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OBIJJ;A.H XAPAKTEPHCTHKA PABOThI 

06'beKT HCCJie,n;onaHIHI H aKTyaJihHOCTb TeMhI. 

9KcrrepHMeHTaJibHOe OTKpbrTne MHoroo6p83H.H pa3Jiff'rnhrx CTPYKTYP Ha 

OCHOBe aTOMa yrnepo,n;a B sp2 rH6pH,D;H3aD;HH rropo,n;HJIO orpOMHbill HCCJie,n;o

BaTeJibCKHll HHTepec K 9THM o6'beKTaM KaK c TO'IKH 3p6HH.H cpyH,n;aMeHTaJibHOll 

cpH3HKH, TaK H c TO'IKH 3peHH.H B03MO)l(HhIX rrpaKTH'IeCKHX rrpHJIO)l(eHnli. B 

1995 ro,n;y Tp.H Hay'Ittbre rpyrrrrhr (qepH03aTOHCKoro [1], ,n;e Xnpa [2] H Pnu-

3Jiepa [3]) ofaiapy)K.HJIH, qTQ yrnepo,n:Hbie HaHOTpy6KH ('YHT) o6Jia,n;aIOT xo

p01I1HMH aBT09MHCCHOHHbIMH CBOHCTBaMH: 9MHCCH5I xapaKTepH3Y6TC.H MaJibIMH 

rroporOBbIMH HaIIp5I)KeHH5IMH, 60Jibll1HMI! TOKaMH Ii xopolileli BpeMeHHOH CTa-

6.HJibHOCTbIO. HaHOTpy6KH rrpe,n;cTaB.rrziroT co6o:H CHJibHO BbIT5IHYTbre IJ;.HJIHH

,n;phr, CBepHyTbie H3 O,ll;HOI'O JIHCTa rpacpnTa - rpa¢eHa, HX 3aMeqaTeJibHbie 9MH

C.HOHHbI6 CBOMCTBa o6ycJIOBJieHbI 60JihIIIHM acrreKTHbIM OTHOIIleHHeM ( OTHOIIIe

HHe .U:JIIIHbI K pa,n;Mycy), xopOII1HMH MexaHH'IeCKHMH CBOMCTBaMH, ,ll;OCTaTOqHQ 

60Jibll10M 9JI6KTporrpOBO,ll;HOCTbIO, a TaK:>Ke TeM, qTQ qTQ 'YHT o6p830BaHbl H3 

aTOMOB, coe,n;HH6HHbIX He MeTaJI.rrMqecKHMH, a KOBaJieHTHbIMH CB.H3.HM. IIocJie,n;

Hee o6cTO.HTeJihCTBO cyru;ecTBeHHO yBeJIH'IHBaeT 9HeprHIO aKTirnau;Mn aTOMOB 

IIOBepXHOCTHOM MHrpau;HH I1 rrpHBO,ll;HT K IIOBbIIIIeHHIO CTa6HJibHOCTH rrpou;ecca 

3MHCCHH. 

BcKope Ha ocuose 'YHT 6om pa3pa6oTaH aBTO::>MHCCHOHHorll: .n;ncrrJieil: [4], a 

3aTeM HCTOqHHK CBeTa [5). B HaCTO.Hnree Bp6M5I MHOrHe HayqHbie KOJIJieKTHBbI 

rrpoeKTHPYIOT pa3JIHqHbie rrpn6opbr, OCHOBaHHbre Ha aBT03JieKTpOHHOM 3MHC

CHH c yrJiepO,ll;HbIX HaHOTpy6oK, HarrpHMep, TaKHe KaK 5IpKHe JiaMIIbI, peHT

reHOBCKHe Tpy6KH, HCTQqHHKH 9JieKTpOHOB ,ll;JIZI 9JieKTpOHHbIX MHKpOCKOIIOB c 

BhICOKHM pa3peIIIeHHeM. Mo:>KHO OTMeTwrh, qTo .HpK.He JiaMnhr n peHTreHoB

CKHe Tpy6KH Ha OCHOBe 'YHT 9TO Y*e ycrreIIIHbIH KOMMepqecKHH npo,n;yKT [6]. 
BMecTe c TeM, HCCJie;1;oBaHH5I noKa3hIBaIOT, 'ITO He TOJibKO yrJiepo,n;Hore ttauo

Tpy6KH .HBJI.HIDTC5I xopoillHMH HCTO'IHHKaMH aBT09JieKTpOHHOli 9MHCCHH. Yr

Jiepo,n;Hbre HaHOKOHYCbI [7], yr.rrepO,ll;Hbie HaHOCilHpaJIH [8], yrnepO,ll;Hbre HaHO

XOpHbI [9], rpacpHTOno,n;o6Hhre IIJieHKH [10) H yrnepO,ll;Hhie HaHOJIHCTbI [11-14) 
TaK)K6 MO:>KHO cq.11TaTb xopOIIlllMH KaH,D;II,ll;aTaMH Ha 3TY pOJib. 

BcJie,n; 3a HHTeHCHBHbIM 9KcrrepnMeHTaJibHbIM H3yqeHHeM ::>MHCCHn: c 

ymepO,ll;HbIX CTpyKTYP npnMepHO c 2000-ro ro,n;a uaqaJIOCb aKTHBHOe Teope-
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T:wrncKoe Hccne.n;oBaHHe .n;aHHOro upou,ecca, upe:>K)l;e Bcero, c u,eJibIO HaM:TH 

cuoco6br uoBbmreHHH a<P<PeKTHBHOCTH 9MHcc:1m. MHorHe pa6oTbI uo Mo.n;eJIH

poBaHHIO aBToaneKTpOHHOi1 9MHCCHH c KOHKpeTHbIX CTPYKTYP upe.n;cTaBJIHIOT 

co6o:H pacqeTbI H3 rrepBbIX rrpHHIJ;HIIOB. ECJIH 9MHTTepbI cocTOHT H3 He6oJih

woro '-!HCJia aTOMOB, TO TaKoe Bbl'"IHCJieHHe Ha COBpeMeHHbIX KOMIIbIOTepax 

CTaHOBHTCH B03MO:>KHbIM [16, 17]. ,l(aHHbiil: rro.n;xo.n; 6e3yCJIOBHO IIOJie3eH, 

Kor.n;a peqh H.n;eT 06 onHcaHHH KOHKpeTHbIX CTPYKTYP· 0.n;HaKo Hap.H.n;y c 

HHM aKTHBHO pa3BHBalOTCH .n;pyrHe IlO,Zl;XO,Zl;bI, OCHOBaHHbie Ha MO,ll;HcPHKaIJ,HH 

TYHHeJihHOil: Mo.n;enH <I.>ayJiepa-Hop,n;reil:Ma. AKTyaJihHOCTb rrpoBe.n;eHHH Teo

peTH'"IeCKHx HCCJie,ll;OBaHHM: HMeHHO B 9TOM HarrpaBJieHHH o6yCJIOBJieHa TeM, 

'<iTO c HX IIOMOID;bIO MO)KHQ OTBeTHTb Ha BOrrpoc, KaKHM o6pa30M Te HJIH 

HHbie q>H3HqecKHe xapaKTepHCTHKH 9MHTTepa BJIHHIOT Ha ero 9MHCCHOHHbie 

CBOM:CTBa. ll3BeCTHa.H CB5!3b cPH3H'f€CKHX xapaKTepHCTHK c 9MHCCHOHHbIMH, 

c o.n;Hoii cTopoHhI, yKa3hIBaeT nyTH yBeJIH'feHHH a¢¢eKTHBHOCTH 9MHCCHH 

9JieKTpOHOB, a c .n;pyroM: - I103BO.mreT HCCJie.n;oBaTb cj:>H3H'feCKHe xapaKTepH

CTHKH Ha ocHoBe 9MHCCHOHHhrx. TaK KaK KOJIHqecTBO yrnepo.n;HhIX CTPYKTyp, 

npeTeH.n;yIOID;HX Ha pOJib acj:>cj:>eKTHBHbIX 9MHTTepoB, BeJIHKO, HCCJie)J;OBaHHHM 

B .n;aHHOil: o6JiaCTH I10CBHID;eHO 60JibIIIOe KOJIHqecTBO Hay'"IHbIX rry6JIHKaI!Hii. 

B qacTHOCTH, cueu.HcPHKa SMHCCHH, o6ycnoBJieHHa.H reoMeTpHqecKoti ¢opMoM: 

pa3JIH'fHhIX 9MHTTepoB, 6hma yqTeHa B pa6oTax [18-21]. BnHHHHe 30HHOi!: 

CTPYKTYPhI Ha TOK 9MHCCHH H sHepreTHqecKoe pacupe.n;eneHHe sJieKTpOHOB 

,n;JIH YHT HJyqeHo B [22-26]. TaKHM o6pa3oM, MO:>KHO 3aKJiroqHTh, qTo 

Hccne.n;oBamre aBT09JieKTpOHHOii SMHCCHH c yrJiepo.n;HhIX CTPYKTYP HBJIHeTcH 

Ba:>KHOii I1pHKJia,ll;HOi!: H HHTepeCHOil: cj:>H3HqeCKOii rrpo6JieMoi!:. 

D;em. pa6oTbI. 

1. Pa3pa6oTaTb crroco6 yqeTa 30HHOi!: CTPYKTYPhI npH pacqeTe aBTOSJieK

TpOHHOil: 9MHCCHH. 

2. Hccne.n;oBaTb BJIHHHHe 30HHOii: cTpyKTYPhI upH aBTOsJieKTPOHHOil: 9MHC

CHH c yrJiepO.I.J;HbIX HaHOTpy6oK, rpa¢HTa H yrJiepO,ll;HbIX JIHCTOB. 

3. PaccqHTaTb reoMeTpHqecKHe acj:>cj:>eKThI rrpH 9MHCCHH c yrJiepo.n;HhIX JIH

CTOB H Tpy60K. 
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Har1HaSI HOBH3Ha H npaKTH"!ecKa.H n;eHHOCTb. 

B rrpe,n;cTaBJieHHO:it ,n;HccepTau;mr pa3pa60TaH MeTo,n; yqeTa 30HHO:it cTpyK

TyphI rrpl:l aBT09JI6KTpOHHO:it 3MHCCHH, KOTOpblll MO)K6T 6bITb Ha3BaH .Memoao.M 

neaaeucuM'biX '/i:ana.1ioe. Ha OCHOBe ,n;aHHoro MeTo,n;a Ha:it,n;eHbI 3aKOHhI 3MHCCHH 

,Ll.Jlf! O,ll;HOCTeHoqHbIX yrnepO,ll;HbIX HaHOTpy6oK. IloJiytieHHbie pe3yJibTaTbI MO

ryT 6hITb IIOJI63HhI rrpH 3KCIIepHM6HTaJihHOM onpe,n.eneHHH Xl:lpaJihHOCTH KOH

KpeTHO:it HaHOTpy6KH. 

Pa3pa6oTaHHhIH MeTo,n. 6bIJI MCIIOJih30BaH ,D;Jif! pacqeTa 3aKOHa aBT03JieK

TpOHHO:it 3MHCCHlI c npOCTOI'O reKcarOHaJibHOI'O rpa¢HTa ,ll;Jlf! ,n;Byx CJiy'IaeB: 

KOr,n.a rpa¢11TOBhie CJIOlI opHeHTHpOBaHbI rrapaJIJI6JlbHO B6KTopy Harrp5DKeH

HOCTlI 3JI6KTpl:lqecKoro IIOJI5I l:l KOr,n;a OHH OpIIeHTHpOBaHbI rreprreH,ll;l:IKYJI5IpHO 

eMy. 06Hapy:>K6HbI cne,n;yIOru;He ::i¢¢eKTbI: aHH30Tpomrn IIJIOTHOCTII 3Ml:ICCIIOH

HOro TOKa, CB5I3aHHaf! c oco6eHHOCT5IMII 30HHO:it CTPYKTYPhI, M BJIMf!HHe Mexa

Hl:lqecKo:it ,n.e¢opMaIJ;IIII Ha aBT03MHCCl:IOHHhIH TOK. ,Il;aHHbie pe3yJihTaTbI MOI'YT 

6bITh l:ICIIOJih30BaHbI npH 9KCrrepHM6HTaJibHOM II3MepeHHH rrapaMeTpOB 30HHO:it 

CTPYKTYPhI rpaqmTa. 

B paMKax MeTo,n;a He3aBMCMMhIX KaHaJIOB paccq1naHo 3HepreTMqecKoe pac

rrpe,n.eneHMe rrpH 3Ml:ICCl:ll:l 9JI6KTpOHOB c yrJiepO,lJ;HbIX JIHCTOB, COCT05IIIJ;HX H3 

H6CKOJibKIIX rpa¢HTOBbIX CJIOeB, a TaK)J(6 Ha:it,n.eHbI 3aKOHbI 3MIICCl:ll:l ,Ll.Jl5I MOHO

CJI05I rpa¢eHa M ,n;Bycnof! rpa¢eHa. ITono:>KeHHe II KOJIH'IeCTBO o6Hapy)KeHHbIX 

B 3HepreTirqecKOM pacrrpe,n;eJieHHH cy6-IIIIKOB HaIIp5IMYIO CB5I3aHO qFfCJIOM rpa

<i:>HTOBbIX cnoeB B JIIICTe. HanHqne 3THX cy6-nnKoB f!BJifleTCfl npHMhIM rrpoHBJie

HIIeM KBaHTOBO-pa3MepHoro 3¢¢eKTa. Tiony'IeHHhie pe3yJibTaTbI IIOKa3hIBaIOT, 

qTo H3MepeHHe pacrrpe,n;eneHHf! 3MHTHpOBaHHhIX 9JI6KTpOHOB no 3HeprH5IM MO

:>KeT 6bITb IICITOJib30BaHO KaK M6TO,ll; orrpe,n;eJieHHf! 'IHCJia rpa¢HTOBbIX CJIOeB 

B JIHCTe, a TaK)J(6 KaK M6TO,ll; orrpe,n;enemrn 3HeprHII B3aHMO,ll;6llCTBil5I M6)J(,ll;Y 

coce,n;HHMH CJIORMH HapH,n;y c TaKHMH rro,n;xo,n;aMII KaK PaMaHoBcKoe paccef!HHfl 

H cPOT03MHCCIIOHHhie 3KCnepHM6HThl. 

Eru;e o,n;HHM pe3yJihTaTOM ,n.HccepTau;HII f!BJifleTCf! pacqeT reoMeTpH'Ie

CKHX 3cPcP6KTOB IIpII 9MHCCHH c rrpOT5I:>K6HHOro I'OpH30HTaJibHOI'O BbICTyna, 

HMeIOru;ero IIOJIY3JIJIIIIITHqecKIIH IIPOcPIIJib, H c BbITf!HYTOI'O BepTHKaJibHOro 

IIOJIY3JIJIHIICOII,n;a IIpII HaHOM6Tp0BhIX pa,n;IIycax KpHBH3HbI y BeplliHHbI. 

06Hapy)J(6HO, qTo ,IJ;JI5I IIpOT5I:>K6HHOrO BbICTyrra reoMeTpnqecKHe 3cPcP6KTbI 
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Bbrpa)KeHhr ropa3,rr,o MeHhllie. IIonyqeHHbre B pe3yJibTaTe cooTHOIIIemrn: 

CBR3bIBaIOT reoMeTpuqeCKHe napaMeTpbI 3MHTTepa c HeJIHHeiiHOCTbIO KpHBbIX 

B KOOp,rr,irnaTax <'I>ayJiepa-Hop,rr,reitMa H MoryT 6bITb HCIIOJib30BaHbI ,rr,mr on;eHKH 

pa,n;uyca KpHBH3HbI H ¢aKTOpa yc1meHHR IIOJIR. 

Arrpo6au;1rn: pa6oTbI. 

Pe3yJihTaThI ,rr,uccepTan;HH ,n;oKnap;bIBaJIHCb H o6cy:>K,n;anucb Ha HayqHbIX ce

MHHapax J1a6opaTOpHH TeopeTuqecKoit ¢w3HKH HM. H.H. Boromo6oBa 06'h

e,n;uHeHHoro HHCTHTyTa a.n;epHbIX HCCJie,lJ,OBamiit, 6hIJIH npe,n;CTaBJieHbI B Kaqe

CTBe rrocTepHoro ,rr,oKJia,n;a Ha ceccHH IIKK OIHII:I, a TaIOI<e ,lJ,OKJia,IT,bIBaJIHCb 

Ha CJie,IT,yIOID;HX KOH¢epeHn;HRX: 

1. XXIV International Winterschool on Electronic Properties of Novel 

Materials, March 6-13, 2010, Kirchberg in Tirol, Austria. 

2. International Bogolyubov Conference Problems Of Theoretical And 

Mathematical Physics, August 21-27, 2009, Moscow-Dubna, Russia. 

3. XIII Hay1rnoii KOH¢epemi;uu OMYC-2009, 16-21 ¢eBpamr 2009 ro.n;a. 

4. IV HayqHoii KOH¢epeHn;HH KoH¢epeHIJ;H5I "HaHoaJieKTpoHnKa, HaHo¢o

TOHHKa H HeJIHHeliHaR ¢n3nKa", 7-9 ceHT5!6p.H 2009 ro,n;a, CapaTOB. 

5. "Dubna-Nano2008", July 11-17, 2008, Dubna, Russia. 

6. XII HayqHoii KOH¢epeHIJ;HH MOJIO,lJ,hix yqeHbIX n crreri;nanucTOB OIUII:I, 

4-8 ¢eBpana 2008 ro,n;a. 

7. XXII International Winterschool on Electronic Properties of Novel 

Materials, March 1-8, 2008, Kirchberg in Tirol, Austria. 

Ily6JU1Kaa;HH. Ilo MaTepHaJiaM ,ll;HCCepTaIJ;HH orry6JIHKOBaHO 6 pa6oT. 

06'beM H CTPYKTypa )J;HCcepTan;HH. ,ll,HccepTan;H5I COCTOHT H3 BBe,n;e

mrn, Tpex rJiaB H 3aKJIIOqeHH5!. 06IIJ;HH o6'beM ,IJ,lICCepTan;nH 87 CTpaHH Ma

IIIHHOIIHCHOro TeKCTa, BKJIIOqaR 26 pncyHKOB H CITHCOK JIHTepaTypbI H3 93 Ha

HMeHOBaHHH. 
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CO,[(EP2KAHHE PABOTbl 

Bo nne,n;eHHH o6cy)K,n;aeTCR aKTyaJibHOCTb rrpoBO,ll;HMbIX rrccJie,n;oBaHrrli. 

,UaHo KpaTKOe co,n;ep)KaHrre ,n;rrccepTau;rrrr. 

B rrepnoM: rJiaBe rrprrBO,ll;HTCR pac'!eT 3aKOHa 3Mrrccrrrr ,ll;JIR o,n;HOCTeHHbIX 

yrJiepo,n;HbIX HaHOTpy6oK c y<IeTOM 30HHO:i1: CTPYKTYPbI. ,UJIR pacLJ:eTa rrcrroJib-

30BaHbI rrprr6Jimr<eHrre <I> ayJiepa-Hop,n;reliMa ,ll;JIR Koscj:icj:irru;rreHTa rrpo3pa-Y:HOCTH 

6apbepa 

D(c) =exp {- ~[¢312v(y) - 3/2¢112ct(y)]} = bexp(dc), (1) 

a TaK)Ke rrpH6Jirr)KeHrre HYJieBoli TeMrrepaTypbI. ( 87r(2mo)112 /3eh, 

y ( eF / 47rco) 112 / ¢, F ttarrpR)KeHHOCTb sJieKTpH-Y:ecr<oro rroJIR, 

¢ pa6oTa Bh!XO,ll,a, co ,ll,H3Jier<TpH-Y:eCKaR rrpoHmi;aeMOCTb BaKyyMa, a 

b = exp (-(4>312v(y)/ F) H d = 3(¢P2t(y)/2F - o6o3Ha'leHHR, BBe,n;eHHbie 

,ll,JIR r<paTKOCTH. <l>yHKIJ;Hl1 v(y) H t(y) OII!1CbIBaIOT OTKJIOHeHHR IIOTeHri;HaJib

HOro 6apbepa, KOTOpbIH rrpeo,n;oJieBaeT sJieKTpoH, OT TpeyroJihHOli cj:iopMbI. B 

pe3yJibTaTe IIJIOTHOCTb TOKa Bbipa)KeHa B cj:iopMe cyMMbI ITO BCeM BeTBRM B 

3HepreTH'leCKOM crreKTpe, orrpe,n;eJIRIOiu;HM KaHaJibl 3MHCCHI1: 

·out "\"""" · J = L.,,Jq, (2) 
q 

( 3 (¢1/2t(y) cq) ( cq) 
jq = Jo exp -2 F ; = Jo exp -d ; , (3) 

. _ ~-e- F (-i s/2 ( ) _ ~ 
Jo- 3hlxly(¢1/2t(y) exp F<P v y) - hlxlyd. (4) 

Ka)K,ll;bIH cJie,ri;yrorri;rrli 'IJieH 3Toli cyMMbI 3KCIIOHeHri;HaJibHO rro,ri;aBJIReTcR 3Ha-

•reHHeM 3arrperu,eHHOH 30HbI ,ri;mr ,n;aHHOH BeTKH, II03TOMY B CJiyLJ:ae TOI-IKI1X Ha

HOTpy6oK aKTyaJibHO paccMOTpeHHe JIHIIIb rrepBbIX cJiaraeMbIX. Pa3JIH'IHbI:i1: xa

par<Tep 3aB!1CHMOCTH rrepBOro CJiaraeMoro OT ,n;rraMeTpa y IIOJiyrrpOBO,ll;HHKOBbIX 

l1 MeTaJIJIH'leCKHX Tpy6or< IIpHBO,ll;HT K rrprrrru;11rrHaJibHOH pa3Hl1u;e B IIOBe,n;eI-Il1H 

rrJIOTI-IOCTH TOKa rrprr yMeHhIIIeHHI1 ,ri;11aMeTpa Tpy6K11. ToT )Ke MeTo,ri; o6o6rri;eH 

rra CJiy<IaH 3MHCCHH co CTOIIKH HeB3aHMO,ll,eHCTBYIOIIl,HX CJIOeB rpacj:iHTa. ,Ll;anee 
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paCCMOTpeH CJiy'!aii: B3aHMO,II.ei1cTByIOrn;Hx CJIOeB. IlpHH5ITO, 'ITO TIJIOCKOCTH rpa

¢:ina paCTIOJI0)K€HhI Herrocpe,rr.CTB€HHO O,II.HH HanpOTHB ,n;pyroro, TO eCTh rpa¢HT 

HMeeT rrpocTyIO reKcaroHaJihHYIO yrraKOBKY (ynaKOBKY THrra AAA). 

AttaJIH3 ¢opMbI rroBepxHOCTH CI>epMH noKasbrnaeT, 'ITO KaHaJihI aMHCCHH -

TpaeKTOpHH BbIJieTaIOrn;Hx 3JI€KTpOHOB B p-rrpocTpaHCTBe, MO)KHO pas,n;eJIHTb 

Ha TI5!Tb pa3JIH'!HbIX THTIOB B 3aBHCHMOCTH OT Toro, rrepeceKaIOT OHH TIOBepx

HOCTb CI>epMH HJIH HeT, H B KaKOH o6JiaCTH 3TO npOHCXO,II.HT. Ilepece'!eHHe MO

)KeT npOHCXO):\HTb JIH60 B o6JiaCTH ,IT.bipO'IHOro, JIH6o B o6JiaCTH 3JieKTPOHHOro 

KapMaHOB. Haii:,n;eH BKJia,rr. KaHaJioB Ka>K,n;oro THrra B ITJIOTHOCTb 3MHCCHOHHO

ro TOKa. PesyJihTHpyrorn;a51 TIJIOTHOCTb TOKa onpe,rr.eJieHa nyTeM cyMMHpOBaHH5I 

BKJia,II.OB KaHaJIOB BCex THTIOB H HMeeT CJie,n;yrom;Hii: BH,IT.: 

·II _ 2eb[8da:i/ir + Io(2da1) - Lo(2da:1)] 
Jtot - h2d2cvF . (5) 

3,n;ech 0:1 xapaKTepnsyeT 3HeprHIO B3aHMO,II.eHCTBH5I rpac]!HTOBbIX CJIOeB, VF -

CKOpOCTb CI>epMH 3JieKTpOHOB B O,II;HOM CJIOe rpa¢HTa, Lo(x) - MO,II;HcPHil,HpO

BaHHa5I cPYHKil,H5I CTpyBe, H Io(x) - Mo,n;11¢Hu;11poBaHHa5I cPYHKil,HH BecceJI5I. 

,ll;aJiee npOH3BO,Ll;HTC5I aHaJIOrHqHOe BbrqncJieHne ,D;JI5I CJiyqaH, KOr,n;a 3JieKTpH

qecKoe noJie HarrpaBJieHo nepneH,IT.HKYJIHpHo CJI05IM. Tenepb noBepxHOCTb CI>ep

MH IlOBepHyTa Ha ,rr.eB5IHOCTO rpa,n;ycoB OTHOCHTeJibHO HanpaBJI€HH5I 3MHCCHH. 

"LfacJIO pa3JIHqHbIX THITOB KaHaJIOB ,II;JIH ,r:i;aHHOH KOHcPHrypall,HH paBHO ,IT.ByM. 

KaK :n paHhIIIe, npoH3BO,II;HTCH BhrqHcJiettne BKJia,n;a Ka>K,n;oro KaHaJia H cyM

M:npoBaH:ne Bcex BKJia,rr.oB. Pe3yJihTaT - saKOH aM:ncc:n:n ,ll;JIH ,n;aHHoro cJiyqa51, 

BhirJ15I,IT.HT CJie,n;yrom;:nM o6pa30M: 

(6) 

Ilp:nBe,n;eH attaJI:n3 noJiyqeHHhrx 3aKOHOB aM:ncc:n:n. B o6oHx cJiyqa51x OTJIH

q:n51 OT 3aKOHa CI>ayJiepa-Hop,rr.reH:Ma 3aKJIIO'!aIOTC5I TOJlbKO B npe,II;3KCTIOHeHU:H

aJihHOM ¢aKTOpe, B TO Bp8M5I KaK 3KCITOH€HTa IlOJIHOCTbIO COOTBeTCTByeT H3-

BeCTHOR ¢opMyJie. IloKa3aHO, qTo 3aBJ:ICHMOCTb npe):\3CI10H8HTbI OT Hanp5I)K€H

HOCTH aneKTp:nqecKoro rroJIH B o6o:nx cJiy'IaHx npaKT:nqecKH o,n;:nttaKoBa. Kp:n

TH'IeCKoe yBeJIH'IeHne TIOJI5I npHBO,D;HT K TOMy, qTo IlJIOTHOCTb TOKa 3MHCCHII 
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rrpH HarrpaBJieHHH BeKTOpa Harrp5DKeHHOCTH rromr rrapaJIJieJibHO CJIOHM CTpe

MHTCH K ITJIOTHOCTH TOKa HeB3aHMO,IJ;eHCTBYIDII{HX CJIOeB, TO eCTb CHJibHOe 3JieK

TpH'1eCKOe ITOJie rro,n;aBJIHeT 3cpcpeKT B3aHMO,n;etiCTBH5I Me:IK,n;y CJIOHMH. 06Hapy-

2KeHO, 'l:TO KOr,n:a BbIJieTaIOI.Il,He rrpH 3MHCCHH 3JieKTpOHbI ,IJ;BH2KYTC5I B,IJ;OJib CJIOeB 

rpacpHTa, ITJIOTHOCTb TOKa 3aMeTHO BbIIIIe, 'l:eM KOr,n;a BhIJieTaIOII{He 3JieKTpO

HbI rrepeceKaIOT CJIOH. B pa6oTe paccMOTpeHa 3aBHCHMOCTh rrJIOTHOCTH TOKa 

OT cTerreHH C:IKaTHH. B ,n;ecpopMHpoBaHHOM rpacpHTe BeJIH'l:HHa 3HeprHH B3aH

Mo,n;e.HcTBHH Me:IK,n;y CJIOHMH MemreTCR. ,Il;aHHbIH rrapaMeTp BXO,Ll;HT B 3aKOHbI 

3MHCCHH, I103TOMY MO:IKHO ,ZJ;OCTaTO'l:HO rrpOCTO HaHTH CB5!3b ITJIOTHOCTH TOKa 

c OTHOCHTeJihHOH ,n;ecpopMau;neli ,IJ;JI5I o6onx paCCMOTpeHHhIX CJiy'l:aeB. IloKa3a

HO, 'l:TO ITJIOTHOCTh TOKa ,IJ;JIH CJiy'l:aH 3MHCCHH rrorrepeK CJIOeB ropa3,n;O 6oJiee 

'>YBCTBHTeJihHa K C:IKaTHIO KpHCTaJIJia rpacp1na. 

Bo BTOpoil: rJiaBe Ha OCHOBe OITHCaHHOro B rrepBOH rJiaBe MeTo,n;a rrpOH3-

BO,IJ;HTC5I y'>eT BJIHHHHH 30HHoi1: cTpyKTYPhI JIHCTOB, cocT05Ill{HX H3 HeCKOJihKHx 

rpacpHTOBhIX CJIOeB, Ha aBTOaJieKTpOHHYID 3MHCCHIO. 3oHHaH CTPYKTypa HaHo

JIHCTOB BhI'l:HCJIHeTCH rrpH ITOMOII{H 3HepreTH'l:eCKOro crreKTpa rpacpHTa CTpyK

TYPbI BepHaJia B Mo,n;eJIH CJIOH)l(eBcr<oro-Belica-Mar<KJiroa ( CBM), B KOTopoM 

Y'>TeHo pa3MepHoe KBaHTOBamrn B HanpaBJiemrn rrorrepeK cJioeB. B Ka'l:eCTBe 

rrepBoro rrpn6JIH2KeHHH y'!TeHhI JIHIIIh ,n;Ba Han6oJihlllHX napaMeTpa CBM - "Yo 

H /'l. Hali,n;eHHoe rrpn 3TOM pacITpe,n;eJieHne 3MHTHpoBaHHhIX aJieKTpOHOB ITO 

3HeprHHM HMeeT CJie,n;yIOI.Il,HH BH,)];: 

2 n=N 

P(c) = _j/_ f(t:)D(t:) L B(En)~, 
Vp n=l 

(7) 

r,n;e En= lcl +1f, g = 4e/(h2Nc), N - '>HCJio cJioeB B JIHCTe, f(c) - cpyHKu;na 

pacrrpe,n;eJiemrn <I>epMn-,II;npar<a, B(E) - cpyHKIJ;HH XaBncati,n;a, 

1r = 11 x 2cos (N'lr: 1), n = 1 .. . N. (8) 

Pe3yJihTaT pac'l:eTa ITO ITpHBe,n;eHHhIM cpopMyJiaM ,n;JIH ,n;BycJIOH ITpe,n;cTaBJieH Ha 

pncyHKe 1. B o6ll{eM cJiy'!ae rroJiy'leHHhie KpHBhre rrpe,n;cTaBJIHIOT co6oi1: ,n;Ba 

60JibllIHX IIHKa, o6ycJIOBJieHHhie 30HOH rrpoBO,Ll;HMOCTH H BaJieHTHOH 30HOH, a 

TaK:IKe cy6-IIHKH, CB5!3aHHbie c HaJIH'IHeM B crreKTpe yrJiepO,)];HhIX JIHCTOB BeT-
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PHc. 1: Pacrrpe,n:eJiemre :=ineKTpOHOB rro 3HeprH.HM c rpa¢eHoBoro ,n:BycJio.H rrpn 

pa3JIII"IHbIX TeMrrepaTypax. F = 4 V /nm. 

Belt, OTCTO.HliIMX OT ypomrn <'I>epMH. ,II;aJiee 6hm rrpOH3Be,n;eH pac'IeT pacrrpe

,n;eJieHH.H ,n;JI.H cJiy'Ia.H, Kor,n;a Bee rrapaMeTpbI BKJIIO'I8HbI. B pe3yJibTaTe ofom

py::>KeHo He60JibllI08 CMelll,eHMe JIOKaJibHOro MHHMMyMa B6JIII3II ypOBH.H <'I>epMH 

,n;JI.H CTPYKTYP c 'IMCJIOM cnoeB 6oJibllie ,n;Byx. IIor<a3aHo, 'ITO rroJiy'IHBIIIIIe

c.H pe3yJibTaTbI MOryT 6hITb IlOH.HTbI II BOCI1pOII3B8,L1;8HbI c IIOMOill,bIO H8CJIOfK

HbIX reOM8TpH'I8CKHX coo6pafKeHHH, xopOllIO IIJIJIIOCTPIIPJIOill,IIX CJTb M8TO,n;a 

He3aBIICIIMhIX KaHaJIOB. HccJie,n:oBaHbI TeMrrepaTypHbre :=i¢¢eKTbr. B pe3yJibTa

Te o6HapyfI<eHo, 'ITO rrpII BbICOKOH TeMrrepaType rrpaBa.H qacTh pacrrpe,n:eJieHH.H 

(3MIICCH.H II3 30HbI rrpoBo,n:nMocnr) IIMeeT cy6-rrHKOBYIO CTPYKTypy, CHMMeTpII'I

HJIO JieBOH 'IaCTH, a TaKfI<e TO, 'ITO KpHBbl8 3MHCCIIII B KOOp,Il;IIHaTax <'I>ayJiepa

Hop,n:reiiMa rrpaKTH'IecKrr rr,n;eHTII'IHhI ,n:JI.H JIHCTOB c pa3HhIM KOJIH'IeCTBOM cJio

eB. 9ni: KpMBbie HeJIHH8HHbI B o6JiaCTH CJia6bIX ITOJieit, rrpH'I8M H8JiliH8HHOCTb 

ycHJIIIBaeTC.H c pOCTOM T8MIIepaTypbI. 

B TpeTbeii: rJiane HCCJie,n:yeTC.H BJIII.HHHe reoMeTpII'IeCKOH cpopMbI Ha 

3MIICCHIO B CJiyqae oceCHMMeTpII'IHOro BbICTyrra - I10JIJ3JIJIHIICOII,Il;a ( HrOJIKH) 

II rrpoT.HfI<errnoro BhICTyrra c noJiy3JIJIIIIITII'IeCKHM rrpo¢IIJieM (6opTMKa). Pac

C'IIITaHo BJIH.HHHe 3JI8KTpH'IeCKOro IIOJI.H Ha H3M8H8HII.H ITJIOliia,Il;H ITOBepXHOCTII, 

c KOTOpoit rrpOHCXO,Il;HT 3MHCCII.H 3JI8KTpOHOB II Ha HaKJIOH KpIIBbIX B KOOp,Il;HHa

TaX <'I>ayJiepa-Hop,n:reiiMa. Pacnpe,n:eJieHHe aJieKTpocTaTH'!ecKoro rroTemi;HaJia 

II CIIJia 3epKaJibHOro OTpafKeHH.H ,Il;Jl.H HrOJIKH H3B8CTHhI, B TO BpeM.H KaK ,Il;JI.H 

8 



6opTHKa nprme,n;eHbI Heo6xo,n;HMhre BhI"mcJieHHZI. Pacnpe,n;eJieHne noTemi;naJia 

,LI;JIZI 6opTHKa Hail,n;eHO nyTeM pellleHH7I ypaBHeH!rn JianJiaca c TIOMOIIJ,bIO H3-

BeCTHOrO MeTo,n;a npeo6pa3oBaHHH B KOMnJieKCHOH TIJIOCKOCTH. CnJia 3epKaJih

Horo H306pa)Kemrn ,LI;JI7I 6opTHKa Haii:,n;eHa KaK CHJia B3aHMO,n;eHCTBH7I 3apZI,n;a H 

MeTaJIJIH"leCKOro IJ;HJIHH,n;pa, pa,n;Hyc KOTOporo paBeH pa,n;Hycy KpHBH3HbI y Bep

llIHHbI 6opTHKa. ,lJ;JIZI orrpe,n;eJieHH7I CHJibI B3aHMO,n;eii:CTBH7I Me)K,n;y 3ap7I,LI;OM H 

IJ;HJIHH,n;poM pernaeTC7I ypaBHeHHe IlyaccoHa B IJ;HJIHH,n;pH"IeCKHX KOOp,LI;HHaTax 

c Heo6xo,n;HMhIMH rpaHH"!HhIMH ycJIOBH7IMH. TaK KaK B pe3yJihTaTe noJiyqaeT

CZI ,ll;OBOJihHO CJIQ)KHaZI cPYHKIJ;HZI, rrpOH3BO,LI;HTC7I "IHCJieHHa7I annpOKCHMaIJ;H7I c 

TIOMOIIJ;bIO npOCTOH Mo,n;eJibHOH cPOPMYJibl. 

~JIZI Toro "IT06br xapaKTepH30BaTh H3MeHeHHe BeJIH'IHHbI o6JiaCTH c KOTO

poH: npOHCXO,lJ;HT 3MHCCH7I npH H3MeHeHHeM Hanp7I)KeHHOCTH IIOJI7I BBe,n;eH HO

BhIH napaMeTp - 3¢¢eKTHBHa7I IIJIOIIJ;a,LI;b 3MHCCHH. IlpHBO,LI;HTC7I pac'!eT ,n;aHHO

ro napaMeTpa ,n;JIZI Tpex pa3JIH'!HhIX pa,n;nycoB KpHBH3HhI (0.5 nm, 1 nm H 3 nm) 

B 3aBHCHMOCTH OT HarrpmKeHHOCTH TIOJIZI. AHaJIH3 HaKJIOHa KpHBhIX 3MHCCHH B 

KOOp,n;HHaTax <I>ayJiepa-Hop,n;reH:Ma IIOKa3bIBaeT, 'ITO KaK B CJiy'Iae HrOJIKH, TaK 

H B CJiyqae 6opTHKa 3TOT HaKJIOH MaJIO 3aBHCHT OT pa,n;Hyca KPHBH3HhI. Tio

CJie,n;Hee o6cT07ITeJihCTBO II03BOJI7IeT HanucaTb o6IIJ,He COOTHOIIIeHHZI, CB7I3hIBa

IOIIJ;He HaKJIOH B KOOp,LI;HHaTax <I>ayJiepa-Hop,n;reH:Ma, HanpZI)KeHHOCTh, pa6oTy 

BhIXO,n;a, reoMeTpH'IeCKHH ¢aKTOp ycnJieHH7I Ha BepIIIHHe H pa,n;Hyc KpHBH3HbI 

3MHTTepa: 

wl ( 4 </; 1) 
S :::.:;! BFN(l + 4x/5) = BFN 1 + S p(3 F , (9) 

Sas:::.:;! SFN exp(kx) = SFN exp ( k ~ ~) , (10) 

r,n;e k :::.:;! 1.69, x = ¢;/(pf3F), SFN = -(¢312 //3, p- pa,n;Hyc KpHBH3HbI BepllIHHhI, 

(3 - K03cpcpHri;HeHT ycuJieHH7I TIOJI7I Ha BepIIIHHe. 

B 3aKJuoqeH1u1 KpaTKO ccpopMyJinpoBaHhr noJiy'!eHHhre B ,n;nccepTaIJ;HH 

pe3yJihTaThr. 
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Ha 3arn;H':ry BhI.IJ;BIIra10TcH cJie,n;y10rn;IIe pe3yJihTaThI: 

1. Pa3pa60TaH MeTo,n; yqeTa 30HHOH CTPYKTYPhI rrpH aBTOSJieKTpOHHOH 

SMHCCIIH. Ha ero ocHoBe Hai1:,n;eHa CB.H3b Me)K,n;y 30HHOH CTPYKTypoM: FI 

3aKOHOM 9MllCCIIH O,I.l;HOCT8HO'IHblX yrnepO,I.l;HbIX HaHOTpy6oK, a TaK)K8 

orrncaHa 3aBIICIIMOCTb M8)K,ll;Y IIJIOTHOCTblO TOKa II ):\HaMeTpOM HaHOTpy-

6oK. 

2. IIony'IeHhI 3aKOHbI 9MHCCHH ,D;JI.H KpHCTanna reKcaroHaJibHOro rpa¢IITa 

rrpH pa3Jill'IHbIX HarrpaBJiemrn:x 9JI8KTpll'I8CKOro IIOJI.H: B):\OJib II rrorre

peK cnoeB rpa¢IITa. Hccne,n;oBaHo BJIII.HHIIe ,n;e¢opMa1JIIII KpHcTanna Ha 

9MHCCIIORHbIH TOK. 

3. H3y'IeHo BJIIIRHIIe 30HHOH CTPYKTypbr Ha 9Ml!CCIIIO c yrnepo,n;HI>IX JIH

CTOB, COCT05!IIJ;HX II3 HeCKOJibKHX rpa¢IITOBbIX CJIOeB. Tipe,n;cKa3aHO Ha

JIH'IIIe TillKOB II cy6-IIHKOB B pacrrpe,n;eJieHllH 9JI8KTpOHOB no 9HeprH5!M. 

Hx rroJIOlK€HIIe 11 KOJIII'IeCTBO orrpe,n;enReTrn qIIcJIOM cnoeB B yrnepo,n;HoM 

JIIICTe, "ITO 5!BJI5!6TC.H rrpO.HBJ18HHeM KBaHTOBO-pa3MepHoro s¢¢eKTa. 

4. Hccne,n;oBaHo BJIH.HHHe reoMeTpHII SMIITTepa c HaHOMeTpOBbIM pa,n;HycoM 

KpHBll3HbI Ha 9MIICCIIIO c rrpOT5l)K8HHbIX BepTHKaJibHbIX II BbIT5IHYTbIX ro

pII30HTaJibHbIX cTpyKTyp, 11Merorn;rrx annrrrrTIIqecKIIH rrpo¢11nb. B Ka)K

,r:i:oM cnyqae OIIIICaHa CB5!3b HaKJIOHa KpllBbIX 9Ml!CCIIH B KOOp,Ll;HHaTax 

ct>aynepa-Hop,n;rei1Ma c reoMeTpHqecKHMII rrapaMeTpaM11, H orrpe,r:i:eneHa 

3aBHCHMOCTb IIJIOrrra,D;II 9MHCCHII OT HarrpR2K8HHOCTH BH8IIIHero IIOJI.H. 
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