduta Hag mexgoysnueM. [Mpn
3TOM, COMMacHO HalMM pacqeTam, fokarbHas 3NeKTPOHHAA NNOTHOCTL
rpacduta cnabo uameHnnacb NO CPaBHEHWIO CO CAYyYaeMm, Korga gedekTbi
OTCYTCTBYIOT.

Ha puc. 66 nokasaHo ceveHne nsobpaxeHus puc. 6a ropusoHTankLHoM
NNOCKOCTbLI0, OTBEYAKOLWEA HEKOTOPOMY NOPOrOBOMY 3HAUEHWUIO TYHHEITbHOIo
ToKa. CBeTnble (parMeHTbi oTBe4awT obnacTsM, B KOTOPbIX Tok Gonblue
NOpPOroBOro 3Ha4yeHUK, TeMHble — rae mMeHblle. Takoin noaxon yaobed Ans
COMOCTaBMNEHNst C 3JKCriepuMeHTanbHo nonyveHHbiMm CTM-nsoBpaxeHueM.
BugHo, uTo BuayanbHbiA pasmep 06nacTh CYLUECTBEHHOro YBermueHus
TYHHENbHOro ToKa coctasnser ~ 10A. OueHka pasmepa “xonmuka" Kak
lWMpyHa Ha norysbicoTe fgaeT ~ S5A. B nesoi uvactv wnaoBpaxeHus
thakTuueckn coxpaHeHa CTPYKTypa MakCMMyMOB TYHHENbHOro TOKa,
oTBevaiowasn rpacduTy 6e3 gedekTos, B npaBoit 4acTu 3ameTHa
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Puc.6. TyHHenbHbii TOK Kak ¢yHKUMA koopAauHaT (x,y) wrnel BOGnU3M
OAMHOYHOIO MEXA0Y3NUsA: a) TpexmepHoe u3lobpaxeHnue; 6) paccumTaHHoe
30x30A CTM-usobpaxerue (Vias = 0.1B, h =4 A). TemHble Kpyxku
MoKa3bIBaOT NOMOXEHWE aTOMOB yrnepoga.
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ceepxpeweTka 3x+3R 30° (yacto Habriogaemas B rpacpute B6nuaun
nedekros), CM. Takke puc. 3. Bo3HUKHOBEHME CBEPXPELLETKA NPOABNAETCS B
TOM, UTO WHTEHCUMBHOCTb TYHHENbHOTO TOKA Ha HEKOTOPbLiIX aToMax
YBENWIMBAETCA MO CPaBHEHWIO C APYrUMM, NPUBOAA K (POPMUPOBAHMIO
HEKOTOPOW pelleTKW, HanoXeHHOW noBepX Buoumon B rpadcute Oes
AedeKToB TPeyronbHO! peLUeTku.

Ha puwc 7. nokasaH penbed TyHHenbHoro Toka npu h = 5A B
HENOCPELICTBEHHOM BrM30CTN OT MEXAOY3NUA. C yBenuueHuem

h BKNag oT oTAeNbHbIX aTOMOB CTAHOBUTCS MEHEe 3aMeTHbIM, OfHaKO
CTPYKTYpa "XOfMuKa" coxpaHsieTcs.

YBenvdeHue HanpsikeHWs Ha urie NpuBoguT K NMHEWHOMY pOCTY (RO
HanpAXEHWID) WHTEHCMBHOCTM Toka. Ha puc. 8 nokasan penbed
TYHHENbHOMO TOKa BAO/b NMUHUM X = 0 NpW pasfiUYHbIX 3HAYEHUSX Vias.
N3ameHeHWe 3HaKa Vyas HE BNUAMO Ha Hanwuve W pasmep Habnwogaemoro

"XonmMuKa".

3.3. CTM-usobpaxeHue rpacputa 6M3n KNacTepoB MeXQ0Y3NnA -

- Mbl paccunTanu CTM-u3obpaxeHusn rpacvta B6nun3m knacTepos us 2,
4 v 10 mexgoysnuid. lNpoueaypa pacyeTa KOOPAUHAT aTOMOB METOLOM
MOneKynsipHO# AWHAMWUKU Y BbIGOp KpucTannuta MeHbLuvux, pasmepos ans
pacyeTta TyHHeNbHOro Toka B npubnwkeHun cunbHOW cBA3KM Obina
aHanornyHa OnuCaHHOA BbilWe AN OAWHOYHOrO MEeXAoy3nus. WIcxogHo
MEXZO0Y3NUsa pacnpefenannch o KpucTannuTy cnydaHbiM o6pa3oM mexay
nepBoii M BTOPOW rpadpuTOBON NNOCKOCTBIO, U B Npouecce. penakcauuv
cucTembl BeneacTteve AedopmaunoHHOro B3auMOZEeACTBMA MPOUCXOANNO
obpasoeaHue Knactepa.

Ha puc. 9a npeacrasneH TyHHenbHbId TOK [ = [(X,y) Kak (yHKLUS
KOOpAVHAaT WrMbl B MAOCKOCTM  (X,y) BONM3M  ABYX  MEXA0Y3NUW,
obosHauerHbIx (puc 96) npamoyronbHmkamMun. Vyes = 0.1V, h=4 A. BugHo,
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Puc.7. TyHHenbHbIi TOK Kak cyHKUMS KoopagwHaT (x,y) wrnbl BOAM3N
OAVHOYHOTO MeXA0Y3Nnus. Vyas = 0.1B, A=5A.

YTO TYHHEenNbHbIA TOK yBenuuyeH BONW3W knacTepa Mexzoysnuii. 3ToT
achpekT sBnseTcs cnegctemem npornba (~ 1 A) nosepxHocTu rpaduta Hag
Knactepom. AHAMOrMYHO  CNy4alw  OAMHOYHOrC  MEXOOY3NWA, He
HabnioaaeTcA  CYLUECTBEHHOMO  WU3MEHEHWS  MOoKasibHOW  3NEeKTPOHHOW
NAoTHOoCTM rpaduta B6nuayM knactepa Mexaoysnuid. OTMETUM, 4YTO B
obnactu "xormMuKa" XOpoLLO pasnuuYUM BKNag OT OTAerbHbIX aTOMOB (pwc.
9a).

Ha puc. 96 nokasaHo ceuyeHue puc. 9a ropM3oHTanbHOW MMOCKOCTLIO,
mopenupyloliee CTM-usobpaxerne. ToukM COOTBETCTBYIOT MO3NLMSM
aToOMOB B BEpXHEl NNOCKOCTH, KBAAPaTMKN — MEXO0Y3nuAM. BuayanbHbii
pa3mep "xonmuka" coctaenan okono 10 A, OueHKka Kak LWupuHa Ha
nonyebicoTe fana 6 A. CeepxpelleTka B6nusu aedekra He Habritoganach, u
penbed TYHHEMBHOro ToKa Obiil TAKoN Xe, Kak u B rpadute 6e3 aedekTos.

AHanornyHble pesyneTaTthi Nony4YeHsl A4nsa knactepos u3 4 (puc. 10) n
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Puc.8. TyHHenbHbid TOK BAOML NMMHMM X = 0 Kak cyHKUUSA KoopAuHaTHl Y
UMbl BGMU3U OQNMHOYHOIO MEXA0Y3NUS ANA Pa3nnuHbIX Viis (B =5 A).

10 (puc.11) mexgoysnuit. BusyanbHbii pasmep "xonmuka' Obin
npubnuantencHo pasHbiv 12 W 17 A COOTBETCTBEHHO, LUMPUHA Ha
nonyBsbicoTe cocTasnsna 7 u 12 A, ceepxpelueTku He Habnoaanucs.

Ha puc 12. nokasar penved TyHHenbHoro Toka gns 10-atomHoro
knactepa npu h = 5A. C ysenuuexue h Bknap, oT OTAENbHbIX aTOMOB
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Puc.9. TyHHernbHbIA TOK Kak DYHKUMA KoopauHaT (X,y) wurnbl B6nunam
Knactepa w3 ABYX Mexgoysnuii: a) sup cBoky, 6) paccuutaHHoe 40x40A
CTM-usobpaxenue (Vioies = 0.1B, h =4 A). TeMHble KpyXK1 NOKasbIBaoT
nornoXeHne aToMoB yrnepoga. Keagpatuku COOTBETCTBYIOT MEXA0Y3NTUSM.
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KnacTepa u3 YeThipex Mexaoysnwii: a) Bug cboky; 6) paccumtanHHoe 40x40A

Puc.10. TyHHenbHbIA TOK Kak yHKUMs KoopauHaT (X,y)

0.1B, h =4 A). TemHble KpyXKu nokasblBatoT

NonoXeHue aToMOB yrnepoaa.

CTM-usobpaxenue (Vyias
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KnacTepa u3 HeTbipex Mexnoyanuii: a) sug cboky; 6) paccuutaHHoe 50x50A
CTM-usobpaxenne (Vuies = 0.1B, h =4 A). TemHble Kkpyxku nokasbiBaloT

Puc.11. TyHHenbHbIA TOK Kak tyHKUMA KoopauHaT (X,Y)
nonoXeHue aTomos yrnepopa.
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Puc.12. TyHHEnbHLIA TOK Kak PYHKUMS KOOPAWHAT (X,y) wrnbl BONW3M

Knactepa K3 AECATV MeXAoysnuii: a) eug c6oky; 6) paccuutarHoe 40x40A
CTM-uaoGpaxenue (Vyas = 0.1B, h =5 A).
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CTAHOBUTCA MEHee 3aMeTHbLIM, O\HaKO CTPyKTYypa "XOrMUKa" COXpaHAETCS.

Kak u B cnyqae OAMHOYHOFO MeXA0oy3nus, yeernvyerune Vi.s NpMBoguUT
K NWHENHOMY pOCTY (MO HAMPSXeHWI0) Toka, a U3MeHeHUe 3Haka Vs He
BNWANO Ha HaNW4ue u pasmep HaﬁnloaaéMoro "xonmMuka".

3.4. CTM-u3o6paxeHue rpacguTa 8B6nmM3n ofuHOUHON BakaHCUK

Momumo Mexdoyanuﬁ, BPYMMM BO3MOXHbIM gedekrTamu, BNusioLuMm
Ha TYHHENbHBIA TOK, SBNSIOTCA BakaHCMW. BosmoxeH cnyyail o- U PB-
. BakaHcuu (OTCYTCTBME a- U B-aToMa), a TaiKe HEeCKOSbKWX BakaHCUM,
Haxo@AWMNXCA pAAOM. Kak u ripu pacqeTe TyHHEMLHOrO ToKa MpW Hannmuuu
MEXAOoY3NUA, nepes  pacuyeTom ‘WHHeanOFO ToKka npouaBogunack
penakcauvsi aToMoB KpUCTannuTa. Mpu 3TOM N3MEHEHUE NONOXKEHUS aTOMOB
86rman BakaHcum GbiNoO ropasfio MeHblUe, YEM MNPy HaNMUYMKM MEXL0Y3UN.
MakcumanbHas "casuxka" aTtoMoB, OTHOCUTENbHO NO3WUMW B UAeanbHOW
rpacmToBOM peiueTke cocrtaenana ~0.1 A ana aromos, OGnwkainwmx K
BakaHCuX, a XapaKTepHbli pa3Mep HapylLUeHWs WAeanbHOCTU peLueTkU
cocTaBnsan 2-3 MEXaTOMHbIX paccTosHus, T.e. 34 A.

Ons cnydyana B-eBakaHcun Ha puc. 13 npeAcTaBNEH TYHHErbHbIA ToK [ =
={(x,y) KaKk yHKUMS KOOPAUHAT UTfibl B NIOCKOCTU (X,¥) NpY Viiae = 0.1 B, h =
4 A. BakaHCcus Haxoawnachb B Hayane KoopauHaTt. BuaHo, 4TO TyHHernbHbIi
ToK yBenuyeH B6nmsy BakaHcun. O4HaKo B OTNUYME OT ciyyan MeXaoy3nui,
3TOT 3chheKT He ABNAETCH CNeaCTBUEM U3MEHEHUS reOMETPUM NOBEPXHOCTH
rpadgura (NoBEepXHOCTb OCTAETCA NIOCKOW), a 06yCnoBNeH pes3kuM poCTOM
SMEKTPOHHOW NAOTHOCTU BONU3M 3Heprun depmmn Ha aToMax yrnepoaa,
oKpyXarLux BakaHcuio. Bénuan gedekra oyeHb Xopowlo BugHa (puc 136)
cBepxpewetka V3xv3R 30°, MeaneHHo cnagawiyasi ¢ pacCTOAHUEM OT
BakaHCuu.

HesHaunTensHoe yMeHbLUeHve ToKa BAomNb nvHun y = O ABNAETCH
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Puc.13. TyHHENbHbLI# TOK Kak (byHKUWA KoopauHaT (X,¥) wrnbl B6nuan
OAWMHONHOW BakaHcuu: a) Bup cboky, 6) paccuutaHHoe 50x50A CTM-
usobpaxerne (Vpas = 0.1B, h =4 A). TeMHble KDYXKA MOKa3biBaloT
MoNOXeHNe aToMOoB yrnepoaa.
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apTudakToM METOAMKA pacyeTa U CBA3aHO C TEM, YTO B MIOBOM KOHEYHOM
Kpuctannute  rpacdwmta  npu  Hanuuuu  aedekToB  cyulecTsyeT
HE3KBUBANEHTHOCTL HanpaBfieHUd X W Yy u3-3a HOpMbl  INEMEHTAPHOM
Ayenku rpaduTta. BusyansHuid pasmep o6nacTv CyuecTBEHHOro yBenMueHus
TyHHensHoro Toka cocraenseT ~ 8A. OueHka pasmepa "xonMuka' kak
LMpUHa Ha nonyekicoTe paeT ~ 4A.

Pasmep "xonmuka" He 3asucen OT 3Haka Vies (puc. 14), ogHako npu
cmeHe Vias CBEpXpelueTka okasblpariack MeHee BbipaXXeHHOW. YBenudexsue
. Vbias NPMBOQNT K pOCTY (N0 Hanpameﬁmd) Toka (puc. 15), ogHako yBenuderune
Bbino Gonee MeprnieHHbIM, Yem AN criyyas mexaoysnuid. [pu yBenudyeHuu
Vhias CBEPXCTPYKTYpPHI Nponaganu (puc. 16).

PacueT TYHHENBbHOrO TOKa NPW HanNVuMKM BakaHCUW B Q-NO3WLMM Aan
Ka‘-leCTBeHHfO Te Ke pesynbTatol (€AMHCTBEHHbIM OTnuumem 6Gbino
yBenudeHne Ha 30 % makcumanbHOro TYHHENbHOTO ToKa NO CpaBHeHuo ¢ -

BaKkaHcmen).

3.5. CTM-maoﬁpai(eHue rpachuTa B6NU3IUN An- U TPU-BaKaHCUK

B cnyyae Au- u Tpu-BakaHcum Ha CTM-usoGpaxenuax Tawoke
Habriopanuck "xonmmku”. Ha puc 17 nokasaH penbed TYHHeNbHOro ToKa
BONM3KM  OU-BaKaHCUKM. XOPOWO 3aMeTHbl CBEpXPeleTKu [ABYX TWnos,
Hanbonee yacro. Haﬁnlo.qaeMble Ha 3KCrepuMeHTe — TpeyronbHaa pelueTka
J3x+43R 30° (npaBbiit BEpXHUA yron) U Konbla, aHanoruyHble rpaduToBbIM,
HO C paccrosHueM Mexay OGnvbranuvmn coceasmu R=43a. Amnnutyaa
CBepxpelleTku MeANeHHo cnagana ¢ paccTosHuem  (puc. 17a).
HecvMmeTpuuHOe pacnpefeneHue WMHTEHCUBHOCTU TOKa OTHOCUTENbHO
aedexra CBA3aH C Pas3MuUAMK B MOMNOXEHUWM aTOMOB HWKHEN MMOCKOCTY.
[na cnyyas gu-sakarcun acddexT pocra -SneKTpOHHOﬁ nNoTHOCTU BGnU3M

3Hepruu depmm Ha aToMax Yrnepoaa, okpyxXatoLmx aedexT, meHee

]
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Moavuma ocTpus, A

Puc.14. TyHHenbHbIA TOK BAONb NUHUMK X = 0 Kak (PyHKUUA KOOPAWHATLI ¥

Urnbl BEGNM3M OAMHOYHON BaKaHCUN ANIA NONOXUTENbHBIX ¥ OTPULATENBHBIX
3HaYeHWIH Viias (h =4 A).

3aMeTeH, YeM ANA OQWMHOYHOM BaKaHCUW, YTO BbLIPaXXEHO B YMEHBLLUEHWW
MaKCUMaNbHOro TYHHENBHOro Toka (eM. Tabn. 1).

B cnyyae Tpu-BakaHcuu WUMENo MeEcCTO YyBENW4YeHWe 3ITEKTPOHHOM
nnoTHocTn B6NU3n aedekTa, YTO Bbi3BANO COOTBETCTBYIOWMA POCT
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Mosvius octpus, A

Puc.15. TyHHenuHbIM TOK BAOMb NMHUM X = 0 Kkak yHKUMA koopauHaTbl y
Urnbl BENU3U OANHOYHON BAKAHCUU ANS Pa3NUYHbIX 3HAYEHUR Viias (h =4 A).

TyHHenbHOro Toka. OpAHako narepanbHbie pasmepbl "xonmuka" 6binu
NpaKTU4YECKN TaKUMWU Xe, Kak M AN OAMHOUYHOM BakaHcum (cm. Tabn.).
OTMeTUM TaloKe, YTO, Kak MOKasanu Haliu pacueTbl, HanuWuue nog Tpu-
BakaHCUe OAWHOYHOW BaKaHCUWU (Y4TO MPEACTaBNAETCS BEPOATHLIM [PU
CO34aHWK HaneTalWMM UOHaMU TPU-BaKaHCUK) pe3ko YMeHbluaeT achdekT
pocTa areKTpOHHOM NMOTHOCTU Ha aTomax B6nu3n Tpu-BakaHcuu.
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Puc.16. TyHHenbHbliA TOK Kak YHKUMs koopguHat (x,y) wurnbl B6nnsu
OOVHOMHOW BaKkaHCUKM: a) TpexmepHoe uaobpaxeHue; 6) paccuMTaHHoe
30x30A CTM-usobpaxerve (Vhies = 0.6B, h =4 A). TemHblie Kpyxxu
NoKasbiBalOT NONOXEHWe aTOMOB yrrnepoaa.

—_
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Puc.17. TyHHenbHblA TOK kak beHKLMHA KoopauHaT (x,y) wrmbl BGNU3N
OBOMHOW Bakawcuy: a) Bup cbBoky, 6) paccuyuTaHHoe 50x50A CTM-
usoBpaxenue (Vuas = 0.1B, h =4 A).
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4. OBCYXIEHMUE PE3YNbTATOB

XapaxTepucTuku "xonmMukos”, Habniogaembix Ha CTM-usobpaxeHunsx
nosepxHocTn rpaduta BONM3nM AedexTos, nNpegcraeneHsl 8 Tabn. 1. Kak
cnegyeT U3 Hawux pe3ynbTaTos, Kak BakaHCun, Tak 1 MeXA0y3nus npueogaT
- K MOSIBNEHMIO "XOMMWKOB" C nartepanbHbiMA pasmepamu 4 A U Boile
(MakcuManbHblil  pa3Mep OnpeAaenseTcs KONMYECTBOM  MEX[oy3nuid B
knactepe, o06pa3oBaBWIMMCH 1OA  MOBEPXHOCTHBIM  crioem). B6nuawn
“XONMUKOB" B CNyyae BaKAHCWIA XOPOLWIO 3aMEeTHbl CBepxpeweTkd. [ns
OLMHOYHOIO MEXAOY3Nnus CBepxpelleTka BbipaxeHa ropasgo cnabee u
NOMIHOCTLIO OTCYTCTBYET AMA KNACTEPOB MEXA0Y3NuiA.

Ha ocHoBaHuu gaHHbIX, NpegcraBneHHblx B Tabn. 1, Ha puc. 18 Mbl
focTtpounu rpaduK 3aBUCMMOCTV CPEAHEro nonepevHoro  pasmepa
"xonMuka" Kak YHKUMIO Yiucna MEXA0Y3NuMin U BakaHcwit B cucteme. BugHo,
yTo B Criydae Mexpoysnuin pasmep "xonmuka' ApAMO fponopLuoHaneH
uucHy fedekToB B CUCTEeMe, B TO BpeMs Kak ANS BakaHCUW pocT pasmepa
HesHauuTeneH. Ha puc. 19 nokasaHa 3aBMCAMOCTb MaKCUMarbHOro
TYHHENbHOro TOKa OT 4ucna MEXAoy3nui B krnacTepe. TyHHenbHbIA Tok
NPSMO NPONopLMOHaneH Yncny Mexgoysnuid. HesHauuTernbHoe yMeHbLLEHUE
TYHHENbHOrO TOKa ans OBYX MEXAO0Y3rivii (N0 CpaBHEHMIO CO Criydaem
OfHOro MEX0y3nUA) CBA3AHO C YMEHbLUEHUEeM RNoKanbHOW nNOTHOCTU
COCTOSIHWIA Ha aTomax, oBpasyomx "xonmuk".

K coxaneHuto, npu mopenuposaHuu pabotel CTM B pexume
NOCTOSHHOW BbICOTH UMbl He  npeacraBnaeTcA BO3MOXHbIM
HENoCPefCTBEHHO paccyuTaTb BLICOTY "XONMMMUKOB", a pacyeT B pexume
NOCTOSAHHOTC TOKa TPEOYET 3HauMTENbHbBIX BbIYMCIIUTENBHEIX 3aTpaT. OaHaKo
NpeacTaBnsaeTCA BO3MOXHbLIM OLIEHUTb BbICOTY "XONIMWMKOB", npegnonaras
IKCMOHEHLIMAMNbHYIO 3AaBUCUMOCTb TOKA OT BbICOThI WUIMbl:

I'=1,exp(Eh,u ),
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Tabnuua 1. XapakTepucTuku "XonMuxkos" fipu Pasnu4HBIX TUNax

Aedexros.
mmyanbuuﬁ" Pa3zmep xak muprHa | MakcHMATbHBI
pasmep "xoamuxa’ Ha TIONYBLICOTE TYHHE/IbHbIH TOK,
npousB. Eaunuub
OAHHO4HOE 10 5 3.4x10°
Mexaoynne
xnacrep u3 2 10 6 3.1x10°
MEXIOY3NHH
xnactep w3 4 12 7 47x10°
MEXIOY3NHI
wnactep u3 10 17 12 8.6 x10”
MeXI0y3nuit
B-sakancus 38 4 1.6x10°
Q-BaKaHCHA 9 5 2.1x10”
JIM-BaKaHCHs 7 4 1.3 x10°

rAe fp - TOK Hé B- atome nosepxHocTu rpacguta 6e3 AedekToB, Anoy -
BbicotTa "xormuka', £ - xapaktepHas ofpaTHas AnvHa cnagaxus
3NEeKTPOHHOW NMOTHOCTU AnA CBOGOLHOMO aTtoma yrnepopa. Peaynorars
pacyeta BbiCOTHI "XOnmMuKka" npeAcTasneHel Ha puc. 20. XapakTepHble
3HAYEHUA  Fninoek  OKasbiBaloTCA  3-4 A yTo cornacyetcs ¢
SKCnepumerTanbHbiMiA fartbiMu (1 - 5 A). OTMeTUM, YTo onpeaeneHHas
TaKkiiM CroCoGOM BEMMUNHA Aok B HECKOMBKO Pa3 NPEBOCXOAUT peanbHbie
3HAYEHWA CMeuleHni aToMOoB Ha nosepxHocTy (1 - 1.5 A).

Kak nokasblBaloT Halm pacyeTbl, yBEMUHYEHUE TYHHENLHOrO ToKa
BOAM3N MEXA0Y3nui CBA3aHO C N3MeHeHnem Tornorpagun NOBEPXHOCTU



NaTeparnbHbiit pasMep «xonmuka»
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Puc.18. 3asucumocTb cpefHero pasmepa xonMuka (onpefeneHHoro Kak

WMpyHa Ha NOMyBbICOTE).
KPYKM —~ BakaHCUAM.

KBagpaTvku COOTBETCTBYIOT MEXAOY3NNAM,

(NOGHATMEM NOBEPXHOCTU U3-33 PACTMKEHUA DELLUETKU MEX[OYINUAMU) 1

pOCTOM BCMefCTBUE 3ITOro TYHHENbLHOrO MaTPUYHOro anemeHTa (KOTopbiv

IKCMNOHEHUMANbHO 3aBUCKT OT PacCTORHUA MEeAy WUIfon U NOBEPXHOCTHbLIMK

aTtomamu).

YBenuueHne TyYHHeNbHOrO Toka BOMmMan BakaHcud oBycnosneHo
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ApYrvM Usnyeckum aPeKTom — pe3kuM poCTOM INEKTPOHHOR NNOTHOCTH

gbnusn aHeprum depmu Ha aTomax, OKpyXawLmx BakaHcuio [14,18].

PeasnibHan reoMeTpus noBepxXHOCTU NpU 3TOM OCTaeTea nnockoii. Bonuau

BaKaHCWUW MOABNSIIOTCA CBepxpelleTKn — Ksasunepuoanyeckoe nameHeHune

TyHHENBHbIA TOK X 10" (oTHOCUTENBHBIE AVHULIBY)

T I T [ T 1 T I T —l

0 2 4 6 8 10

YUmeno Mexpoyanui B Knactepe

Puc.19. 3aBUCUMOCTb TYHHENRbLHOTO TOKa OT YMCHa MEXA0Y3NUM B KracTepe.

MaKC/MYMOB

TYHHEIbHOIo TOKa, Bo3HUKaWwee $3-3a OCLMMAIALMIA

3NEKTPOHHOW NIOTHOCTH BOMN3U moveyHozo pedekTa (Kak oTMe4anoch
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Yucno mMexaoyanwii B knactepe

Puc.20. 3aencuMocTh BbICOThI XOfIMUKa OT YWCHa MEX0Y3MnUA B Knacrepe.

Bblllle, BaKAHCUW NPUBOAAT NUWbL K HE3HAYUTENBHOMY WU3MEHEHMIO
NOSIOKEeHWUA COCeQHUX aTOMOB, BMeCTe ¢ TEM, OTCYTCTBME aTOMa SIBMSIETCA
peskum, hakTuyeckn AenbTa-PYHKLIMOHHLIM, BO3MYLIEHUEM B CUCTEME).
BoamoxHoe obbsicHEHVE 3TOro YUCTO aNeKTPoHHOro adidekTa gaHo s [20].
Hannyne B CuUCTeMe peskoro soKaneHOro BO3MyLEHWs (BakaHcuu W
afaToMbl) npuBOAMT K UHTepdepeHuun pacCesHHOW Ha pedekre u
HOpMaribHOW aNEeKTPOHHBIX BONH (OTBEYAIOLNX 3HEPIrETUYECKUM COCTOSHUAM
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BOnuau sHeprum depmun), uto obycnaBnuBaeT OCUMANSALMWN INEKTPOHHOM
nnotHocT BONUanM pedbekta, MEAMNEHHO Chafalouwme ¢ pPacCTOSHUEM.
duandeckn 3ITO SBNEeHWe CXOgHo C  ppuaeneBCKUMUA  OCLMNNALMSIMUA
3MEeKTPOHHOM MIIOTHOCTN B METanrax Bo3ne TodeqHbiX geekToB. OTmeTUM,
yTOo npocreiuas aMnupudeckan UHTeptepeHUnoHHan mopgens
cBepxpeluetok B rpadute [21,22] (cm. Tawke Mpunoxexue I) nossonuna
BOCNPOU3BECTH OCHOBHbIE TUNbI HAabNOZaEeMbIX CBEPXPELLETOK.

MNpu pacueTte apyrumn asTopamm CTM-u3obpaxeHuit B6GNUau BakaHCURA
. Bblny nofyYeHbl CXOAHbIE pe3ynbTaTbl.

Tak, 8 [19] CTM-n3oBpaxenusi s6nn3au BakaHcUA U afaToMoB Obinu
nony4yeHsi B pamkax tbopMasinama GyHKUMOHANa NNOTHOCTU METOAOM
pasnoXeHusi N0 Nnockum BonHam. lMockonbky Takue pacueTbl TpebyoT
Bonbuwioro o6bema BbIMUCIIEHWIA, aBTOpbl paccMaTpyMBan KpucTannut us 2
rpaduTOBLIX CMOEB, CoAepXauinx Bcero no 44 atoma kaxpabii. Mpu mManbix
Voies = 0.1 B Habnioganach fokanuaaumas W OCUUNAAUMUS 3NEeKTPOHHOW
nnoTHoctM B6nM3n pedextoB. HecMoTps Ha cpaBHUTENbHO HeGonbluune
pasmepbl Kpuctannuta (Ha Hall B3ffsg4, KpUCTannuT [OMKeH WUMeTb
pa3smepbl Gonblune unu cornocTaBUMbIE C XapakTepHON ANMHOW 3aTyxaHus
OCUMNNALMIA) NPU MarbiX 3HaYeHUAX Viias aBTOPbI NONYYMNY cBEpXpeLUeTkY C
nepuoaoMm 3 x+3, XOpOWO COrnacyloljuecss C 3KCNEpPUMEHTaNbHbIMU
OaHHbIMU. Pe3synbTaTil Gbiny ka4eCTBEHHO OQHUMU U TEMW XXe AN BakaHCWA
(HesaBucumo oT TUNa o wm B) u aAna agatomos. [lpn yBenuueHuu
HanpsXXeHusi CBEPXCTPYKTYpbl fnponaganu. Ha ocHosaHuum 3Toro, a Takke
NPUHMMAS BO BHAMaHWE TO, YTO B pacyeTax He yuuTbiBanach gedopmaums
peweTkn, aBTOpaMu penaeTcs BbiBOA, 4YTO YBENUYEHUE NOABMEHWUS
ceepxpeiteTok Ha CTM-usobpaxerHnax B6v3n gedekToB ABMAETCA YACTO
3NEKTPOHHbIM atbhexTom.

BoageiicTaue BakaHcuit Ha CTM-uaoGpaxeHus rpaduta 6bino Takke
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TeopeTnyeckn uccneposaHo B [15] ¢ ucnonesosaHuem paclLMpeHHoro
meToaa XIOKKens, T.e. B pamkax npubrmmKeHna cunbHON ¢BA3W. AHAaNOMMYHO
HawmMm pesynbTatam, 6biio  o6HapyXeHO yBEnMYEeHVME SNEeKTPOHHOW
MNOTHOCTY - Ha aToOMaX, HEeMNOCPEeACTBEHHO OKPYXAIOWMX BaKAHCWUIO, 4TO
AOIPKHO NPUBECTU K nosierieHno "xonmuka" Ha CTM-usobpaxernu.

B [18] meTon Xiokkens npuUMEHANCA ANA pacyeTa AfeKTPOHHOW
CTPYKTYpbl rpacduta BGNU3M OAMHOYHOA BakaHCUW, AW-BAKaHCUU U Tpu-
BakaHcuu. Kpuctann rpadura MOQenmnpoBancst GByMEpHbIM KItacTepom v3
150 aTomoB yrnepofa, K KOTOpOMY MO KpasMm Obinu pobaBneHbl atombl
Bogopoaa Ansa ycrpaHenus "GonTatoumxca" cessen. CornacHo pesynbrartam
pacuyeToB, HanMuue BaKaHCUWA NPUBOAUT K POCTY 3MEKTPOHHOW NNOTHOCTY
B86nU3n aHeprun OepMy Ha aTomax, OKPYKAOLMUX BaKaHCun. ITOT addhexT
Obint OCOBEHHO CUMBbHLIM ANA cryvas TPU-BakaHcuW, a ANA AU-BakaHoUu
yBenuyeHune nNnoeTHOCTU Obino cnabee, YeM ANS oAUHOUHOA BakaHcuu. Poct
NNOTHOCTU UMES MECTO KaK Mpu y4eTe COCTOSIHWIA HUXKe IHeprun Pepmu, Tak
1 Bbllle, OAHAKO KOMWMECTBEHHO pesynbraTbhl OoThAuvanucb. OTMETUM, uTo
Npy pacyeTax 3MeKTPOHHOW NNOTHOCTU B MCMONBL3OBAHHON Hami MOAENU
6binut NONyYeHb! aHanoruyHble pesynbTaThl, 3a UCKMIOYEHUEM AaCUMMETPUM
npyu cMeHe 3HaKa Vpas, YTO MOXET ObiTb CBA3AHO C YYETOM YeTbipex
NEKTPOHHbLIX opButanei Ha atome 8 [18].

5. BbiBOAbI
B pamkax npubnuxeHWs CunMbHOW CBA3UM C  WUCMOMbL3OBaHUEM
topmanusma [PUHOBCKUX yHKUMA Hamu Obinn  paccuntaHst CTM-
naobpaxeHus NoBepxHOCTU rpacduta Npu Hanudun AedexToB —BaKkaHCui B
MOBEpPXHOCTHOM CINoe ¥ MEXQOY3/iui B NEPBOM MEXCIIOEBOM NPOMEXYTKE.
Ans pexuvma NOCTORHHOW BbICATLI UMbl HAR NOBEPXHOCTbLIO ObiNK NOMyYeHbI
cnegyiouine OCHOBHbIE Pe3yrbTaThl.

1. Hanwuve wmexpoysnuit  (kotopble 0OpasyloT Knactepel  BCMNEAcTsue
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AedopMaumoHHoro BlaumoaeicTeus) B6NMaM  nosepxHocTM  rpaduTa
npuBoauT K noseneHuto Ha CTM-usoGpaxeHnax “"xonmukos" (pocTty
TYHHENbHOro Toka). Pa3Mepbl paccuuTaHHbIX XOfMWUKOB COFMacyloTcs ¢
SKCNEepUMEHTanNbLHO Habnogaembimi, _

2. B cny4ae Mexaoysnuid 3neKTpoHHas MoTHOCTL Ha ypoBHe depmn MeHseTcs
HECYILECTBEHHO, NOCKOMNbKY XapaKTepHbih pasmep AecdopMaumun pelueTku
Oonblioin (HECKONLKO HaHOMETPOB), W OTCYTCTBYET uHTepdepeHLus
paccesiHHbiX Ha TOHEYHOM AedeKTe U HOpManbHbIX 3NEeKTPOHHBIX BOMH.

3. DU3NYECKUA MEXaHU3M, NPUBOASLLUA K NOSBNEHUIO "XONMNKOB", T.€. K POCTy
TYHHENbHOro TOKa, CBA3aH C Tonorpacuyeckum U3MeHEeHWEM MNOBEPXHOCTU
BCNEACTBUE PACTSXEHWA DeELEeTKU MexXgoysnuamu (T.e. NOJHATUIO
nosepxnbc*rnmx aToOMOB).

4. Kak crnegyer u3 pe3ynbTaToB pacyera, B 06nactv "XonMUKOB" COXpaHsieTcs
CcTpykTypa rpadura, koropas Habniopaercsi akcnepumeHTtansHo Ha CTM-
U306paKeHUAX.

5. BakaHcuu Takke NPUBOAAT K nossreHuid obnacrew, rae TYHHenNbHbId TOK
yBenuueH, KOTopbie MHOMAa MHTEPNPETUPYIOTCS Kak "XonMmukn”, YBenuueHue
Toka  OOYCrioBRMEHO  YMCTO  3fIEKTPOHHBIMU  MHTEpdEepeHUOHHLIMK
adppeKTaMm — POCTOM SMEKTPOHHOW NNOTHOCTUM Ha yposHe ®epmy,
noxéhmsoBaHHoﬁ B NMPOCTPAHCTBE Ha aTomax BONU3n BakaHcUiA. PeanbHas
reoMeTpUusi NOBEPXHOCTU OCTAETCs MIOCKON.

6. "XonMuku", cospasaembie BaKaHCUSAMKU, UMEKT MEHbLUUE pa3Mepbi, UYeMm
co3faBaeMble MeXaoysrmsmu, cm. Tabn. 1. [MoguepxHem, y4TO ecnu
natepanbHbie pasmepbl  "XONMUKOB" ANS  OAUHOMHOI  BakaHcUWM u
MEXA0Y3NUA PasnNMUaIoTCs HE3HAUNTENbHO, TO C POCTOM Yucna Aed)ekTos 8
cucTeMe pasmep "XONnMKuKa“', Co3faBaeMoro KIacTEpoOM  MEXAOoy3nui,
NUHEeHO pacTeT, B TO BPEMSA Kak ANS BaKaHCUA MEHSeTCA oveHb cnabo (cm.
puc.18).

7. Takum obpasom, Gonbume ( > 10 A) xonMuku MoryT Gbite OBycnosneHst
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TOMbKO KacTepamii MeXgoys3nui.

8. “Xonmukun" manbix paamepos ( 1-6 A) MoOryT ABMATBECA CREACTBUEM HanmUuus
MEXQOoY3nuii B NpUNOBEPXHOCTHOW obnacTy (NepBebiii, BTOPOA Mexcroenoi
NPOMEXKYTOK), & TaloKe NOBEPXHOCTHbIX BaKaHCHiA.

9. "Xonmuku" HabniopaloTca Takke npyM  WN3MEHEeHWM 3Haka BHeLHero
HanNpPsXKEHUA (HarnpsaxXeHus Ha wrne). Pa3mepbi XONMWKOB HE 3aBUCAT OT
3HaKa HanpAXeHusA. 3TO HaXOAWTCA B COrnacu ¢ 3KCNepuMeNHTanbHbLIMK
pesynbTatamu.

10. Mpy manom sHeluHem HanpsbkeHuu ( < 0.2 B) 86nnau BaxkaHCuin 3aMeTHb
cBepxpeLleTkn, nNapameTpbl  KOTOPbIX  XOpOWO  COMMAacyloTca ¢
3KCNepUMeHTansHo HabnwogaembiMu. C poCTOM HaNPsKEHUN CBepXpeLueTky
ncuesalor.

11. B6nman OQMHOYHBIX MENOY3NUiA CBEepXpELeTKU BbipaxeHbl cfiabee M
NpaKTUMECKM OTCYTCTBYIOT BBNN3N KnacTepos MexXaoyanui.

12. Pe3ynbTathi pacyeTos foaTBepXAa0T cAENaHHbIe HaMy B [1-3] ebtBOAL! O
Mexauusme o6pasoBaHus komnnekcos AedekTos 3a cueT 4edopMaLIMOHHONo
B3aUMOAESACTBUR, NPUBOAALLEro K (hOPMUPOBAHUIO KNACTEPOB MEXA0YINUNA,
NPOABASAIOLMXCA KaK "xonmuky" Ha CTM-usobpaxeHunax rpadura.

Hacroawas pabBora BbINOMHEHA B pamkax npoekta Ne 467-97, -
cuHaHcupyemoro MexayHapoaHsiM HayuHo-TexHuieckum LieHTpoM.
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NPUNOXEHUE 1

MosepxHOCTHaR NOKanbHas NIIOTHOCTL AMEKTPOHHbBIX COCTOSHWIA B rpachuTe.

OTKpbiTHe CKaHWPYIOLUEro TyHHenNbHOro Mukpockona (CTM) nossonuno
uccnenoBatb € aTOMHBLIM PaspelleHMeM NMOBEPXHOCTb Teepablx Ten. Kak
noKasLiBaOT  3KCNepumeHTol, ans  bonbwuHcTsa wmeTtansios  CTM-
u3o6paxenns baKTUdeckn OTPaXaloT TeOMETPUYECKOEe pPacnonoXeHue
aTOMOB Ha NoBepxHOCTW. BmecTe ¢ Tem, NS HEKOTOPbLIX NOSIYMETAINOB Y
M30ONSATOPOB Takas uHTepnpeTtauma CTM-isobpaxeHnit  okasbiBaeTcs
HEKOPPEeKTHOWN.

Mpumepom nopofHbix cuctem sensietca  rpacdwur, Ha CTM-
n300paxeHusx KoToporo npu  HebonblUOM  BHEWHEM  HanpsXeHUw
(HanpspkeHun Ha wurne) Vuas ~ 0.1 B BMmecTo rpadutoBbix Koney c
paccTosHuem mexay onuwwaiiummu coceasmu a = 1.42 A nHabntogaetcs
TpeyronkHas peleTka ¢ nepugom 2.46 A, T.e. V3a. Takum oBpasom, BuaeH
Kawabii BTOPO/ aTOM.

OTa acumMmeTpus SIBRISIETC YNCTO 3MEKTPOHHbLIM 3adhcpexTom [1] 1
obycrnoenexa HeéKBmaaneHTHQCTbro no3uuyuit aTOMOB Ha MOBEPXHOCTYH 13-3a
Toro, 4TO rpachUTOBbBIE NNTOCKOCTU CABUHYTHI OTHOCUTENBHO ApYyr-gpyra. Tak
e rpachute Tuna BERNAL (AB-stacking) B kpucransne MOXHO BeIZeNUTh o -
noAapeLleTky,  OTBEYalOWyld aToMaMm B  CMEXHbIX  NIMOCKOCTSX,
pacronoXeHHbiM OAVH Hag Apyrum, u B - nogpelueTky, B KOTOpoi aTtomy B
OOHOM CJioe COOTBETCTBYET MycToe MecCTO B cocepHeit nnockoctu. Kak
nokasaHo 8 [1], npu HebBonbuioM Vs NONOXEHUST MAKCUMYMOB TYHHENBLHOIO
Toka Ha CTM-uzobpaxeHusix COOTBETCTBYIOT noauuuu B-atomoB. 3TOT
apext ceazaH ¢ TeM, 4yto CTM "uyBcTBYyeT" 3MEKTPOHHbLIE COCTOSIHUS

B6nu3n nosepxHocTu depmu, a Npu Takol CTHIKOBKE aTOMOB 3rEKTPOHHas
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NNOTHOCTE Ha ypoBHE (PepMU  OKasbIBAGTCHA  fIOKanNU3OBaHHON B
nNpocTpaHcTBe Ha B-aToMax.

OTmeTUM, YTO fOKasibHas 3MEeKTPOHHAasi MIMOTHOCTbL Ha NOBEPXHOCTU
depmn, onpeaenniowan TYHHENbHbIR TOK, CUMBHO 3aBUCUT OT MEXCNOeBoro
ynopsaoueHun [2-4], koTopoe MOXeT GbiTb TpeX TUMOB: reKkcaroHanbHbiA
rpaduT (NMOCKOCTH HAxXOAQATCA TOUHO opHa Hap Apyrod, A-A stacking),
BERNAL rpacut (nnockocTu "CABWHYTHI" OTHOCUTENLHO ApYr-apyra, A-B-
stacking) u pomGoagpuueckuit (ABCABC staking). 82% wHaTtypansHoro
rpacdura otHocutcs Kk Bernal Tuny, 12% sBnsetca pombGosapudeckum.
WckycecteenHo nonyvaembiii HOPG (highly oriented pyrolithic graphite) npu
BLICOKOW CTENEHWU YNopsAoYeHUs BAOMb OCKH C XapakrepusyeTcs criydaiHon
KOMMOHOBKOM NO OTHOLLUSHMIO K ocu a [2].

Mpu yBenuvennn Vyias BO3pacTaeT BKNAJ OT o Y3NOB, aCUMMETPUS
CTAaHOBWATCA MEHbLLE, OfHaKo NOMHOCTLIO He ucuesaeT. [pu  atom
ACUMMETPUA HE 3aBWCUT OT 3HaKa Vias.

B pamkax Teopun CTM, npenoxexHoi B [36,37], ana HeBonblumx
MOMOXWATE/TbHBIX 3HAYEHUIA HATPSHKEHWA Ha urme V nroTHOCTb TYHHENbHOro
Toka j(r, V) onpeaenseTcs BuipaXeHnem

Er
jr.vy<  [olr,E)iE, M
Eg-eV
P E) = YW,k () 8(E, - E), )
nk

rae p{r, E)— NOKanbHas NNoTHOCTL COCTORHMUIA B TOMKE I = (X,Y,Z), B KOTOPOA
HaxoguTca ocTpue Wb, Y, (1 — cobcTBeHHbIe hyHKLMK,

cooTeeTcTByloune HeBO3Myu.leHHOVI NOBEPXHOCTU U OTBe4Yaiollne aHepruv
En.,
Yok (r) = @, (r, k) + €, @, (7, k) + cna(ba (r, k) + Cna'q’p' (r.k), (3)

roe
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O, k=42 " p(r-R+1),  j=o,a,BpB. (4)
R

Brioxosckue yHKUWM @, (r, k), NOKANU3OBaHHbLIE HA y3Nax peweTkn o, o', B,

B', nocTpoeHsl Ha p,~opGuUTanaxX, JAOWKUX rMaBHbIA BKNAJ B TYHHENbHbIA TOK.
B6nman noeepxHocTM dPepMu C yueToM Tonbko OBrikaiwmx cocenei

raMunbToHoBa MaTpuua H, (k) =(®,|Hl®,) MoxeT GbiTh 3anvcaHa cnepyowmm

obpasom:

by

H(k~ k) = (5)

S O e

o o
oMo o
Mo oo

B

Takas copma ramunbTOHOBOW MAaTpuubl (OTCYTCTBUWE MATPUYHBIX
3MeMEHTOB MEXAY - U B- hYHKLMAMU U AuaroHanbHbi BUA, B-NogMaTpuLlbt)
ABNSIETCA  CMEACTBMEM  3HAYATENLHOrO  MEHbLIEro  MepeKpbiBaHus
opburanei, nokarin3osaHHbIX Ha - u B'-yanax, Yem Ha a u o'. Mockonbky
aTOMHOE OKPYXXEeHWe Y3noB o u i dakruiecku oguHaxosoe, £, ~ E;. Takum
obpa3om, BOGnusn noeepxHocTn Pepmu 3 (5) cnegyer, 4TO KUMeeTCA
OBYKPaTHO BbipOXAEHHas 30Ha, OTBevaliLas YHKLUUAM, fTOKanIM3oBaHHbIM
Ha fB-yanax, a Takke 30Ha, obnapjalowas gucnepcueit, orTBevalowan a-
dbyHkumam (cm. puc.A1). CTM, "yyBCTBYIOWMIA" 3NEKTPOHHbLIE COCTOSIHUS B
y3Koih obnactu 86nunan rioeepxHocTn Pepmn, yunTeiBaeT BKag ot B-y3nos U
NPakTUHECKM HE OTcnexwsaeT Bknag oT o-y3nos. [lpn ysenuyeHu
HanpsoxkeHus V Ha wurne Bo3pacraeT BKNag OT o-y3/10B, acMMMeTpus
CTAHOBUATCA MeHbLle, OAHAaKO MOMHOCTLKY He ucuesaeT. [lpn atom

acuMmMmeTpus, B COOTBETCTBMU C IKCNEPUMEHTOM, HE 3aBMCUT OT 3HaKa V.
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o
(o)}

3uepius, 3B

- Puc.A1. (a) - soHa Briunmioana u (6) - cxemaTtuyeckoe naobpaxerue 30HHON

CTPYKTYpbl m-COCTOSHWIA rpacduta BAonb P NMuHWM (COCTOSHWA, Aaloume
BKIag B TYHHENbHBIW TOK, NOKa3aHb! WTPUXOBKOW Ha puc. (6)).

MPUNOXEHUE Il
UHTepdepeHtoHHas MoJenb CBEPXCTPYKTYP Ha MOBEpPXHOCTU rpacduTa
fipu Hanuyu1 fgedekTos

dusmdeckylo npupoay acdekra oOpa3osBaHNs CBEPXPELLETKU MOXHO

NpoUNMIOCTPMPOBATL Ha MPUMEPE NMHENHON LEenoYkn aTOMOB, CUUTaR, YTO
Ha Kaxpablili aToM NPUXOAUTCA OfAWUH 3NEKTPOoH. XOpoLLo W3BECTHO, 4TO B
NpuGnuXeHUn CUMbHOW CBA3N B ITOM chlyyae B cucTeme POpMUpyeTcs
nonysanonHeHHas 3oHa. [pu sToM 3Heprun depMu COOTBETCTBYHOT ABE
BONHOBblE YHKUMM € Kk = + n/2d (anuHa BonHLl 4d), rae d MeXaToMHoe
paccTosHue. AHTUCUMMETPUYHANA U CUMMETPUYHAA NIMHENHbIE KOMBMHaLMU
aTUX yHKUMA 06pasyloT MoNHYyi0 BONHOBYID YHKLUMIO, NpH  3TOM
CMMMETpWYHAsl BOMHOBas hYHKUUA UMEET y3fibl Ha aTomax B LEnouke ¢
YETHLIMU HOMEPaMK, @ aHTUCUMMETPUYHAR — C HeuveTHbiMn. EcTecTBeHHo,
nofiHas aneKTpoHHas NNOTHOCTL Ha ypoeHe Pepmu, onpegensemMas CyMMai
KBagpaToB 3TUX OBYX PyHKUMA, ByfleT paBHOt Ha KaxaoM aTome, T.e.
obnagaTe NepUOANYHOCTRIO PELLETKA.
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Mpu BBeaeHWN B cUCTEMY NOKaNW30BaHHOrO BO3MYLUEHUS (TOYEYHOro
Aeekra) aHTUCUMMETPUYHAS BYHKLIMA, MMEIOLLAan HYNEBYIO aMnnuTyay Ha
y3ne, rae HaxoAuTCs AedeKT, OCTaHeTCs HeBO3MYLWEeRHOM [38], B TO Bpems
KaK CUMMETPUUHAR BONHOBas (PYHKUMS NPETEPNUT M3MEHeHWs. B 3Tom
criyyae aMneKTPpoHHasA NNOTHOCTL U3MEHUTCH TOMbKO HA YETHLIX aroMax, dTo
npuseaeT k 06pa3oBaHUIO CBEPXPELLETKNA C y,u,soeHHbIM Nepuoaom peLLeTKy.
OTMeTUM, 4TO hopMUPOBAHUE CBEPXPELIETKA UMEET TY Xe NpUpody, uTo 1
BO3HWUKHOBEHUe DpugeneBCckUX OCLMMIALMIA 3MeKTPOHHOW RMOTHOCTU NpU
 Hanuuum aedbexta B MeTanne _ ‘
3™M npocTeie coobpaxenuss MoryT ObiTe 0000uweHbl Ha crydait
KBasuaBymepHo peweTku rpacuta. OcoBeHHOCTH CTPOEHUS AfIEMEHTaPHOM
Aveilkn rpacduTa ¥ TPAHCNAUMOHHOA cuMMETPUN NPUBOAAT K 0BpasoBaHuio
CBEpXpELLeTKM C AMWHOA BOMHbI 3V3d/2, rae d - paccrosHue Mexay
cocefHUMN aToMamu.
OnNeKTpoHbl ¢ 3HepruaMu 6nuskummu K 3Heprum depmu moryT ObiTb
onucanbl [39] aByma BONMHOBbIMW PyHKUMAMK, npeacTasnsiowumu cobor
CUMMETPUYHYIO W @HTUCUMMETPUYHYIO NWHEelHble KoMOMHauuu wecTu

MMOCKUX BOMH, UMEIOLLUX OPUEHTALMIO U ANTUHY BOMHLI BEKTOPOB depmu:

y(r) = i a, éos(k,.r)
i=1

y,r) = ia, sin(k,r),

il

rae

o 4n N An 4 1a
=29 b= C33R-19), k= (3E-19)
B B

4
3d13
(ds - paccrosiHue mexay P-atomamu B rpadute, a, b - NOArOHOYHbLIE

koHcTaHThl). WameHsss , a, b asTopam [39] yaanocbs BocnpoussBecTy

HeKoTopbie CBEPXpPELIETKHA, Habniofaemble Ha AKCNepuMenTe.
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