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MpennoxeHHbIi paHee METOL CaMOCOrIaCoOBAaHHOIO pelueHusi cuctembl ypasHenuii Kona—Llama un lNyacco-
Ha 0bobuieH Ha cay4ali 6oabLWON NAOTHOCTM 3EKTPOHOB, JIOKANM30BaHHbIX BOAN3M NOBEPXHOCTN BCAeACTBME
pa3sMepHOro KBaHTOBaHUS 3JIEKTPOHHOrO CMEKTPa B NoTeHumanbHol sime obnactu 3aruba 3oH. MonyyeHo non-
HOCTbIO CaMOCOr1aCOBAaHHOE UTEPATUBHOE PeLLEHNE AJ1si KBA3UABYMEPHOrO 3/1EKTPOHHOrO rasa B oboralieHHOM
C/I0e Ha MOBEPXHOCTY NOJIYNPOBOAHNKA C BbIPOXKAEHHBIM 3/IEKTPOHHbLIM ra3om B obbeme. PaccmoTperbl ciyyan
napabonnyeckoro u HenapabonMHecKoro 3HEpPreTUHeckoro CNeKTpa 3NeKTPOHOB nposogumoctu. ns napabo-
JINYECKOVi 30HbI NPOBOAMMOCTMN MPeACcTaB/eHbl NPOCTPAHCTBEHHbIE PacnpefeneHns 3NeKTPOHHON MJIOTHOCTY 1
3/1EKTPOCTATUYECKOTO NOTEHLMANa, SHEPruyM YpOBHER Pa3MepHOro KBaHTOBAaHUS U UX 3aBUCUMOCTb OT rnybu-
Hbl MPUNOBEPXHOCTHON MOTEHLMANBHON siMbl. BbIsiBNeHO 3Ha4YnTeNbHOE YMEHbLUEHWE MIOTHOCTU TPEXMEPHbIX
3/71EKTPOHOB B 06/1aCTU 0BOraleHHOro Cnosi, 3aHATON KBa3UABYMEPHbLIM 3NIEKTPOHHBLIM ra3oM. PaccuutaHb 3a-
BUCMMOCTUN M3BLITOYHONM NOBEPXHOCTHON MOTHOCTW 3NEKTPOHOB N €MKOCTM CTPYKTYpPbl OT NOTEHLMANA NOBEPX-
HocTu. PesynbTaThl npefcTaeneHbl B 6espasmepHoil hopme, 4TO MO3BOASET NOSYKONMYECTBEHHO OLEHUBATb
napameTpbl 0bOraLeHHbIX CAOEE MO U3BECTHLIM YPOBHIO NErMpPOBaHUS 1 BenndunHe 3aruba 30H. B cnyyae Hena-
pabonnyecKkoi 30HbI NPOBOAUMOCTU M3-32 KOHEYHON LIMPUHBLI 3aNpeLLeHHON 30Hbl CMEKTP KBa3UBYMEPHOMO
3M1EKTPOHHOrO ra3a Nosy4eH B ABYX30HHOM npubnmxennn Ppanua—Keliva peweHnem 3agaqum Ha cobCTBEHHbIE
3HaYeHUs A1 HOBOFO OAHO30HHOrO ypaBHEHUs MeToaa 3heKTUBHON MacChl. YCTaHOBAEHO, Y4TO MJOTHOCTH
COCTOSAHNIA 1 3chheKTUBHAS Macca SMEKTPOHOB B [ABYMEPHbLIX MOA30HAX JINHEAHO pacTyT C sHeprueli. Boise-
neHa dopMyna, KOTopasi aHaIMTUYECKN annpOKCUMUPYET pacCHUTaHHbIN sHepreTudeckuli cnektp. HaligeHHbie
NONOXKEHNE, ANCMEPCUS SHEPreTUYECKOrO CNEKTPa U 3aBUCUMOCTb 3hdheKTUBHON MacChl OT SHEPrun Ans NOA-
30H pa3MepHOro KBaHTOBAHUSI COMNacyloTCsl C ONyBANKOBaHHLIMU pe3ysbTaTaMu NPsSIMbIX U3MEPEHN CBOWCTB
KBa3uABYMEPHbIX 3/IEKTPOHOB Ha NoBepxHOCTU n-InAs, nonyyeHHbIX METogamMm POTOINEKTPOHHOI CMEKTPOCKO-
MU C Yr0BbIM Pa3pelleHnemM 1 MarHUTOTYHHEsbHON cnekTpockonun. PaccMoTpeHbl ycnosusi, npu KOTOpbIX
HenapaboNNYHOCTL 30HbI MPOBOAUMOCTU JE/aeT BO3MOXHbLIM MNOM/IOWEHNE KBA3UABYMEPHBIMU 31EKTPOHAMU
HOPMaJIbHO MaJaloLLEro U3NYYEHNsl 33 CHET MEXNOA30HHbIX NEePEXOAO0B.

DOI: 10.31857/S0044451020060097 CBOICTB MHOI'03JIEKTPOHHBIX cuCTeM. B ciydae Heorpa-
HUYEHHOI'O 3JIeKTPOHHOIO I'a3a OH CBOJUTCS K CHCTE-
\. BBEIEHUE Me ypaBHEHUI I OJHOYACTHYHBIX OpOuTaJell u ca-

MOCOTJIACOBAHHOI'O T10JIsl, KOTOPasl JOJIKHA YI0BJIETBO-
PATHCS COIVIACOBAHHBIMU PACIIPEIEJICHUSIMU IIJIOTHOCTH
9J1eKTPOHOB N (') U 3JIEKTPOCTATHIECKOTO [OTEHIINAIIA
¢(r). BBumy cylecTBeHHON HeJUHEHHOCTH ITOH cucTe-

MBI ypaBHEHUI OJIHUM M3 METOJIOB IIOCTPOEHUs CaMO-

Merox, dyHKIMOHAA IJIOTHOCTU B MPUOJINKEHUN
Kona—Illsma 1MUIpOKO WCHOAB3YeTCA MPU U3YIEHUN
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€00, TIpU KOTOPOM HAJI0 MOOYEPEIHO PENIaTh ypaBHe-
nue [lyaccona /I TOTEHIMAIBLHON SHEPTUH 3JIEKTPOHA,
U(r) = —e¢(r) u ypasuenne Ipenusarepa Juist OmHO-
YaCTUYIHBIX BOJHOBBIX (DYHKIWNH B 3(pHEKTUBHOM IO-
rernuane Uepr(r) = U(r) + Use(r), rme Uy — obmen-
HO-KOPPEJISIITUOHHBIH TIOTEHITAA.

BosHukarorue B psijie CJIydaeB HEYCTONINBOCTD UK
Jlazke pacXoAUMOCTh UTEPAIMOHHOTO MPOIEcca, KOTa
IPOCTPAHCTBEHHO-HEOAHOPOAHOE pactpeaeseane N (r)
9JIEKTPOHOB, C(DOPMUPOBAHHOE U3 PEIEHUN YPABHEHWS
IlIpeaunarepa, He yJIOBJIETBOPSIET YCJIOBHSAM COBMECT-
HOCTH C I'PAHMYHBLIMHU YCJIOBUSIMA K ypasHeHuio Ilyac-
COHA, OCOBEHHO CYIECTBEHHO IMPOSBIAIOTCA B CIIydae
HeorpanmdeHHbIX cucreM [1]. IIpencrasiennsie B ure-
paType MeTOJbI MIPEOIOJICHAs 3TOI TPYIHOCTH, 110 Cy-
IIIECTBY, CBOJATCS K OTKA3y OT IIEPBOHAYAILHO CHOP-
MYJIUPOBAHHOTO UTEPATUBHOTO CIIOCOOA PEIIEHUS U 3a-
MeHe ero Kakoi-mbo mpubJIMKeHHOH CXeMoii pacyera,
KOTOpast 0OBITHO CTPOUTCS MOJIYIMITUPUIECKH U HE TI03-
BOJISIET OLEHUTH CTENEHb OTKJIOHEHWS] OT TOYHOIO pe-
mennst (cM. obcyzKeHne B padorax [1,2]).

B pabore [1] 6bLI IpeIOKEH METOJL PEIleHUs] yPaB-
nennit Koma—IIIama, obecreamBaronuit CXOMUMOCTH
HTEPAIMOHHOrO IPOIecca B paMKax MCXOIHON IocTa-
noBku 3agaun. OCHOBHAS MJes STOr0 METOJa COCTOUT
B TOM, 9UTO IIOJIHAS JEKTPOHHAS IJIOTHOCTH B yPaB-
nennu Ilyaccona mpecTaBsieTcs B BUJe CyMMBI JIBYX
cJIaraeMblX,

N(r) = Nina(Uess(r)) + Ngu(r),

[IepBoe U3 KOTOPBIX CBA3aHO C CaMOCOIVIACOBAHHBIM
noreHiuanaoM U, sr(r) U3BECTHBIM KBA3UKIIACCHIECKIM
BBIPAYKEHWEM, & BTOPOE OIPEIEISIeTCs KBAHTOBOMEXa~
HUYECKO JTUHAMUKOM 3JIeKTPOHOB. BBenenune Bemmdn-
HBI Nipa(Uesr(r)) peanusyer caMocoriacoBaHHOE 9KPa-
HUPOBaHUE KPYIMHOMACIITAOHBIX HEOTHOPOIHOCTEN 3a-
psiia pu pelieHnn ypasrHeHust Ilyaccona. 9To ycrpa-
Hs€T KYJIOHOBCKOE JIAJIbHOJIENCTBUE, KOTOPOE SIBJISETCS
OPUYNHON KECTKOHN CBA3U MEXKY paclpeneIeHueM 3a-
psifia ¥ TPAHWMYHBIMY YCJIOBUSIMU K ypaBHeHuto [lyacco-
Ha.

B paGore [2] npejiozkeHHbI# aJropuT™M 6bLI peasiu-
30BaH M IIPUMEHEH, B YACTHOCTH, JIJIsi pacdeTa SHEPIUuu
npejickasanubix B pabore Koncranrunosa n [uka (3],
a Tak»kKe He3aBUCHMO Yy Th [1032Ke B pabore Areibbay-
Ma u Bapadda [4] cocTosiHUIT 3/1€KTPOHOB, KOTODHBIE
JIOKAJIN30BAHbI BOJIM3M IIOBEPXHOCTH METaJIJI-BaKyyM
[IpA HYJIEBOM BHENIHEM 3JIEKTPUIECKOM IIOJIE B CAMO-
VHIYIIUPOBAHHON MOTEeHIINAIbHOM sime. B aTom cirydae
SHEPreTUIECKIe YPOBHYU OKA3AUCH JJOCTATOIHO MEJIKHU-
MH TI0 cpaBHeHuIo ¢ sHeprueit Pepmu cBOOOTHBIX HOCHU-
Tejeil M, KaK CJIEJICTBUE, IJIOTHOCTH JIOKAJIU30BaAHHO-

ro Ha HUX 3apsina —eNap(r) Oblia cpaBHHMA C ILUIOT-
HOCTBIO 3apsijia OT 3JEKTPOHOB B COCTOSIHUSAX HEpe-
pBIBHOTO creKTpa (cM. puc. 26 B padore [2]). B cuy-
4gae TOJIYIIPOBOHUKA TOTEHITNAIbHAS SIMa, Ha TPAHUIE
[TOJIYIIPOBOTHUK—BAKyyM W SHEPreTUIECKHE YPOBHU B
Hell MOTYT CTaTh BecbMa TJIyOOKHMU IIpH, HAIIpUMED,
HAJIOXKEHUH BHeITHero asJjekrpudeckoro mousst €. Co-
OTBETCTBEHHO, BOJIN3U [TOBEPXHOCTHU IIOTHOCTD KBA3HU-
JBYMEDPHBIX 3JIEKTPOHOB MOXKET 3HAUUTEILHO IIPEB30ii-
TH IJIOTHOCTH JIEKTPOHOB HEIIPEPBIBHOTO CIIEKTPA.

Takast cuTyalust peaanu3yercsi B JIESTHPOBAHHBIX 10~
JIYIIPOBOJIHUKOBBIX CTPYKTYpPax nM-THIIA C OOOTralleH-
HBIM CJIOEM Ha, TIOBEPXHOCTH, KOTJIa 3aHATHI KAK COCTOSsI-
HUsI KBA3UBYMEPHOTO JIEKTPOHHOIO Ta3a B PA3MepPHO-
KBAHTOBAHHBIX OJ[30HAX, TAK U COCTOSIHUsI HEIIPEPHIB-
HOT'O CIIEKTPa TPEXMEPHOTO JIEKTPOHHOT'O ra3a ¢ 3a-
JaHabIM 3HadeHneM sueprun Pepmu B o6beme. IlosTo-
My TP CaAMOCOTJIACOBAHHOM PacCUeTe SHEPreTUIecKOro
CHEKTPa JIEKTPOHOB B TaKUX CTPYKTypax BCE OCHOB-
HbIE TPYIHOCTHU, XapaKTEePHBIE JJIsI OECKOHETHBIX MHO-
TOJIEKTPOHHBIX CHCTEM, IIPOSIBJISIFOTCS] B IIOJIHOM OOb-
eme: 1) mpobjieMa HOPMUPOBKHU BOJIHOBBIX (DYHKI[HI
HEIIPEPBIBHOI'O CIIEKTPa; 2) obecliedeHue COBMECTHOCTH
KpaeBbIX ycJaoBuil K ypasHenuio [lyaccona ¢ pacipeie-
JIEHHEM 3JIEKTPOHHON IIOTHOCTH, IIOJIY9aeMOil Ha KaK-
JIOM UTEPAIMOHHOM IHKJIE TIOCTIe DEIeHUsT yPABHEHUS
IIpenunrepa [1].

B cBs3u ¢ 9TUM BO3HHKAET BOIIPOC, CMOYKET JIN aJl-
TOPUTM pacdeTa, OCHOBAHHBII HA KBA3MKJIACCHIECKOM
CBSI3W MKy TIOTEHIIAJIOM 1 TPEXMEPHOH MIOTHOCTHIO
9JIEKTPOHOB U HE YYUTHIBAIONIUN KBAHTOBAHWE JHEP-
TEeTUYECKOTO CIIEKTPA IIOCJIEIHUX, 0DECIeUNTh CXOJIU-
MOCTH MTEPAIMOHHOIO MTPOIECCa B CIydae, KOTIa 0
KBaHTOBOI'O 3apana Ny, B cHCTeMe CTAaHOBUTCH IIPE00-
JIAZAOIIENl B HEKOTOPOU ONpAHMYEHHON 00J/1acTh Tmpo-
CTPAHCTBA.

[TockosbKy TIpH HAIEM MOAXOME CXOJUMOCTH UTe-
panuii 03HAYAET, UTO MOJIYUIEHO TOYHOE CAMOCOTJIACO-
BaHHOE DeIleHne, IPEJICTABIISIIO TAKXKE HHTEPEC CPaB-
HUTHb HAUJICHHBIA 9HEPIreTUICCKUN CIIEKTD U Jpyrue Xa-
PAKTEPUCTUKU KBAa3HJIBYMEPHOTO 3JIEKTPOHHOTO Ta3a C
pe3y/ibTaTaMu U3MepPeHHii, ITOObl OIEHUTb TPUMEHU-
MOCTH IIPHUOJIMKEHUST CAMOCOTJIACOBAHHOIO IIOJIS JIJIsT
KOJIMIECTBEHHOI'O OIMCAHUST TAKUX OOBHEKTOB.

Jlns oTBeTa Ha 3TH BOMPOCHI BBIYUCIECHUS] JHED-
FeTUYECKOr0 CIIEKTPA U BOJHOBBIX (DYHKITHIT, OIUCAH-
Hble B pa3/l. 2, ObUIM BBIIOJIHEHBI C TapaMeTPaMU 10~
JIyIIPOBOJIHUKOBBIX CTPYKTYD, aHAJOrWIHbIX n-InAs c
00OTaleHHbIM CJI0eM Ha ITOBEPXHOCTU MOJIYyITPOBOJIHU-
Ka. DTOT BBIGOD cruMysupoasics padoramu yu [5-7],
B KOTOPBIX I OOJBIIOr0 HAaOOpa TYHHEJILHBIX IIe-
pexomnoB Pb/PbO/n-InAs 6b110 3KCIIEPUMEHTAIBHO He
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TOJILKO OOHAPYIKEHO CYIIECTBOBAHUE KBa3WJIBYMEPHO-
o 3JIEKTPOHHOI'O Ta3a Ha IIOBEPXHOCTH IOJIYIIPOBOJI-
HUKA, HO U METOJOM MArHUTOTYHHEJIHHON CHEKTPO-
CKOIUH U3MEPEHBI 3aBUCUMOCTH 3(DhDEKTUBHON MACCHI
m* KBa3WJIBYMEDPHBIX 3JIEKTPOHOB OT YHEDPIUU, & TaK-
’Ke BOJIbT-eMKOCTHBIE XapaKTepucTuku. Kpome Toro, B
Gostee mosmHUX paborax [8,9| sHEpreTmueckuit criekTp
KBa3UJIBYMEPHOTO 3JIEKTPOHHOTO ra3a Ha MOBEPXHOC-
T n-InAs wucciemoBasicss METOIOM (DOTOIIEKTPOHHO
CHEKTPOCKOIINH. DKCIEPUMEHTAJIBHBIE PE3YIHTATHI, TIO-
JIyIY€HHBbIE TIOCJETHUM CIIocoO0M, OoJiee yIOOHBI JIjist
CPaBHEHUSI C PACUYETHBIMU IIOJIO2KEHUSIMU YPOBHEN pas-
MEPHOI0 KBAaHTOBAHUS, TAK KAK B IPOIECCE U3MEDPEHUS
HeT IIePECTPONKU HOTEHIMUAJIBHONU MBI U COILyTCTBYIO-
IIIETO CJIBUTa YPOBHEM, YTO MMEET MECTO B METOJE TYH-
HEJILHOU CIIEKTPOCKOIINH, KOTJ[a MEHSIETCsI [IaJIeHIe Ha-
MPSIZKEHUsT HA CTPYKTYPe.

[IpeacraBiennbie B pa3i. 3 pe3yabTATHI BBHIYHCIIE-
HUU 718 1apaboIuIecKoil 30HbI MTPOBOIAUMOCTH JTaJIU
BO3MOYKHOCTD TIOJTYKOJNIECTBEHHO CPABHUTH C JIAHHDI-
MU U3MEpEHUil CIIEKTP KBA3UBYMEPHOTO 3JIEKTPOHHO-
ro raza, a TakK»Xe PacCYUTaTh 3aBUCAMOCTH YHUCJIA U
[TOJIOYKEHU S [TOJI30H PA3MEPHOT0 KBAHTOBAHMS, TIOBEPX-
HOCTHO# TJIOTHOCTH M3OBITOYHOTO 3apsijila ¥ eMKOCTH
00OTAIIEHHOTO CJIOsI OT BEJIMYUHBI 3aruba 30H.

OpHako peajibHble CTPYKTYPBI C KOHEYHON IHUpH-
Hoit Ey 3alpeleHHoil 30HbI IOJIYIPOBOJHUKA YacTO
UMEIOT Ha [TOBEPXHOCTHU MOTEHIINAJIBHYIO sIMY, TUIyOuHA
KoTOpoit cpaBanMa ¢ Fy. Ilpn aToM, 9T00RI TOTydINTH
KOJIMYECTBEHHBIE PE3yJIbTATHI, IPUTOIHBIE [IJIsT AHAJIU-
3a 9KCIEPUMEHTAJIBHBIX JAHHBIX, U PACCIUTATH Ia-
paMeTphbl MOJIYIPOBOJHUKOBON CTPYKTYPBI € HYZKHBI-
MU XapaKTEPUCTUKAMU KBA3UIBYMEPHOTO JIEKTPOHHO-
r'o raza, HeOOXOMMO TPOBOUTD BBIUUCJIEHUS C YIETOM
BJUSHUAS COCETHUX 30H. B pas3m. 4 macrosimeit paboTh
AJTOPUTM CAMOCOTJIACOBAHHBIX UTepaImii 0b6o0IeHn Ha
cJiydait IBYX30HHOTO MPUOJIMKEHUS I HerrapaboIu-
YECKOT0 M30TPOITHOTO 3aKOHA JIUCIEPCUU SJIEKTPOHOB
B 30He npoBoguMmocTu. [IpoBenenpl HEOOXOAUMbBIE W3-
MeHEeHUsI ypaBHeHUs 3(D@PEKTUBHON MaCChl U ypaBHe-
nus [Iyaccona. Yucmennnsim gud depeHnnpoBanmeM mo-
JIYIEHHOTO HEPreTHIECKOrO CIEKTPA PACCUNTAHBI Ta-
KU€e XapaKTePUCTUKU KBA3UIBYMEPHOI'O 3JIEKTPOHHOTO
raza, KakK 3aBHCHUMOCTb IJIOTHOCTH COCTOSTHUN H -
dexTuBHON Macchl m* or sueprun F. Pe3yabTaThl BbI-
YUCJEHUIl KOJIMYECTBEHHO CPABHUBAIOTCS C SKCIIEPU-
MEHTAJbHBIM 9HEPIEeTHIECKUM CIIEKTPOM JIEKTPOHOB B
Pa3MepHO-KBAHTOBAHHOM MO/[30He, N3MEPEHHBIM Ha 00-
pasnax n-InAs meromom (HOTOIIEKTPOHHON CHEKTPO-
CKOIIUH C yTJIOBBIM paspelnenueM [8], u ¢ 3aBUCUMOCTBIO
m*(F), noxy4ennoit Ilyn MeTOIOM MArHUTOTYHHEJb-
HOii criekTpockonuu [6].

Bazkwo erne, 9To hOTOIIEKTPOHHAS CIIEKTPOCKOITHS
[MO3BOJISIET OIPEJE/IUTh TAKYKE MOJIOKEHUE JIHA 30HBI
MIPOBOJIIMOCTH HAa TOBEPXHOCTH IOJIYIIPOBOJHUKA OT-
HOCUTEJBHO ypoBHs PepMu U, CIIeI0BATEHHO, TIIyOnHY
TOTEHINAIBHOM siMbI. [loaTOMY comocTaB/ieHne paccau-
TAHHOT'O YHEPIETHIECKOT0 CIIEKTPA C PE3YIbTATAME U3~
MepeHwmil criekTpa (GOTO3JIEKTPOHOB [8, 9] MoKeT OBITH
MpoBeIeHO 6e3 eaINHOro0 CBOOOMHOIO MmapaMerpa B Teo-
puU, 9ero HeJib3sl OBbLIO JOCTUYh B CJIydae FKCIIEPUMEH-
TaJbHBIX MaHHbIX Llywm [6], korma TouHast BemauHa ma-
JIeHUsI TIOTEHINAIA Ha ODOTAIEHHOM CJIoe OBbLIa Hem3-
BECTHA W3-38 HEOIPEJEJIEHHOCTH XaPaKTEPUCTUK H30-
JINPYIOIIETO CJIOsT OKHUCJIA CBUHIA HA IMOBEPXHOCTH 00-
pA3IIoB.

PacyeTsl IpoBOIMINCH KAK B IPUOJIMYKEHUNA CAMO-
COTJIACOBAHHOIO MOTEHIMAA XapTPH, TaK U C YIETOM
0OMEHHO-KOPPEISIIMOHHOTO TTOTEHIINAIA B TIPUOJIIKE-
HUU JIOKAJIHHON TJIOTHOCTH NPU 3HAYEHUsIX 3D DEKTUB-
moro pajunyca Buraepa — Sefitiia R}, THOIHYHBIX IS II0-
JIyIIPOBOJIHUKOBBIX CTPYKTYP. DTO MO3BOJIUIIO OIIEHUTD
BJIMSIHUE OOMEHHO-KOPPEJISIIIUOHHOTO B3aUMOJIEHCTBUS
HA 9JIEKTPOHHBIN CIIEKTP B CTPYKTYPaX ¢ 000TraIleHHbIM
CJI0eM.

2. IOCTAHOBKA 3AJAYN

g mmocTpanuu Ha puc. 1 MOKA3aHbI MTOTEH-
nuaJbHash siMa BOJU3M MMOBEPXHOCTU ITOJIYIPOBOJIHU-
Ka, SHEPIrUd MUHUMYMOB COOTBETCTBYIOIIUX pPa3Mep-
HO-KBAHTOBAHHBIX MOJI30H U BOJHOBBIE (DYHKITUH ITUX
COCTOSIHUI, TOJy9eHHBIE B PE3yJIbTaTe CaMOCOTJIACO-
BaHHOTO pacdera. CyIecTBEeHHO, YTO 3a/IaHHbBIA JIETH-
poBanunem yposenb Pepymu Ep MOJyIpOBOIHUKA Ha-
XOJUTCs BBINIE JIHA 30HBI ITPOBOJUMOCTH B 00bEME,
BCJIEJICTBUE HYErO 3AIIOJTHEHHBIE COCTOSIHUS HENPEPhIB-
HOTO CHEKTPa TaKKe AT BKJIAJ B INIOTHOCTD JJICKT-
pomHOB B 0obJytacTi KBaHTOBOM siMbl. [losioykeHne ypoBHS
Depyu PUKCHPOBAHO TPeOOBAHUEM JIOKAJIHHON HEHT-
pajabHOCTH OObeMa TOJIYIPOBOJHUKA B OECKOHETHO
YJIAJIEHHON O0JIACTH, 9TO OIPEJIEISIeT 3a0THEHNE TO/T-
30H Pa3MepHOro KBAHTOBAHMS M ILIOTHOCTD JEJIOKAJIU-
30BaHHOI'O 3apd/ia B KazKJ0W UTepaluu.

B Takmx moyOGeCKOHEUHBIX CHCTEMaX OObIUHAS
cXeMa WTEPATUBHOTO pEeIIeHus MOYKeT [PUBOJIUTD
Ha KaKOM-TO Iare K HECOBMECTHOCTH IOJIy9YE€HHOTO
pACIIpeIeJIeHIsT 9JIEKTPOHOB C JIIOOBIM THUIIOM 3aIaH-
HBIX KPaeBbIX yCJoBHUil K ypapuenunio Ilyaccona. Ecin
KpaeBble ycjoBusi K ypapHenuto [lyaccora obpaszoBa-
HBbl 33JI@HUEM BeJIUYUHbI djieKTpudeckoro noja E(0)
HA TIOBEPXHOCTH MOJIYIIPOBOJHUKA ¥ TpeboBaHUEM
E(z = o) = 0, Tak KaK HA GECKOHEYHOCTH BCEra
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Puc. 1. MNoTteHunan KBaHTOBON AMbI, NONOXKEHNE MUHUMYMOB

ABYX MOA30H W COOTBETCTBYIOLLME WM BOJHOBble DYyHKLMN.

MeTka E. oTMe4aeT NOSIOXKEHWE AHA 30Hbl MPOBOAUMOCTM B
obbeme, Uy — 3arnb 30H Ha NOBEPXHOCTYU

[peInoJaraeTcs JIOKAJbHAs HEeHTPaJbHOCTh IJICKT-
POHHOTO Ta3a, TO B PE3YJbTATe DEIEeHUs yPABHEHUSI
IIpeuarepa mpu odYepeaHON WTEPAIE B MOJIYIIPO-
BOJHHMKE MOYKET 00pa30BATHCs IOJHBINA JIEKTPOHHBIH
3apsiJ], KOTOPBIl HE COBMECTEH C 3a/[aHHON PAa3HOCTDHIO
3HAYEHUN SJIEKTPUIECKOTO I0JIsT HA MOBEPXHOCTU U B
obbeme. B 0OBIYHO HCIOJIB3yeMOil CXeme UTeparuoH-
HOT'O PEIEHUsI B 9TOT MOMEHT IIPUMEHSIIOT Pa3J/InIHbIe
mpueMbl, dYTOObI W30€XKATh HAPYIIEHUS TEeOPEMbI
T'aycca m momyunTsh perenne ypapuennsi Ilyaccona.
IlogupaBnsior pykamu Jaub0 HaRJIEHHYIO ILJIOTHOCTD
3JIEKTPOHOB, JTUOO YPOBEHDb JIETUPOBAHUS B 00beMe.

Eciu 3anaerca 3navenne U(0) morennuasa Ha 1o-
BEPXHOCTH OTHOCHTEJIbHO BBLIODAHHOTO 3a HYyJIb 3HA-
YeHHs IOTEHIIMAJa Ha OECKOHEIHOCTH, TO B ITOM
ciyaae pactpegenenne N (z) smexTporoB, mOIyYeH-
Hoe pemennem ypasuenus Illpemunrepa Ha i-M Ima-
re WTeparyii, TOJIZKHO YIOBJIETBOPITH TeOpEMe O Jh-
nosbHOM MoMmeHTe (cm. [1], Sec. 2 Eq. (9), Sec. 4.2
Eq. (48)), koropas Tpebyer, 9T00bI PA3HOCTDL IIOTEH-
muasioB U(0) — U(00) Mekly MOBEPXHOCTBIO U GECKO-
HEYHOCTHIO PABHSJIACH PACCIUTAHHOMY OTHOCHTEIHHO
[TOBEPXHOCTHU JIUIOJBHOMY MOMEHTY IIOJIYIEHHOTO pPac-
[peJiesIeHus 3apsijia.

fcno, ¥To B M000M U3 JBYX CIIyYaeB IIPU HIPOU3-
BOJIBHOM DPACIPEJIeJICHUN IJIOTHOCTH 3apsijia B IIPOCT-
paHcTBe perierre ypasaenus [lyaccona He cyiecTByer.
B To ke Bpems npu perennu ypasuenust Illpenuarepa

KpaeBble yCIoBus K ypaBHenuto [lyaccona HuKak ydre-
HBI OBITH HE MOT'YT U He yunThiBatoTcst. CjieqoBaTesbHO,
JIO TIOJTYy9€HUsT CAMOCOTJIACOBAHHOTO TOYHOTO DEIEeHUST
pacrpenenenne snexrporos N () (z), naiinennoe na i-m
mare UTepaluil, TOJIbKO CIAydYallHO MOXKET OKa3aTbCd
COBMECTHBIM C TPAHWYHBIMHU YCJIOBHUSIMU K yPaBHEHUIO
IIyaccona. 3-3a namu4us cBOOOTHBIX HOCUTEIEH 3apsi-
J1a B 00beMe TIOJTyTPOBOIHAKA 3a/1a9a 00 00OraIleHHOM
CJIO€ TIPeJICTaB/IsAeT OGIBINNE TPYIHOCTH IIPU OOBITHBIX
UTEPAIMOHHBIX CXeMaX PeIeHns], 9eM 3a/1a19a ¢ HHBEP-
CHOHHBIM cjioeM. Hammpumep, oHa UCKII0YeHa 13 00Cy K-
JIEHUsT B U3BECTHOM 0030De 3JIEKTPOHHBIX CBOMCTB NBY-
MmepHbIX cucreM [10].

B smmreparype BCTpedaloTcst JBe OCHOBHBIE CXEMbI
60pBHOBI ¢ OmMHMCAHHON TPOOJIEMOI TIpU pacueTe dHEP-
FEeTUYECKOT0 CIEKTPa KBa3UIBYMEDHOTO 3JIEKTPOHHO-
ro ra3a B KBAHTOBBIX sIMaX Ha IIOBEPXHOCTH IIOJIyIIPO-
BOJHUKOB. [IpUMEHUTEIBHO K CTPYKTypaM C WHBEPCH-
OHHBIM CJIOEM, TJle HeT MOJBHUXKHBIX HOCHUTEJeH 3apsi-
Ja B obbeme (minm mMu npeHebperamor), cxeMa ObLia
paspaborana Creprom [11,12]. Kmouessim MoMeHTOM
9TOM CXEMbI CJIY’KUT UCIOJIH30BAHUE Ha BXOJE OYepe/l-
HOT'O UTEPATUBHOIO IIUKJIA BMECTO IIOJIyY€HHOTO K 3TO-
My MOMEHTY pe3yJibTaTa ero JIMHeHON KOMOWHAIINT C
HECKOJLKUMU TIPEIblIymuMu. BecoBbie Koddduimen-
TBI TAKOW JIMHEHHONH KOMOMHAIIMY IIOAOUPAIOTCS U3 CO-
obpakeHnii HajIaHCca MEXKILY YCTONIUBOCTBIO CXOIUMOC-
TH ¥ JJIATEJIbHOCTBIO pacdera. 1101 yeToRImBOCTHIO
[IpA 3TOM IOHUMAIOT YMEHBIIEHUE PA3HOCTU MEXKILY
OYepeIHBIM Pe3yJIbTaTOM Ha BBIXOJE W 3aJaHHBIM 3Ha-
genneM Ha Bxoze. CyIIeCTBEHHO OTMETHTH, YTO, KAK
MIPABUJIO, TIOCJIETHUIN TTOJIYYEHHBIN BBIXOJ, JTOOABIISETCS
B JIMHEHHYIO KOMOWHAITUIO C KOI(DDUIIMEHTOM, 3aMeT-
HO MEHBIINM €IUHAIILI. VIITI030pHOCTD HAIEXK ThI 000T-
TH TaKUM 06PA30M HEBO3MOXKHOCTH PEIIUTDH yPABHEHHE
IIyaccona npu HapylIeHUU yCJIOBUN COBMECTHOCTH OT-
Meuajsiack B pabore [1].

Jjist cTPYKTYp € OOOrallleHHBIM CJIOEM [IPUMEHSIeT-
ca noaxon Anunenn6ayma—Bapadda [4,13], B koropom
BMECTO TOYHOTO pelreHus ypasHenusi [lyaccoHa BBo-
JIUTCS TPeXIapaMeTpPUYecKoe IpPeCTaBIeHe JJIsi 0-
TEHIINAJIA U PACYET CBOJIUTCS K OTHICKAHUIO 9TUX Mapa-
meTpoB. Hecmorpst Ha dakTudeckuit 0TKa3 0T TOYHO-
IO pelleHusl 3a/1a9u, ITOT MOIXO0/, TaKXKe He obecredn-
BaeT aBTOMATHYIECKOTO BBIIOJHEHNs] KPAEBBIX yCJIOBUIL
K ypasuenuio ITyaccona B mporiecce caMOCOTJIACOBAHUS
(cM. Hampumep, Teker mocse dopmyisl (5.9) B pabo-
re [13] u 3ameuanue mocie dbopmyas (2.19) B [14]).

Bropas tpyamocts B 3ajade 00 IHEPreTUIECKOM
CHEKTpPe 3JIEKTPOHOB B ODOTAIleHHOM CJIO€ CBSI3aHa, C
HEOOXOMMOCTHIO 00€CIEINTh HOPMHUPOBKY BOJIHOBBIX
GbYHKIMIT HETPEPBIBHOTO CIIEKTPa HA JIe/IbTa-(DyHKIIUIO
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OT KBAHTOBBIX UUCEJI JIJIsi HEOJHOPOIHON CUCTEMBI, KO-
IJa HEeJIb3sl HAKJIAIBIBATH EPUOIUIECKAE I'DAHUIHBIE
ycnoBusi bopua—Kapmana. OgHuM U3 [IpueMoB B Ta-
KX CJIydasx CJIY»KHUT CBeJIeHWe 3aJadu O IoJydec-
KOHEYHOM IIOJIYIPOBOJIHAKE K 3ajlade O JIOCTATOYHO
TOJICTOU IIACTWHE C HYJIEBBIMHM HJIM TEPUOINIECKHU-
MU TPAHUYHBIME YCJIOBUSIMU JIJISI BOJIHOBBIX (DYHKITHIA
¥ KBa3UIUCKPETHBIM SHEPIreTUIECKUM CIEKTPOM 3JIEK-
TPOHOB. BO3HUMKAIOIIIE IPU ITOM CJIOYKHOCTH C SBHBIM
OTBICKAHUEM CIIEKTPA U HOPMUPOBOYHBIX KOHCTAHT ObI-
s oboiieHsl, Hanpumep B pabore [13] ¢ momorsio
upeoioxkenus (3.2) 1 9aCTHOrO UCKYCCTBEHHOIO TIPH-
ema (3.11) ¢ HeSCHBIME YCJIOBUSIMH IIPHMEHHMOCTH.
DTO TO3BOJIMIIO UCKJIIOYUTD U3 OTBETA HEOIIPEIeIEHHBIE
HOPMHUPOBOYHBIE KOHCTAHTHI U IJIOTHOCTH YPOBHEN KBa-
3UUCKPETHOI'O CHEKTPa HEOAHOPOIHON TOJICTON IjIa-
CTUHBI.

OJ1HAKO CXOJMMOCTD [IPOCTOTO UTEPATTMOHHOTO TIPO-
recca IpH TaKOH MOCTAHOBKE BO3MOXKHA TOJIBKO JIJIsI
HEHTPaJbHON IJIACTUHBI C CHUMMETPUYHBIMHU KDPAEBbI-
MU yCJIOBUSIME K ypaBHeHuio llyaccona, Korja paBHbBI
HYJIIO IOJHBIA 3aps] U IOJHBIA JUIIOJbHBIA MOMEHT
crpykTypsl (cMm. IIpumeuanne 9 B paGore [13]). Ilpu
IEPUOMIECKUX TPAHUYHBIX YCJIOBUAX U HECOOIIIOICHIH
YKa3aHHBIX TPEOOBAHMI BOSHUKAIOT OITUOKY M3-3a B3a-
UMOJIECTBUS 3aPsIJIOB WJIM JIUIIOJIBHBIX MOMEHTOB ITe-
PHOJINYECKU TTOBTOPSIOIINXCS PEIINK MCXOTHON IIIac-
Tunbl (cM., Hanpumep, paborsl [15-19]). dpyrue mumny-
CBhI T€OMETPUH [LIACTHHBI IIPH PACUeTe CHEKTPa, II0BEPX-
HOCTHBIX COCTOSIHUN OTMEYAIOTCsI, HAIpUMEDP, B pabo-
re [20]. O6cy:KeHne COBPEMEHHOIO COCTOSHUSL AHAJIO-
TUYHBIX TPO0JIEM, BOSHUKAIOIINX [IPU 3aMeHe OeCKOHe -
HOT'O KPHUCTAJLIA C 3aPSIZKEHHBIM J1e(DEeKTOM CBepXsTieii-
KOU KOHEYHOTO 00beMa ¢ MePUOJINICCKUMU TPAHUIHbI-
MM yCJIOBUSIMU, 8 TAKKE OIEHKU CIIOCOOOB IIPEOI0JIEHNUST
BO3HUKAIONINX OMMOOK MOYKHO Hafitu B paore [21].

HeoctaTku n3BECTHBIX PEIeHUit JJIsT TOJIyOecKOo-
HEYHOT'O 3JIEKTPOHHOTO Ta3a ObLIM O0CYKJICHBI paHee
[1,2] Bmecre ¢ mpe/IoXKeHHBIM B pabore [1] crocobom
WX yCTpaHEHWs 33 CYeT BBEIEHUS HEJIUHEITHOrO dKpa-
HUpOBaHUs B ypaBHeHHe [lyaccoHa m KOHCTPYKTHBHO-
O OIpee/IeHnsl CKAJISIPDHOTO MPOU3BEIEHUS it BOJI-
HOBBIX (DYHKIMH HENpephIBHOrO criekTpa. Maremaru-
qecKHil arnmapaTr BBEJEHHOTO TaKUM 00pa30M 0000IIEH-
HOIO TWILOEPTOBA MPOCTPAHCTBA TAKXKE OKA3AJICS CY-
IIIECTBEHHO HEOOXOMM B CJIydae HemapabomIecKoit 30-
HBI TIPOBOJIMMOCTH TIPHU BBIBOJIE OJTHO30HHOTO ypPaBHE-
Hust 3 HEeKTUBHON MACCHI U HHTEPIIPETAITUN €r0 perle-
uuii [22].

Citestyer OTMETHTD, 9TO 3a ucTekIee ¢ 70-X I'T. Bpe-
Msl JIJIS pacdeTa IOJIYIPOBOJHUKOBBIX CTPYKTYP OBLI
[IPEJIOXKEH PsiJ BBIUUCIUTEIBHBIX OJXO/OB, B KOTO-

PBIX B TOI WIn WHOM dhopMe UCTIOIb3yeTcss MO UKa-
nust ypasuenus [lyaccoHa, O3BOJIAIONAS TIPU €r0 pe-
[IEHUU HAXOJUTh OJHOBPEMEHHO ITOIPABKY K ITOTEHIIU-
aJly M K pPacIpeIesIeHuIo 3JIeKTpoHoB [23-26]. Onrako
HCTOJIb3yeMbIe TIPU 3TOM (POPMYJIBI JIJIsI HH/YIUPOBAH-
HOM IIJIOTHOCTH 3JIEKTPOHOB TIOJIYIEHBI B YIIPOIIAOIIAX
MIPEIIOJIOKEHUIX 1 6€3 OIEHKH BHOCHMOii ormuoku. bo-
Jlee TOTrO, CAMOCOTJIACOBAHHO DEIAETCS TOJHKO MO/IU-
dunmposannoe ypasuenue Tomaca— Pepmvu. Bausnue
3aII0JTHEHUS] JIEKTPOHAMU I10JIy YeHHOI'O KBA3UIBYMep-
HOTO CIIEKTPa Ha CAMOCOIVIACOBAHHOCTH HE PACCMATPU-
Baercsd. [losaToMy B 9THX MeTOJAX HET BO3MOXKHOCTH
OIIEHMBATH CTEIIEHb OTKJIOHEHUsI HANIEHHOTO PEIIeHUsI
OT TOYHOTO, €CJIA HET HE3aBUCUMO ITOJIy Y€HHOI'O TOYHO-
rO peleHns KOHKPETHOM 3a/1au.

B paborax [8,9] Tak:ke IPOBOAUTCS CPABHEHHE IKC-
[MEPUMEHTAJILHBIX JIAHHBIX JIIsT TOBepxXHOCTH N-InAs
C CaMOCOTJIACOBAHHBIMHU PACUYETaAMU SHEPIeTUIECKOIO
crekTpa B mapabosimdeckoM mpubsmkennn. OmgHAKO,
Kak Oyjer moka3aHo, B ciaydae n-InAs wucmosib3oBa-
HUE MMapaboJIMYecKOro 3aKOHA JIMCIIEPCUU JIJIsl JJIEK-
TPOHOB IPOBOJMMOCTH JIa€T CJUIIKOM I'pyboe omuca-
HUE CIIEKTPa KBa3WJIBYMEPHBIX 3J1eKTPpOoHOB. Kpome To-
ro, B 9TUX CTAThsIX OTCYTCTBYET CyIleCTBEHHAs HWH(POP-
Malms O Crocobax IMPeoJIoJIeHHs] [TePEYNC/IEHHBIX BbI-
e M3BECTHBIX TPYAHOCTEH CAMOCOTJIACOBAHHOTO WTE-
PATHUBHOTO pacdera.

MOXKHO JIUIIb TPEJITOIOKNATh, 9TO YIIOMUHAHUE B
pabore [9] HesmHeltHOTO YpaBHeHus [lyaccoHa o3HAUAET
yuetr B npubsamxkenuu Tomaca— ®epmu pacipeieenns
CBOOOJTHBIX JILIPOK B MOTEHIMAIHLHOM I0JI€ KBAHTOBOM
simbl [27]. OnHako Bee pacuersl B padore [9] caenans
JJ1s1 KOMHATHON TeMIlepaTyphbl, IOTOMY YTO IIPU TeMIle-
parype 80 K u ykazaunubix B 3T0it pabore mapamerpax
[IOJIYIPOBOJIHUKA IKPAHUPYIOIIEe IeHCTBUE IBIPOK HU-
YTOXKHO U HE MOIJIO OBl 00ECHEYNTH CXOJMMOCTH UTe-
panuii. B pa6ore [8], cyzus 10 cCblIKe, UCIOIb30BAJ-
€S METOJT, OCHOBAHHBIN Ha MPEJICTABJICHIUN PACCMATPU-
BAEMOU CUCTEMBI ILJIACTUHONW KOHEYHOI TOJIIUHBI, KO-
TOPBIIl UMeeT CBOM M3BECTHBIE HezoctaTku (2,20, 21].
Tosromy upencrasienubie B paborax [8,9] pesysbra-
TBI TEOPETUUIECKUX PACIETOB OOCYKJIATHCS HE OYyIyT,
TaK KaK OTCYTCTByeT WHMOpMAaIysi, HeOOX0ouMast st
HE3ABUCUMOTO UX BOCIIPOU3BEJIEHUS] U OIEHKU HAJIeXK-
HocTH (CM. 06CyKeHre 3Toro Kpurepust B [28], Sec. 9).

Ilenpio Hacrosmeit paboTbl OBLIO JaJbHEITee
PA3BUTHE METOJIA CAMOCOIVIACOBAHHOTO UTEPAITMOHHOTO
pacdera OCHOBHOI'O COCTOSIHHSI MHOTO3JIEKTPOHHBIX
CHCTEM MPUMEHUTETHFHO K OCOOEHHOCTSIM ITOJLYIIPOBOJI-
HUKOBBIX CTPYKTYP € KBa3WJIBYMEPHBIM 3JICKTPOHHBIM
ra3oM. B paMkax TpUHATON MOJEH TOJIYITPOBOTHITKA
BBITIOJIHEH TOYHBIA PACUeT ISHEPreTHIECKOTO CIIEKTPa
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SJIEKTPOHOB B OGOTAINEHHOM CJI0€ HA HOBEPXHOCTH).
CpaBHeHUE ¢ pe3yJibTaTaMi U3MEPEHUN JTOJIZKHO TTOKa-
3aTh, HACKOJIBKO XOPOIIIO MO/IEIb OIIMCHIBAET PeasbHbIE
cTpyKTypbl. OOHapy:KUBaeMble pas3iaudust OyILyT CBU-
JETeILCTBOBATh O HEOOXOAUMOCTH JIMOO TOBBLICUTH
TOYHOCTb U3MEPEHMUil, MO0 YTOYHNUTH 3HAYEHUS I1apa-
MeTPOB IOJIyIIPOBOJHUKA, JIMOO OCHOBBIBATH aHAJIN3
Ha 0ojilee JETAJBHOM MATEMATHIECKOM OIMCAHUU
HCCJIEyEMOTO SIBJICHUS.

Vder HenrapaboJIMIHOCTH SHEPIETUIECKOTO CIIEKTPA
JIJISE COCTOSTHUN B 30HE TPOBOJIUMOCTHU, KOTOPBIA HEO0-
XOJIUM JIJIsi KOPPEKTHOI'O CPABHEHUSI PE3YJIbTATOB PaC-
JeTra C 9KCIIEPUMEHTAIbHBIMA JJAHHBIMU B CJIy9ae MOJIy-
HPOBOJHUKOB C Y3KOU 3alIpElIeHHOI 30HOIT, BHOCUT JI0-
[TOJTHUTEJIbHBIE YCIOXKHEHUsI, KOTOPhIE CBSI3aHBI C U3Me-
HEHIEM KaK YPABHEHUS /I OHOYACTUIHBIX COOCTBEH-
HBIX (PYHKINNA, TaK 1 QOPMYIIBI [JI WHIYITHPOBAHHO-
ro 3apsja B ypapaenun llyaccona. B ocHoBy pacuera,
BMECTO OOBIYHO UCIIOJIB3YEeMOl MHOTO30HHOW CHCTEMBI
ypaBHeHUil 11 orubaromux yuknuit B 6asuce Jlarr-
nHxkepa— KoHa, 1MoJ102keHo ypaBHeHue MeToja 3ddek-
TUBHO# MaCCHI JIJIsi 30HBI IIPOBOJUMOCTH, KOTOPOE II0-
JIyIAeTCs U3 JABYX30HHOIO JIMCIIEPCHOHHOIO YPABHEHUS

Opamnrna — Kaitna
h2k? _ 14 E
2m* E,

myTeMm 3ameHEl k — —iVy, B — F — Ugysr. 3mech k —
KBa3UUMITyIbc, £ > (0 — SHeprust cOCTOSHUSA B 30HE

(2.1)

npoBoguMocTH, Ue p — 2 deKTUBHBIIN OTEHITHAI, PaB-
HBIT cymMe 3jekTpocTarndeckoro U un 0GMEHHO-KOD-
pensiuontoro Uy, norennuanos. Popmyia (2.1) 6buia
npeozkena Ppannem ([31], §27) us sspucrtuueckux
CcoObOparKeHuil B BUIE

h2k2 T
=T(14+ —
2m* ( + Eg) ’

(2.2)

rme T' = F — U — KuHeTHU4IeCcKast SHEPIrusi COCTOSHUSI,
MIPUHAIIEXKAINETO 30He TpoBoauMocTd npu 1° > 0
BajentHoit 3ome mpu I’ < —E,;. Kb»siin [32] momymn
JUCTIepCroHHoe ypasHeHne (2.1) B pamkax kp-reopun
30HHOI CTPYKTYPBHI.

KBazuknmaccuueckoe npnbJnzKeHne sl penieHust
BOJIHOBOTO yPaBHEHHUsI, COOTBETCTBYIONIEro (opmysie
(2.2), MCTIONB30BAIIOCH IPU AHAJIN3€ MEXK30HHOTO TYH-
HeJMPOBaHUsl B 3aJa4e 0 npoboe JuasekTpukos ([31],
§29), B pacyerax BOJBbT-AMIEDHBIX XaPAKTEPUCTHK
TYHHEJIBHBIX P—N-TIEPEXooB [33] n TyHHEJbHBIX TIepe-
XOJIOB METaJI-TIOJIyIpOBOAHUK ¢ Oapbepom IllorTkum

1) IIpesBapuTeibHbIe PE3Y/IBTATHI GBLIN IPEACTABICHBI PAHEE
[29,30].

Au/n-GaAs [34-38]. B nocieaanx paborax ObLI0 HOKa-
3aHO, UTO TOJILKO MPHU yUYeTe HENapabOJUIHOCTHA 30HbBI
ITPOBOJIIMOCTHU MOYKHO TIOJIYIATH KOJTMIECTBEHHOE OITH-
CaHne TYHHEJHHBIX BOJBT-AMIIEPHBIX XapaKTEPUCTUK.

Ksazukiraccuueckoe ypasuenne Tomaca—Pepmu
JUTsT cJTydasi 9JIEKTPOHHOTO ra3a ¢ HemapabOTHIecKIM
ciektpoMm Buja (2.1) TakKe WCIOIB30BAIOCH IS
pacdeTa CBOHCTB KBa3W/IBYMEDHOI'O 3JIEKTPOHHOI'O
raza B oboramenHoM cioe [39]. Opnako Hasuune
JINCKPETHOI'O CIIEKTPA Pa3MEPHO-KBAHTOBAHHBIX IO~
BEPXHOCTHBIX COCTOSIHUAN U HyJIEBOE IPAHUIHOE yCJIOBUE
JUIsT BOJIHOBBIX (DYHKIIMH, YTO HEBO3MOXKHO YYeCTb
B mpubmkenun Tomaca—®Pepmu, TpeOYIOT MOJHOTO
pelleHnsi KBAHTOBOMEXAHUIECKOM 3a/1a1H.

DTOMY BOIIPOCY MTOCBSIIIIEH pa3/l. 4 HacToseil pabo-
Tbl, B KOTOPOM PACCYATAHHBIN SHEPIeTUYCCKUN CIEKTD
KBa3WJIBYMEPHOIO 3JIEKTPOHHOIO ra3a B OOOTAIEHHOM
cioe n-InAs conocraBiisieTcst ¢ pe3yIbTATAMHU MPSIMBIX
U3MepeHuil CIeKTpa MeTOI0M (POTOITEKTPOHHON CIIEK-
TPOCKOIIMK C YIVIOBBIM pasperienueM [8] u ¢ sxcuepu-
MEHTAJIbHOI 3aBHCUMOCTBIO OT 3HEPrun 3HHEKTUBHOM
MacChl KBa3WJ[ByMEDHBbIX 3JIeKTpoHOB [6]. OBocHoBa-
HIE OJHO30HHOTO ypaBHEHUS 3D PEKTUBHON MaCChI [T
HEapabOINIECKON 30HBI IIPOBOINMOCTH, HHTEPIIPETa-
[IUsI PEIIeHUl U YCIOBUSI TPUMEHUMOCTH PACCMOTPEHBI
OTJIeTIBHO B pabote [22]| na 6a3e kp-teopun Koitua [32]
u 1oxo/1a, HamedenHoro Kempimem [40].

3. IAPABOJINYECKUI SHEPTETUYECKUN
CITEKTP 3JIEKTPOHOB ITPOBOJAVMOCTN

3.1. OcHOBHBIE ypaBHEHUSs

B npubmmkennn Kona —Ilsma ras B3anmosmeiicTBy-
IOIMUX 3JEKTPOHOB pu Temueparype T = (0 onuchiBa-
€TCsl CUCTEMO} ypaBHEHUI /IJIs1 OJTHOYACTHUIHBIX BOJIHO-
BuIX yuknnit ¥g:

SV + (B~ U (Up(r) =0 (3.1)
¢ 3 PEKTUBHBIM TTOTEHITNAIOM
Uepr(r) = U(r) 4+ Uge(r). (3.2)

31ech cobcTBeHHOE 3HaYeHne F — SHeprusi oJgHOodYac-
Tuanoro cocrosiuus, Uy, = U, 4+ U, — obMeHHO-KOppe-
JISIIUOHHBIN 1ToTeHIa), U — 3JIEKTPOCTATUIECKAS 10~
TeHIMAJbHAS YHEPTHUsl YJIEKTPOHA, [JIsi KOTOPO ypaB-
nenue IlyaccoHa 3anucbiBaeTcss B BUje

V2U =47 [Ny (r) — N(r)], (3.3)
rme Ny(r) — IUIOTHOCTH MOJIOKUTENBHOTO (hOHA,
N(r) — miaorHOCTH 37€KTpoHOB. Hawamo orcuera
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HIKaJbl dHEpruil BuiOupaercs Tak, uaro U(oo) = 0.
B ciyuae nosynposoaaukos ypasuenue (3.1) — aro
ypaBHeHHEe MeTOo/a dDMEKTUBHON MACCHI IS 30HbI
IIPOBOIUMOCTH.

31ech 1 masee, MOKa He OFOBOPEHO MHOE, OYIyT MC-
no0s1630BaHbl 3G QEKTUBHBIE ATOMHBIE €JUHUIB (a. e.*)
*

e* = m} = h = 1. OHu cBsA3AHBI CO CTAHJAPTHBIMU
€IVHHUIIAME COOTHOIIEHUSIME

2
e p
*2 * * *
e = —%, me = mM.Me, ap = aB—m*,
¢ (3.4)

*
m
Ha* = Ha—%,
2

TJe € U M, — JIEMEHTAPHBIN 3apsii] 1 MAacca CBOOOIHOTO
3JIEKTPOHA, M, — 3bdeKTUBHAS Macca JIEKTPOHOB Ha
JTHE 30HBI IIPOBOUMOCTH, ¢ — PEIIETOYHAS [INIJIEKTPU-
JecKasi MOCTOsTHHAS TIOJIYITPOBOIHUKA. [Ipu ducieHHbIX
OIleHKAaX HCIIOJIb30BaHbI 3HAUEHUS ap = 0.529 A TLJIST
6opoBckoro pagmyca u Ha = 27.2 3B nna emuauIim
sHeprun XapTpH.

OOMeHHBIIT TTOTEHIMAJ JIJIT 3JEKTPOHHOTO ra3a B
JIOKAJTbHOM TPHUOIMKEHUN JTaeTCsI U3BECTHON (HopMy-
JIOM

v = (2) v -

s
3\¥® 1
T (ﬂ) ()’

Heobxoanmast 1151 paciera 0OMEHHO-KOPPEISIITHOHHOTO
norennuaa Uy, KOPPETAIUOHHAS SJHEPI WS, KaK U B Pa-
6ote [2], Gepercs B BUIE

(3.5)

0.44
E=—7——. 3.6
© rr+115 (3:6)
3aech r¥(r) — noxkanbHBIT pamuyc Buraepa— 3eiiTia,
OIIpe/IeJIsIeMBI COOTHOIIIEHNEM

43 (r) /3 = N7 (). (3.7)

Ero npenenvaoe 3natenne B 06beMe MOJYIIPOBOIHUKA
0603HAYMM Tepe3

R} = Rs(m}/3) = ri(00).

S
DJIeKTPOHHAS INIOTHOCTD BBIPAYKAETCsI 9€pPe3 BOJTHOBBIE

byurmyn GopmyItoit

N(r) =2 / D (B} |Vn(r)?,

E<Ep

(3.8)

rjle MHOXKHUTEJIb 2 YYUTHIBAECT CIMHOBOE BBIPOXKICHHUE
OJTHOYACTUYHBIX COCTOSHUI ¥ MHTETPHPOBAHUE I10 TUD-
depennmanbHOi ciekTpanbHoit Mmepe D {F'} raMuibro-
nmana H = —2V? 4+ Uess(r) Besercs 110 BeeM 3aHATBIM

COCTOSTHUSIM C dHeprueil F, He IpeBbINIAOIIeil SHEPTHUIO
Qepvu Er, BKIIIOUas pa3MepHO-KBAHTOBAHHBIE TIO/I30-
bl Jueprust PepMu CBsI3aHA € IUIOTHOCTHIO JIEKTPO-
HOB B HeHTpaJbHON obsacTu Ha OeckoHeIHOCTH (Hop-
MyJI0i1

Ep= RN+ UeN,), (39)
e kp(Ny) = (372N, )Y3 = (97/4)V/3R*~1 — bepmu-
€BCKUil BOJHOBO# BEKTOP B 3((DEKTUBHBIX aTOMHDBIX
exqununax (af = 1).

Kak ormeuasmoch Bo Bemennn, KpaeBble yCJIOBUsT
K ypasHenuio ITyaccoHa HaKJIaJbIBAIOT OIPEICICHHbIE
TpebOBaHUA Ha PACIPEE/CHIE 3JIEKTPOHHON ILJIOTHO-
CTH B IPOCTPAHCTBE, KOTOPBIM PE3yJIbTAT WHTEIPUPO-
Banug 110 dopmyiie (3.8) He 00s13aH YIOBJIETBOPITD, [0~
Ka He JIOCTUIHYTO CAMOCOrJIacoBaHue. B ucioib3yeMom
MeToie pelrenus cucreMsl ypasraenuit (3.1) u (3.3) nos-
Hasl 3JIEKTPOHHAS ILIOTHOCTH B ypasuenuu (3.3) mpes-
CTaBJIACTCS B BUJIE CYMMBI:

N(r) = Nina (Uegr(r)) + Nou(r), (3.10)

TJIe MHYITAPOBAHHAS IIJIOTHOCTD Ny g 3ABUCHAT OT HEU3-
BECTHOT'O TOTEHINAJIA, ITO CHUMAET IPOOJIEMy HECOB-
MECTHOCTH KPaeBbIX YCJIOBUI U IIpaBOil 4acTU ypaBHe-
nus Ilyaccona. B kBazuk/raccuiaeckoM MpUOIMKEHNN
moreHIuag u Nj,g cBs3aHbI (DOPMYIIO

23/2
Ning(r) = 3?[EF - Ue,ff(r)]3/2 =
23/2 372
= W (EF - U(I’) - Uwc(N(r))) ) (311)

rae 0OMEHHO-KOPPEJAINMOHHbBI MOTeHIual 0epercsa B
NpUOIMZKEHUN JIOKAJIBHOM MI0THOCTH. I/ KBaHTOBOM
IUIOTHOCTH 3JIEKTPOHOB Ny, (I'), COTIACHO BLIPAKEHUIM
(3.8) u (3.10), nmeem

2
D{E} |¥E(r)|” — Nina(r).

Nyu(r) =2 (3.12)

E<Ep

B ciy4gae oboraieHHOT0 C10sT TOMUMO ILJIOTHOCTH KBa-
3UIByMEPHOTO 3JIEKTPOHHOTO T'a3a B KBAHTOBYIO IIJIOT-
HOCTb BXOIUT MEJKOMACIITAOHAS YaCTh ILJIOTHOCTH
3JIEKTPOHOB HEIPEPBIBHOTO CIIEKTPA, KOTOpast 00yCJI0B-
JIeHa KBAHTOBOI JIMHAMUKON 3JIEKTPOHOB.

VYpasuenne [lyaccona Ternepb 3annChbIBAETCS B BUJIE

V2U + 47 Njpa(U) = 47 [Ny (r) — Ny (r)],  (3.13)
TJIe mpaBas YacTh B KaXKJI0M UTEPAITMOHHOM ITUKJIE U3~
BECTHA U y2Ke He CBsI3aHa TpeDOBAHUEM COBMECTHOCTH C
kpaeBbiMu ycstoBusamu. Dyuxims Ni,q(U) norennuasia
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U B sieBoii yacTu HeJimHERHOrO ypasHeHust (3.13) B mpo-
[ecce IMOMIArOBOrO PENIeHNsT HAXOUTCS JIMHeAPU3AIU-
el ee OT mIara K Iary ¢ UCIOJIb30BaHUEM IIPOU3BO/IHON
or obparHoit dyuakuun U(N;y,q), KOTOpast JIErKO HOJLy-
qaercst u3 paBeHcrBa (3.11). TloapoGHee gerann sToro
srara perienns ypaBHenusi [lyaccona ommcanbl B KOH-
ne pasn. 2.1 u B pasn. 2.2 paborsr [2], rae aHamormd-
Hasl UTEPATHUBHASI CXeMa PeIeHus ObLIa MCIIOJIb30Ba~
Ha JJjis pacdeTa dHEPIrUU CAMOWHIYIIMPOBAHHBIX ITPU-
[TOBEPXHOCTHBIX YPOBHEH B MMPOBOJHUKE B OTCYTCTBUE
BHEIITHEr0 9JIEKTPUIECKOTO TIOJISI.

B macrosimeit pabore TOT yKe aJrOpuTM MPUMEHSIeT-
Csl JIJIs HAXOXKIEHUsT SHEPreTHIEeCKUX YPOBHEH, pacipe-
JeJICHAS CaMOCOIJIACOBAHHON 3JIEKTPOHHON IJIOTHOCTH
7 3dHEKTUBHOTO MOTEHINAJIA, TTPU HAJUIUH TTOCTOSH-
HOT'0 3JIEKTPUYECKOTO HOJIsI, IPUTI0KEHHOI'0 HOPMAJILHO
K MMOBEPXHOCTU BBIPOXKIEHHOTO TOJIYIIPOBOIHUKA, WJIH
PN HAHECEHWH TOJIOYKUTEHLHOTO TIOBEPXHOCTHOTO 3a-
psna. [eomerpus 3a1a4m okasaHa BbIle HA puc. 1.

Buag pacnpegenenue wioraoctu N(z, V) smekrpo-
HOB B IIPOCTPAHCTBE IIPY 33 JAHHOM IaJIeHUN HAIPsIXKe-
nus V' Ha CTPYKType, MOXKHO BBIYHCJIUTEH Auddepen-
MHAJTBHYIO 3JIEKTPOCTATHIECKYIO eMKOCTh HA €IUHUILY
wiommau cucreMmbl. OHa BBIpAXKaeTCs Yepe3 IOJIHBII
3apsi () B IOy IIPOBOIHUKE HA €IMHUILY TLIOMAa 1 (hop-
MYJION
dQ  dN,

av - dv’

o) = (3.14)

rae V = ¢(0) — ¢(0c0) — pasHOCTb 3HAYEHUI FJIEKTPO-
CTATUIECKOTO TIOTEHITHAIA ¢ Ha TOBEPXHOCTU U B 00b-

eMe TI0JIYIIPOBOJHUKA, () = —Ng u
N,(V) = /dz[N(z, V) — Ni(2)]. (3.15)
0
3necb Ny — u30BITOYHAS] [MOBEPXHOCTHASA IIJIOTHOCTH

9JIEKTPOHOB, Z — KOOPJHMHATA II0 OCH, HAIPABJIEHHOM
HOPMAJIPHO K IMOBEPXHOCTU B IVIyOb MOJIYyIIPOBOIHUKA.
Hauamno xoopsunar z = (0 BbIOpaHO Ha ITOBEPXHOCTH,
KOODJIMHATBI B MJIOCKOCTH MOBEPXHOCTH OOO3HAYUM T

3.2. ,ZI;eTaJ'II/I CaMOCOTJIaCOBAHHBIX BBIYMCJIEHUA

IMpunepxusBasich obo3nadenuit paborel [2], B gaJib-
HeiimeM OyJIeM HCIIOJb30BAThH Oe3pa3sMepHbIe BETHIN-
HBI JIs KoopaumHaThl ( = kpz, BOJHOBOTO BEKTODPA
k = k/kp, miorsocrn saekrponos n(¢) = N(z)/Ny,
sueprun ¢ = F/EY% u norennmana u(¢) = U(z)/EY,
rye B9 = k% /2. Ilnornocts N4 MOHM30BAHHBIX JIOHO-
POB B MOJIyIIPOBOJIHUKE CUUTAETCS] HE 3ABUCSINEH OT Z.

B 6e3pasmepnbix mepemeHHbIX ypasHenue llyacco-
Ha (3.13) 3amumercs B BUJE
d?u

-+ Cnnind(u) = Cn[l — Ngu (C)]?

% (3.16)

rue ¢, = (8/3n) (4/971')1/3 R; u 0 < ( < oco. Kpaesble
ycsaoBus K ypasrenuio Ilyaccona Gpaauch B BUe

du = du
- =&, — =0. 3.17
Brech Ge3pasMepHOE IEKTPHUECKoe mojte & = & /&

BBIPAXKEHO B EJMHUIAX XapakKTepHOro mnois &, =
= krEY% /e. lloacrasus E% 5 9B, kr B 1/cMm 1 nostoxus
e = 1, nonyuanm &, B B/cem. Tlpu peanbHbIX Bbraucie-
HUSIX TPAHUYHBbIE YCJIOBUS U3 GECKOHEYHOCTH TEPEHO-
CHJICH B TOYKY (e = 150, ITO obecrievnBasio 1ocTa-
TOYHYIO HE3aBUCUMOCTH IOJIyIaeMbIX Pe3yJIbTATOB OT
JIAJIbHEHINEro yBeauIeHus (o qq -

Honoxus B ypasuenuu (3.1) r = (z,1)), BBeIEM
obosmauenne k = (k.,k|) /A BOIHOBOrO BeKTOpa M
IIPEJICTABAM DEIEHNE B BUJIE

\I/E(I‘) = % exp(ik” . I‘H)ﬂ)kz (Z),
1
2

(3.18)
2 1o

Tlonygaem orciona ypasuenune IlIpeaunrepa B 6e3pa3s-
MEpHBIX TIepeMeHHbIX 11 ¥ (¢) B BHIE

2y .
T 4 [ e ©) + o) 1, (0 =
=0 (3.19)

C KPaeBbIMH YCJIOBUSAMU JJIs COOCTBEHHBIX COCTOSIHUI
HENIIPEPBIBHOI'O CIIEKTPA

¥z (0) =0,

5 (3.20)
Vi (¢ — 00) — \/;sin(kzc—k’y,;z), k. > 0.

MuoKuTeNb \/2/7 PN acHMITOTHKE permenns B Gec-
KOHEYHOCTH O6GeCHednBaeT HOPMHPOBKY COOCTBEHHBIX
(GYHKIMIT HEIIPEPBIBHOTO CIIEKTPA Ha 0 (1~< — 1~<1) Yepes
Y, obosmavena (asza BOJIHOBON yHKuuM B riIyGume
HOJIyIPOBOJHUKA, Ile 3(DMEKTUBHDI ITOTEHIAAI CTa-
HOBUTCS TTOCTOAHHBIM. JIOCTATOYHBIE yCIOBUA Ha CKO-
POCTb OOpAIEHUs B HYJIb PASHOCTH Ue ff(C) — Uge(00),
P KOTOPBIX ACHMITOTHKA PElleHuil Ha GeCKOHEeYHO-
cru umeer Buz (3.20), BbiBeneHbl, Hampumep, B [41]
(T 111, §9). Tpebyemas dopmyaoii (3.20) HOpMUPOB-
Ka YHUCJIEHHO HAWJJIEHHOIO PEeIleHust 1;];2 (¢) ommopomHo-
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ro ypasrenus (3.19) obecrnednBaercsi yMHOXKEHHEM €T0
Ha KOHCTaHTY A, KOTOpasi HAXOMUTCS U3 ypaBHEHHAS)

~ 2
- 1 (dy; 2
A2 ¢]%z(<)+? k- ==

: d¢ ) T

C < Cmam-

(3.21)

ITpu seobxomumocTu 3HaTh Gazy vi, € (—7/2,7/2),
OHA HaXOJUTCs 0 HhopMyJIe

kzwl} 7. I%zc
Vi, = arctg | ——= | —k.C+ T,
b diy, [dC ] m (3.22)
C S <mawa

rje [a] obo3HadaeT mesryo JacTh ducia a > 0.
st BOTHOBBIX (DYHKIMI JIMCKPETHBIX COCTOSHUIA,
JIOKAJIM30BAHHBIX B IIPHIOBEPXHOCTHON IIOTEHI[HAJIB-
HOIi siMe, TPAHUYHBIE YCJIOBUSI M YCJIOBHE HOPMHPOBKH
-2
nveror Bup (kZ; < 0)

Y2 (0) =0, ¢z (00) =0,

by (3.23)
[ etz (©F =1.
0

I1710THOCTD 3JIEKTPOHOB JAETCsT BHIPasKeHHeM [2]

1
n(q)=3n* | [ T2 - Rl O +
0

+ % D e QP =k | . (3.24)

k2, <p

3J1ech epBoe cilaraeMoe OTBevaeT 3JeKTPOHHON MI0T-
Hoctu n3p(C), cHOpMUPOBAHHOI 3AIIOJHEHHBIMH CO-
CTOSTHUSIMU HEIIPEPBIBHOIO CIIEKTPa, & BTOPOE — ILIOT-
HoCTH Nop(¢) KBA3UIBYMEPHBIX 3JIEKTPOHOB, 3AII0JIHSI-
IOIUX Pa3MepPHO-KBAHTOBAHHBIE IIOJI30HBI C dHEPrHUeit
&;(ky) = k2, —I—f{ﬁ 3a HauasI0 OTCUYETA SHEPIUH IPUHATO
3HAYEHUE JIEKTPOCTATHIECKOrO TIOTEHITNATIA B TIIyOHHE
nostynpososiauka. Uepes p = Ep/E% = 1 + uy.(c0)
oboznavena Oespazmepnasi dHeprus Pepmu, KOTOpast
YYUTHIBAET BKJIA] OOMEHHO-KOPPEJISIIIAOHHOTO B3aNMO-
JeficTBUA 3JIEKTPOHOB B XMMHUYECCKUN ITOTCHIIAI.
IMosicaum mosiBsienne B dbopmyite (3.24) MHOKHUTE-
ns 372, Umetorca mBe popMbI 6e3pasMepHOil MIOTHO-
ctu 3,1eKTpoHOB. OJIHA U3 HUX, 7, TOPOXKIAETCS Pelle-

2) ObpaTiM BHEMaHHWE Ha OMHCKY B aHaJOrH4HOH bopmyse
(2.36) paborsr [2].

nuamu ypasaenusi Ipenunrepa (3.19) B Gespasmep-
HBIX Koopamuatax (C,p)) = kr(z,r)), cBa3ana ¢ uH-
TErpasoM IO CHeKTPY OT [{j_ (¢O)|? u ymosnersopsier
TpeOOBAHUIO COXPAHEHUS UC/Ia IJIEKTPOHOB B Tudde-
PEeHIMAILHOM O0beMe IPU 3aMEHE MEPEMEHHBIX B BUJIE
N(r)dzdr| = n(¢)d¢dpy, rne ¢ = kpr. dpyras dop-
ma, n(r) = N(r)/N;, BBenena B ypasuenun Ilyacco-
Ha, TaK KaK yCJIOBHE JIOKAJIbHON HEATpaJIbHOCTA B BU-
ze n(z — 00) = 1 yno6HO Jjisi YUCTEHHOIO KOHTPOJISL.
C y4eroMm CKa3aHHOTO JIETKO TIOJIyYUTh COOTHOIIEHHE
n = 3727, KOTOpoe HCIOIL30BAHO IIPU BBIBOJE BBIPA-
skeHus (3.24).

B Tex ciydasix, Korga Jisi CpaBHEHHs C 9KCIIEPHU-
MEHTOM HaJI0 OBbLJIO MPOBECTU PACUYET IPU TOUHO W3-
BECTHOM 3HadeHnu Uy TiIyOMHDBI MOTEHIUATBHON sIMBI
LIS 9JIEKTPOHOB, Kpaesoe yciosue (3.17) K ypaBHEHUTO
IIyaccona pu ( = 0 3aMeHsITI0CH HaA

ug = —Uo/E%,

Tak Kak Beerja Uz.(0) = 0 B cuty yciosust (0) = 0
Jst 00bIX pertennii ypasuenus [IIpeaunrepa (3.19).
IIpm o6omx THUIAX KpaeBbIX YCJIOBHI HMTepauOHHAS
MIPOIIE/Iypa CXOAUTIACH, KAK MPABUIIO, 38 lmgy ~ 10-15
[IUKJIOB IIPY BBITIOJIHEHUN YCJIOBUs BBIXOJIA U3 IUKJIA B
BU/IE

max )y () = nppi (O <107% (3.25)

C pocrom R} T1pebyercsi GOJbIllee UHCJIO UTEPAIUN.
Haitnenunie pemenust ypasuenuii [IIpeaunrepa u [Iyac-
COHA TIpU 0OPATHOM TTOICTAHOBKE YIOBJIETBOPSIIN YPaB-
HEHISAM C TOTHOCTBIO, Jrydmreit uenm 1072,

Koreuno, cieayer uMeTh B BUJLY, UTO 3TH OINEHKH
XapaKTepu3yT TOYHOCTh PENEHUs] JIMCKPETU30BAH-
HOIT 3aJ[a91 B OTpaHUYIeHHON 06/1acTu KoopauHaT. Me-
TOJBI YUCJIEHHOTO MHTErpUPOBaHUS ypaBHeHHs [lyac-
cona (3.16) u Ulpemunrepa (3.19) ykasanbl B pabore
[2]. Kak mpaBuiio, auckpeTusanus 1o ¢ Je1anach ¢ ma-
rom 0.01, mo k — ¢ mmarom 0.002. st maTErpUpOBaHUst
o k B 00JIACTH HENPEPBIBHOTO CIIEKTPA B BBHIPAXKEHUU
(3.24) ucnosnb3oBanack KBagparypuas Gopmysaa Cumir-
COHA, 3a UCKJ/IIOUEHUEM CJIydaeB OYeHb OObinmux ( =
2 300, korma Jy1st HHTErPUPOBAHUST OBICTPOOCIIAIIITUPY-
romux dysxmuit (em. (3.20)) npumensuiuch GopMyJIbl
Duiona [42]. AGcomoTHAST TOTHOCTE PEIEeHnsT 3aBUCHT
OT METO/Ia U [IAPAMETPOB JUCKPETU3AINN, & TAKKE, ITO
OKa3aJI0Ch HanboJIee CYNMIECTBEHHBIM B CJIydae MEJKUX
YDPOBHEIi, OT JJIMHBl PACUETHOTO UHTEPBANA (maz (CM.
IIpunoxenne A).
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3.3. PesyabTaThl 1 06CyKA€HUE

CamocoriacoBaHHOE peIIeHne CUCTEMbI YPaBHEHMIA
Kona—IIlsma n Ilyaccona ObL10 HOIydeHO JIst CIIy-
9qasi, KOT/Ia ODOTAIEHHBIN CJI0H Ha TOBEPXHOCTH ITOJIY-
[TPOBOJIHUKA N-THUITA 00pa3yeTcs 3a CUET HOJOKUTEhb-
HOT'O 3apsijia aTOMOB IEeJIOYHOI0 MeTaslia, aJcopon-
POBaHHBIX HA MMOBEPXHOCTH IMOJIYIIPOBOJHUKA. B sTmx
YCIOBUAX 00pa3yeTcsi CUJIbHDBIN 3arnb 30H y MOBEpPX-
HOCTH, B KOTOPOM (DOPMUPYIOTCS CBSI3aHHBIE COCTOSI-
HUsI, 9TO OBLIO OOHAPYZKEHO METOJIOM (POTOIIEKTPOH-
HOI crekTpockonmu Ha obpasmax p-GaAs ¢ orpura-
TeJIbHBIM CPOJICTBOM [43].

[nybuna morenmuaibHoi simbl —U) B TAKUX CTPYK-
Typax paBHA JIEKTPOCTATHIECKON SHEPIUU SJIEKTPO-
HA HA TPAHUIE METAJUI-TIOJYNPOBOJHUK (cM. puc. 1)
7 3aBUCUT OT XUMWYECKUX CBOWCTB MeTaJUla U TOJ-
HIMHBL 0CAZKJIAEMOro c¢Jjiost. I'panunanoe yciosue (3.17)
unn (3.23) mis ypasaenus Ilyaccona Ha moBepxHOCTH
npu ( = 0 u BejmumHa Oe3paszMepHOro pajmyca Bur-
Hepa — 3eliTia R} aBIAOTCA AByMd IapaMeTpaMu, KO-
TOPBIE TTOJTHOCTBHIO OIPEJIETISIOT PEIIeHIe ¥ TO3BOJISAIOT
HaWTU 3aBUCUMOCTH YHUCJIa U IIOJIOXKEHUA yPOBHEHR pas-
MEpPHOI0 KBAHTOBAHMs OT IHPUJIOKEHHOIO IOJist (ujm
[IyOHHBI IOTEHIMAJIBHON siMbl) U 0T RY, T.e. oT KoH-
IeHTpaIuu CBOOOTHBIX HOCUTE e B 00beMe. YC/TOBUS
(3.20) u (3.23) orGopa COGCTBEHHBIX PEIEHHUN ypaBHe-
uus [penuarepa (3.19) or yKasaHHBIX HapaMeTpoB He
3ABUCST.

Jnst ynobeTBa MOCIe/yIonero CpaBHeHHs ¢ IKCIIe-
pumenTOM 3ddeKTHBHAL Macca JIEKTPOHOB M) H JTU-
SJIEKTPUYIECKAsT TIOCTOSTHHAST ¢ [OJIyTPOBOIHUKA, ObLIH
[IpU pacyeTax B3sThl OJU3KUMU K rapamerpam n-InAs,
KOTOPBIE UCIOJIb30BaIUCh B padorax [8,9]. Tem e me-
Hee CJIeJlyeT OCTAHOBHUTBHCS HA BO3MOYKHOM BJIMSTHUH
HETOYHOCTEH B 3HAYEHUSAX OOBHEMHBIX TApPAMETDPOB 7~
InAs ma pesynbrarsr pacdera. [lomumo HEOOXOAUMOCTH
YYIUTBIBATH JOBOJBHO CHJIBHYIO 3aBUCUMOCTDH OT TEM-
[epaTyphl IUPUHBI 3AIIPEINEHHON 30HbI U CBA3AHHBIX
C Hell BeJIMYINH, TaKNX KakK 3p@dEeKTUBHAS MACCa U JU-
3JIEKTPUYIECKAasi ITPOHUTIAEMOCTD 3¢, HAJI0 OTMETHUTD, UTO
3HAYEHUST 3¢ JIJIST PACCMATPUBAEMOrO TOJIYIIPOBOTHIKA
OIIPEJIeJIEHBl BeChMa CKy/IHO. B cripaBounuke [44] npu-
BEJICHO 3HAYEeHWE HU3KOYACTOTHOM IUIJIEKTPUIECKON
nocrostHHOI TobKO st 300 K, uro mosKHO CHIBHO
OTJIMYAThCS OT 3HAYEHUIl MPU TEeMIIepaType IKCIEepPHU-
mernTa 30 K. B To ke Bpemst quasiekTputieckast IpOHU-
[IAEMOCTH Ha, HU3KUX YaCTOTaX BXOJIUT B 3 heKTUBHBIE
ATOMHBIE €JIMHUIIBI JJINHDBI, SHEPTUU U pajuyc Burxe-
pa—3eifitia (cMm. dopmyist (3.4)). Vmeronuiics B -
Teparype pasbpoc 3Hauenuii » nopsuka 20 % Taxike
MOXKET BJIUSITH HA CTEIeHb COIJIACHS PAcdeTa W IKCIe-
PUMEHTAJIbHBIX JIAHHBIX.

Hakowner, 3aMeTuM, 9TO BCEe IPUBEJECHHBIE 3JI€Ch
pacueTHble KpUBBbIE M 3HAYEHUs] SHEPIUl HAXOIUJINCH
C y49eToM OOMEHHO-KODPPEJIAINOHHOIO MOTEHITNAIA B
dopme, npungroii B padore [2|. Orauyune ux or pacyera
B npubsmkennn XapTpu (6€3 yuera tye) JeKUT B Ipe-
qenax 2-5 %, ecam OTCUATBIBATH SHEPIMU OT COOTBETCT-
BeHHO BbIvuucjIeHHOr0 ypoBHst @epmu. C yuerom cka-
3aHHOTO BBINE O TOYHOCTH SKCIIEPUMEHTAJIBHBIX JIaH-
HBIX U TOYHOCTH 33/aHUS MaPaMETPOB MOy ITPOBOTHU-
K& MOXKHO CJIeJIaTh BBIBOJI, UTO JJIst CTPYKTYD CO 3HaYe-
nuem R} < 0.35 yuer 0OMEHHO-KOPPEJIAIMOHHOTO B3au-
MOJECTBUS IIPU CPABHEHUM TEOPUU C IKCIEPUMEHTOM
JIE?KUT 33 IIPeJIeJIaMi TOYHOCTU B OOJIBIITMHCTBE CJIyYa-
€B.

3.3.1. DHeprerudyecKuii ClieKTp U pacupeelieHue
IIJIOTHOCTU 3JIEKTPOHOB

Ha puc. 2 nokasanbl paclpejiesieHle B IIPOCTPaH-
CTBe IVIOTHOCTU CBOOO/IHBIX 3JIEKTPOHOB, 3aHUMAIOITIX
COCTOSIHUS HEIIPEPBIBHOTO CIIEKTPA, W IVIOTHOCTH KBa-
3UJBYMEDPHBIX 3JIEKTPOHOB, 3aHUMAIOIIUX COCTOAHUSA
pa3MepHO-KBaHTOBAHHBIX MOJ30H U JIOKAJIN30BAHHBIX B
moTeHIuaIbHOM aMe. Ha sTom pmcymke Xopomro BHI-
HO, YTO BOJIM3M IIOBEPXHOCTH IPHUJIOXKEHIE K CTPYKTyPE
MIPUTATUBAIONIETO 3JIEKTPUUCCKOTO TOJIA yBEIUINBACT
IUIOTHOCTb KBA3WIBYMEPHBIX 3JICKTPOHOB U yMEHbIIIa-
€T BKJIaJI OObEMHBIX COCTOSIHHU{I B IOJIHYIO IJIOTHOCTD
[IOBEPXHOCTHOI'O 3apsijia. 1eM He MeHee IIpeJIIOXKeH-
HBIIl MOJIXOJ] MTO3BOJIHU MOJIYyYIUTh UTEPATHBHOE pellle-
HUE 33/[a9 00 SHEPreTUIeCKOM CIIEKTPe KBa3HUIBYMep-
HBIX 9JIEKTPOHOB B OOOTAIIIEHHOM CJIOE, HECMOTPsI Ha NC-
IIOIB30BaHNE TPEXMEPHOTO KBa3UKIACCHIECKOTO BBIPa-
kerus (3.11) mjig MHIYUPOBAHHON ILIOTHOCTH 3JIEKT-
POHOB BO BCEM IIPOCTPAHCTBE, BKJII0Yas 001aCTh BOJIU-
31 TIOBEPXHOCTH.

Ha puc. 3 nokasaHbl 3aBUCUMOCTU SHEPIMU CBSI3U
g5 = —I%fj JIOKAJIN30BAHHBIX COCTOSIHUII OT IVIyOUHBI 110-
TGHLLI/I&JII;HOfI sambl. CrieyeT OTMETHTH, 9TO HAlTH ca-
MOCOTJIACOBAHHOE PeIlleHre yPaBHEHUII B OKPECTHOCTHU
3HaYEHNN IOTeHIINAasIa Ha TIOBEPXHOCTH, IIPU KOTOPLIX B
CHCTeMe IIOSIBJIAETCS HOBBII SHEPreTUIecKUil yPOBEHb,
HE yIaBaJIOCh, TaK KaK UTEPAIMHA HE CXOJUJIUCH. ITO
CBA3aHO C T€M, YTO TOSBJIEHAE HOBOT'O CBA3AHHOI'O CO-
CTOSAHUA HaYMHAET 3aMETHO BJUATHL Ha paclpeiesie-
HUe 3JIEKTPOHOB B IIPOCTPAHCTBE, KOTJa €r0 SHEPIus
eme ovenb Masa (Menbine gem 5 - 1074E%) u, coorser-
CTBEHHO, IIPOTSI?)KEHHOCTb BOJIHOBOW (DYHKIINU BEJIMKA
[0 CPABHEHUIO C (qy- 1lOgpobHEE 3Ta mpobiema 00-
cyxnaercss B Ilpmwroxkennun A. HucieHHble pe3ysbTa-
TBI HACTOSINETO pasjiesia MoJyueHsl st objgactu 0 <
< kpz < 150.
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Puc. 2. 3aBncumocTy cocTaBasitoLLmX NOHOR 3/1EKTPOHHOI MAOTHOCTU OT PACCTOSIHNS A0 NOBEPXHOCTM noJynposogHuka. Cnnow-

Hble KpUBble — MJIOTHOCTb N3 p CBOBOAHBIX 3NEKTPOHOB (3aM0NHEHHbIE COCTOSIHUS HEMNPEPBLIBHOIO CNEKTPA), LUTPUXOBbIE KPUBblE —

NAOTHOCTb N2p KBa3UABYMEpPHbIX 31ekTpoHoB. a) Cnywyali HyneBoro anekTpuyeckoro nonsi £ = 0 Ha NOBEPXHOCTM, KOT[a B CAMO-

VHOYLMPOBaHHON NOTEHLMANbHONM SIME NMEETCSl OfHa Pa3MepHO-KBaHTOBaHHAsi NOA30HA; 6) Te XKE 3aBUCUMOCTM MNPU KOHEHYHOM

&, korpa bespasmepHas rnybuna ambl u(0) = —4.6 n B 3HEPreTUHECKOM CMEKTPE JIEKTPOHOB MMEIOTCS BE ABYMEPHBIE NOL30HbI.
R; =0.32

Tabnuua 1. DHeprun CBA3M AN MUHUMYMOB NOA30H Pa3MEPHOro KBaHTOBaHUS, pacCYMTaHHble B CilyHae napabosinyeckoii
30HbI MPOBOAUMOCTU C YHETOM OBMEHHO-KOPPENALNOHHOrO B3aUMOZLERCTBUS 1EKTPOHOB. 3HadYeHus rnybutsl amel Uy 1
SHeprui otcunTbiBatoTcs oT yposHst Pepmun Er = 63.7 MaB n Er = 84.2 maB ans obpasyos n3s paboT cOOTBETCTBEHHO

(8] v [9]
Obpasen CcbLika, Uy, Eéh, ES™, B ET™P Eir ES™P,
T, K M3B M3B M3B M3B M3B M3B M3B
Cs/InAs [8], 30 K 400 187 184 96 100 — -
InAs clean [9], 80 K 230(*) 115 115 - 85 - 82(77)
Ag/InAs [9], 80 K 385 179 185 105 10045 — 83(77)
Ag/InAs [9], 80 K 494 226 228 121 125 93 85
Ag/InAs [9], 80 K 524 239 240 126 128 94 85

Ipumenarus. Bo BTopoit KOJIOHKe yKa3aHa TemMIeparypa obpasiia, Ipru KOTOPOil TPOBOIMINCH U3MEPEHUs. 3HAKOM

(*) oTMeueH MCXOIHBIN 3arub 30H YUCTON MTOBEPXHOCTH, HAMEHHBIN HAMM 10 M3MEPEHHOH SHEPIUU JHA OCHOBHOI

HOJ30HBI, KOTOpasl OblIa olleHeHa u3 rpaduka Ha Fig. 6 B pabore [9] (cMm. Tekcer). 3nakoM (?7?) OTMeEUEHBI IPUBEEH-

HbIE B [9] TJI0XO0 OmpemessieMble MOJIOKEHNsI MUHIMYMOB TPEThLEH MOJ30HbI, KOTOPBIE MEHBINE BLIMUCICHHON SHEPrum

Pepmu 1 HOPMATBHO TOMAAIOT B HEMPEPBHIBHBIN CIIEKTP, YTO O3HAYAET HEBO3MOXKHOCTH CYIIECTBOBAHUS TPEThEH
[IOJI30HBI B IIapabOIMIECKOM CIIydae.

HOB JiJIi BOCIIPDOM3BEJEHUs M3MEPEHHOU 3aBHUCHUMOCTH
bOTO3IEKTPOHHOIO TOKA OT HAIPSXKEHUS 3aJI€PKKHU
(Bepxuuii unjexc «exp» ). Ilpu 9T0il OArOHKe KPUBBIX
IIJIOTHOCTH COCTOSIHUM B Pa3MepPHO-KBAHTOBAHHBIX ITOJI-
30Hax CcYHTaJlach He 3aBHUCHAIIEN OT 3Hepruu, T.e. IIpe-

B Tabu1. 1 mpeacTaBiieHbl pacCINTaHHBIE HAMU SHEP-
WA CBSI3W JIJIl MUHAMYMOB Pa3MEPHBIX TIOJ[30H (Bepx-
Huii uHzeke «th») 1 3HaYeHUs!, KOTOPBIE OLLIU TIOJLYy-
4yeHnbl aBTopamu pabor [8, 9] mogGopom napamerpos
SHEPreTUYIECKOr0 CIEKTPa KBA3UIBYMEDPHBIX 3JIEKTPO-
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Puc. 3. 3aBucnmocTy sHepruu CBs3u 4AS MUHUMYMOB Tpex

NoA30H Pa3MepPHOro KBaHTOBaHWS OT FNYOUHbI NOTEHLMANbHOI

ambl: j = 0 — ocHoBHas nofsoHa; j = 1,2 — Bo3by>xAeHHble
noasoHbl; R = 0.32

HebperaJioch HemapabOJTUIHOCTHIO 3aKOHA JINCIIEPCUN B
[I0JI30HAX PA3MEPHOI0 KBAHTOBAHMUSI.

B pasm. 4 nokazamno, 9T0 HA caMOM JIejie JIBy MEepHast
ILUIOTHOCTb COCTOSIHUN CYIIECTBEHHO 3aBUCHT OT HED-
ruu. Tem me meHee u3 Tabu1. 1 BUIHO, ITO pACCINTAHHDIE
HaMmu 6€3 CBOOO/THBIX ITapPaMETPOB TOJIOYKEHUST MUHIMY-
MOB JIBYMEPHBIX ITOJI30H OTHOCUTEIHLHO YpOoBH: Depmu
OKa3aJIiCh B HEIJIOXOM COIVIACUU C JKCIIEPUMEHTAIIb-
HBIMU JIAHHBIMH, TOYHOCTH KOTOPBIX OIIEHHBAJIACH OT
25 o +£5 meB. Ilpu k| # 0 paccunranueiit 8 mapabo-
JITI€CKOM TPUOJINZKEHUU IHEPIEeTUIECKUI CIIEKTD JBY-
MEPHBIX TOJ30H Oy/IeT yKe 3HAUYUTESHHO OTIMIaThCS
OT M3MEPEHHOTO, KaK CJeIyeT U3 MPUBEIEHHBIX HUXKE

puc. 76 u 8.
B wmamux BBIUHUCICHUSAX UCIOJH30BAHBI Mapa-
METPBI TOJIYIIPOBOJHUKA, TPUHATHIE B YKA3AHHBIX

crarbsaix. B pabore [8] wmcciemoBasuch CTPYKTYpBI
Cs/n-InAs ¢ 00beMHOl KOHIEHTpAIMEN 3JIEKTPOHOB
N =3.0-10' em™2 (R = 0.321). B pa6ore [9] uccie-
noBasuch cTpyKTypol Ag/n-InAs ¢ N = 4.5-107 cm—3
(Rf = 0.288). B kauecrBe 00BEMHBIX I1APAMETDPOB
n-InAs B3grsr m) = 0.023 mas sddexTuBHON MacChH
9JIEKTPOHOB B MHMHUMYME 30HBI IPOBOJUMOCTH U
x = 12.55 nja JIUINEKTPUYECKON ITPOHUIIAEMOCTH
pemerku. M3-3a 3aBUCMMOCTH TapaMeTpOB  IOJIY-
nposomuuka (Egy, m¥, ) or remmeparypsl 1T s
cpaBHeHust ¢ HammM pacderom (T = 0) wucmoab3o-
BaJMCh TOJIBKO JIAHHBIEC, M3MEPEHHBIE TIpH HauboJee

N9/N9(Z
30

25T
201 '.,,,-
151 ,&/

10+

0 1 2 3 4 5 6
0
Uo/ Ep

Puc. 4. BespasmepHasi NnoBepxHOCTHasA MAOTHOCTb U3ObLITOY-
HbIX 31€KTPOHOB Ny = N /Nsc B NONYNPOBOAHMKE KaK (PYHK-
uns rNybuHbI NOTEHLMANBHONR siMbl. TEMHble KPY>XXKU MOKa3bl-
BatOT MOJIHYIO MOBEPXHOCTHYIO MJIOTHOCTb N3BbITOYHbBIX 3N1EK-
TPOHOB, CBET/ble — MOBEPXHOCTHYIO MAOTHOCTL 16>
TPOHOB Ha JIOKa/IN30BaHHbIX COCTOSHUSAX. XapaKTepucTude-
CKasi moBepxHocTHast naoTHocTe Ny = Ny /kp = k3 /377,

R =0.32

SN1EK-

HuU3KUX Temmeparypax. Crelyer OTMETUTH, 4YTO B
pabote [9] maxke Ha uncroit noepxuocTu InAs nmescs
3aru6 3o0u. Heobxoqumas 111 pacdyeTa mMOBEPXHOCTHOTO
[IOTEHIIAAJIA BEeJIMINHA HAYAJIHHOIO 3arnba Haxo/ui1ach
peltenneM obpaTHOIT 3a/adu, KOrjga 3arud 30H Ha
YUCTOW TOBEPXHOCTH BBIYUCIISAETCS IO IKCIEPUMEH-
TaJbHO OIPEJIEJIEHHON SHEPIMKU Pa3MEPHOIO YPOBHS
(cM. Tabu. 1).

3.3.2. IloBepxHOCTHAsI IIJIOTHOCTb 3JIEKTPOHOB

Ha puc. 4 noka3zama 3aBUCHMOCTDH Oe3pa3MepHOit n3-
OBITOYHOI IIJIOTHOCTH N g JIEKTPOHOB HA €IMHHUILY I1JI0-
A1 TOBEPXHOCTU OT TJIyOMHBI ITOTEHIIUAIBHON SIMBI
Up. 3mech

me= [ dcln(©) - 1) =
0

(3.26)

sc

rae N, onpenensiercst bopmyinoii (3.15) n xapakrepHast
nosepxHocTHas wiotHocth Ng. = Ny /kp = k2 /3w
Ilpu Ny = 3-10'7 em~3 mmeem N, = 1.45- 10 em—2.

B 1o Bpems Kak ng Ha puc. 4 HEMPEPHIBHO 3aBU-
cur ot Uy, HOBEPXHOCTHASA IIOTHOCTH n{?D KBa3H/IBY-
MEPHBIX 3JIEKTPOHOB ABJISETCS Pa3phIBHON dyHKIMel

1083



A. 4. Wyneman, . B. lNocesiHcknii

HITD, Tom 157, BhII. 6, 2020

rIyOUHBI TOTEHIAIBHON AMbl. OHA UMEET CKaIKH TI0-
CTOSTHHOW BEJIMYMHBLI IIPH TeX 3Hadenuax Uy, Korma y
ypasuenus (3.19) mpu k| = 0 mosB/sercs HOBOE JC-
KpeTHOe COOCTBEHHOE 3HAYEHUE lzzﬁj < 0. IIpm sTom B
CHCTeMe TIOABJIACTCA ele ojiHa noasona Fj(k)|), koro-
pasi cpasy 3aImoJiHsieTcst 10 ypoBHs PepMu KOHEUHBIM
YUCJIOM 3JIEKTPOHOB. O THOBPEMEHHO B IIPATIOBEPXHOCT-
HOW 06JIACTH TLIOTHOCTH TPEXMEPHBIX 3JIEKTPOHOB Ta-
Jaer Himke o6beMHo# (eum. puc. 2). Cormacuao dopmyre
(3.26), 910 JIesIa€T TOJIHYIO HOBEPXHOCTHYIO [LJIOTHOCTD
N s MEHBIIE TOBEPXHOCTHOM MJIOTHOCTHU JBYMEPHBIX HO-
cuTesieil, UTO BUJHO Ha PUC. 4 U OTMEYAJIOCH B IKC-
nepuMeHTaIbHBIX paborax (Hanpumep, Fig. 12 B [45],
puc. 4 u nocnenuuii abzan pasg. 3 B [46]). oaygen-
HBII PE3YJIbTAT YKA3BIBAET HA HEOOXOIUMOCTH TIOJTHOTO
KBAHTOBOI'O PACCMOTPEHNUsI KAK KBAa3WIByMEDHBIX, TaK
U 00'bEMHBIX COCTOSIHUIA, TIOCKOJILKY OHU BJIUSIIOT JIPYT
Ha JpyTa.

VMmenbinieare BOJU3M  TOBEPXHOCTH  IIJIOTHOCTH
9JIEKTPOHOB B COCTOSIHUSIX HEIPEPBIBHOIO CIEKTPa
npu POPMHUPOBAHUN KBA3HJIBYMEPHOIO 3JIEKTPOHHOTO
raza cjejyer yYUTLIBATH [IPU WHTEPIPETAIUU H3Me-
PEHHOI 3aBUCUMOCTH (POTOITEKTPOHHON IMHUCCHU OT
HEpruu BO3OYKIAOMMUX (POTOHOB U TIYOMHBI BBHIXO/IA,
(BOTO3IEKTPOHOB, KOTOpas 00CYKIAeTCsl, HaIpUMeD,
B pabote [47] unu B pabore [8] B cBasu ¢ Fig. 3 u B
pa6ore [9] B casu ¢ Fig. 4, 5.

CpaBHeHUE MIPeJICTABJIEHHOTO HA PUC. 4 PE3yIbTaTa
TOYHOTO PACYETa C AHAJIOTMIHBIME KpuBbiMu Ha Fig. 10
paboTsl [13] 1mOoKa3bIBaeT, UTO, UCHOJIB3YS MOJEJbHBI
noreniuaa bapadda— Anmenpbayma, MOXKHO MOJIYKO-
JITIECTBEHHO ONEHUTDH CBSA3b TJIyOMHBI SIMBI C ILIOTHO-
CTBIO TIOBEPXHOCTHOrO 3apsija. OHAKO, UTO KacaeT-
Csl SHEPTUHU JIOKAJN30BAHHBIX B TaKOW sIME COCTOSTHUIA,
ormmbKa MOXKeT OBITh 3HAYNTEIbHEE (CM. pHC. 3a U 36 B
pabote [2], rje TOKa3aHO aHAJOIUIHOE CPABHEHUE JJIs
cilydast IOBEPXHOCTU HEHTPAIBHOIO METAJLIIA).

3.3.3. Emkoctp u C—V -xapaKkTepuctuka
0bOoraleHHOro cJjost

[Monwas muddepennuaibias eMKOCTb CTPYKTYPbI
onuceiBaercsi popmysioit C = C3p—+Cap COOTBETCTBEH-
HO BKJIJLy OT 3JIEKTPOHOB B 3AITOJTHEHHBIX COCTOSHUSIX
HEIPePBIBHON U IUCKpeTHOH yacTeit criekTpa (M. dop-
Mmyasy (3.14) u rekcr mocie Hee).

3aBUCHMOCTD TTOJTHON 3JEKTPOCTATUIECKON €MKOC-
1 C' Ha eIUHUILY IUOMaaAn OT Tybunbl Uy MOTeHIn-
aJIbHOM sIMBI TIpejicTaBieHa Ha puc. 5. Kpusas mosry-
YeHa YUCTEHHBIM JuddEPEHITUPOBAHIEM COOTBETCTBY-
I0IIero 3apsa coriacuo dopmyse (3.14), Ho B Ge3pas-
MepHOM BHUje (cM. puc. 4), T.e. C/C. = dng/dug, Tae
XapaKTepHas eMKOCTh Ha €JIMHUILY IIOMAIN €CTh

c/C,
4.0
3.5
Cn
n
3.0 -
»
u
u
n
»
n
n
»
n
2. 1 1 1 1 1 1
50 1 2 3 4 5 6 7

0
Uy/Ep

Puc. 5. 3asncumocts bespasmepHoli 51eKTPOCTaTUHECKOI eM-

KOCTW Ha eAuHuuy naowaaun ot raybuHsl Uy noTeHumnansHow

smbl. XapakTepHasi emkocTb C: Ha eauHuLy naowaau onpe-
feneHa B Tekcte chopmynoii (3.27). R = 0.32

C—2—%[ae*]— 2 _ 2m _
© 32 3r2a%[em]  37m2apem]
()
= 0.142m’ [MKZ} . (3.27)
MM

Kak m kpuBadg mMmOJHON MTOBEPXHOCTHON IIJIOTHOCTH
ns(ug) Ha puc. 4, paccuuTaHHAs 3aBUCUMOCTD IIOJTHON
eMkocTr C' OT NJIyOMHBI OTEHIINAJIBHON SIMBI HA PHC. D
He IT0KAa3bIBAET HIKAKUX OCOOEHHOCTE IIPU TIOSBIEHUN
B M€ HOBOT'O YPOBHS, XOTSI €MKOCTH €CTh MPOU3BOJI-
Hasl 3apsijia 10 IOoTeHIaJly. Takoe OBeIeHre SKCIIePU-
MeHTasIbHOT C—V-KpuBOi#l B OTCYyTCTBHE HOPMAJILHOTO
K HOBEPXHOCTH MAIHUTHOIO 110Jist oTMedasoch Lywu [7].

HenpepbiBHasi 3aBUCHMOCTD OT TJIYOUHBI TTOTEHITH-
QJIbHON fMBI IJIOTHOCTH IIOBEPXHOCTHOI'O 3apsija Ha
puc. 4 1 ee TPOU3BOIHON HA PUC. 5 TPU OJIHOBPEMEH-
HOM CKAa4KOOOPa3HOM YBEJIMYEHUH ILJIOTHOCTH J[BYMED-
HBIX 3JIEKTPOHOB n(SQD) B MOMEHT (POPMHUPOBAHUS HO-
BOA ABYMEPHOIl IIOA30HLI O3HA4YAET, YTO BKJIAJ B IIO-
BEPXHOCTHBIN 3aps]I SJIEKTPOHOB B COCTOSHUIX HEIpe-
PBIBHOT'O CIIEKTPA TaKKe CKAYKO0OPa3HO YMEHBIIAETCs
Ha TaKyIO Ke BeJIMYINHY.

KadgecTBeHHO MPUYINHY CHHXPOHHOCTH 3TUX M3MEHE-
HHUI MOXKHO YCMOTDPETBH, COIIOCTABJISASl IIPOCTPAHCTBEH-
HBIe pacIpe/iesIeHns INIOTHOCTHU N2p KBAa3UIBYMEDPHBIX
7 IJIOTHOCTH N3p TPEXMEPHBIX JIEKTPOHOB, MOKA3aH-
Hble Ha puc. 2. BugHo, 9T0 KaxK10My MAKCUMYMY IJIOT-
HOCTH N9 p OTBEYAET IIPOBAJI B INIOTHOCTHU N3p. [loHATH
TaKoe TOBeJeHNEe MOXKHO Ha OCHOBE OCIHJIISAITMOHHOMN
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reopembl [IItypma (cMm., nampumep, [48,49]), cornac-
HO KOTOPOIl MOSIBJIEHUE CBSI3AHHOI'O COCTOSIHUS B TIOTEH-
[UAJHHON siMe ypaBHeHus (3.19) BBI3BIBAET NMOSBIIEHUE
JIOTIOJTHUTEIHLHBIX HYJIell B 0OJIACTH SIMBI Y BCEX BOJIHO-
BBIX (QYHKITH HEMPEPBIBHOTO CIIEKTPA CO CKOJIh YTOTHO
MaJIoi sHepruei I%f > (. C pocTOM 3HEPIHUH OJIOKEHTE
9TUX HyJIel CMEIaeTcs K [MOBEPXHOCTU, TaK KaK HYJIb
KarKJIOTO COCTOSTHUSI C OOJIBIElt SHEeprueil JTOIKeH Jie-
JKATh MEXKJIy HYJISIMU COCTOSTHUSI C MEHbINEH SHeprueit,
U BCE PEIIeHUs yIOBJIETBOPSIOT TPAHUIHOMY YCJIOBHIO
¥7.(0) = 0. B cuy HenpepbIBHOCTH BOJHOBBIX (DyHK-
Ui [JIOTHOCTh TPEXMEPHBIX 3JIEKTPOHOB B OKPECTHO-
CTH KayKJIOT0 HYJIsI OKA3bIBAETCS ITOJIABJIEHHO, 9TO Ka-
9EeCTBEHHO 00bsICHSAET yMEHbITIEHNE B TOi 00/1acTH KO-
OpJIMHAT 3HAYEHUST HHTErPAJIa TI0 HETPEPBIBHOMY CITEK-
Tpy B (3.24).

HenpepoiBabie KpuBble Ha puc. 4 U 5 OTparkaioT
HEIPEPBIBHOCTD 3aBUCAMOCTH OT IIPUTIOXKEHHOTO HJIEKT-
pugeckoro noust £ 3uadenuii u(0) cAMOCONIACOBAHHO-
ro morenrmaa u ero mpoussomEoil du(0)/d€ wa mo-
BepxHocTu. OTCIO/la CJIeAyeT, 9TO HEIPEPLIBHO 3aBU-
CHUT OT HOPMAJIHHON KOMITOHEHTBI SJIEKTPUIECKOTO OIS
HE TOJIBKO TIOJTHBIN 3apsij] TOJIyTPOBOIHUKA, KAK ITOJIa-
raeTcs o Teopeme laycca, HO W JUIOJHHBI MOMEHT
[IPOCTPAHCTBEHHOI'O PACIIPEIEJIEHIS STOTO 3apsiia, KO-
TOpBIT paBeH paszHocTH norexuanos V (co) —V(0). Ta-
KM 00pa30M, HAIU BBIYUCICHHUST PACIIPOCTPAHSIOT De-
syabrarsl paborel Kona u Majpkymiapa [50] Ha ras
3apsIKEHHBIX (PEPMHUOHOB C CAMOCOTJIACOBAHHBIM TIOJIEM
U CHEMAIOT TE€M CAMBIM COMHEHUsI, BHICKA3AHHDIE B 3a-
KJTFOUUTETHHOM 3aMETYaHUN 9TOH paboTHI.

Pucynok 6 muriocTpupyeTr HOBeEJI€HHE OJIHOW eM-
KOCTH Ha €JIMHUIY IUIONAJU OT IapaMerpa R npum
JIBYX 33JIAaHHBIX 3HAYEHHUSIX HOPMAJLHOW K ITOBEPXHO-
CTU KOMIIOHEHTBI 3JjieKTpudeckoro nojs F. Ilpu sTom
Ge3pazmepHoe 3seKTpudeckoe mnoJe (3.17), koropoe 3a-
JlaeT TPAHIIHOE YCJIOBUE IPU PEIIeHnn 6e3pa3MepHOTo
ypasuenus Ilyaccona (3.16), u3amensiercs, Tak Kak OHO
zaBucHT OT R} (cM. onpesesieHne XapaKTepHOTO IOJIs
nocie dopmya (3.17)).

OtrmernM, 9TO B Cilyuae KpUBOii 1 B HErJIyOOKOIi ca-
MOMH/IyIIMPOBAHHON MOTEHIUAIbHOMN sime (Kpusas 1)
UMEETCS TOJIBKO OJTHA PA3MEPHO-KBAHTOBAHHASI IT0J130-
Ha C MaJIOf dHeprueil CBA3U, TOrJia KaK B Cllydae Kpu-
Boit 2 ¢ poctoMm R} B kBaHTOBOIT siMe (kpuBas 2') wmc-
JIO TIOJI30H JIOXOJUT J10 Tpex. Tem He menee obe Kpu-
BbI€ IVIAJIKHE, CKAYKOB IIPU IOSIBJIEHIHM HOBBIX TOJ30H
HA 9TOI 3aBUCHMOCTHU TAKKe HET.

XoTst 3HAYUEHUS] EMKOCTH C [TOJIeM 1 6€3 ToJIst OKa3a-
JINCh OJTHOTO TIOPsIKa, Bce ke 3apucumoctu C' 0T 00b-
€MHOU KOHIIEHTPAIMH 3JIEKTPOHOB B OTCY TCTBHUE TOJIsT 1
pu PUKCHPOBAHHOM IIPIIOKEHHOM IT0JIE 3aMETHO Pa3-

0
c/c, U/ Ep
5.5 20
2’/0
5.0 /
/
" K 116
4.5F /
2,
4.0+ \ /
[ ™Y ’/ 412
[o]
35k \\ )/
o\.\ , P
3.0F *—e—e—o |3
¥el
<. 4 .o -0
25 J_o--Psx10
o7 14
20F 1’ l:,,I:l’ - ’ \.
o~ P 2 ~
o N
L5t .O’Ol/ R L R L R |\.- 0
0.2 0.4 0.6 0.8 1.0
R*

Puc. 6. 3asncumoctu emkoctu C' Ha efuHuuy naowagn n
rnybuHbl noteHumansHoi samel Uy OT KOHUeHTpauun csoboa-
HbIX HOcuTeneli ANsi CTPYKTYypbl C 0bOralieHHbIM CloeM npu
[BYX 3HAaYEHUsIX BHYTPEHHEro anekTpuyeckoro nonsi F' Ha no-
sepxHocTu. [ns kpuebix 1 n 1’ none FF = 0, ans 2 n 2’
none F' = 1.35-10° B/cm. B cnydqae F' = 0 B npuseaeHHOM
Amana3soHe R} nMeeTcst TONBKO OAHA pa3MepHO-KBaHTOBaHHas
nogsoHa. B cnyuae F' = 1.35 - 10° B/cm ¢ poctom R} umucno
pPa3sMepHO-KBAaHTOBAHHbIX MOA3OH AOXOAUT LO TPeX, YBEINYu-
Basicb Ha eguunyy npu R} =0.22 n R; = 0.7

Jamgatorcs. B nocsiesineM coryvae npu 6osbmux R siBHO
obozHavaercst Bbixos kpusoit C(RY) Ha HachIeHNE.

ConocraBuM pacCINTAHHYIO 3aBUCUMOCTb €MKOCTH
OT TUIyOWHBI ITOTEHIUAJBHONW SIMBI, IIPEICTABJIEHHYIO
Ha puc. 5, ¢ msmepennoit Ilyn B paGore [7] (cm. B
Heit puc. 13). Ilpu m? = 0.023 mo dopmyne (5)
JUIST XapaKTepUCTUIEeCKoi emroctu mosyunm C, =
= 1.74-1073 mx®/mm2. Orcioza, COrTacHO KpUBOil Ha
puc. 5, mostydaeM u3MeHenue emkoctu ot 2.3-1077 @ 1o
3.7-107% ® gna yxazamnoit Ilyn mromaay Hepexoaos
5.34 - 1073 cm~2. V3aMepeHHAs 3aBUCHMOCTH eMKOCTIH
obpaara OT HaIpsi’KeHUs Ha 3aTBOPE MEHSIETCs B IIpe-
nerax or 31072 @ 50 4.7 - 1079 ®@. Takum o6pasom,
10 TIOPSIZIKY BEJUYIUHBI PACCIATAHHBIE EMKOCTH 000Ta-
[IEHHOTO CJIost U MaciuTad m3MmeHeHus: C—V -xapakre-
PUCTHUKU COBIAJAIOT C JIAHHBIMU m3Mepennit. Hasmane
B obpasnax llyn B oKmcie CBHHIIA BCTPOEHHOTO IIOJISI
OT KOHTaKTHO# pasnoctu norenimasnos 0.4 B u paznu-
gre 06LeMHOTO JlernpoBanust 06pasnos (3 - 1017 em—3
B pacuere u 1.2 - 1016 cm™3 B pabore [7]) me menstor
9TOrO BBIBOJA COIVIACHO TTOKA3aHHBIM Ha puc. 6 3aBu-
CHMOCTSIM €MKOCTH OT HPHJIOXKEHHOTO K IOBEPXHOCTH
nojsg ' u obbemuoro Jsermposanud R .
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4. HEITIAPABOJINYECKUI
SHEPTETUYECKUI CIEKTP
SJIEKTPOHOB ITPOBOAVIMOCTN

B mpenpiaymiem pasmene ObLIu IpeacTaB/IeHBI pe-
3yJIBTATHl PACUETa CBOMCTB KBAa3WIBYMEDPHOIO 3JIEKT-
POHHOIO T'a3a B IIPEJIIOJIOKEHIN 1apabOJInIecKoro 3a-
KOHAa, JIUCIIEPCUU 3JEKTPOHOB B 30HE ITPOBOIUMOCTHU
¢ mapameTrpaMu m}, s, Ny, TUNUYHBIME I 0Opas-
11oB n-InAs. Oxnako InAs objaiaeT cpaBHUTENBHO y3-
KOl 3alpelieHHONd 30HOH, 4TO JeslaeT BAaXKHBIM yYeT
HEMapabOJNIHOCTH 3aKOHA, [IUCIIEPCUU TP KOJIUIECT-
BEHHOM CPaBHEHUHU DPacCyYeTa C SKCIEPUMEHTAJIbHBIMU
pe3yiabraTamMu. B HacTosmmeM pa3zesie SJIEKTPOHHBIN
CIIEKTP ITOJIYIIPOBOIHUKA N-TUIA C OOOTAIIEHHBIM CJIO-
€M Ha TIOBEPXHOCTHU PACCUUTHIBACTCS JIJTsi CIydasi Hela-
PpaboOIMIECKOTr0 3aKOHA AUCTIEPCUH JJIEKTPOHOB B 00be-
me. Tak Kak nmpu 37oM 3pHEKTUBHAST MACCA 3ABUCUT OT
SHEpruu, OyIeM UCIO0JIb30BaTh OOBIYHBIE ATOMHbBIE €11~
HUIBI € = M, = h = 1 BMecTO 3D PEKTUBHBIX €TNHUTI

IpeAbLIyIero pasaesa.

4.1. OcHOBHbBIE YpaBHEHUs JJisl CJIydasi
KOHEYHOU HIMPUHBI 3alpPeIieHHOo 30HbI

Koneunas mupuna 3ampenieHHoii 30HbI IPUBOIUAT K
HerapabomaecKkoii 30He mpoBonMocT. B pamkax pas-
pabaThIBAEMOT0 aJrOPUTMAa ITO BJEUET 338 COOOM m3Me-
HeHUsl B ypaBHeHUsX 3 derTuBnoit macco u [lyaccona,
00pa3yonmx B CJIydae HEOTPAHUYIEHHOIO JIEKTPOHHO-
r'o ra3a CUCTEMY BAPHAIMOHHBIX YpPaBHEHUN (DyHKIHO-
HaJia sueprun B mpubmkennn Kona — [1Isma. Pacemor-
pUM 9T U3MEHEHUS 10 OTIETbHOCTH.

4.1.1. YpaBHeHue 3P PEeKTUBHON MaCChI

DHEPreTUIecKnil CIIEKTP JIEKTPOHOB B 30HE IIPO-
BO/IMMOCTH IIOJIyIIPOBOJHUKA C KOHCYHOI MMUPUHON 3a-
[IPEIEHHON 30HBI B JIBYX30HHOM PUOJIM2KEHUN HAXO-
JUTCA U3 pElleHnd NUCIEePCUOHHOTO ypPaBHEHUdA, KOTO-
poe umeeT BUJ,

FE k2
FEll+—) - =0
( + Eg> 2m*

C

(4.1)

3a HAYAJIO OTCUYETA SHEPIrUU BBHIOPAHO JTHO 30HBI IIPO-
BOJHMMOCTH, IIapaMerp m; — 3bdeKTUBHA Macca IPH
E = 0. CocrostHusiM B 30He MPOBOJMMOCTH OTBEYAET
kopenb Fi (k) — Gosbmit u3 AByX KOpHE# 9TOro ypas-
HEHUS,

E, 212
El,2(/€)—7 + 1+W_1

C

(4.2)

Opnno3oHHOE ypaBHeHUWE 3MO@MEKTUBHON MacCchl B
JIBYX30HHOM NPHUOJIMZKEHUH s HeapaboImIecKoil 30-
HBI IIPOBOJMMOCTH MOXKHO IIOJIyYHTb, CJeays pabore
Kengpima [40], o6braabIM 06pa30M HCIOIB3Ysl KOPEHD
E1 (k) (4.2) kak 3ddeKTUBHBIN raMUIBTOHUAH U Jesast
sameny k — —iV, E — E — Uy (r). Torma st co6-
CTBEHHBIX COCTOSHMUI 30HbI IPOBOJUMOCTH B IIOTEHIH-
ane U, ff(r) moilydaeM ypaBHEHIE

[E1(=iV) + Uess (r)] ¥p(r) = EYp(r),

e F — smeprusi COOCTBEHHOTO COCTOSHUsI. UTOOBI U3~

(4.3)

6aBUTHCsT OT HEOOXOMMMOCTH PabOTATH ¢ KBaIPATHBIM
KODHEM U3 OIlepPaTOpPa, BOCHOJIb3yeMCsI IPUEMOM U3 pa-
Gorel Kenppima [40]. Ilepenmmem ypasaenne (4.3) B
BH/IE

[Er(=iV) = (B = Ueyr(r))] ¥E(r) =0 (4.4)
U mojeficTByeM Ha Hero omepaTopoM
Ea(=iV) — [E — Ueyy(r)]. (4.5)

IIpu sToM Oyzem mpeamosaraTsb, YTO pacCCMATPUBAETCS
TOJILKO Takast 00J1acTh 3HaUeHN sHeprun F, B KOTOPOit
onepatop (4.5) He nmeeT coGCTBEHHBIX DYHKIMIA.

st yuporeanst GOpMysT B JAJIbHEHIIEM BBEIEM
IITPUXOBAHHBIE TIEPEMEHHBIE

U'(r) = Uey(r) —

rie Uze(00) = Upe(Ny) B cuily HeHTPaIbHOCTH CHCTE-

E' =FE — Ug(00), Use(00),

MBI Ha 6eCKOHEYHOCTH. B 3THX 1epeMeHHbIX, He3aBUCH-
MO OT ydueTa uian nperebpexenus: Uy, obecrieanBaeTcs
YHUBEPCAJIHHOE OTPEJIEJIEHAE IPAHUIBI HEITPEPHIBHOTO
U JIUCKPETHOrO CIIEKTPOB 3aJIa4H.

Beipasus mosmHOM BTOpOro nopsaka (4.1) orHocu-
TeJIbHO TIepeMeHHo F depe3 ero KopHU coriacHo Gop-
myse Po(E) = (E — E1)(E — E3), IpUXoJuM K ypaBHe-
HUIO

1
2m}

Vg (r) = [E' = U'(r)] x

!/ !
By
Herpyuuo ysuzgers, uro ypasaenue (4.6) MOXKHO 1OJLy-
YUTh, €CJIU CPA3y B JAUCIEPCUOHHOM cooTHOIIeHNH (4.1)
samenuts F — E' —U’' u k — —iV. Oanako npu nepe-
xojie or (4.3) k (4.6) Hy>KHO ObLIO IIPEeHEOPEUb KOMMY-
Taropom oneparopos [U’, 1], dra semunna paua my-
o, ecim U’ = const. Ciie0oBaTe/IbHO, B KOOPAUHATHOM
MIPEJICTABJIECHAN OTJIMIAE KOMMYTATOPa OT HyJs Oy/eT
IPONOPIMOHAIBHO MPOU3BOJHBIM MOTEHIAAIA, U3 KO-
TOPBIX JIOJIZKEH C(OOPMUPOBATHC MAJIBIA APAMETP Me-

To/1a 9P PEKTUBHON MACCHI.
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Pelierune camocornacosaHHbix ypasHeHuii KoHa —LLIama n lNyaccoHa. . .

[TocnenoBarenpHbIil BHIBOJ ypaBHEHUS 3D HEKTUB-
HOI MAaCChl, KOTOPOE OMMCHIBAET JTUHAMUKY 3JICKTPOHA
B IUTABHOM TOTeHIma bHoM mose U'(r) ¢ yueTom Hema~
PabOIMIHOCTH 30HBI ITPOBOJIMMOCTH, TIPOBE/IEH B pabo-
re [22]. OH OCHOBaH Ha PA3JIOXKEHUN DENIeHHs] BO3MY-
mennoro ypasuenus [IIpemunrepa mo dyuknuam Bio-
Xa 30HBI IPOBOJMMOCTH C HCIIOJH30BAHUEM MaTeMa-
THUYIECKOTO ammapara 000OIIEHHOro TMIL0epTOBa MIpo-
CTPAHCTBA. 3J1€Ch IPUBEJIEM JIUIIb OCHOBHBIE MOMEHTBI
9TOTO BBIBOJIA, KOTOPHIE HEOOXO MBI JIJIsI TIOHIMAHUSI.

[ess — obocHOBATH 0/THO30HHOE ypaBHEHUE b dheK-
TUBHON Macchl (4.6) B cirydyae HenapaboIMIecKoil 30HbI
[TPOBOJIIMOCTH U BBIJICJIUTH B SIBHOM BHUJIE MAJIBII mapa-
MEeTP TEOPUHU — JIOCTUTAETCS IPUMEHEHUEM PEryJIspHO
TEOPUM BO3MYIIEHUN K YPABHEHUIO

[HQ + U/(I')] \I/E/(I‘) = E/\I/E/ (I‘) (47)

3nech Ugr(r) — TouHBIe COOCTBEHHBIE (DYHKIMU OJIHO-
YaCTUIHOTO TaMWJIBTOHMAHA KPHUCTAJIIA, BO3MYIIEH-
Horo norennumanoM U'(r). Kpome rtoro, HeoGxommmo
3HATh, OCODEHHO B 33/[a4aX C CAMOCOIVIACOBAHHBIM IIO-
JleM, KaK CBsi3aHbl TouHOe permenue U gy (1) 1 cobeTBeH-
uble bynkimn 3aga4au (4.6). [Ipuseenubiii Bolme Bbl-
BOJ| ypaBHeHus1 (4.6) oTBeTa HA 9T BOIIPOCHI HE JIAET.
B pamkax ABYyX30HHOTO TPUOIMKEHUST CIIEYET UC-
KaTh perienns ypasaenus (4.7), tne Hy — rammibro-
HUAH HEBO3MYIIIEHHOT'O KPUCTAJLIA, B BUJIE PA3JIOXKEHUS

n=2
) =Y [ dkoup(0vade)  (45)
n=1 Q.
no ¢dyeknuam Bioxa 112 30HB IPOBOAUMOCTH U Ba-
JIGHTHOH 30HBDI,

Ya,2k(r) = (27T)_3/26ik'r“(172)k(r)'

31ech depes ), obo3HaveHa IepBasi 30Ha BpuinitosHa,
UHJEKCHI «1» U «2» UCHOJIB3YIOTCs st 0O03HAUEHUS
BEJINYUH, OTHOCATIUXCS COOTBETCTBEHHO K 30HE MPOBO-

(4.9)

JUMOCTH U K BaJiIeHTHOM 30He. st 9TOH 1em MoryT
TaKzKe UCI0JIb30BaThCs OyKBEHHBIE HHJIEKCHI «C»> U <U».

Cucrema ypaBHeHUN st KO3MDDUIIMEHTOB Pa3Jyio-
Kenuss @(1,2)p (K) Moxker ObITH HpeJCTaBlIeHA B MaT-
PUYHOM II0 30HHBIM WHIIEKCAM BUJIE:

/dk’ B N Un X U/”L x
3 U'sn Ey +U'o -
’ k/ ’ k
O ( /) _ g o1 (k) (4.10)
dorr (K') d2rr (k)

Oueparopable 3j1eMeHThl Marpuiibl cucrembl (4.10) ¢
yaerom k, k' € ), mmeror Bug

(El,z)kk/ = By 5(k)d(k — k'), (4.11a)

(0, ., = 0= K) (nalunnc)

n,n =1,2.

(4.11b)

31ech uepes (Unk |ty k) 0BO3HAUEHO CKAJISIPHOE TIPO3-
BEJICHUE I10 JIEMEHTAPHOI sideiike KPUCTAJLIA DJI0X0B-
CKMX aMILIATYJ, OPTOHOPMUPOBAHHBIX TPH OJMHAKO-
soix k. Uepes U (q) oboznaueHbl KOO DUIMEHTH! Pa3-
JIOYKEHU TIOTEHIINAJIA BO3MYIIeHus: B uHTerpaia Pypobe,

~ 1

U(q) = E /dr e~ ary(r).

Baarogaps miassocti U’ (r), bysxmus U(q) umeer
OCTPBIiT MAKCHMYM B 06J1aCTH MaJIbIX q. Vlcnonb3ys pe-
mrennst Kosiina ([32], dopmyusr (17)), KoTopsie B cirydae,
KOIJia BEeKTOD K mapajuresieH ocu z, BBIParKaloT Unk ()
9epes3 Upo(r) B OKPECTHOCTH J{HA 30HBI IPOBOANMOCTH
npu k = 0, MOXKHO MOKa3aTh, 9TO

k — k)2
(U'n,k|unk’) =1 + O <%) y (4123,)
c¢=g
k -k’
Unk|Un'k’) = —F |, N n. .
o | | #n/ 4.12b
meEy

Omnycrus B ypasHeHusix (4.10) wieHbl, BKJIaJ KOTO-
PBIX B DeIlleHHe MPONOPIMOHAJIEH MAaJjoMy MapaMeT-
py k?/m.E,, noyuuM cucTeMy U3 JIBYX HECBA3aHHBIX
ypasHeHuit 1ist ¢q 2(k):

[E’(S(k )~ Uk - ) — By (k)d(k — k’)} X

X ¢1E’ (k/) = 0, (4138.)

[E’(S(k X)) = Uk — k) — Es(k)d(k — k’)} X
X ¢2E/ (kl) =0.

3,[[er " JaJiee I10 IIOBTOPAIOIMUMCA IITPUXOBAHHBIM II€-

(4.13Db)

PEMEHHBIM MOJ[Pa3yMeBaeTCsi NHTETPUPOBAHUE MO 00-
gacth .

Bocnosbsyemes Teneps puemom Kempinma B pe;i-
cTaBjeHun ¢ 6a3McoM U3 BhIOpaHHbIX MYHKIWMNE Biroxa
(4.9). Hast sroro nomeiicreyem Ha ypasHenue (4.13a)
OIIEPATOPOM, KOTOPBIHi OIIpeIesisieT JIEBYIO 9acTh ypaB-
uenus (4.13b), upu yciosuu, uyro E’ He saBiigercs cob-
cTBeHHBIM 3HadeHueM 3aza4du (4.13b). Ilocae Hecs0K-
HBIX TPEO6PA3OBAHUNI TTOJTY TiM

~ /_U/
(E’&(k—k”)—U(k—k”)) = 4
Eg
k//k/
[U’El}kk’ / k?
+ Tg ¢1E"(k ) = 2—7nc¢1El(k). (4.14)
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Yepes [. . .Jxx 0603HaUeHbI IPUOIMIKEHHbIE MATPUIHbIE
3JIEMEHTBI COOTBETCTBYIOIIAX ONEPATOPOB, BLIYUCIICH-
Hble B Oa3uce u3 dyuknnit bjaoxa 30HL TPOBOINMOCTH
corsacuo (4.12a). B coyuae kommyTaropa, HalpuMep,
B SIBHOM BHJIE MMEEM

[UI, E}} = Ul = KB (K50~ K) -

K
— B (K)6(k — KU (K" —K'). (4.15)
VYpasuenue (4.14) npejgcrapisier co6oit 0HO30HHOE
ypaBHeHHe 3(PHEKTUBHON MaCChI JJIsT 30HBI ITPOBOIH-
MOCTH C TOYHOCTHIO JI0 MEXK30HHBIX MATPHIHBIX 3JIe-
MeHTOB ToTeHImana U'. B pabore [22] nokaszano, 4ro
MHOXKECTBO (DYHKITUI, KOTOPBIE MOT'YT OBITH IIPECTAB-
JIEHBI CBOUM pa3JjioKeHueM 1o 6a3ucy u3 pyukimuit Bio-
Xa JIIs 30HBI IIPOBOJIMMOCTH, 00Pa3yeT OPTOIOHAJIb-
HOE TOAIIPOCTPAHCTBO H. B 0DOOIEHHOM THILOEPTO-
BOM IpocTpaHcTBe H. YT0oOb! IepeiiTu K KOOPIMHATHO
dopme ypaBHenust 3HHEKTUBHON MaCChl, PACCMOTPUM
dbyukun ¢.g(k), onpenenennnie Boipaxkenuem (4.8),
KaK MPOEKIIMU HEKOTOPOIr'o BEKTOpa U3 0DOOIIEHHOTO
TIL0EPTOBA MTPOCTPAHCTBA HA COOCTBEHHBIE (DYHKITAN
orepaTopa umybca (27) =3/ 2exp(ik - X) B KOOpIEHAT-
HOM IIPEJICTABJICHUN, T. €. BBEJIeM (DYHKIIH
(I)E/(X) =

1 ik-x
T/Q/quscp(k)ek , (4.16)

(2m) g

rjie orpaHuveHne 06JIACTH HHTEMPUPOBAHUS IEPBOI 30~
noit Bpumiosna IUKTyeTCss 00JAaCThIO OIpe/Ie/IeHUs
bynxuit gop

SameTuM, 9TO MHOYXKECTBO COOCTBEHHBIX (OyHKIIHIA
olepaTopa UMILyJIbca it obsractu 3Hadenuit k € (2,
Takyke obpa3yer 0a3mc B HEKOTOPOM OPTOTOHAJIb-
HOM TIOJITPOCTPAHCTBE OOODIIEHHOTO T'MJILOEPTOBA
[IPOCTPAHCTBa, KoTopoe obo3HauuM depe3 H.. Orob-
paxenue ypasHenus (4.14) Ha 9T0 MOJUIPOCTPAHCTBO B
KOOD/IMHATHOM IIPEJICTABJICHUN IIPUHAMAET BT

=00 (14 Ep ) e+
+ Eig {U/,E}Lx, p(x') = —%mcvi%/ (x). (4.17)

Be3 wiena ¢ kommyTaToOpoM 3TO ypaBHEHUE AHAJIOTAY-
HO (4.6), TOJIBKO Temeps onpeesieHo hyHKIMOHAIBHOE
[IPOCTPAHCTBO, K KOTOPOMY IPUHAJJICYKAT PEITeHHSI.
Ton U’(x) B (4.17) MOXKHO IOHUMATB 1 OOBIYHBII KyJI0-
HOBCKUIl ITOTEHIIHAJ CAMOCOTJIACOBAHHOTO IOJIsi, €CJIU
nperebperaTb OOMEHHO-KOPPEIAIMOHHBIM B3anMOJIeH-
CTBHEM 3JIEKTPOHOB.

Mo2kHO 1TOKa3aTh, 9TO JIJIsl BKJIa/a OT KOMMYTaTOPa,
B ypaBHeHUe 3 OEKTUBHON MACCHI IOy 9aeTCsi (DOPMY-
na ([22] pasz. 2.1)

1 A A
—_ ’ " =
Eg |:U 7E11i|xx’ Q)(X)
1 102U oU' 9
=B, [5 o T ok ax) T (418)

KoTOpasi TOYHa [0 WieHoB mopsanka kZ/miE, < 1
BKJIIOUUTEJIHHO.

B sroif omenke mox k mommmaercs macmrab o0-
JIACTH BOJIHOBBIX BEKTOPOB, KOTODBIE JIAIOT OCHOBHOI
BKJIJ[ B ICKOMO€ perrieHue. JIjist CBSI3aHHBIX COCTOSTHUIMA
OH oOIlIpejie/isieTcsl 00PATHOM BeJIMYNHON XapaKTePHOTO
Macrrraba nmorennuaia Ly, Iy COCTOSTHUI HEIPePhIB-
HOI'O ClieKTpa — BeJum4anHoii kp. 113 Boipaxkenus (4.18)
BUJIHO, 9TO CPABHUBATHCS ITU MACIITAObI JIOJI2KHBI, KaK
u npeanosaraioch B pabore [40], ¢ xapakrepHoii -
HOlt L, ~ 1/y/m*E, , KOTOpasl AJIs IOJLYIPOBOJHUKA C
y3KO#t 3ampernennoit 3ouoi mopsiaka 0.5 3B mpesbiraer
TUMUYHOE 3HAYEHUE TIOCTOSHHON PerneTKN MPUMEPHO B
4-5 paz. Tak, nmpu m} ~ 0.025 n ykasanHO# ImUpHHE
3alpelenHoil 30HbI IMeeM Ly ~ 2.5 HM.

Od4eBuIHO, YTO yCJIOBUE LngU/ dr? < 1 npuvenu-
MocTu ypasHenus (4.6) B KauecTBe ypaBHEHHs METOIA
3bPEKTUBHON MACChl HECKOJIBKO YKECTYe, UYeM B OJIHO-
30HHOM CJIy4ae, KOTJIa MPeJIIoJIaraeTcs IIJIaBHOCT BO3-
MYIIAOIIEro MOTEHIInaIa U pertennii ypapaenust [1pe-
JIMHTepa Ha MacinTabax MopsijiKa MMOCTOSHHOM perrmer-
Kk a = 0.5 um. Tem He MeHee OleHKa IapaMeTpa Ma-
gocru teopun npu kpLy ~ 5-10 (em. puc. 1, 2) u
E,/E% ~ 6 naer BroJne y10B1eTEOPUTEILHBI PE3yIIb-
rar L2/L{; ~ 1/75-1/300. Tlosromy sasiee moj ypase-
HEEeM MeTo/1a 3D HEKTUBHOI MaCCHl B HYJIEBOM IIPUOJIH-
JKEHUW TI0 MPOU3BOAHBIM moTeHnmana U’ GyaeM monun-
MaTh ypasHeHue (4.17), B KOTOPOM OIYIIEHO caraeMoe
€ KOMMYTaTOPOM.

4.1.2. CBs3b COOCTBEHHBIX (PYHKIIMI yYpPaBHEHUS
3¢ PeKTUBHOI Macchbl C TOYHBIMU COOCTBEHHBIMU
(bYyHKIUSIMU BO3MYIIEHHOT'O KPUCTAJLIIA

715t TOro 9To0bI MOIYYUTh yCJIOBUSI 0TOOpa cOOCT-
BeHHBIX GyHKIWMi ypasHenus (4.6) u3 Bcex BO3MOXKHBIX
pemtennii u GOPMYIIBI I MATPHYHBIX 9JIEMEHTOB OIle-
pPaTopoB HAOJIONAEMBIX B 9TOM IIPEICTABJICHUN, HEOO-
XOJIUMO YCTAHOBHUTD CBsI3b pemiernst @ g/ (X) ¢ TOUHOI
BostHOBOM (dyHKIWeH Vg (r) 37€KTPOHOB B 30HE IIPO-
BOJMIMOCTH B IIPHCYTCTBUH BHEIIHErO IOTEHIHAJIA.

Ucnonbays dopmyist (4.8), (4.9) n (4.16), nomyanm

Vg (r) = /dx'wc(r;x/)q)E/(X'), (4.19)

1088



MIOT®, Tom 157, BoImm. 6, 2020

Pelierune camocornacosaHHbix ypasHeHuii KoHa —LLIama n lNyaccoHa. . .

rae depe3

dk )
we(r; X) :/chk(r)eﬂk'x

& (4.20)

*

obozHadeHa obobIeHHas GyHkinsg BaHHbe st 30HbBI
[TPOBOJMIMOCTH.

BameruM, aro dyHKIusa W, (r; X) ABAIETCI MATPUY-
HBIM 9JIEMEHTOM omepatopa W, KOTOpbIil 0ToGpazkaer
nojpoctpancTBo Hy B H.. Ero abcrpakrTHOoe npej-
CTaBJIEHHE Yepe3 BEKTOPBI 0DOOIEHHOT0 THIhOEpTOBa
npocrpaHcTsa B obo3nadenusx Jupaka umeer sug [22]

W.= [ dk|k,c)(k|, (4.21)
/

rae vepes |k,c) o6GosHaueH mesbTa-HOPMUPOBAHHBIMA
COOCTBEHHBIN BEKTOp rammibToHMaHa Hy u3 H, orBe-
qaformuit pyuknun Biioxa ¢ KBazuumiryibcom K iist 30-
HBI IPOBOIMMOCTH, 1 Yepe3 |K ) — cobeTBEeHHBIH BEKTOD
orepaTopa UMITYIbca. MarpudHbie 3JIeMEHTBI OTIepaTO-
pa W, B KOODAMHATHOM IIPeICTABIICHIH,

<r|Wc|x> = /dk (rk,c)(k|x),

Q.

(4.22)

comagator ¢ dopmymoit (4.20), KoTopasi onpezessier
00001mmenny0 GyHknuo Banube.

B pabore [22] nokazano, 4To oneparop W, yaurap-
wblil. B jaHHOM cityvae, KOTJia OJTHO MOJIIPOCTPAHCT-
BO 0O0OOOIIEHHOT0 TMJIBOEPTOBA TPOCTPAHCTBA OTOOpa-
JKaeTcsl Ha JIPYToe, 3TO 03HAYAET HAJMIHNE CJIEYIONIX
CBOMCTB: o

Wiw, =1,,

wwi=1,, (4.23)

IJle BBEJEHBI ¢AMHUYHLIH omeparop 1, = fﬂ* dk|k ) (k|
B HOAIPOCTPAHCTBE H, U €IUHUYUHBI omeparop l. =
= [, dklk,c){c, k| B momnpocrpancrse H.. Braro-
Japs YHUTAPHOCTH OTOOparKeHHsI, KOTOPOE 33aeTCs
oneparopoM W,, COXpaHSIeTCsl CKAJSPHOE IPOH3BEIe-
HUe BeKTOpPOB. B dYacTHOCTH, 3TO cIpaBeIMBO KaK
JIIST yCJIOBHsSl HOPMHPOBKH COGCTBEHHBIX DPEIICHHI HAa

0-(DYHKIIMIO OT KBAHTOBBIX YHCE,
S(E ~ E') = (Ve¥e) = [ dr (Ulr) (x[¥s) =
— [arvpeve ) -
— [ dr s (o)l m) () B =
— [ axax @6 (x - X) 0 (x) =

:/dx@*E(X)CI)E/(X), (4.24)

TaK U JJIs YCJIOBUsI MOJTHOTHI 0a3mca u3 COOTBETCTBYIO-
X COOCTBEHHBIX PEIEHUl B COOTBETCTBYIOIIEM II0/I-
npocrparcTBe. OTMETHM, YTO XOTSI HOJIIPOCTPAHCTBA
H. 1 H. SKBUBaJEHTHBI B TOM CMBICJIE, YTO MEXKIY UX
BEKTOPAaMU CYIIECTBYET B3aNMHOOTHO3HATHOE COOTBET-
CTBUE, OHU HE TOXKJIECTBEHHBI, TAK KaK COCTOSAT U3 Pa3-
HBIX BEKTOPOB OOOOIIEHHOTO THILOEPTOBA MPOCTPAH-
crBa. [osToMy BBIBOZ yC/IOBHMIi TIOJHOTHI TpeOyeT Me-
Hee 3JIeMEHTAPHBIX CPEJICTB, TAK UTO MPUBEEM TOJIBKO
KOHEYHBINA pe3y/bTaT:

de(r—1') = /DE (r|Ug) (Ug|r),
(4.25)
54x—fy3/DE@@EM@mxy

Snece DE o3Havyaer wuHTerpupopaHue 10 jgudde-
PEHIMAJILHON CIIEKTPaJIbHOU Mepe, MHAEKCHL Y JIejIb-
Ta~PYHKIWI 0TMEYaiOT, 9TO COOTBETCTBYIOIINE BbIPa-
JKeHusT 00JIQIAI0T BCEMU CBOMCTBAMM JI€JIbTa~(DyHKIIH
OTHOCUTEILHO 3JIEMEHTOB COOTBETCTBYIOIIUX TOJIIPO-
CTPaHCTB.

1715t perieHust BOIpoca 0 TPAHUIHBIX YCJIOBUSIX BOC-
nosb3yemcs gopmyioit (4.19). B pabore [22] nokazano,
9TO C MIOMOIIBI0 0ToOpazkenus I 'eabdanga 06obIeHHast
dyuknus Banube w,(r; X) Moxer GbITH BbIparKeHa [e-

pes cranmaprayio bynknuo Bannbe?)
dk
wa (1) = / GogrEtlo) (4.26)
Q.
dbopmyitoit
wp(r;x) = Qo Z wp(r — sa)d.(x —sa), (4.27)

rJIe ¢ — NOCTOSTHHAS PEIETKH KyOHMIeCKOro KPUCTAILIA,
S — BEKTOP TPEXMEPHOI'O IIPOCTPAHCTBA C IeJIOINCIICH-
HBIMH KOOD/IUHATAMH.

IMoncranoska (4.27) B (4.19) naer

o0

Ugp(r)=Q Z we(r — sa)®p(sa).

S§=—00

(4.28)

Dyuknus Banube w,(r) JOKAIN30BaHA B OKPECTHOCTH
TOYKM I' HA MACIITabe MOPs/IKa HECKOJBKHUX ITOCTOSIH-
HBIX pererkH [52], Torja kak @ g(x) MeHsteTcst c1abo Ha
Takux paccrosuugX. [losromy ®g(x) MOXKHO BbIHECTH
M3-TI0J1 3HAKa CyMMbI Ipu sa = r. OcraBrasicss Cymma

3) @ynkmua wy, (r) OTIHYAETCH TOJNBLKO MOCTOSHHBIM MHOMKH-
resem (2 /(27)3/2 or oberunoro onpenesnenus dyuknun Banube
4epe3 cpesiHee 3HadeHne P,k (r) mo some BpuimosHa (cMm., Ha-
npumep, [51], bopmyaa (10.28)).
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BhIpazkaerca yepes3 ¢yukimio Bioxa npu k = 0 [22]. B
pe3yJIbTaTe nMeeM

Ugp(r) = ue(r)Pgr(r), (4.29)
rie Ueo(r) — GJIOXOBCKAsI AMIIUTYA JJisl COCTOSHUSL Ha,
JIHE 30HBI IIPOBOMMOCTH. BUJIHO, UTO HyJI€BbIE TPAHNY-
Hble yCaoBus it 00enx pyHKImi copnagaioT. HeemoT-
P Ha BHEIIHEE CXOJCTBO NPHOJMKEHHOH (hopMyIsI
(4.29) ¢ dopmymnoit merona orubaromux JlaTTHHKe-
pa—Kona [53], byukuus @5 He coBmamaer ¢ 0ObIUHOM
orubaronieit, Tak Kak yJ0BJIETBOPSET JPYrOMY ypaBHE-
Huto (eMm. pasn. I u IV B pabore [53]).

Posb 6710X0BCKO# aMILTATY/IBI TIPU HEHYJIEBBIX I'Pa-
HUYHBIX YCJIOBUSX, TAaK YK€ KaK MHTEPIPETAIUS Pe3yThb-
TATOB II0JICTAHOBKY IIpUO/MKeHHO dopmysist (4.29) B
TOYHBIE (POPMYJIBI JAHHOTO pasjena OOCYXKIAI0TCS B
pabore [22], pazm. 2.2.

VHBapUAHTHOCTD CKAJISIPHOTO IIPOU3BEJIEHUS OTHO-
curesibHO oTobpazkeHust H., — H. Bieder 3a coOOi
TaK>Ke MHBAPUAHTHOCTH MATPUIHBLIX 3JIEMEHTOB CaMO-
COPSI?KEHHBIX OIIePATOPOB HAOJIIOMAEeMbIX. Y 0eINMCs B
9TOM Ha [IPUMEPEe BaXKHOI'O Jisl JAHHON paboTsl (¢ ca-
MOCOTJIACOBAHHBIMU PACUYETAMHU) OIIEPATOPA IJIOTHOCTH
3J1eKTPOHOB 7i(rg) = §(F — ro).

CpeaHss I0THOCTD 3JIEKTPOHOB B OCHOBHOM COCTO-
SITHAW CHCTEMBI C TOYHBIM TAMIIILTOHHAHOM (4.7) naercs

dbopmyitoit

n(ro) = /DEQ(E)nE (ro), (4.30)
rae vepes o(FE) u np(rg) o603HAUEHBI IHATOHAJIB-
HbIE 3JIEMEHTDHI OJHOYACTUYHOI paBHOBECHOI MaTpu-
bl IJIOTHOCTH W ONEPATOPa ILIOTHOCTU B Oasmce cob-

crBeHHBIX QyHKIWMH |UE) cCAMOCONPSIZKEHHOTO OIIepaTO-
pa Hy + U’. Tlo onpenenenuro

np (ro) = (¥Vplé(E —ro)|Ve) =
- /dr (Wpr) 6 (r —ro) (r|¥p) =

= \I/*E (I’()) \I/E (I‘Q) 5 (431)

TJIe UCIIOJIb30BAHO MpeJCTaBaeHne (DYHKIUA OT OIepa-
TOpa KOOPJIMHATHI B ba3uce COOCTBEHHBIX (DYHKITHI 110~
CJIeJTHErO:

fi(rg) = /dr|r>5 (r —ro)(r|. (4.32)

ITpu jokaszaTenbCTBe WHBAPHAHTHOCTH (DOPMYJIBI
(4.31) must ng (rg) oTHOCHTENBEHO OTOGpaXKkeHust H, —
— H. yIOOHO BOCIIOIB30BATHCS aOCTPAKTHOM hopMOit

zanmcu orobpakenusi, obparnoro (4.19), u ero spmuro-
BO-CONPSI?KEHHOTO:

|Pp) =W UE), (Pp|=(Tg|W,. (4.33)
AHanoruuHbBIE COOTHOIIEHUS] UMEFOTCST MEXKTY BEKTOPa-
MU |r.) ¥ |X) — 0TOOparKeHUsAME COCTOSIHUS |T') HA, TIO/I-
npoctpancTBa He u Hy:

re) = /dk|k,c><c,k|r>,

o ) (4.34)
) = / dk[K)(K[r),  [x) = Wi |r.).
Q.

BeraBus enmanunbiii omeparop (4.23) B (4.31) ¢
yaeroM (4.33) u (4.34), moaydaem

ng (rg) = /dr<\I/E|WcWJ|r>(5 (r—rg) X

x (r|W. WU ) = (®p|xo) (x| Pr) =

= ®% (x0) Pr (x0) . (4.35)
Buecs |x0) = Wi|re) u 6110 yureno, uro U € H, u

4.1.3. YpaBuenue Ilyaccona

Oueprusi Pepmu Er mj1s 3aauH0il wioTHOCTH N =
= k?./37% 31eKTpOHOB Ha GECKOHEYHOCTH IIPH ydeTe
HermapabOMIHOCTH CIIEKTpa U OOMEHHO-KOPPEISIIIIOH-
HOT'O B3aMMOJIEHICTBUST HAXOJUTCS KAaK PeIleHre ypaB-
HEHUS

2]:7%* = [EF - Umc(N)] <1 +

C

Er —]gmw)) _

: Ep

=FEp (1 + E_g> . (4.36)
Bxopsamuit B adbdexTuBHbII TOTEHITAT 0OMEHHO-KOP-
peNSuoHHbIH  moTeHIman Uy, To-pexkHeMy Oyaer
[IPUHUMATHCS B OOBIYHOM IPUOJIMKEHUN JIOKAJIBHOM
mrorHocTH. Kax BUHO U3 TPUBEJIEHHOIO BhIIIE PUC. 2,
MPOCTPAHCTBEHHBIE PACTIPEIC/ICHNsT KaK KBa3UIBYyMEpD-
HBIX 3JIEKTPOHOB, TaK U JEKTPOHOB B OOBEMHBIX CO-
CTOSTHUSIX HEIPEPBIBHOTO CIIEKTPA BIIOJIHE IIJIABHO Me-
HSIFOTCsI HA MaciTabax mopsiika (PepMUEBCKON JIJTHHBI
BosHbl. [IpuHuMasi BO BHUMaHWE, YTO HPHOJIMKEHUE
JIOKAJIBHON IUIOTHOCTU HO3BOJISIET HTPOBOJUTH C XOPO-
Ieif TOYHOCTBHIO PACYETHl MHOTO3JIEKTPOHHBIX aTOMOB,
MOJIEKYJI M [IOBEPXHOCTHBIX CBOHCTB MeTAJLIOB (CM. 06-
cyxenue B [54]), Mbl B HacTosIelt paboTe TakzKe orpa-
HUYWUJIACH CTAHIAPTHBIM onpeneaenueM Uy..
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B ypasuenuu Ilyaccona (3.13) yuer memapabosind-
HOCTH 3JIEKTPOHHOI'O CHEKTPA MPUBOIUT K M3MEHEHUIO
KBA3UKJIACCUIECKOTO BBIPAYKEHUS JIUIS CBSI3M WHLYTIA-
POBAHHOH MUIOTHOCTHU 3apsijia ¢ MOTEHIUATIOM. BMecTo
dopmyasr (3.11) nmeem

_kr(x)® (2m)*/?
T 372 3x2

>{m_mﬂ0+%%g@ﬂm.@m

Nind (X)

4.2. OcobeHHOCTH pacueTa

B cnydae mosrybecKOHEUHOrO TOJIYIIPOBOHUKA C
06OTaIeHHBIM CJIOEM Ha OBEPXHOCTH ypaBHeHue (4.17)
JIOTYCKACT Pa3/Iie/IeHie MePeMEHHbBIX I'| B ILJIOCKOCTH 1
2 110 HOPMAJIU K MOBEPXHOCTH, TAK UTO PEIIECHAE MOYKHO
UCKATb B BUJIE

Qpi(r) = % eI Ve (2), = (r),2). (4.38)

IozncraBus 910 Belpazkenue B (4.17) 1 omycTHB KOMMY-
TATOD, IOJIyYaeM ypPaBHEHHE

1 & ,
_2mz _d22 + qu(Z; FE ) wE,kH (Z) =
1 2
= sz kz"/JE’kH (Z), (439)

rze mapamerp k. ceasan ¢ k) u E’ coornomenuem

L

o (4.40)

El
z(kﬁ +EH=F (1 + E—g) = Ky(E')
1 BBEJIEH 3aBUCSINHN OT S9HEPIUH KBa3UIIOTEHIHAN [22]

Up(z;E') = Ko(E') — Ky (B = U") =

_U/<1_|_2_EI/>_U_/2

441
E, ) " E, (4.41)

KOTOPBIit yI06eH TeM, 9TO oOpalaeTcs B HYJIb Ha Oec-
KoHeuHocTHn BMecre ¢ U'(z).
ITpu pemenun ypasuenust (4.39) i KazKIoro 3ua-

wennsa mapamverpa ki B amamasome 0 < ki < k7,

UINETCS CIEKTP COOCTBEHHBIX 3HATEHUI kz(kﬁ) Econ
B KBAa3UIIOTCHIUAJLHONA fAMe€, COOTBETCTBYIOLIEH B3d-
TOMY 3HAYEHUIO kﬁ, CYIIECTBYET JUCKPETHBIN HAOOD
yOBIBAIONNX HAa OECKOHEYHOCTH W HOPMHUPYEMBIX HAa
eJIMHUILY PEINeHUl MPU HEKOTOPBIX OTPHUIATETBHBIX
3HAYEHUSIX kﬁj < 0, TO COOTBETCTBYIOIIHE PEIIeHUsI
E;(kﬁ), j = 0,1,... ypaBrenus (4.40) npeacraBiasior
co00I1 pa3sMepHO-KBAHTOBAHHBIE TOI30HBI SHEPIeTHIEC-
KOT'0 CIIEKTPA KBA3UIBYMEPHBIX 371eKTPOHOB. Q-
pylomme pu z — 00 permenns g k2 > 0 oTseua-
0T COCTOSIHUSIM HEIPEPBIBHOIO CHEKTPa TPEXMEPHBIX

3JIEKTPOHOB. BeleicTBrE 3aBUCHMOCTI KBA3UIIOTEHITN-

ana (4.41) or suepruwm, Jjist KazkKJ10ro Habopa 3HAYEHUH
z

OTMETHUTH, YTO IPU yBeJudeHun sueprun E’' riy6una

sIMBI MOHOTOHHO PACTET, BCJIEJCTBHE Y€r0 ¢ POCTOM kﬁ

(kﬁ, k?) mosnyqaercs cBost IOTeHIMATbHAST AMa. BasKHO

yposuu k2; momnoronso yriyGusorcs (cm. (4.41)). B
pesyabTare, B OTJUIHE OT MapabOMIecKOro CIIydas,
ABymMepHbIil criektp (k| ) HerpumaabHBIM 06pazsom
3aBUCHUT OT kﬁ, a B HENPEPBIBHOM CIIEKTPE TIOsIBJISIETCST
3aBHCHUMOCTH OT kﬁ coOGCTBeHHBIX PyHKIM ¢p/K, -

B 6e3pa3zmepHbIX IEpEMEHHBIX, aHAJOTUIHBIX BBE-
JIeHHBIM paHee B pazia. 3.2 (¢ yToYHEHHEeM E% =
= k%/2m}), ypasuenne (4.39) sl TOJYIIPOBOJHHUKA
n-TUNa ¢ 0OOTAINEHHBIM CJI0EM Ha TOBEPXHOCTH 3all-
CBhIBAETCsl B BUJIE

[—j—@ + ugp(¢; E):| 1/)1}21’(“ Q)= 1231/115212” €), (4.42)

rae ¢ = kpz, k= k/kp, e = E’/E%, Ugp = qu/E% u

=1+ 2) -],
g

e 4 = Ey/EY.
I'pannysble yciaoBust K ypaBHeHmio (4.42) amasio-

(4.43)

[UYHBL CJIYyUAl0 MapaboInvdeckol 30HbI POBOANMOCTH
(em. (3.20) u (3.23)). s 3/1€KTPOHHBIX COCTOSIHUIA
HEIPEPBIBHON 06JIACTH CIIEKTPa UMEEM

Yi.i, (0) =0,

2 ~
; . — /2 S 4.44
Chﬁn;owkz)kl(g)_\/;sm (sz—i-szku), (4.44)
l;z >0,

rae Vi f, OuATh 0003HAYAET ITOCTOSIHHYIO (pa3y BOJIHO-
BoO¥ (byHKIINM B TJIyOMHE TOJIyIpoBomHWKA. st HOp-
MHUPOBAHHBIX HA €IMHUILY JIOKAJTM30BAHHBIX COCTOSTHUN
JIICKPETHOTO CIIEKTPA

2 (0)=0, lim v, =0. 4.45
0, 0 =0, Jim v, () (4.45)
Tlocie ompeneniennst cOOCTBEHHBIX (DYHKIUN ypaBHe-
Hust 3 HEKTUBHON MACCHI BBIYUC/ISETCS TOJTHAS TLIOT-
HOCTH 3JIEKTPOHOB, KOTOPas JAETCS BbIPAKEHUEM

1 . 1—153
© =3 [ L= [ ai2u o P +
n =T o'r 1Tk Ry
0 0
];jz'mam
1 ~
o D dkfl,  (QFF | (4.46)
k2,(00<0 0
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rie k2

jmaz HaXOIUTCA U3 pelieHnd ypaBHCHUA

kamam + kgg (kgzmam) = EF(l + €F/€g).

Crpykrypa dopmynsr (4.46) cooTBETCTBYeT Tako-
Boii dopmysbl (3.24), TOJBKO yUUTHIBAET SBHYIO 3a-
BUCHMOCTD Pemenus ¥y iy (€) ot l;ﬁ Bcaencrsue sTo-
IO, HHTErpUPOBaHKE TI0 k|, KOTOPOe B cilydae mapabo-
JIMIECKOI 30HBI BBIIOJHEHO B (3.24) aHAJIUTHYECKH, B
caydae HenapaboJMIecKOro SHEPreTUIeCKOro CIIEKTPA
JIOJZKHO OBITH peann3oBaHo B (4.46) dmnciaeHHO Hapsity
¢ MHTErpupoBaHueM 10 k.

BentesictBre  BO3MOXKHOTO — CyIIECTBOBAHMST OY€HDb
MEJIKOTO YPOBHSI B KBA3UIIOTEHIIMAJILHON sIMe MOYKeT
BOZHUKATH HEOOXOJUMOCTH BBIYUC/SATH I[JIOTHOCTD
3JIEKTPOHOB TpU OYeHb OobIux (. V3 acuMnToOTUKH
(4.44) BuAHO, YTO B ITOM CJIydae MOABIHTErPAIHHOE
BbIpaxkeHue B IepBoM ciaraemoM B (4.46) Oyzer
OUYeHb OBICTPO ocImmpyfomeil dyuknueir ot k.
OpHako WCHOJIb3yeMbIil B pacderax HaOOpP paBHO-
OTCTOSAINX 3HadYeHuit k, OymerT W3OBITOYHBIM JIJIsd
GoJibiiiell gacTu 3HaUEHUil (, €cjim €ro BBIOWPATH IO
KPUTEPUIO JOCTATOYHOH TOYHOCTUA KBaJpaTypHON
dopmynsr CuMIICOHA TTPU OY€Hb OOJIBINNX 3HAYCHUSIX
¢. IepuommanocTs 1/),;2_];” (¢) or k, upu Goabmux (
TI03BOJISIET AIMIPOKCUMUPOBATL MHTErpaJ 1o k, Gosee
MomTHOU, dYeMm dopmysna CumicoHa, KBaJIpaTypPHON
dopmymoit @wiona (cm., Hampummep, [42]). Ogmako
npeBapuTeIbHOe nHTerpupoBanme B (4.46) 10 IEH
paspyiiaer TOYHYIO HEPUOJAUIHOCTH 1O k, MOJIydaro-
merocst Bolpaskenust. [[jist ycrpaHeHus 9TON TPYIHOCTH
upu BerauciaeHuu n(() B ciaydae GOJIBIINX 3HAYECHUI
¢ mopsauok wunrerpupoBanust B (4.46) meHsuics Ha
0OpaTHBIIA.

Bespasmepnoe ypasuenue Ilyaccona ocraercs Hens-
MEHHBIM:

d?u
d—CQ + enNind(u) = cn[l — ngu(Q)], (4.47)
KaK U KpaeBble YCJIOBH K HEMY:
du ~ du
— =&, — =0. 4.48
dC c=0 dC ¢=o0 ( )

Dopmysa I MHILYIUPOBAHHON IUIOTHOCTU 3JIEKTPO-
HOB caexyer u3 (4.37):

Nind(C) =
= [lee - win (14 =21 " )

€g

DHepPruu 1 BOJTHOBBIE (DYHKITUHU CBA3AHHBIX COCTOSI-
HUif B KBAHTOBOH sIM€ HAXOIMIUCH METOJIOM TPHUTOHO-
METPUIECKON IIPOrOHKHU (CM. JIeTajid B KOHIE pa3jl. 2.2

paborsl [2]). B ominune or mapabondecKoro ciydasd,
KOT/1a OOBIYHBIN oTeHnmaT B ypasHennu [lpenuHrepa
3aBHCEJT TOJBKO OT KOOPAMHATHI, B (4.39) KBa3umoreH-
mpast (4.41) 3aBUCHT OT KOODAMHATHL ¥ OT SHEPIUU CO-
crosans E'. C pocTom kﬁ SHEPIUs PaCTeT, KBAHTOBAasI
sIMa CTAHOBUTCS TJIyOxKe. DTO MPUBOJUAT K TOMY, UTO
IPH OTIPeJIe/IeHHbIX 3HAYEeHUAX BOJHOBOTO BeKTOpa k)
HAYMHAIOT MPOSIBIATHCS OUEHb MEJIKHE JIOKAJIN30BAH-
HBIE COCTOSTHUSI.

Jlnis HaXOXKJIEHWsT TaKWX YPOBHEH METOJIOM TpU-
TOHOMETPHYIECKON MPOTOHKHM HEOOXOIMMO 3HAUUTEh-
HO YBEJIMYNBATH Pa3Mep MOJAEIUPYEMOil 061acTH, ITO
CBSI3AHO C BBIYUCTUTENBHBIME TPYaHOCTAMU. C JIpyTOii
CTOPOHBI, TPOIYCK TAKUX MEJKAX YPOBHEH B CaMOCO-
[JIACOBAHHBIX DacueTax MPUBOJIUT K <«HEI000pY» 3a-
psaia B Bbipaxkenun (4.46) u K pacxouMOCTH HTEpa-
MMOHHOTO Tporiecca. 1loaToMmy amaau3 obsacTu dHEP-
IHit CBsI3U, GIIN3KUX K TPAHUIE HEITPEPBIBHOTO CIIEKTPA,
ITPOBOJIUJICS C MUCIIOJIB30BAHUEM CBOWCTB PEIeHUs] IPH

K2 — 0.
B pa6ore [22] (IIpmioxkenue A.l) mokasaHO, 9TO
aCUMITOTHUKA perrenns . upu k, = 0 B OKpecTHO-

¢t GECKOHEYTHOCTH, TJle KBA3UIIOTEHIINAJ CTPEMUTCS K
HYJIIO, €CTh JMO0 KOHCTaHTa (U TOrJa HyJb €CTh COO-
CTBEHHOE 3HAYEHUE), JUOO MOHOTOHHAA (DYHKIHS KO-
OP/IMHATHI, TOBEJIEHIE KOTOPOH MOYKET OBITH UCIIOJIh-
30BaHO JjIs1 OOHAPYKEHUST MEJIKUX CBSI3aHHBIX COCTOSI-
HOil. A UMeHHO, eci B 0OJIACTH, T/ie KBA3UITOTEHITHAJT
CTAHOBUTCS JIOCTATOYHO OJIM30K K HYJIIO, BBITTOJTHSIETCS
yCJIOBHE

diprz—g d
M@”_fc] <o, (4.50)

sign { i dC

Cmaw

TO IPUHUMAETCS, YTO B KBAHTOBOI sIMe HMeeTCsS MeJ-
Kuit ypoenb B unTepsase (k2,,0).

[Tapamerp k2, — 9TO MUHUMAJbHAS SHEPIUSA, JIJIs
KOTOPO# MEeTOJI TPUTOHOMETPUIECKOI TPOrOHKU OOHa-
PY’KHBAET JIOKAJIM30BAHHOE COCTOSHME B HAIIEM CIIy-
gae. B pacderax JaHHOrO pasjesa IPU KaxKjaoM (huk-
CHPOBAHHOM 3HaYeHWM k|| TpaHmdHoe yciosue (4.45)
13 6ECKOHEYHOCTHU TTEPEHOCUSIOCH B TOUKY (mar = 200
B dopme dIny_ k, /d( = —|k.|. TIpu srom 3uauenme
k2. B 6e3pasMepHbIX €JMHUIAX OKA3BIBAJIOCH MOPsIKA
—5-10~%. TIpubn>KeHHO SHEPIUsT 3aMEUIEHHOIO MeJIKO-
ro ypoBH# olleHuBasach Kak k2., = k?./2, a B kauecTse
COOTBETCTBYIONIEHl BOJIHOBOI (DyHKIMK B 00JIACTH pac-
qerrnoro uatepBaia 0 < ¢ < (nmqe Opasioch pernrenue
¢kzkua oTBeyaroriee 3Toit smeprun. Ha rpanutie (maz
OHO HENPEPBIBHO Tpojo/iKaiock exp(—|k;|¢) u 3arem
unopmuposasioch. (ITogpobuee cm. Ipunoxenune A.)

Crporo roBops, Takoe pellleHne He sBJISeTCS COob-
CTBEeHHO QyHKIMEN 33,1491, TOCKOIBKY B TOUKE (mag
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Puc. 7. a) 3aBNCMOCTL OT KOOPANHATHI CAMOCOIIaCOBaHHOV 3/1EKTPOHHONR NIOTHOCTU 3NEKTPOHOB. 6) [lByMepHbIl 3aKoH guc-
nepcumn 31eKTPOHOB B oboratueHHom cioe. CnnoLHbie KpUBbIE pacCcHUTaHbl AN Henapabonnyeckoil 30Hbl NPOBOANMOCTY, LITPU-
X0Bble — Ans napabonuyeckoli 30Hbl B 0bbeme nosynposogHuka. B nnoTHocTn anekTpoHoB Ha puc. 7a y4TeH BKAag COCTOSIHUIA
HEMPEePLIBHOTO CMEKTPa M [ABYX Pa3MEpPHO-KBAaHTOBaHHbLIX MOA30H, MOKa3aHHbIX Ha puc. 76. PacueTr kpuBbix Ha puc. 76 6bin
BbINOJIHEH TONIbKO AJ151 3aMOJIHEHHbIX 3EKTPOHAMU COCTOSIHUIA, SHEPTUsi KOTOPbIX He MpeBblilwana sHepruto Pepmu

OHO MMeeT CKaJOK I1epBoii nmpousBoHoil. OgHaKo B Cu-
Ty MasocTn k2, HenpaBHIIbHOE OBEJIEHNE PENIeHns] Ha
OECKOHEYHOCTU MaJji0 CKA3bIBAETCS Ha €ro 3HAYEHUAX
B obsactu 0 < ( < (max coracHo Teopeme Ilyanka-
p€ O HEIPEPBIBHON 3aBUCHUMOCTH PEIIEeHUs] YPaBHEHUS
OT MapaMerpa IMpPU COXPAHEHUU T'PAHUIHOTO YCJIOBHUSI
¥(0) =0, dip/d¢(0) = 1. Taxoii 1OAX0/ HO3BOIWII C J10-
CTATOYHON TOYHOCTHIO yUECTh 3apsi/l MEJIKOTO YPOBHS
1 06ecTie 1 CXOAMMOCTb HTEPAHOHHOTO TIPOTECCa, O
yeaosmo maxe n(? — ngli| <2.0-1075.

4.3. Pe3yabTaTbl 1 00Cy2KIeHUE

4.3.1. PacripeesieHne 3JI€eKTPOHOB OKOJIO
HOBEPXHOCTU M OCOOEHHOCTU JABYMEPHOTO
9HEPreTUIEeCKOro CIeKTpa

CamocoriacoBantoe perienue ypasaenust [lyacco-
Ha u ypaBHenus 3h(eKTUBHON MacChl ¢ 0OMEHHO-KOP-
pensmmonubiM norTeHImagom Koma—Ilsma mpu ye-
Te HemapabOJUIECKOrO 3aKOHA JUCIEPCUH 3JIEKTPOHOB
B 30HE ITPOBOMMOCTHU IIPOBOJUIOCH C TapaMeTPaMU
CTPYKTYP, KOTOPBIE IKCIEPUMEHTAIBLHO UCCJIEIOBAJIICD
B paborax [8,9]. Ha puc. 7a upeincraBjeHbl MpocTpaH-
CTBEHHBbIE 3aBUCUMOCTHU CaMOCOIIACOBAHHOM ILJIOTHOC-
TH 3JIEKTPOHOB, PACCUUTAHHBIE IS HapabOJINIECKO-
ro u HenmapabOJIMIeCKOr0 3aKOHOB JIMCIEPCHUU C IIa-

pamerpamu R: = 0.32, m} = 0.023, »x = 12.55,
Er — Uy = 400Mm3B m mmpuHOil 3ampenmenHoit 30-
bl InAs 430 M3B, KOTOpBIE COOTBETCTBYIOT HCCJIEIO-
BaHHOI B pabore [8] crpykrype Cs/InAs (3nauenus
E, orBewalor Temmeparypam I’ < 80 K). Kak sunmo
Ha PUCYHKE, y9eT HemapaOOJIMIHOCTH 3aKOHA JHUCIIED-
CHU B 30HE IIPOBOJMMOCTH MOKET IPUBOIUTH K 3HAYUU-
TEJILbHOMY YBEJIMYEHUIO JIEKTPOHHON ILJIOTHOCTU B 00-
JIaCTH KBaHTOBO# simbl. [IpwamHa 3TOr0 — pocT IBY-
MEpHOI IJIOTHOCTU COCTOAHUIl ¢ SHeprueil (CM. HUXKe

paszz. 4.3.4).

CoOTBETCTBYIONIHIT CIIEKTP JIBYX PA3MEPHO-KBAHTO-
BAHHBIX TOJ30H IMMOKa3aH Ha puc. 76. Bumano, uro nHau-
6oJIbIllee PA3ININe ABYX 3aKOHOB JINCIIEPCUU JIOCTUTA~
ercs mpu OOJIBININX 3HAYEHUSAX KBazumMmirysibca. Cire-
JIyeT TakK»Ke OTMETHTh 3HAYUTE/IbHOE DPA3JINIue IIpe-
JIeJTbHBIX 3HAYEHUH KBa3UUMITYJIbCOB K j, TP KOTOPBIX
SHeprus MoJ[30H paBHa 3Hepruu Pepmu. JTOT Mapa-
MeTD HAIPAMYIO OIPEENISeTCs 10 IEPUOAM MArHUTO-
ocrmmisnmii [Ilyorukosa — ne ['aaza man C—V-xapak-
Tepuctuk. Ha puc. 76 1erko yBUAETH, YTO €CJIU HUCIIOJhb-
30BaTh U3MEPEHHBbIEC 3HaUeHUA Kp; 0e3 ydera Hemapa-
GOJIMIHOCTU JBYMEPHOTO 3aKOHA, JUCIEPCUU, ITO MPU-
BeJIeT K 3aMETHOMY YIVIyOJICHUIO WJIM TIOBBIIIEHUIO TI0-
JIO2KEHUS JTHA COOTBETCTBYIOIIEN TI0/I30HBI B 3aBUCHMO-
CTH OT HCIIOJIb3YEMOTO 3HaYeHNs 3D DEKTUBHON MACCHI,
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Cremyer Takke oOpATUTh BHUMAHWUE HA 3aMETHOE
pa3mdne KOOPIAMHAT KOHIIOB COOTBETCTBYIOIIUX KPU-
BBIX IO ITKaJIe OPJINHAT Ha PHUC. 76 U UX 0O0IIee MoJIo-
xkenue Huzke yposus E/E% = 1. B ciyuae napaboJinde-
CKOr'O CIIEKTPa (IITPUXOBBIE KPUBBIE) B 9TOM IIPOSIBJIsI-
eTcsl BJINMSTHIE OOMEHHO-KOPPEJISIIHOHHOIO B3aMMO/Iel-
CcTBUsA 3IeKTPoHOB Ha dHepruio Pepmu. Hecmorpss ma
€ro 3aMeTHYIO BeJU4uHy, B obiactu RY < 1 ono cia-
60 BimsieT Ha (HOPMY TOTEHITMAJBHON MBI U TTOITOMY
TOJILKO CMEIIAEeT BeCh CIIEKTP 10 OCH OpJMHAT BHU3. B
CJIy9ae CIJIONIHBIX KPUBBIX K MOCJIETHEMY T00ABISETCS
elre BKJIaJT HemapabOJIMIHOCTH CIIEKTPA.

OKCIEPUMEHTAJILHO — TOJIOXKEHUE  JIHA  TIOJI30HbI
0OBITHO U3MepsieTcst oTHOCuTETbHO ypoBHs Pepmu. Ha
puc. 7 BHJIHO, 9TO COOTBETCTBYIONIHE PA3HOCTH 3HAYTHU-
MO pa3JINIHBI B TapaboInIecKOM U HETapaboIMmIeCKOM

ciIyJasx.

4.3.2. CpaBHeHHE PacCUYUTAHHOIO U M3MEPEHHOrO
9HEPreTU4YeCKNX CIIEKTPOB

Ha puc. 8 mokasaubl pacCInTaHHBIII HAMHI HEpre-
TUYECKUI CHEKTP KBa3WJIBYMEPHOIO 3JIEKTPOHHOTO Ta-
3a M YKCIEPUMEHTAJLHO M3MepeHHas B pabore [8] me-
TOZOM (POTOIIEKTPOHHOM CIIEKTPOCKOIUU € yTJIOBBIM
paspemenuem (ARPES) 3aBucuMocTh sHEPruu OCHOB-
HOIT TIO/I30HBI JIBYMEPHOTO CTIEKTPa OT k||. ABTODBI 3TOM
paboThI MOJIATAJIN, YTO HA TOJYIEHHOW UMU CKOJIOM B
BakyyMe uucroii nosepxuoctu (110) mosynpoBogHuKa
InAs 3arub 30H He UMeNT MeCTa, a MOC/ae HAHECCHUs Ha
moBepxHocTh InAs cjiost aromoB Cs riryOuHa IMOTEHIU-
aJbHON sIMBI Ha TpaHuIle coorBercTBoBasia Fr — Uy =
= 400 m3B. OxHako MBI HOJIyYHIIN, 9TO PACYET JIydIlle
ONHCHIBAET IKCIIEPUMEHTAJIbHBIE TAHHbIE TIPHU TJIyOuHe

amel Bp — Uy = 435 m3B.

Pazuuna B 35 M3B corsacyercst ¢ BOBMOXKHO# 9KCITE-
PUMEHTAJIBHOI TOTPEITHOCTHIO B OIIPEIETIEHUN BETUIN-
HBI 3aruba 30H Ha YUCTOH MOBEPXHOCTH METOIOM (POTO-
9JIEKTPOHHOM CHIEKTPOCKOINH TIPU YKA3AHHOM B [8] pas-
perernn 110 3Heprun 35 M3B. DHepreruyeckmii criekTp
(BOTO3IEKTPOHOB M3MEPSJICS B 3aBUCHUMOCTH OT yIJIa
BBLIETA OTHOCUTEJIBHO HOPMAJIA K ITOBEPXHOCTU B JHAa-
nazone —3° < O < 3° ¢ yrioBeiM pasperienneM 0.5°.
Jitst Bo30y ) nerust (hOTOIMUCCUU UCIIOTH30BAJIOCH CHH-
XpOTPOHHOE M3JydeHue ¢ dHeprueil kBanta 8 3B. Be-
JIndrHa 3aruba 30H Ha IOBEPXHOCTHU IIOCJE HAHECEHUS
Cs ompeesisijiach IO CABUATY (POTOIMUCCHOHHOTO MTHAKA
9JIEKTPOHOB, BO30YKIeHHBIX 13 4d-060s0ukn In, oTHO-
CUTEJIBHO €r0 IIOJIOKEHUSI B CIydae YUCTOI ITOBEPXHO-
cru. [Tonoxxenne yposast Pepmu B 00beMe MOy ITPOBOJI-

0 1 2 3 4
(ky /g

Puc. 8. Henapabonuueckuii 3akoH gucnepcum nogsoH pas-
MEpHOrO KBaHTOBaHWSI AJ1si CTPYKTYpbl C 0BOraleHHbIM Co-
em Ha noeepxHocTu n-InAs npw BenuynHe 3armba 3oH
Er — Uy = 435 m3B (cnnowHble kpusble). TemHbie KpyXx-
K1 0bo3Ha4aloT M3MepeHHble B pabote [8] metogom ARPES
3HaYeHUs1 SHEPTUN SIEKTPOHOB B OCHOBHOM NOA30HE Npun pas-
JNYHBIX IQH. OTmeTUM, 4TO TpeTbsi NOA30OHA Eg(l}ﬁ) HaYnHaeT-
CAl NPV KOHEYHOM 3Ha4YeHUN KBa3UMMNyabca kﬁ = 0.19. Mert-
Ku Eé400) " Eé470) OKOJIO LITPUXOBbLIX KPKBbIX 0603HaA4AIOT,
Npy KakoM 3arube 30H Ha MOBEPXHOCTU OTHOCUTENILHO YPOBHSI
®depmMu paccunTaHa cooTBeTCTBYOWas Kpusas. R = 0.32

HUKA 33/1aBaJjIOCh YJIEKTPUIECKUM KOHTAKTOM C M€
HBIM Jiep2KaTesieM 0bpasIia.

W3 npejcraBiieHHBIX feTasieil TpOBeIeHns n3Mepe-
HUI SICHO, 9YTO TOYHOE 3HAYEHNE BEJIMINHBI 3arnba 30H
[IOCJIe HAHECEHUsI TIe3Usi 3aBUCHUT OT 3HAUEHUS IOTEHITU-
aJia, KOTOPBIfl UMeeT YucTas MOBEPXHOCTh. Ipu sToM,
KaK M3BECTHO, caM (pakT oOpalleHusi B HyJIb BOJTHOBBIX
bYHKIMIT 3JIEKTPOHOB HA TPAHUIIE TIPUBOMNT K IOsIBJIE-
HUIO CaMOCOIJIACOBAHHOII IIOTEHIMAJIBHON MBI Ha II0-
BepxHOCTH (CM., HampuMep, paboty [2], pasa. 3.1). ITo-
9TOMY OBLJIO PEIEHO PACCUUTATH JJIEKTPOHHbBIA CIIEKTP
oBepxHocTu N-InAs 6e3 agaToMOB 1e3usl.

YucToit MOBEepXHOCTH HENTPAJIHLHOTO B IIEJIOM TTOJTY-
[IPOBOJIHUKA OTBEYAIOT CJIEIYIONNE TPDAHUIHBIE YCJIO-
Busi K ypasHenuto [Tyaccona (4.47):

du’ du’
(d—<><_0 -0 (d—<)<_w -

B ciyuae n-InAs pu N = 3-10'7 em~3 pacuer camo-
COTJIACOBAHHOTO TIOTEHINAJIA JJIS IUCTON TOBEPXHOCTH
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[TOJTYIIPOBOHUKA, C YI€TOM OOMEHHO-KOPPEJISIITUOHHOTO
B3amMo/ieiicTBus jiaeT 3Havenne Fp — Uy = 87.1 m3B,
9TO COOTBETCTBYyeT 3arudy 3ou Uy = —32.5 m3B. B Tta-
KOI IIOTeHINAJIbHON AMe MUHUMYM €JUHCTBEHHOM I10/1-
30HbI HaxoguTcd Ha (.64 M3B HMKe TpaHUIBI HEmpe-
PBIBHOTO CIIEKTPA, ITO HE MOXKET OBITH OOHAPYKEHO B
YCJIOBUSIX M3MepeHnii ¢ paspernennem 35 maB [§].

W3 »Tux OIEHOK cjemyer, 4To JIeKJIapUPOBAHHOE
B pabore [8] orcyTcTBue 3armba 30Ha Ha YUCTON TMO-
BepxHocTu InAs mociie ckosia B BaKyymMe MOIJIO OBbITH
YCTAHOBJIEHO TOJIBKO C TAKON TOYHOCTHIO, KOTOPAsT 03~
BOJISIET JIOMYCTUTH CYNIECTBOBAHNE HAYAJIHHOTO 3ard-
6a 30H mopsika 35 M3B. CooTBeTCTBEHHO, yMeHbIIE-
HHUe ToTeHInaa noBepxaoctu Ha 400 m3B, m3mepen-
Hoe Tpu HaHeceHnn MoHOcJ0s1 Cs, 03HAYAET, YTO JJIs
3arnba 30H HA IMOBEPXHOCTU B ITUX YCJIOBUAX MOXK-
"o nmpuHATH 435 M3B. IIpoBenennoe comocrasienue co-
BOKYITHOCTH KCIIEPUMEHTABHBIX JAHHBIX C PACIETOM
[TO3BOJISIET TAKXK€ IIPEJIITOJIOXKUTh, UTO HAMIEHO Iep-
BO€ SKCIIEPUMEHTAJIbHOE JO0KA3aTeJIbCTBO CYyIIeCTBOBA-
HUsI OKOJIO IIOBEPXHOCTHU IPOBOJIHUKA CAMOOPIaHU3Y-
omeiica noreHnuaJbHoil aMbl Koncranrunosa — [1In-

Ka [3].

4.3.3. OcobeHHOCTU pacYeTa CIIeKTpa
BO30Yy>KI€HHOM IMOA30HbI, MUHUMYM KOTOPOM
PacroJsiokeH BOJIN3U I'PAHUIbI HEIIPEPHIBHOTO

CIleKTpa

Ha puc. 8 obparaer uHa cebst BHUMaHME 3aKOH JIUC-
Tepcuu TpeTheil M0 I30HbI Eg(kﬁ), KOTOpasl MOSIBUIACH
Ipyu pacyeTe IBYMEPHOI'O CIIEKTpa st 3aruba 30H B

435 m3B. B omymune oT CrieKTPaJbHBIX KPABBIX Eo(kﬁ)
u El(kﬁ), MUHUMYMBI KOTOPBIX HAXOJATCA B IEHTDE

JiByMepHoit 3oubl Bpuimosna npu k| = 0, munu-
MaJIbHas SHEPTUsi TPeTheil mom30Hbl Fy COOTBETCTBY-
er k.o = 0, HO kﬁ = 0.19. IIpm MeHBIIUX 3HAYEHUIX

I~€|| TPEThe JIOKAJIU30BAHHOE COCTOSIHUE B COOTBETCTBY-
foIreil moTeHnMAaIbHON sive (4.41) He IETEKTUPOBAIIOCH.

Taxoro THIA JBYMEPHBIH SHEPreTHYeCKHH CIEKTP
y7Ke BO3HUKAJ KaK PpEe3yJIbTaT PACYeTOB B CJIydae
HenapaboMIeCKON 30HBI TIPOBOJUMOCTH U CTAJ OCHO-
BOI JUIsi TUIIOTE3BI O CyInecTBoBaHWM 3ddekra, mo-
ayamsriero Hassaawe Motional binding [55], Kinetic
confinement [56], niM «KUHEMATHYECKN CBSI3aHHBIE>
cocrosinusi [57]. st HAMVISIHOTO €ro O0bsICHEHUS HC-
HOJIB3YIOTCS MOJIENU TIOJIYTTPOBOJAHUKOBBIX CTPYKTYD C
3bdeKTUBHON MaCCOi, 3aBUCAIIEH OT TPOCTPAHCTBEH-
HBEIX KOOpJMHAT. IIpW 3TOM 3aBUCAMOCTHL 3(PhHEKTHB-
HOfl MacChl OT SHEPIWU B CJIydae HemapabouIecKoil
30HBI, KaK IPEJIIIO/IATaI0T, B MOTEHIIUAILHON IME MOK-
HO TPAKTOBATh KaK 3aBUCHMOCTDb MACCHI OT KOODJIMHAT,

rae, TaKuM 00pa30M, MEXAHU3M «KMHETHYECKOTO KOH-
dalfHMeHTa» pean3yercst «eCTeCTBEHHBIM IIyTeM>.
Harmr onbIT Takux pacyeToB ¢ UCIOJb30BAaHUEM OJI-
HO30HHOTO ypaBHeHusT 3D MEKTUBHOI MACCHI I Hella-
paboOIMIEeCKOit 30HBI TPOBOAMMOCTH HE JAeT OCHOBAHMIT
HU JIJIsl TIOJJIEP>KKU THIIOTE3bI O CyIIECTBOBAHUY JIBY-
MEpHBIX MOJI30H ¢ MUHUMyMOM mpu k| # 0, Hu jis
uHTEpIpeTanuu 3pdeKTa HenapadOJTUIHOCTA KaK 3a-
BUCUMOCTH 3D HEKTUBHON MACCHI OT KOOPIMHATHI.

Yro Kacaercss BTOPOro 0OCTOSATEIHCTBA, TO BBHIBE-
JIEHHOE PETyJIIPHBIM 00pa3oM ypapHeHne 3(HEdeKTHB-
HOit Maccel (4.39) oYeBHIHBIM 00PA30M COJEPXKHUT 3a-
BUCHMOCTH OT SHEPI'MH COCTOSHUS B KBA3UIIOTEHITHAJIE,
a He B OllepaTOpe KNHETUYIECKO! SHEPIuHu B Ko3dbduriin-
€HTe IIPU BTOPOI TPOU3BOIHOM BOJTHOBON (DYHKITUH.

ITo moBosy (hakTa MOSIBIEHUS B UUCJIEHHBIX pacte-
Tax JIBYMEPHOM MOJB0HBI C Ky 7 0 CrI€IyeT cKazaTh,
9T0 3TOT 3P DEKT BCeria BOSHUKAET TOT/1a, KOTIa MOsTB-
JIAIOTCS COCTOSTHUSA C OUeHb MaJIoi SHeprueit cstzu k2 <
< 0. CymecrByer psiji 0OObEKTUBHBIX IPUYINH, KOTOPHIE
3aTPYIHSIIOT OOHAPYKEHNE COCTOSHUN C MAJION SHEPTHU-
eil CBsI3M U yBEIUIUBAIOT 3HAYCHUE K|y, HATUHAL C
KOTOPOTI'O CITEKTP TAKOH ITOI30HBI CTAHOBUTCST BO3MOXK-
HBIM BbIYuc/UThb (mozpobuee cm. Ipunoxenue A).

ITo mepe yiydineHuss TEXHUKU OOHADPYKEHUS CO-
CTOAHUN C MaJIoOfl sHeprueil CBA3U B HAIIUX pacydeTax
CHavaJja yIaJoCh JOOUTHCSA CXOAMMOCTH UTEPAIHT TIPU
HEKOTOPOM K|y, U TEX MapaMeTpax MOTEHIUAILHOL
sIMBI, IIPA KOTOPBIX MOSBJISIIUCH MOA30HBI ¢ MUHUMY-
MOM BOIM3H IPAHUILI HEPEPBIBHOTO crieKTpa k2 = 0,
6e3 dero pacuer BOOOIEe He MOXKET OBITh 3aKOHYEH, &
3aTeM MOCTENEeHHO yMEHbIIATh 3HAYCHUS K|y i, XOTS U
me 70 Hynd. lIpescraBiennslii Ha puC. 8 CIEKTD Tpe-
Thell ToA30HbI Fo (kﬁ) KaK pa3 nMeeT OIMUCAHHBIN BUI,
HO €ro CJIe/IyeT CUYUTATh CKopee apTedaKTOM pacdera
C OTPAHUYEHHON TOYHOCTHIO, YEM IIO/ITBEPK ICHIEM I'U-
MOTe3bl KWHETUIECKOT0 KoHpaitnmenTa. JlomosHuTe H-
HBIE APTYMEHTHI B IIOJIb3y TAKOTO YTBEPXKICHUS OTHE-
cennl B [Ipuioxkenue A.

4.3.4. I1JIOTHOCTB COCTOSTHUI U MOJIyMOUPUYECKas
dopmysia aJis SHEPreTuvecKoro CueKTpa
JOBYMEPHBIX IIOA30H

Baxkmoit xapaKTepuCTUKON 3JEKTPOHHOTO Ta3a sIB-
asieTcst wiotHocTh cocrosinit ¢g(E). s kaxmoil n3
pa3sMepHO-KBAHTOBAHHBIX TOJ30H CYIIECTBYET MapIH-
aJIbHAs INIOTHOCTE cocrosnuit ¢;(E). YmobHo BmecTe co
CIEKTPOM Ej(kﬁ) paccMaTpUBaTh 00PATHYIO (hyHKITUIO

kﬁj (E). Homep MOI30HBI COOTBETCTBYET UUCILYy KOHEU-

HBIX HyJteil byHKImu 1y, K (¢), ompenenenHoii ypabBHe-
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g(B)/g", mF (B)/m*

2.0t 1
1.8} 1
+
1.6} 1
1.4F 1
1.2} 1
1.0 1
+
0.8F + 1
0o 0 0
Ey0)/Ep  + Ey(0)/Ep  Ep/Epy
—1.5 —-1.0 —0.5 0 0.5 1.0
E/Ep
Puc. 9. Cnnownble nuHun — 6Ge3apasmepHasi HOPMUPOBaH-
Hasi nAOTHOCTL cocTosHuii gj(e)/gP) = dkﬁj/ds B OCHOB-
Hoii (j = 0) u nepsoii Bo3byxpaeHHolt (j = 1) pasmep-

HO-KBAHTOBAHHbIX MOA30HAX Kak hYHKLMM SHEprum, paccyu-
TaHHbIE YUCNEHHBIM ANEPEHLIMPOBAHNEM SHEPrETUHECKO-
ro crekTpa, NpeAcTaBNeHHOro Ha puc. 76. 3arub 3oH paseH
Er—Up = 400 m3B, R; = 0.32. CTpenkun oTMe4atoT noaoxe-
HUS MUHUMYMOB NOA30H 1 3Hepruto Pepmu, KOTOpast BbIHUC-
JIeHa C y4eTOM OBMEHHO-KOPPESSILLMOHHOrO B3aMMOLENCTBUS!
1 HenapabonnyHOCTU 30HbI NposoAMMOcTY. CROWHbIE TMHUN
TaK>Ke MOKa3bIBAlOT 3aBUCUMOCTb OT SHEPrUN HOPMUPOBAHHOM
scpchbekTneHOM Maccsl mj (E)/m} B nogsoHax (cm. TekcT). [o-
NOMHUTENBHO MOCTPOEHBbI paccHuTaHHas no copmyne (4.56)
33BUCUMOCTb OT 3HEPri LMKAOTPOHHON ahbekTUBHON Mac-
col me(E)/mg pns anekTpoHoB B obbeme (LUTPUXNYHKTMP)
1 BKCNEPUMEHTaIbHAs 3aBUCUMOCTb (KpecTbl) achdheKTUBHOT
maccbl oT aHeprum, mo(E)/m}, B ocHOBHOIi nog3oHe obora-
LeHHoro cnos no ganHsiM Llyn [6] (MarHuToTyHHeNbHAs crek-
Tpockonusi). Bce Macckl HopMupoBaHbl Ha adbdhekTUBHYO Mac-
Cy Ha [He 30Hbl NPOBOANMOCTY

aueM (4.42). B arux 0603HAYEHHSIX C yIETOM JBYKDAT-
HOT'O BBIPOZKJICHHS 110 CIIHHY HMeeM

2
9;(E) =2/ R § (E—E;(k))) =

(2)*
1 , dki; , 1 dkj
—;/dE S (B - E)= o ()

B onposzonnOM mpubsmxennn, Iy — 00, sHEpreTH-
YeCKHUil CHEeKTp B HOJ30HaX Iapabonndecknit, F; (kﬁ) =

= E;(0)

oT sHepruu u Oyner obosHauarhes ¢P) = mk/m.

+ kﬁ /2m};, IIOTHOCTD COCTOSIHUIL HEe 3aBUCHT

Ha puc. 9 nocrpoenbl HOPMUPOBAHHBIE HA ILJIOT-
HOCTBb COCTOSTHUI mapabo/ImIecKOl TIO30HBI PE3Y/IbTa-

ThI IUCJAEHHOTO MU dEePEeHIINPOBAHNS IHEPTreTUIECKO-
r'0 CIIEKTPA JIBYX PA3MEPHO-KBAHTOBAHHBIX ITOI30H, 10~
Ka3aHHBIX Ha PHUC. 70.

OTMeTHM CyIIecTBeHHBIE OCODEHHOCTH IOy 9€HHBIX
rpacdukoB. Bo-1iepBbIX, MJIOTHOCTH COCTOSIHUN B IO/I-
30HAX JIMHEHHO 3aBUCUT OT JHEPIWH, & HE IIOCTOSHHA,
KakK B IMapabonIeckoM Caydae, IpudeM KodMD UIueHT
HaKJIOHA HE 3aBHCUT OT HOMEPA IMOJ30HBI. Bo-BTODHIX,
B MUHHMYyMaX IOJ30H 9Ta IJIOTHOCTH COCTOSIHUI IIpe-
BBIINIAET IJIOTHOCTH COCTOSHUI MapabdoImiIecKoro mpu-
OGamKeHUsT U TeM OOJIbIle, YeM IJIyOyKe pacIIOJIozKeHa
10/I30HA.

Ilonb3ysich ompemenenneM W JWHEHHON 3aBUCHMO-
CTBHIO IUJIOTHOCTH COCTOSIHHAN OT 3SHEPIUU, KOTOPYIO
npejicraBuM B Bujie (mapaMerp b He 3aBUCAT OT HOMEpa
[IOZI30Hb! )

9i(e)/g%) = a; +ble — £;(0)],

5(0) = & ()i o )

MOYKHO PEIUTH COOTBETCTBYIoMIEee TuddepeHnuaIbHoe
YPaBHEHHE II€EPBOI0 IOPSIKA OTHOCUTEIHHO (DYHKITHH
dl;ﬁj (€)/de n 3anucarp jyIs KayKJI0i [HO/[30HBI MOJIYIa-
IOLIUcA IMOJIMHOM BTOPOM CTEIIeHU OT € B BUJE, aHAJIO-

TUYHOM 3aKOHY Jucnepcun Kositna:

kﬁj(a) =a; e —¢€;(0)] <1 + %j (e — Ej(O))) . (4.53)
Dopmyiia (4.53) nupuobperaer ere 6oJbIee CXOICT-
BO ¢ BoipazkenuneMm Koitaa (4.1), ecju NIpUHATH BO BHU-
MaHpe, 4To onpejesenne (4.51) IOTHOCTU COCTOSTHMIA
KBa3UIBYMEPHOTO Ta3a C TOYHOCTBIO JI0 MHOXKUTEJIS
1/7 coBnasaer ¢ onpejiesieHueM IUKJIOTPOHHOM 3hdek-
tusHON Maccwl my;(E) = ky;j(E)dky;/dE B j-it nox-
sone. C yuerom ckasamnoro a; = m;(0)/m}, 4ro nos-
BoJIsleT Iepenucarh Bbipaxkenue (4.53) B pazmepHOM
BHUJE C (PUBUIECKY COMEPKATETLHBIMU KO DUITIEHTA~
MU

ki E — E;(0
2m;(0) J 5|

97

(4.54)

re BBeJieHa «3hPEKTUBHAS» 3aIpeIeHHass 30Ha

EYD = 2E0.q; /0. (4.55)

CorutacHO OIeHKaM MapaMeTpoB u3 puc. 9, mmeeMm
ap = 1.25, a1 = 1.12, b= 0.4. llpu E% = 71.5 m3B 10-
JIydaem Eégff) = 447 m3B, Eéiﬁ) = 400 m3B. Bugno,
9TO 9TU 3HAYEHUs OJIM3KU K OOBEMHOI IITUPUHE 3aIrpe-
menHoii 3oubl Fy = 430 M3B, HO Bce e He COBIIAIAIOT
C Heil, Kak 9TO MHOT A mpezmosaraoT [45], u Tpebyer-
¢Sl X HE3aBUCHUMOE olpejieierne. Takas monbITKa ObLIa
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upepunsTa B pabore [46] Ha 6a3e HecaMoOCOrIACOBAH-
HOIO KBa3WKJIACCHIECKOI'O PacdeTa W IPU HEKOTOPBIX
[IPEJIIOJIOKEHUSIX OTHOCUTENBHO CBIA3M B KaXKJIOH MO/
30HEe MKy dPPEKTUBHON Maccoil U BeJIMIUHON -
dexTuBHOI 3amperernoit 30ubl. [IpecraBienHbe Ha
puc. 6 paboTrhl [46] pe3yabTATBI PACXOAATCS C HAIIN-
MJ Ka9eCTBEHHO U KOJUYIECTBEHHO, UTO IOIEPKUBAET
BaKHOCTD IIOJIHOI'O CaMOCOIVIACOBAHHOTO KBAHTOBOME-
XaHUIECKOTO PACCMOTPEHUSI.

Toxk necTBennocTh B 6e3paszmepHoit popme aByMep-
HOI IIJIOTHOCTH COCTOSIHHI W IMKJIOTPOHHOR 3 dek-
TUBHOM MacChl MMO3BOJISIET CPABHUTH pE3yJIbTaThl Ha-
IIIero pacydera ¢ IKCIEPUMEHTATLHON 3aBUCUMOCTHIO OT
sHeprun 3pHEKTUBHON MaCChl 9JIEKTPOHOB B OCHOBHOM
o/130He oboraieHHoro cjiost n-InAs, namepennoit Ilyn
MeTOJIOM MAarHUTOTYHHENbHOMH crekrpockonun [6]. Co-
OTBETCTBYIOIIHE TOYKHU TIOCTPOEHBI HA PHUC. 9 € UCTIOTH-
30BaHmMeM yKa3aHHLIX B pabore [6] mapamerpos m; =
= 0.021, B, = 410 m3B, N = 54 -10'7 ecm™3, Ep =
=95 m3B.

Ha puc. 9 BumnO, 9T0 B 6€3pa3sMepHBIX KOODIMHA-
Tax JAaHHbIE W3MEPEHUil u pacdeTa OJIM3KU, HECMOTPS
Ha HEKOTOPOe OTJINYMEe IapaMeTPOB peasbHBIX 00pas-
OB OT WUCIIOJIb30BAHHBIX HAMU B pacuerax. B m3amepen-
HOM HabOpe JAHHBIX TOYHO TaK K€ IMPOCMATPUBACTCS
JIMHeTHAs 3aBUCUMOCTD 3P HEKTUBHON MACCHI OT SHEP-
IUH, 38 UCK/II0YEHNEeM HaYaJIbHOIO yIacTKa BOJIU3M JIHA
[TO/I30HBI.

OrmernM, 4ro B pabore [8] aBTOpPHI TAKKe MOIbI-
TAJINCh ONMPeneuTh d3PPEKTUBHYI0 MacCy Ha JIHE OC-
HOBHOI TOJ3OHBI 110 M3MepeHHoi jucnepcuu Fo (k).
O tHaKo, ANMPOKCUMEPYSI IKCIIEPUMEHTAJIbHBIN HaOOD
Touek mapabosoit, moxyummn my(Ep(0)) = 0.05. Do
3HAYEHME 3aMETHO IPEBBINIAET OIEHKY IBYMEPHO -
(bEeKTUBHOI MaCChI HA JTHE OCHOBHOI ITOI30HBI, KOTOPYIO
MOKHO HOJIy4uTh u3 rpaduka na puc. 9: mi(Ey(0)) =
= 1.25m} = 0.029. Takoe paszymune 0OOBICHAETCS,
[I0-BUJIUMOMY, TE€M, YTO TapPaAMETPhI ANMPOKCUMUPYIO-
melt mapabosbl B 3HAYMUTEILHON Mepe OIpeIessiuch
pe3yJbTaTaMy U3MEPEHUil IPU OOJIBIINX YHEPTUSIX, T/e
macca Oosbine. [leiicrBurensHo, corsacHo puc. 9, mo-
ayqaem mg(Er)/mp ~ 2.1.

Ilepexom OT MIOTHOCTH COCTOSTHUH K IMUKJIOTPOHHO
3¢ EKTUBHON Macce MO3BOJISIET HAM TAKXKe CPABHUTH
3aBUCUMOCTb MACCHI OT SHEPIHH I JBYX Herapado-
JINYECKUX 3aKOHOB JIMCIIEPCUU — JABYMEPHOIO M TPEX-
MepHOro B 00beme Mosynposoguuka. B ciyuae Kait-
HOBCKOT'O 3aKOHA JUCIIEPCUN ISl IHUKJIOTPOHHON -
(beKTUBHON MacChl TPEXMEPHBIX JIEKTPOHOB HNMEETCs
BoIpazkenue [58]

=1+ —.
my €g

(4.56)

CooTBeTCTBYOMAs 3aBUCHMOCTD IIOCTPOEHA Ha puc. 9
HITPUXITYHKTUPOM /JIJIs IPUHATHIX HAME 3HAYEHU I1a-
pamerpoB. BumnHo, 4TO XOTsI 0OBEMHAS IMKJIOTPOH-
Hasl Macca TOXKe JIMTHEHHO 3aBUCHUT OT SHEPIUH, HAKJIOH
2E%/E, = 0.333 cooTseTcTByomeil IPAMOii 3aMeTHO
MeHbITie HakgoHA b = 0.4 B ciayvae JBYMEpHOro Hela-
pabOIMIECKOTO CIEKTPA.

B sakmouenne ormernm, uro B padore Kaiina [32]
[IPUMEHUMOCTD JBYX30HHOTO JINCIIEPCHOHHOTO ypaBHe-
HUA CBs3bIBaJIaCh C BBIIIOJIHEHUEM HEPaBEHCTB ANgo >
> E,, E, rne Ay, — 2Heprus CIuH-OpPOUTAJIBLHOIO PAC-
MEIUIeHUsT BaJeHTHON 30HbI. OTHAKO aHAJIN3 TPEX30H-
HOTO JpcriepcuoHHoro ypasaenus (10) u3z paborsr [32]
[TOKA3bIBAET, YTO ITO HEPABEHCTBO MOXKHO CYIIECTBEH-
HO 0CJa0UTH. UTOOBI JOKA3ATDH ITO, 3AMUIIEM JTUCIIED-
cnoHHOe ypasHeHne KsifHa B OKPECTHOCTH JIHA 30HBI
[IPOBOJIMMOCTH B BU/JIE

—
o LB Ey + Ao
2my E, E

c 14—
+ E,+2A,,/3

(4.57)

Mmuozxurenb B BuJie 1pobu HE MEHSAET IPUHIUINAIBHO
ypasueHue 3(pHEKTUBHON MaCcChl, 1 OH MAaJIO OTJIAIEH
oT equHUIBI B obsactu suepruit —FE,/2 < E < Ep.
Konkperno, npu E;, = 0.435B u A, = 0.38 5B [59]
ang 3Hadenuit sneprun PepMu M dHEPruil CBA3U U3
TabJI. 2 OTJIMYNE ITOrO MHOXKHUTEISI OT €IUHUITLI He 60-
siee 5 %, 4To JTydIne TOYHOCTH, ¢ KOTOPOi M3BECTHBI T1a-
paMeTphl TTOJIYIIPOBOIHUKA ¥ IOJIYI€HBI KCIIEPUMEH-
TaJIbHBIE JTAHHBIE.

4.3.5. OpTOroHAJILHOCTb COOCTBEHHBIX PEIIeHUN
ypaBHeHus 3(p@EeKTUBHON MacChl

Kak y2ke ormeueno B HadaJie pa3j. 4.2, n3-3a 3aBu-
CHMOCTH KBa3WIOTeHIMaa B ypasaernu (4.39) ot cob-
CTBEHHOTO 3HaYeHUst I KarXk 101t coOCTBeHHO hyHKITMN
OTBEYAET CBOs TMOTeHINaIbHasa siMa. [losTromy a priori
HEJIb3sI MPEJIIoJaraThb, UTO MHOXKECTBO CODCTBEHHBIX
dyurmit 6yaer oproroHaabHbIM. HecstoxKHbIE BBIKIA/I-
KU TOATBEPKJIAIOT, YTO OPTOIOHAJIBHOCTH HET. A MMeH-
HO [22],

<(I)E2kH2|(I)E1kH1> =
=0 (kjo — kjn) (VEak o [¥EK, ) (4.58)

2 (Va1 (U511 )
Ei+E;+E;,

(VEaxe, WE Ky ) = (4.59)
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Tabnuua 2. 3HadeHns 3arnba 30H Ha NOBEPXHOCTU N SHEPTUN MUHUMYMOB MOA3OH Pa3MEPHOro KBAaHTOBAHUS, BbIYUC/IEH-

HbIE C Y4ETOM HenapabonnYHOCTN 30HHOTO CNEKTPa U OBMEHHO-KOPPENSILMOHHOIO B3aMOAENCTBIS 4/151 FETEPOCTPYKTYPbI

Cs/InAs [8]. Bce aHeprum otcuutanbl ot yposHs Pepmu, pasHoro Er = 54.6 maB

Obpaszer T,K Vo, R B, Ef", Ef",
m3B m3B m3B m3B m3B
InAs clean 0 87.1* 55.2 - — -
Cs/InAs 30 400 160 1591 81 -
Cs/InAs 435* 173 — 84 48
Cs/InAs 470 185 - 88.1 83.7

Hpume%auue. 3Hak «*» O3Ha4vYaeT, 4TO 3arub 30H BBIYKUCJIEH HAMH JInO0 13 ycjaoBusd HeﬁTpaJIBHOCTH 06pa3ua B CjIy4dae

YUCTOU IIOBEPXHOCTH, 6o HO,H60pOM JIYYHIETr'o II0JIO2KEHU A PaCCHUTAHHOI'O CIIEKTPa OCHOBHOM T10JI30HBI OTHOCUTEJ b~

HO M3MepeHHoro (cM. Texct). 3HakoM «!

» OTMEYCHO SKCIIEPpUMEHTAJIbHOEC 3HAYCHNE JHEPIUUu MUHUMYMa OCHOBHOI

MIOJI30HBI, ONpeeeHHoe 3 rpaduka GHOTOINEKTPOHHOTO CrieKTpa (BcTaBKa Ha puc. 2 B [8])

Heoproronaasaocts cobCTBeHHBIX (DYHKIMIA ypaBHE-
nug (4.39), xazasnoch 6bl, Bieder 3a cobOil HaJM4ue
HEJIMArOHAJIBHBIX 9JIEMEHTOB y PABHOBECHOM OJIHOYAC-
TUYIHON MATPUIIBI IJIOTHOCTU B 9TOM 0GA3UCE U YCIIOKHE-
HUe GOPMyYJT JIJIST BCEX BBIUUC/SIEMBIX CPEJHUX, TAKUX,
HanpuMep, kak dhopmyasr (4.30), (4.31) mis wioTHOCTH
9JIEKTPOHOB.

O/HaKO OYEBUJHO, YTO COOCTBEHHBbIE (YHKIUU
U g (r) ucxoxuoit 3amaun (4.7) o6pasyoT OpTOrOHAb-
HBIIT HAGOp B CHJIy CAMOCONPSIZKEHHOCTH OIEPaTOpa
Hy + U B 000011IeHHOM THILOEPTOBOM MPOCTPAHCTBE.
B pazz. 4.1.2 ¢ ucnonb3oBaHeM YHUTAPHOTO OTOOpa-
xkerust Yp(r) B ®p(X) J0Ka3aHO, 9TO U3 B3aUMHOMN
oproroHasbaoct byHkinit ¥p g0/KHA CJIET0BATD
B3aMMHAsI OpTOTOHAIBHOCTD pyuKIHit @ 5. [lepexom ot
TOYHOM cucreMbl ypasHeHnit (4.10) K npubinrKeHHOI B
pesyibrare oTOpachlBaHUs HEIUATOHAIBHBIX MEXK30H-
HBIX MATPUYHBIX SJIEMEHTOB IIOTEHIINAJIA BOSMYIIEHUS
TaK>Ke He HApYIIaeT CAMOCOIPSI?KEHHOCTH MOJTy 9€HHOM
cucrembl ypasuenuit (4.13). Ho npu upeobpazosanuu
ypasHennst (4.17) k oxomdarespHOMy BuHIy (4.39)
ObLI OLYIIEH KOMMYTATOD HEBO3MYIIEHHOI'O I'aMUJIb-
TOHMAHA C HOTEHIMAJIOM BO3MYyIeHusi. B pabore [22]
JIOKA3aHO, ITO MMEHHO ITOT Il TIOPOXKIAET HEOPTOTO-
HAJBHOCTb COBCTBEHHBIX perreHuil ypasuenus (4.39),
Torja Kak coOCTBeHHbIE pemenus ypasuenus (4.17)
B3aWMHO OPTOTOHAJBHBI, & IIOCJEJIOBATENbHBIA yder
NPUOIMIKEHHBIX BBIPAYKEHUH JJIsT KOMMYTATOpa BO BCe
BOJTBIIIX TIOPSIKAX 1T0 Majiomy mapamerpy k2/miE,
NPUBOAUT KO BCE MEHBININM 3HAYEHUSM HHTETPAJIA
nepekpoitus (Vg [VE,).

W3 ckazanHOrO Cjemyer, 9TO Bce (HPOPMYJIBI, B KO-
TOpBIE BXOJAT MaTPUYHbBIE JIEMEHTHI, JTOJKHBI OBITH
W3HAYAJIbHO 3allMCaHbl B BHUJIE, COOTBETCTBYIOIIEM Op-

TOHOPMUPOBAHHOCTH TOYHBIX pemenuit W gk, ypasHe-
Hust (4.7). ToNbKO JJIs IOy YeHUsT IMCJIEHHBIX Pe3yilb-
TaTOB B 3T (POPMYJIBI HAJIO TOJCTABISTH PEITeHUsI
P gk, ypaBHeHUS 3P DEKTUBHON MACCHL, B3ATOTO B Hy K-
HOM TPHOIIZKEHAHN 110 MAJOMY mapamerpy k2 /miE,.
1711 KOTMIecTBEHHON XapaKTEePUCTUKN CTEIIEHH HEeOp-
TOTOHAJILHOCTHU PEIEeHUH, TOJIyYeHHBIX B TaHHOW pabo-
Te, Pe3yJIbTATHI YACTEHHOTO pacyeTa NHTErPaJjIoB Imepe-
KpbITUs TIpescTaBiennl B [punoxenun B.

[Tpumenenne chOpMyIUPOBAHHOTO BBIIIE TPABU-
Jla, HanpuMep, K Bblpaxkenuio (4.30) i mIoTHOCTH
9JIEKTPOHOB TIO3BOJISIET OJIHO3HAYHO HCTOJIKOBATH €ro
KaK TOYHYIO (hOpMyJIy, B KOTOPYIO MOTYT OBIThH IOJI-
CTaBJIEHBI HEOPTOTOHAJILHBIE PEIIEHUST TPUDJINKEHHOTO
ypaBHenus 3bpeKkTuBHON Macchl. Hecoburomerue 3Toro
[paBuUjia MOXKET IPUBOJIUTH K OIMMOKAM B YUCJIEHHBIX
oreHKaX 1 PUNIECKUX BBIBOJAX, KAK TIOKA3BIBAET CJIe-
JYIOIIUI IIpUMep.

B pa6ore [60]| anamormyHas HEOPTOTOHAJILHOCTD
(dbopmyna (20)) perienuil npUOINKEHHOIO ypPaBHEHUS
sabdexrusroit maccol (11) (em. Tam xe (Al)) st mo-
JIYIPOBOJIHHUKA € HeNapaboInIecKoil 30HOM IPOBOIMMO-
CTH TIOCJLY?KUJIa OCHOBAHHUEM JIJIsl PACIETA IOTJIONICHU
9JIEKTPOHAME MHBEPCUOHHOI'O CJIOS 3JIEKTPOMATHUTHO-
IO U3JIyYeHUsl, MOJISIPU30BAHHOIO B IIJIOCKOCTH CJIOSI,
3a cueT mepexofoB 0 — 1 MeXKIy COCTOSHUSIMH OC-
HOBHOI1 II0JJ30HBI U 1IepBOil Bo36YKAeHHON (hopMyJibl
(26) u (27) B [60]). Tak kak ypasuenue (Al) u3 [60]
[IOJIHOCTBIO COOTBETCTBYET HalleMy ypasuenuio (4.6),
a dopmyna (20) u3 [60] — mamucannoit Beime (4.59),
To B hopmyte (26) u3 [60] 15t BEPOSITHOCTH HOTJIONIE-
HHSL MHOXKHTE/Ib F|| Cllejiyer T0/I0XKITh PaBHBIM HYJTIO,
T. €. B IPUHATOM HPHUOJIMKEHUH [IOIVIONIEHIE HOPMAaJlb-
HO TA/IAIONIErO JIEKTPOMATHUTHOTO M3JIy I€HUS JIOJIK-
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HO OTCYTCTBOBaTh. VI NEHCTBUTENBHO, KAK OTMEIEHO B
o63ope [61] (crp. 58, 59), comocraBieHue ¢ IKCIEPU-
MEHTOM MMOKA3bIBAET, YTO PACYETHI THUIIA TPOJIETaHHBIX
B pabore [60] mepeoneHNBAIOT BEJINUNHY MOTJIONIEHMUST
Ip¥ HOPMAJBHOM TAJICHUU IO CPABHEHUIO C U3Mepsie-
MBIM.

MO2KHO MpEIONIOKUTH, YTO PAa3yMHAsl OIEHKA
9JIEKTPOHHOIO IOIJIOMIEHUsT HOPMAJIBHO IIJIAIOIIETO
M3JIy9YeHUsT 38 CUYET MEXKIOA30HHBLIX IIEPEXOJ0B OyIeT
[OJIyY€eHa, €CJIM BBIATU 38 PaMKH JIUIIOJBHOTO IIPH-
OJIMKEeHUs JJIT BEPOSTHOCTH IEPEXOJ0B UM yIeCTh
HeJIMarOHaJbHbIE 10 30HHBIM HMHJIEKCAM MATPUIHBIE
9JIEMEHTHI IIOTEHIaIa B cucTeMe ypasuenuit (4.10).
OaHako B IOCJHEIHEM CJIydae 3TO IPUBEIET K II0-
ABJICHMIO MaJbIX TonpaBok mopsiaka (k2/miE,)* B
OJIHO30HHOM ypaBHeHHH 3ddeKkTuBHOi Macch [22]
(pazm. 3).

Jloka3aHHBI BBINIE 3aIPET MEXKITOJ30HHBIX IIe€pe-
XOJIOB B TPHUCYTCTBAYM JIEKTPUIECKOTO TIOJIsI BOJIHBI,
MIOJISTPU30BAHHON BJI0JIb MMOBEPXHOCTU T'E€TEPOCTPYKTY-
PbI, OTHOCHTCS K CJIy9alo, KOT/a JJIsl OIMCAHUS COCTO-
SHUI B KBAHTOBOM fMe€ JOCTATOYHO IIPEJICTABUTH UC-
KOMOe perienre B (pOopMe Pa3IOKEHUs M0 (DYHKITHIM
Buioxa 30nBI TpOBOIIMOCTH. «MHOTO30HHOCTE» B pa3-
JiokeHuu pernerns mo ¢yHknusaMm Jlartuaxkepa—Ko-
HA HE O3HAYAET PeajibHOTO CMENTUBAHUS COCTOSTHUN 30-
HBI TIPOBOJIMMOCTU ¥ BAJIEHTHOW B IEPBOM IIPUO/INKE-
HUY 10 IJIABHOCTHU TOTEHIINAJa MBI, BO3MOXKHO, ITO
B 3TOM NPUYUHA OE3yCHeNTHbIX IKCIEPUMEHTAIbHBIX
MIOTIBITOK PEATM30BATh PEJICKA3BIBAEMOE TEOPETHYIE-
CKM yCHUJICHUE TIOTJIONIEHUST IPH HOPMAJILHOM I1aJICHAN
3a cYeT HenapabOJMIHOCTH 30HBI MPOBOAUMOCTH [61]

(Sec. VIII).

5. SAKJIFOYEHUNE

Pesysbrarsl pasj. 3 mOKa3bIBaIOT, 9TO MPEJJIOXKEH-
HBIl METOJ| CaMOCOIJIACOBAHHOTO PEIEeHUs CUCTEMbI
ypasuenuii Kona—Illsma u Ilyaccona obecmeunBaer
CXOJIMMOCTh UTEPAIMOHHOTO IHUKJIA JayKe B TeX CIIy-
4gagx, Korja BOJIM3M [OBEPXHOCTU IJIOTHOCTb KBAa3U-
JIBYMEPHBIX JIEKTPOHOB B HECKOJILKO Pa3 IIPEBOCXOIUT
IIOTHOCTh 3JIEKTPOHOB B COCTOSIHUSIX HEIPEPBIBHOTO
criekTpa. Bumecte ¢ maTepmasom pabotsl 2| 3To moka-
3bIBAET YHUBEPCAJIBHOCTD U JIA€T IPAKTUYUECKU ITOJTHOE
npejicTaBIenne 00 0COOEHHOCTIX MPUMEHEHUsT TIPEIJIO-
JKEHHOTO MeTOJ[a K PACIeTy OCHOBHOT'O COCTOSIHUSI TIO-
JIyOIDAHMIEHHBIX MHOTO3JIEKTPOHHBIX cucreM. Cyime-
CTBEHHO, 9TO B 00OUX CJIydasX HafiJIeHHble XapaKTepu-
CTHUKHU JIEKTPOHHOTO Ta3a OKA3AJIMCh OJIM3KU K OIpe-
JIEJIEHHBIM 3KCIIEPUMEHTAJIBHO, HECMOTPS HAa MOJIEb-

HOCTb TIOCTAHOBKH 3aJ1a9d ¥ YIIPOIIEHHOE OIMCAHUE
0OMEHHO-KOPPEJISIITUOHHOIO B3aNMOIEACTBHUS 3JIEKTPO-
HOB.

B ocnoBe meTojia Jiexkar IpPEJIOKEHHBIE B pabo-
Te [1] mBa W3MeHEHWs OOBIMHONW TEOPHM CAMOCOTJIA-
cosanubix ypasaenuii Koma—IIlsma: 1) smeprus oc-
HOBHOT'O COCTOSIHUSI MHOTI'OJIEKTPOHHOM CHCTEMBI KakK
GYHKIIMOHA TJIOTHOCTH MpeobpasoBaHa B (DYHKIINO-
HaJI, 3aBUCAIINI HE TOJIHKO OT INIOTHOCTHU JIEKTPOHOB,
HO U OT CPEJHEr0 3JIEKTPOCTATHIECKOTO MOTEHIINAJIA;
2) B ypasaenuu Ilyaccona BblIeJIeH WICH HEJIUHEHHOIO
9KPAHUPOBAHUS B KBA3UKJIACCHIECKOM HTPUOJIMKEHUN.
IlepBoe n3menenune cenano cpeHuil moTeHnua, osa-
roiaps TPAHUYIHBIM YCJIOBUSM, HE3ABUCUMON OT JJIEK-
TPOHOB CTEIEHBIO CBOOOIBI MHOTO3JIEKTPOHHON CHCTe-
MbI, a ypaBHeHue Ilyaccona — ofHUM U3 yCJIOBUI Ba-
PUAIMOHHOM 3a/1a91 HA MUHUMYM (DYHKIIMOHAJIA SHED-
TUN.

Bropoe nzmenenmne obecrrenBaeT CXONUMOCTD UTE-
PAIMOHHOTO aJrOPUTMa DEeIleHnsi COBMECTHON cucTe-
MbI OJIHOYACTUYHBIX ypaBHeHuii I[IIpeaunrepa u mou-
durmpoBaHHOrO ypaBHenus IlyaccoHa, B KOTOPOM CTa-
TAYECKOE SKPAHNPOBAHNE YUYTEHO HEJIMHEHHON KBa3W-
Kytaccuaeckoit popmysioii (3.11). B pesynbrare Ha Kaxk-
JIOM IIIary UTepalyii B MpoIecce pelleHus ypaBHEeHUsI
IIyaccona ¢ 3aaHHBIME KPAEBBIMU YCJIOBUSIMU ITPOMC-
XOJIAT CAaMOCOTJIACOBAHUE KPYITHOMACIITAOHBIX HEO/THO-
POHOCTE INIOTHOCTH JIEKTPOHOB U IIOTEHIINAJIA C y4e-
TOM HAJIOXKEHHBIX I'PAHUIHBIX ycsioBuit. Camocoriaco-
BaHUE MOTEHITNAJIA C MEJIKOMACIITAOHBIMU HEOTHOPOI-
HOCTSIMU 3JIEKTPOHHOII INIOTHOCTH THIIA (PPUJIETEBCKUAX
OCIIWJIIANANA WJIA JIOKAJIM3AIIN JIEKTPOHOB B COCTO-
SIHUSIX JUCKPETHOT'O CIIEKTPa JOCTUTAETCAd B paMKax
OOBIYHOI CXEMBI IIOCJIEIOBATEILHOTO YTOYHEHHS Pellle-
HUS.

B pasn. 4 mpomomkeHa paspaboTKa UTEPATUBHO-
0 METOJIa PEIIeHUs] CAMOCOIJIACOBAHHBIX YPaBHEHUI
IIyaccona m Illpenuwnrepa s ciiydas, KOUJa ydeT
HenapabOoIMIECKOT0 CIIEKTPA 30HbI IIPOBOIMMOCTH IIPU-
BOJIUT K ypaBHEHUIO 3D PEKTUBHON MACChl TUIA, yPaB-
wenusi 1lIpenunrepa ¢ opOuTaIBLHO-32BUCUMBIM ITOTEH-
[AaJOM U MEHSeT IEeH HEeJMHEHHOTO SKPaAHUPOBAHUS
B ypasuenun [lyaccona. BbIsBIeHBI U yCTpaHEHBI OC-
HOBHBIE BOIIPOCHI, KOTOPBIE BO3HUKAIOT B IIPOIECCE pe-
IIEHUsI, B YaCTHOCTU, HEOPTOTOHAJIBHOCTH COOCTBEH-
HBIX peIteHnit MpubJINKEHHOTO YpaBHEHUS 3P PEKTUB-
HOI MaCCHI U MOSIBJIEHNE Pa3MepPHO-KBAaHTOBAHHON I10/I-
30HBI C SHEPTHEl CBsI3U BOJIN3U I'PAHUIILI HEIIPEPBIBHO-
ro cmekTpa. B mocmeaneM ciaydae 0OHAPYKEH MOPOTO-
BbIIl XapaKTep 3aBUCAMOCTHU SHEPIUU CBA3U OT IOJIHON
SHEPI'MU KBA3UIBYMEPHBIX 3JIeKTPOHOB. [losyueno, aro
yUeT IMOIPABKH IIEPBOr0 HOPSIKA 10 MAJIOMY IapaMeT-
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py k?/ m;F, K IpuOIMKeHHOMY ypaBHeHHIO 3ddek-
TUBHOU MacCChI CYIIECTBEHHO CABUTAET K HYJIO TOPOTO-
BO€ 3HAYEHNE JIBYyMEPHOI'O KBa3UUMIIYJIbCA, HAYNHAA C
KOTOPOT'O YIA€TCs PACCINTATH CIIEKTD BBICOKOJIEXKAIIEH
MTOJ30HBI.

J1J1st KOHKPETHOrO CJIydasi — ODOTAIeHHbIH CJT0i Ha,
MOBEPXHOCTU CHJIBHOJIETHPOBAHHOTO N-InAs — Haiinen
3HEPreTUYeCKUil CIeKTp ¢ JIUHEHHONH 3aBUCUMOCTDBIO OT
SHEPIrUH IJIOTHOCTH COCTOSIHUN M 3P (HEKTUBHONR Mac-
Chl KBa3WIBYMEPHBIX 3J1eKTPOHOB. llokazamno kosme-
CTBEHHOE COIJIACAE C SKCIEPUMEHTAJIHHBIMU JIAHHbI-
mu. [IpemioxkeHo aHaIUTUYIECKOE OMUCAHUE JIBYyMEPHO-
IO SHEPIETUUIECKOI'O CIIEKTPA B BUJE JIUCIEPCHOHHOTO
ypaBHeHusa Tuia K»aiina gy KaxKI0il MOJ30HBI, KOTO-
pO€e COIEPKHUT JiBa mmapamerpa — 3 MEeKTUBHYIO MaCCy
Ha JHe TOJ30HBI U 3(p(PEKTUBHYIO MIUPUHY 3aIpeleH-
HOIi 30HBI. DTOT PE3YJIBTAT MOXKET OBITH UCIIOTH30BAH B
KHUHETUYIECKON TEOPUU sIBJIEHUN ITEPEHOCA B KBA3UJIBY-
MEPHOM 3JIEKTPOHHOM Ta3e [62].

OTMeTrM OCHOBHBIE OTJIMYUsT KOJIMIECTBEHHBIX Pe-
3yJIbTATOB pacyeTa ¢ y9eTOM KOHEYHOW IIMPUHBI 3a-
MIPEIIEHHON 30HbI OT YACTO UCIIOIb3YEMOT'O YITPOIITEHHO-
r'o pacUera JBYMEPHOI'O CIIEKTPa I mapaboimaecKoit
30HBI TPOBOAMMOCTH. IToMUMO JTMHEHHO 3aBUCHUMOCTHI
JIBYMEPHOM IJIOTHOCTHU COCTOSTHUI OT SHEPTUU B IIEPBOM
cllydae U ee HE3aBUCHUMOCTH BO BTODPOM, COIIOCTABJIE-
HU€e JAHHBIX B Ta0J. 1 u 2, a TakyKe KPUBBIX HA PHUC. T
[TOKA3bIBAET, 9TO pacuer B NpeHeOperKeHUN KOHEYHOM
MIAUPUHOM 3aIPEIEHHO 30HBI 3aBBINIAET SHEPTHUIO CBSI-
37 JII MUHUMYMOB IIOJI30H, 3aHMKasl IPU 9TOM 3Ha-
9eHUs] COOTBETCTBYIONIETO T'PAHUTIHOIO KBA3UIMITYJIb-
ca ¥ IJIOTHOCTH MTOBEPXHOCTHOTO 3apsja. [lepedauncien-
HbIE OCODEHHOCTH TOYHOIO PACUYETA C 3ABUCSIIAM OT
9HepPruy KBa3UIMOTEHIINAJIOM IPOTHBOPEYAT KaueCTBEH-
HBIM BBIBOJAM O BJIUSTHUHU HENapaOOJIUIHOCTH HA JIBY-
MEPHBIil CIIEKTP, KOTOPbIE CPOPMYIUPOBAHDBI KAK CJIEI-
CTBUS PACYETOB IO SMIUPUIECKO JIBYX30HHOM MO/Ie/IH
¢ 3aBucamedl or sHeprun 3hdeKTuBHON Maccoit (CM.
[61], cTp. 41 u [63]).

Obpamaer Takxke Ha cebs BHUMAHHE COIJIACHE
pe3yJIbTaTOB pacdera W MOJEIbHON TOAroHKH o-
TOOMHUCCUOHHBIX CIIEKTPOB B TabJs. 1, Korjga B obomx
cllydasix — WCIOJIb3YeTCs  Mapaboutdeckoe IpUOJIn-
JKeHrne I 30HBI TpOBOAUMOCTH. Takoe corJacue
OOBIYHO TPAKTyeTCsd KaK OIPABJAHHE BO3MOXKHOCTHU
nperebpedb KOHEYTHON NMIUPUHON 3AITPEIeHHON 30HbI.
OpHako pe3ysibTarThl pas3fil. 4 MOKA3bIBAIOT, YTO STH
COBIIQIAIONIE 3HAYEHUS MOTYT 3HAYUTETBHO OTJIU-
9aThCsd OT PEAJILHBIX.

®dunancupoBaHue. Pabora BbINOIHEHA B paM-
KaX IOCYIapCTBEHHOI'O 3aJ@Hdsl U YACTHUIHO IOJJIED-

xkana Poccuiickum dormoM GyHIAMEHTAILHBIX UC-
cirenoBanmit (poexTsr NeNe 10-02-00869, 13-02-01238 u
16-02-00583).

Buaarogapuoctu. Opxun u3 asropos (A. 4. III.)
6naromaper A. JI. MycaroBy 3a pasbsiCHeHHe OCODEH-
HOCTEH SKCIEPUMEHTAJTHLHON TEXHUKH (DOTOIIEKTPOH-
HOI CHEKTPOCKOIIMUA U KOMMEHTApUii K COOTBETCTBYIO-
M paszesnam pabor [8,9], B. A. Boskoy 3a o6cyxe-
Hue gerajeil Merona 3(bdEKTUBHON MACCHl B MHOI'O30H-
HOM CJIydae, MPOBJIEM C TPAHUIHBIMUA yCJIOBASIME K OT'HU-
GaromuM (HYHKIUAM HA TOBEPXHOCTH KPUCTAJLIA, BO3-
MOKHOCTH O3HAKOMUTBHCS ¢ COOTBETCTBYIOIIUMU PA3JIe-
naMu ero auccepranun [64] u cepuiky Ha crarpio Kes-
apiia [40] B cBa3u ¢ npobiemoil yyera Herapabomd-
HOCTH 30HBI IIPOBOIUMOCTH, a Takke B. B. Cuporkuny
3a CCBUIKH [24,25].

IMPNJIOZKEHUNE A

IIpobiiema cxoaMMOCTU UTEparuii K
CaMOCOIJIACOBAHHOMY PEIII€HUIO MPU HAJIUYUINN
MEJIKOTO yPOBHS

A.l1. Bausinue coctosiHuii ¢ MaJioli dHepruei cBsi3u
HA CXOOUMOCTH UTeparui

Perntenne cucreMbl caMOCOIIaCOBAHHBIX yPaBHEHMIT
abdekTuBHON Macch! u [lyaccona moapa3ymeBaer, 9To
HEOOXOMMO HANTH HE TOJIBKO CIIEKTD COOCTBEHHBIX
3HAYEHUN 3a/a4u /i1 3a/[aHHON MOTEHITUAJIBHON SIMBI,
HO U YYUTBHIBATD, KAK BJIMSAET HA IOTEHIINAJ PaCIIPeie-
JIEHUE 3JIEKTPOHOB II0 COCTOSTHUSIM, KOTOPBIE OTBEYAIOT
HafieHHOMY creKTpy. TepaTuBHOE pellieHne CanTaer-
Csl TOJIyIEHHBIM, €CJIM II0CJIE OYePEeIHOr0 IUKJIA UTe-
paruii XapaKTepUCTUKU CHCTEMbI OTJIMYAIOTCS OT UC-
XOJTHBIX XapPaKTEPUCTHUK Iepe] IIUKJIOM B Ipeesax J0-
IIyCTUMBIX ONIUOOK. YCTOIYMBOCTD ITOJIyY€HHOT'O Pellre-
HUs O3HAYAET, YTO JAJIbHEHINNe UTEPAIUN OCTABJISIOT
pellieHre HeM3MEHHBIM B IIPEJIe/IaX KOPUIOPa OMIHOOK.

st 3/1eKTPOHHOTO ra3a B 000TaIeHHOM cji0e chop-
MYJIMPOBAaHHBIN KPUTEPHUI 381a6T OYEHb YKECTKHE Tpe-
6OBaHUsI K BBINOJHEHUIO ACUMITOTUIECKOTO YCJIOBUS
JIOKAJTbHOIT HEHTPAJTBLHOCTH TPHU yXOje Ha OeCKOHEeI-
HOCTB 110 HOPpMaJI¥ K roBepxHocTu. Hebosbime oTKI0-
HEHUsI OT HEHATPAJBbHOCTU BIAJH MOTYT IIPUBOJIUTH K
CYIIECTBEHHBIM H3MEHEHUSM DPEIIeHus B O0JIACTU II0-
TEHINAJIBHON SIMbI M3-32 UyBCTBUTEJIBHOCTH COOCTBEH-
HBIX (DYHKII JUCKPETHOTO CIEKTPa K ACHMIITOTHYE-
CcKOil hopme moTeHIIIAIA.

Kpurnueckn BaXKHBIMEA CTAHOBATCS YKa3aHHBIE 00-
CTOSATEJIbCTBA, €CJIN B ODOTAIIEHHOM CJIO€ UMEETCS JIO-
KaJM30BaHHOE COCTOSHUE ¢ MaJIOi sHeprueii cBs3u. Ta-
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Pelierune camocornacosaHHbix ypasHeHuii KoHa —LLIama n lNyaccoHa. . .

KM COCTOSIHHSIM COOTBETCTBYET OOJIbINAsST ITPOTSIKEH-
HOCTB 00JIACTH, T/Ie BOJTHOBAas (DYHKITUS SJIEKTPOHOB 32~
METHO OTJIMYHA OT CBOEro 3HAYEHUs HAa OECKOHEYHOCTH.
TlosTomy 1wem Menbue ypoBeHb, TeM Ha OOIBINAX pac-
CTOSTHUSX OT MOBEPXHOCTU HAJO HAXOIUTH MOTEHITNA
U 9JIEKTPOHHYIO IJIOTHOCTH, YTOOBI JOCTUYb HEOOXOIH-
MO# TOYHOCTH BBIXO/Ia HA ACUMIITOTHYECKOE TIOBEIeHNE.

Ecsin B npesesrax pacdeTHOro MHTEPBAJA C J[OCTa-
TOYHO} TOYHOCTBHIO HE IIPOUCXO/INT BBIXOJ[ [IOTEHIINATIA
Ha aCUMIITOTHUKY U HE BBINOJIHSIETCS YCJIOBUE JIOKAJIb-
HOI HEHTPAJIHLHOCTH B OECKOHETHOCTH, TO UTEPAITMOH-
HBIM TPOTIECC MEePeCcTaeT CXoanuThcsa. B caydae mapabo-
JINYECKOI 30HBI IPOBOJIMMOCTH TaKasi CUTYAIUs PEaJIi-
3yeTcs JIUIIb B MAJIO OKPECTHOCTH OIIPE/IEJIEHHBIX 3HA~
YeHUil TIIyOUHBI IIOTEHIUAIBHOM MBI (CM. puc. 3 u 4)
U MOXKeT ObITh ITPOUTHOPUPOBAHA, €CJIN HHTEpecyeT 00-
Uit XOJI COOTBETCTBYOMINX KPUBBIX.

OHako mpobjemMa CTaHOBUTCS OCTPOil B Hemapabo-
JITYECKOM CJIydae, KOTJa MeJIKHe YPOBHHU HYKHO HAXO-
[T B 1ejIoft objiacTu 3nadenuit k| npu pacuere JBy-
MEpHOTO CIIEKTpa JJjisi HEKOTOpOil riybuubl siMbl U.
Ha nepsbrit B31UIsi, BKIIA Ngp MEJIKOTO COCTOSIHUSI B
IIOJTHYIO IJIOTHOCTH JIEKTPOHOB MaJjl, U €ro He 00sdA3a-
TEJILHO Y IUTHIBATH, HTOCKOJIBKY JJTUHA JIOKAJIA3AIIIH CO-
OTBETCTBYIOIIEH BOJHOBOM (dyHKInU (s, > 1 u u3-3a
HOPMHUPOBKH CBSI32HHOI'O COCTOSIHUS HA €IUHUILY Ngp ~
~1/Cn < 1.

OkazaJiochb, YTO TAKON IOJXOJ[ HMPUBOIUT K Pac-
XOJIMMOCTH BCEr0 UTEPAIMOHHOTO IPOIECCa M0 IBYM
npuanHaM. Bo-11epBbhIX, MOSBIEHNE HOBOTO CBSI3AHHOTO
COCTOSIHUS MEHSIET IIOBEJIEHNE BCEX BOJIHOBBIX (DYHK-
uii HENPEPBIBHOI'O CIIEKTPAa BILUIOTH 10 Heprun Pep-
MM 33 cIeT 00pa30BaHUs Y HUX JOMOJTHUTEILHOTO y3J1a
B 00JIACTH MBI U COOTBETCTBYIOIIErO YMEHBIIEHU UX
BKJIa/1a B IIOTHOCTD 3JIEKTPOHOB.

Bo-Bropnix, obpasyercs He OJHO CBA3aHHOE COCTO-
siHUe, a JBYMepHasl IIOJ30HA, KOTOpas 3aIl0JIHEHA 10
ypoeHs DepMu U COIEPKUT KOHETHOE IHUCJIO KBA3UIBY-
MEPHBIX 9JIeKTPOHOB. VIMEHHO 9TU 3JIEKTPOHBI JTOJIYKHBI
KOMIIEHCUPOBATh YMEHbIIIEHNE IIJIOTHOCTU JIEKTPOHOB
B COCTOSIHUSX HEIPEPHIBHOIO CIEKTPa (CM. puc. 2).

B pesynbrare 6e3 ydera BKJa/a MEJKOH MTOI30HBI
B IOJIHYIO ILIOTHOCTH BJIAJIM OT MOBEPXHOCTU BO3HU-
KaJl «Hemobop» 3apsa JIEKTPOHOB, KOTOPBIH cO31a-
BaJI HA CJIEYIONIEN MTEPAIMH [TOCJIE PEIeHns! ypaBHe-
uust [lyaccona camMocoriacoBaHHBIN TOTEHITUAJ CO 3HA~
9UTEHHO YITUPEHHON KBAHTOBOU amoil. B Takoit sime
BO3HUKAET y2Ke OOJIBIIIOE KOJTMIECTBO MEJIKAX JTUCKPET-
HBIX COCTOSIHUIA, TpeHeOpeKeHe BKJIaI0M KOTOPBIX Be-
JIeT K JaJIbHeHIeMy yBeJINIeH0 00/IacTh sIMbI, B KO-
TOPOH CHUCTEeMa He ABJIACTC JEKTPOHEUTPAJIbHONI, U K
PaCXOUMOCTH BCErO UTEPAIMOHHOIO IIPOIECCA.

ITocie BbISICHEHUST OMMCAHHON KAPTHHBLI HAPYIIEHUST
CXOJIMMOCTH UTEPAIMIl CTAJIO0 HOHATHO, 9TO HEOOXOIM-
MO BBISIBJIATH MEJKHE YPOBHU M YIUTHIBATD UX BKJIAI,
KaK TOJILKO JIJIA 33/ JaHHOTO 3HAYEHHs k|| TIOBe/IeHne pe-
menns npu k2 = () yKaykeT Ha CyIeCTBOBAHHUE CBA3aH-
HOT'O COCTOSIHUS C kfj < 0. CooTBercTByIOIIAs 9aCTh
BBIYUCINTEILHON TIPOTIe Iy Phl ObLIa pa3dpaboTaHa ¢ wc-
[OJIb30BAHUEM HCCJIEIOBAHHBIX B pabotre [22] cBoiicTs
pemtenus ypauenus (4.42) npu l;f = 0 u KpaTKo OIu-
caHa B KOHIIE pa3f. 4.2.

OCHOBHBIM HMHCTPYMEHTOM BBISIBJICHUS DPENICHUS
ypasuenus (4.42) ¢ masoit sueprueit ceszu k2 < 0, Ko-
TOPOE CJIEJIOBAJIO YUIEeCTh, ObLI aHAJIM3 MMOBEJEHUs pe-
MeHnst 1/10,;“ LIS l?:ﬁ = 0 Tp¥ 3aJaHHOM 3HAYEHHUN l;:ﬁ
Ecin acumnroruka dynknun 1ok, (¢) BBIXOAUT HA TI0-
crognaoe 3HadeHue B o6aactd ( S (pae (KpuBas 1
Ha puc. 10a), TO NpUHIMAETCs, ITO 122 = 0 ecTp CcOO-
CTBEHHOE 3HAYEeHNE W COOTBETCTBYIOIIEE 3HAYEHUE ffnt
ABJISIETCST IOPOTOBBLIM, HAYAHASA ¢ KOTOPOT'O CTAHOBUATCS
BO3MOKHBIM BBIYUC/IATH SHEPTETUIECKUNA CIIEKTD OUe-
PEJIHOM TIO30HBI PA3MEPHOI0 KBAHTOBAHUS IIPU BCEX
/%” > l;”t. Ipu srom aBa yzuaa dyukiuu Yoo(¢) B 06-
nactu simbl (puc. 10a, KpuBasi 1) CBUIETENBCTBYIOT O
HAJINYNA JIBYX HUKEJIEXKAIUX JUCKPETHBIX YPOBHEH B
kBasunorennuaibuoit sme U’ (puc. 10a, kpusas 3),
YTO O3HAYAET CyIIeCTBOBAHUE HOPMAJBLHBIX OCHOBHOM
1 nepBoit BosOy:kaeHHoi noazon Eo (k) u By (k) (M.
puc. 8) u orcyrcTBUEe OOHAPYKUMOIO TPETHEIO YPOBHA
B obmacru 0 < k| < ks -

Ecmm 12:3 = 0 He ecTb COOCTBEHHOE 3HAYEHHE, TO
ACUMIITOTUKA PEIICHUS 1/10,;“ (¢ — o) upencrasisger co-
60ii MOHOTOHHO paCTyIIyIO (JiuHeiiHo wiu jgorapudmu-
veckn) byukuuio (puc. 10a, kpusas 2). Ilpu BbIIOIHE-

HUU yCJIOBUS @[JOIEH (Cmaz) 615‘ (Cmaz) > 0 cumrasocs,

yro rpaduk pyHKIUHA d’ofc” (¢) Goabie HE TIEpECEKa-
er ock abcruce. CenoBaTesibHO, HET MEJIKOTO YPOBHS,
BKJIJ[ KOTOPOTO HAJIO YIUTHIBATD, ITOOBI KOMIIEHCHPO-
BaTh MCKAXKEHUsSI BOJIHOBBIX (DYHKIIHI BBIIIEIEXKAITUX
COCTOSTHUI HEIPEPBIBHOTO CIEKTPA.

ObpaTHOE HEPABEHCTBO YKA3BIBAJIO, UTO 3a IIpPeJie-
JaMu pacdeTHoro uHTepBana [0, (ma,] HAXOAUTCS elre
O/IvH (1 TOJIBKO OJI¥IH) y3eJI PellleHHs] z[;ofw (€), xoTopsrit
CBUJIETEILCTBYET O HAJMYHUH €I[e OJHOIO JUCKPETHOTO
YPOBHSI C OY€Hb MaJjIoH SHepruei cBsa3u. BoisBienue Ta-
KHM CIIOCOOOM YPOBHSI C TOUKOH ITOBOPOTA, JIeXKAIIEil 3a
rpaHuteit (e, PACIETHOTO WHTEPBaJa, 3a/1efCTBOBa-
JIO OIUCAHHBIN B pa3i. 4.2 aaropuTm IpuOINKEHHOTO
BLIUNCJICHAS] PEIICHNUST 1/115215‘“@ ) 1 ero BKJIaJa B IJIOT-
HOCTBH JIEKTPOHOB. DTOT IIPUEM 00ECIIeTUIT CXOIUMOCTD
UTEepaluil ¢ IPUHATON TOYHOCTLIO.
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Puc. 10. a) CeoiictBa pewienuii ypaBHeHusi 3cbpeKTUBHON Macchl BOAN3M NOpora poXKAEHMs! HOBOW pa3MepHO-KBAaHTOBaHHOM
nogsoHsl Fy Ha puc. 8a. BonHoBble dyHkumnu n kBasunoteHyman: I — HopmupoBaHHast Ha 0(k.) cobcTBeHHas pyHKUMs Anis
Hynesoro cobcTeeHHoro 3Hadenust k. = 0 npu kj = 0.45; 2 — HeHOPMMPOBaHHOE pelleHne ypaBHeHUsl SheKTUBHOM Macch
anst kz =0, kj = 0 npn rpatnyrom ycnosum 1(0) = 0, ’'(0) = 1; 3 — kBasunoTeHunan, HopmMuposaHHblii Ha 10Uqp(0). Ocb
abcuuce npn noctpoeHnn kpusbix 2 u 3 pactsiHyTa B 10 pas. 6) MposineHne noporoeoro sddpekta Ha 3aBUCUMOCTN SHEPrum
cBs3n k2 OT rnybuUHbLI KBa3MMOTEHLMANLHON SIMbI, KOTOPAs MPOMOPLNOHANLHA NONHON 3Heprun E' [ByMepHOro cocTosiHus co-

rnacto chopmyne (4.41) ans Uyy(2; E'): KpecTbl — pesynbTaT CaMOCOrIaCoBaHHOIO PeLLeHUs; CMIOWHAA ANHUSA NOCTPOeHa no

copmyne (A.2). YHepes E; = 0.108E% 00603Ha4eHO NOPOroBOe 3HAYEHUE SHEPrvM, NP KOTOPOM HAYMHAET CyLLEeCTBOBaTb TPETbs
AByMepHas noasoHa Fa (k)

BaxKHO OTMETUTD, 9TO 3HAMEHNE KBA3UIIOTECHITHAIA
Ugp(Gmaz) < 0 Ha rpammre ompegessieT MAKCHMAIBIOE
3Ha4YeHue l~c§ < 0, U1l KOTOPOI'o peIleHne w;cz Ry Oy-
JIeT UMEeTh PeasibHyIo TOUKYy moBopota. [Ipu ¢ > (nax
oryimuneM Uy, oT Hyis npenebperaercs, 9TO O3Hada-
€T HAJUINE BEPTUKAJIBLHON MOTEHIMAIBHON CTEHKU OT
Ugp(Gmaz) KO HYIS B TOUKE (pqz. COOTBETCTBEHHO, BCe
PpelleHust wfczl%” g Ugy < /;3 < 0 OyIyT UMETh TOUKY
[IOBOPOTA HA ITOH CTEHKE, U PEATbHOE 3HAUEHNE SHEP-
IUU CBSI3U HE MOXKET OBbITh YCTAHOBJIEHO TOYHEE, YeM
mupuia Doa0cKA (Ugp(Gmagz), 0)-

A.2. TloporoBsie 3(p@PeKThl B JIByMEPHOM CIIEKTPe
3JIEKTPOHOB OBOralleHHOro CJIOS

Kax y»ke yxaspBajoch, KpasunoreHnmasa Uy,
BxojAmmni B ypapHenue (4.39), 3aBuCHT OT 3Hepruu
E’. SueprerndecKuil ClieKTp JBYMEPHBIX COOCTBEHHBIX
cocrosiHuit ypasHeHusi 3ddexrusHOl Maccer (4.17),
chOpPMUPOBAHHBIX TOJILKO M3 (yHKINH Boxa 30HBI
POBOIUMOCTH, OlpejieiseTcss KopaeM Fi(k) n3 (4.2)
OIS KaKIOH Iaphl 3HAYCHMI (kﬁ,kf) dbopmyoit
E'(ky) = Ei(k} + k2(k{)), uro maknazsisaer ycio-

sue E'(ky) > —FE,/2. Ilostomy ¢ poctom k| sHeprus
pacret, [IyOHHA KBa3UIIOTEHIMAIBHON siMbl (4.41) yBe-
JITIUBAETCS, U IPH HEKOTOPOM IIOPOrOBOM 3HAYEHUH
ky = k; B Hefl MOXKeT NOABUTLCS HOBOE JIOKAJIU30-
BanHoe cocroanme. IIpu mamprefintem ypemmgenun k|
HOTEeHINAIbHAS AMa IIPOJOJIKAET YIIyOIATHCS, yBe-
JITIUBAETCS SHEPIUS CBA3M U (POPMUPYETCST O9epe IHasT
JIByMepHasi [OJ[30HA.

Taxoe noBe/IeHIE IBYMEPHOI'O CIIEKTPA OTMEYAJIOCH
panee B pabore [55] M MOCIYKUIO OJHUM W3 JIOBOJIOB
B IOJIb3Y THIIOTE3bl O BO3MOYKHOMN JIOKAJIU3AINH JIEK-
TPOHA 3a CYET IIPOCTPAHCTBEHHON HEOIHOPOIHOCTH (-
dexTuBHOI Maccs! [55,56,65]. Oanako ecTb OCHOBaHU
COMHEBATBHCSI, YTO KBa3UIBYMEPHBII JIEKTPOHHBII ra3
B 000raIeHHOM CJI0€ Ha ITOBEPXHOCTU OJIYyIIPOBOJIHIU-
Ka C HemapabOJIMIeCKOil 30HON MPOBOINMOCTH MOYKET
OLITH TIPUMEPOM TaKoit cucrembl. [loMuMo coobpazke-
HUI B TOJB3y TAKOW TOYKHM 3PEHUSs, PUBEICHHBIX B
pasi. 4.3.2, OTMETHM eIle psijl YUCTO BHIYUCIUTETHHBIX
pobJieM, KOTOpbIE HAJI0 YIUTHIBATH [IPU AHAJIM3E pe-
3yJILTATOB YHCJICHHBIX PACYIETOB.
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[Ipexke Bcero ycjaoBUMCS Ha3bIBATH JIMCKPETHBIN
YPOBEHb OYEHb MEJIKUM, €CJU HOPMUPOBOYHBINA KO-
3bPUIIEHT COOTBETCTBYIONIEH COOCTBEHHON (DYHKITAN
dopMupyeTcst B aCUMITOTUYECKON 00JacTu 3a TIpe-
JeJlaMd  pacYeTHOTO WHTepBaJsia. lak kak mpu ( >
> (magz monaraeM Uy, (¢) = 0, B 9101 06nacTu 1/1,521;“ ~

~ Aexp(—|k;|¢() 1 HOPMUPOBOYHBINH MHTErPAJ MOYKHO
NPEJICTABATD B BUJIE

1 } -1
A% = | B2 + —— exp(—2|k. mam] ,
2+ s exp(2f e

G (A1)

2
B = [ dc|vg g, |

OueBuaHO, YTO IPU (PUKCUPOBAHHOM 3HAYEHUU (prqp U
MOCTOSIHCTBE HauaibHbIX ycsosuit ¢(0) = 0, ¢/ (0) = 1
YCJIOBHE MEJIKOTO YPOBHsI BCErJIa HACTYIUT MPU JOCTA-
1040 MastoM |k |. C Ipyroit CTOPOHEI, JOCTATOUHO Ma-
Jible cOOCTBEHHBbIE 3HAYECHUSI I%f < 0 Bcerja JIOJKHBI
UMETh MECTO, KOTJIa PeYb UJET O TJIyOuHE TTOTeHIHAb-
HOIi SIMBI, TIPY KOTOPOI B CIIEKTPE MOSBJISACTCS HOBAs
10/I30HA.

YuurhiBas mepedncjieHHbIe BBIIIe (PaKTOPhI, KOTO-
pble OTPAHUYUBAIOT CHU3Y BO3MOYKHOCTH OOHApYIKe-
HUS COCTOAHUA C MAaJIOl 3Heprueil CBA3U IIPU KOH-
KPETHOW Peasn3alluil YUCICHHOTO AJITOPUTMAa, a TAK¥Ke
poCT TJIyOMHBI KBA3UIIOTEHITNATIHLHON SIMBbI C POCTOM l%ﬁ,
BIIOJTHE €CTECTBEHHO OXKUJATH, YTO COCTOSIHUSI BHOBD
00pa30BaBIIeiics MOI30HBI HATMHAIOT OOHAPYKUBATH-
CsI IPU KOHETHOM I%ﬁt # 0. Umeercst nm HET IpU 9TOM

JLIst IZ:H 0 GoJslee MeJIKOEe CBSA3aHHOE COCTOSTHHUE, KO-
TOpOE He yIaeTcss 0OHAPYKUTH, TPEOYeT CIernaIbHOIO
AHAJIA3A.

Ectb eme ojiHa mpuunMHA, W3-3a KOTOPOH BeIMYHU-
Ha I;ﬁt caBuraercst B 06uibInyto cropony. Chopmyiupo-
BAHHOE BBINIE YCJIOBUE MAJIOCTH SHEPIMH CBSAZH OJHO-
BPEMEHHO O3HAYAET, UYTO 3aBUCUMOCTH SHEPTUU CBSI3U
OT MAPAMETPA, OIPEIEJISIFONIErO TUIyOUHY TOTEHIAT -
HOI siMbI, Oy/IeT HOCUTH MOPOrOBLI Xapakrep [66, 67].
B pmaHHOM cilydae MOYKHO MOKA3aTh, YTO 3aBUCUMOCTD
coGeTBeHHOrO 3HadeHus k2 ypasmenus (4.39) or mapa-
Merpa E’ B Bolpakenun (4.41) Jyist KBa3WIOTEHIIHAA
omnucekiBaercs PopMyIIoil (B 6e3pasMepHbIX BeJMUNHAX )

0— €t 9

k2 1420 —°ct
A + 2e0/ey

= — (g0 — &)1 (A.2)

3ech BBelleHbI 00603HadeHus i uepruii (M. dhop-
myiry (4.43)) eg = E(O,kﬁ), e; = ¢(0, k?), MmaTpuaHOTO
9JIEMEHTa MTOTEHIIUAJIA

ST OO
0

1 HOPMEPOBOUHBIX Koucrant Cy = 1/v/27, Ce = 2|k.|.
Yepes e£; 0003HAUEHA IHEPTHUS COCTOSHUS C l::ﬁ =0
[IPU TIOPOT'OBOM 3HAYEHUH KBA3UUMITYIIHCA ffnt- st ma-
JIBIX 9Hepruil BOJIM3U MOpora BBIPDAXKEHHE B KBaJIpaT-
HBIX CKOOKaxX OJIM3KO K €IUMHUIE. DTO TO3BOJIIIO OIle-
HUTH KOHCTaHTY I2 10 HAKJIOHY HAMAJBHOIO yUaCTKA
CaMOCOTJIACOBAHHOT'O pacydeTa W CPABHUTH HOPOTOBYIO
dopmyiy (A.2) ais 9HEPIUHU CBSI3U € PE3YJIHTATOM TOY-
HOTO pacdveTa, Kak mokaszaHo Ha puc. 106. Bugno, uro,
HoBeieHue I~€2 BO/IM3HM Ha4aJjIa IIOJ30HbI Eg(i{”) HOCHUT
noporogblii xapakrep. Ilostomy samesyentoe yriyOie-
Hue k2 C pOCTOM k:” B IIOPOT'OBO# 00JIACTH yBETUIUBA~
eT 3HAUYeHne kHt, HAYUHAsSI ¢ KOTOPOT'O TI0/[30HA EQ(kH)
MPOSIBJISIETCST B pacUeTe.

Bropbim obocHOBaHMEM THUIIOTE3bI «KHHETHIECKO-
1o KoH(MAKNHMEHTa» MOCTYKUIO SKCIIEPUMEHTATIHHO 00-
HapY2KEHHOE 3aMeJJICHHOE 3aIlOJTHEHUE JIEKTPOHAMUI
BHOBb O0OpAa30BaHHOI IOM30HBI C POCTOM HAIPsIXKe-
Hust Ha 3aTBope MOII-cTpykTyp Ha ocHoBe n-InAs u
HgCdTe ([45] Fig. 10, [46] Puc. 3, [57] Puc. 12).

Opnako Teopusi TOPOroBoro 3 deKTa ToxKe JOIyC-
KaeT Takoil xapakTep (pOPMUPOBAHUS HOBOH MOI30HEI.
W nmaxke mpejicKa3bIBaeT 3aBUCHMOCTD OT HAIIPSI?KEHUST
na sarsope Buja (V, — V4)?, rue V; — snavenne mopo-
TOBOTO HAIPSIZKEHWsT B MOMEHT TIOsIBJIEHUsI HOBOIA I10/I-
30HBI. KBaJipaTudHast 3aBUCHMOCTb OT PACCTPONKH, &
Takke HAOJIIOJEHNE aHAJIOTUIHOIO «3aMEJIEHUS» TTPHU
006pa30BaHNN HOBOM TTOA30HBI B OOOTAIIEHHOM CJIOE Ha
TOBEPXHOCTHU ITOJIYIPOBOJIHAKA C NTUPOKOI 3aIperieH-
HOI 30HOI ¥ HE3HAYUTEIHHON HermapaboInIHOCTHIO 30~
HBI IIPOBOJUMOCTH MOTYT ITO3BOJIMTH BBIOPATH MEXKLY
JBYMsI 00bsICHEHUAMEI 3TOTO 3 dekTa.

Hobasum erre, 9T0 ypaBHeHus 3HIEKTUBHON Mac-
col u [lyaccoHa SBJISIOTCS 9KCTPEMAJISIMA BAPHUAIUOH-
HOI 3a/Ia9M HA MUHAMYM (QYHKIMOHAJA SHEPIUU OC-
nosoro cocrosrms ([1] Eq. (62)). Cocrosmme k2 = 0,
I;I = (0 obiataeT MeHbIE SHEPTIUe, YeM k:2 =0, k”
> 0. ITosToMy cieyeT 0KUIATH TAKOH MomampuKaum
GbOopPMBI CaMOCOTIACOBAHHON MMOTEHITHAIBLHOMN IMBI, TIPH
KOTOPOil MMHMMYM JTIO0O0# ITOM30HBI, BKJIIOYasi OJIn3-
KYIO K HCHpCpLIBHOMy CIIEKTPY, OyIeT HAXOAUTHCS TIPU
ki =

A.3. Bausxaue AJIMHBbI pacdeTHOI'o MHTepBaJia Ha
dHEPIru CBA3U MEJIKOI'O YPOBHHA

Kak 00bsicHeHO BBIIIE, HAJTUYNE B CIEKTPE MEJTKOTO
YPOBHA MOXKET Pa3pyLIATh CXOJMMOCTDH UTepaluii, ec-
JIX HE IPUHSTH MEPHI K ero obHapykennto u ydery. O -
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Puc. 11. [leMoHCTpauns 3aBUCUMOCTU SHEPruM CBA3N Men-
KOFO OCHOBHOFO COCTOSIHUSI OT AJMHbI PacyYeTHOrO MHTepBa-
na. MNocTpoeHa 3aBMCMMOCTb OT MIOTHOCTU NONOXKMUTENBHOFO
choHa 3HEprumM 31eKTpoHa, J0KaNN30BaHHOMO B CaMOCOMIaco-
BaHHOI noTeHumansHoli sme KoHctanTuHosa — LLnka 86an3n
6eCKOHEYHO BbICOKOI NoTeHunansHoli ctedkn. Kpusas 1 nony-
YeHa npu AnuHe pacyeTHoro uHTepsasa 200 n ocTaeTcsa npak-
TUYECKU HEM3MEHHON Npu JanbHeiiem ero yeenudennun. Kpu-
Bas 2 6bina paccunTana B pabote [2] npu gnuHe pacyeTHoro
uHTepsana 80. JHeprusi CBA3N OTCHUTaHA OT MOJIOXKEHUS AHA
30HbI MPOBOANMOCTM C y4eToM Bkaaga Uz (o0)

HAKO JIaZKe eCJIM CXOJIUMOCTh JJOCTUTHYTA, BAYKHO PO~
BepsATh HE3aBUCUMOCTD IMOJIYYEHHON SHEPruu ypPOBHS
OT JJIMHBI pacdeTHOro maTepBaja. OcoOeHHO ITOT mar
HEOOXOJ/MIM B TeX CJIydasiX, KOTJIa B PAcIeTe MOsIBJISeTCs
3 dEKT «KHHEMATUIECKOTO KoHbaitumenTay. Hampu-
Mep, B pabore [65] cyrecTBoBamye B 0G0TAIIIEHHOM CJI0€
InAs 10/[30HbBI ¢ HEHYJIEBBIM HAYAJIHHBIM KBA3UUMILYJTh-
COM TIOJTY9€HO [IPHU CJIUIIKOM MAJIOH JIMHE PACIETHOTO
UHTEPBATA (mar = 16.

B nonreep:kenne 3Toit pekomeHganun Ha puc. 11
TSI TapabOTMIeCKO 30HBI MMPOBOINMOCTH TTIOCTPOEHA,
paccuuTaHHAs 3aBUCUMOCTb SHEPIUM CBSA3M OCHOBHO-
'O COCTOSHHSI OT IJIOTHOCTH IOJIOKUTEILHOrO POHA B
CaMOCOIJIaCOBAHHON IOTeHIna bHoi ssMe KoncranTu-
noBa—Illuka npm ABYX JJIMHAX PACIETHOTO WHTEPBa-
Jia. 3a0/JHO 9TUM PUCYHKOM HCIIPABJISIETCS PE3YJIbTAT,
HEJIOCTATOYHO AKKYPATHO [OJIy YeHHBbI B pabore [2] u3-
3a BBIYUCJIHUTEIBHBIX CJIOXKHOCTEM TOTO BPEMEHHW IIpU
OOJIBIIION JIJTHHE PACIeTHOTO MHTEPBAJIA.

XoTst KAYeCTBEHHO PE3Y/IbTaThl 000MX pacIeToB CO-
OTBETCTBYIOT IIPUMEPHO OJHOI O00JIACTU KOHIIEHTPa-
IIUU JIEKTPOHOB, B KOTOPOIi CYIIIeCTBYeT YPOBEHDb, KO-
JIMIECTBEHHO BEJIMUNHA SHEPIUUM CBI3U MOYKET Pa3Jiu-
qgaThbCsd JI0 TpeX pa3, Kak BujaHOo u3 puc. 11. ITosTo-
MY OJTHOA TOJIBKO CXOAUMOCTHU UTEPAIMOHHON IIpOIle-
JYyPBI HETOCTATOTHO, HEOOXOINMa, TTPOBEPKA YCTONIN-
BOCTHU PE3YJIbTATOB OTHOCUTEIBHO YBEJIUICHUS gz -

IMPMNJIO>2KEHUE B

OueHKa cTeneHn HEOPTOTOHAJIBLHOCTH
coOCTBEeHHBIX (DYHKIHMIT ypaBHEHUS
3¢ PekTuBHOI MaccChl

Cormacuno dopmynam (4.58), (4.59), mepoit Heop-
TOTOHAJIBHOCTH ~ CJIY?KUT CKaJIIPHOE TPOU3BEJIeHUe
(VEk [YE1k,) ABYX pememnnit ypasnennsa (4.39) mpm
copmaaomux k), HO pasHbIX 3Heprugx L. B ciayuae
CBSI3aHHBIX COCTOSIHAI pPacuer 9TOro CKaJsIPHOTO
NIPOU3BEJIEHAsT HE MPEJCTABIAET TpyaHocrei. s
COOCTBEHHBIX (DYHKIMI MUHUMYyMOB OCHOBHOM ITOJI-
30HBI Yp,0 U IIepBONl BO30YXKJIEHHON NOJ30HBI VE, 0
upu Uy = 400 m3B nomyuaem (Yg,olg0) = 0.051.
B BeposTHOCTH TOTJIOMEHHsT HOPMAJIBLHO IIa/AIONIErO
HA KBa3UJBYMEDPHBIHl 3JIEKTPOHHBIA Ta3 W3JIydeHUs
BOHIET KBAJPAT ITOTO CKAJSIPHOTO IpoussezeHus [60]
(dbopmyasr (26), (27)). Drum onpemessieTcsi MOPsiIOK
Besmunnbl  3ddexra, nogaydeHHoro B pabore [60],
KOIJIa WCIOJIb30BAJNCH HEOPTOTOHAJIBHBIE DEIIEHUS
npubimzkeHsoro ypasaenus (4.39).

Dopmyna (4.59) mo3BoOJIIET DPACCYATATH CTEIEHb
HEOPTOrOHAJBLHOCTU U B CJIy4Yae COCTOSIHUNA HEMPEPBIB-
HOI'O CIeKTPa 6€3 HeOOXOMUMOCTHU BHIYUCIIATH UHTErPa-
JbI OT (PYHKINH C OCHU/IMPYIONel Ha OECKOHETHO-
ctu acuMmnTorukoii (4.44). Pesynbrarbl mokasaHbl Ha
puc. 12 nna pasubix nap smwepruit £y = E(k.1,k)) n
Ey = E(k;, k) npu kj = 0 u k2 > 0. ®ynkuus E(k)
3/1eCh 3aJ]aHa 3aKOHOM Jucriepenu (4.2) B 30He TPOBO-
maumocTtn. Bugmo, uro Bo Bcem kBazpanTe 0 < k,, k1 <
< 1 creneHb HEOPTOTOHAJILHOCTU MEHBINE €IUHUITLI, a
ee KBaJIpaT HE IPEBBINIAET OIEHKH MAPAMETPA MAJIOC-
TH, caenannoit B Komme pasn. 4.1.1. Coriacuo pabore
[22], ecoin HEOOXOMMa GOJIBINIAST TOYHOCTD, OJTHO30HHOE
ypaBHeHHEe MeTo/1a 3P HEKTUBHON MACChl MOXKET OBITH
B3SITO C y9IeTOM MepBoii monpasku (4.18) or KoMMyTa-
TOopa.

Tak>ke ObLT TPOBEIEH PACUET CKAJISIPHBIX ITPOM3BE-
JIeHHi COGCTBEHHBIX (DYHKIMI HENPEPLIBHOTO CIEKTPA
B ciiydae napaboJIiuecKoil 30HbI POBOJUMOCTH, PaC-
CMOTDEHHOM B Pa3Jl. 3, 9TOObI HE3aBUCHMO OT YCJIO-
Bug (3.25) OLEHUTH CTENEHb TOYHOCTU KPUTEPHs OCTa~
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Puc. 12. 3aBucumoctn mMepbl HEOPTOrOHaIbHOCTU CaMOCOra-
COBaHHbIX COBCTBEHHBIX PYHKLMIA HENPEPLIBHOrO CMeKTpa OT
BOJIHOBOro BekTOopa. Homepamu 1, 2, 3 ob6o3HayeHbl ckansp-
Hole npoussegeHnst (Uy_,|Uy_ ) cobCTBEHHbIX DYHKUMIE Of-
HO30HHOrO ypaBHeHus abcbekTuBHON Macchl (4.6) ans Hena-
pabonuyeckoli 30Hbl nposogumoctu npu k.1 = 1.0 (1);
k.1 = 0.01 (2); k.1 = 0.002 (3). Toukamm 4 nokasaHbl 3Ha-
YEHUS CKANSAPHbLIX MPOU3BEAEHUI HAWAEHHBIX YMCIEHHO COB-
CTBEHHBIX (PYHKLUIA ypaBHeHus adbcpekTusHon maccol (3.1)
ans napabonnyeckoii 30HbI nposogumMocTu. B nocnegHem cny-
yae pacuet no dopmyne (B.6) nokasbisaet, 4To 3TU byHKLUM
NPaKTMYECKN OPTOroHaNbHbI

HOBKHM HMTEPAIMOHHOTO Tporiecca. 1I0CKONIbKy 3aada
(3.19), (3.20) camoconpsizKeHHasI, JJIsl TIPOBEPKH OPTO-
FOHAJIbHOCTH HAJIO BBIYUCIISATH CKAJISPHBIE TIPOU3BE/IC-
HHSI HEMOCPEICTBEHHBIM HHTETPUPOBAHUEM HYUCICHHO
[OJIYYECHHBIX PeIleHu.

Tt KOMIIAKTHOCTY U3JI02KEHUsI [IEPEINIIEM YPaB-
Henre (3.1) B yIpOIEHHOM BH/IE:

1

Ly [U(z) _ %k?] Ty (2) = 0.

: (B.1)

Ecsn norennman U(z — o0) = 0, To J-HOPMUPOBaHHbIE
cobcTBeHHbIe DYHKIMN HeIPEephIBHOTO crektpa Wy (z)
It 3ama4an Ha mostyocu 0 < z < 00 HMEIOT aCHMIITO-
THUKY

lim W (2) = 4/ = sin(k.z + 75.),
™

Z—00 Z

(B.2)

rie dasza 7y, IUCIEHHOIO PellleHnst oupeessercs hop-
Mmystoit (3.22).

YT0o0bI HE MCKATD YUUCJIEHHO TPEIES PEeryJsipu30-
BAHHBIX WHTETPAJIOB

(U0 =ty [0 ()0 () exp s, (B3)
0

Yepe3 KOTODBIE BBIPAXKAIOTCsI CKAJIAPHBIE [IPOU3Be-
JeHus B OOODOIIEHHOM T'MJILOEPTOBOM ITPOCTPAHCTBE
[22] (dopmyna (5.4)), ucHoNb3yeM TPHEM BbIIEJICHHS
CHHT'YJISPHOM 9aCTH HMHTErpajioB, MPEJJIOKEHHBINH B
[22] (paszm. 5.2.2.IV). Beemem ocraTounyio QyHKIMIO
Ok, (2)

Ok, (2) = Y. (2) — \/%Siﬁ(kzz + Vr.)-

IIpenmonaraercst, 9To MOTEHITMAT HA OECKOHETHOCTH
CTPEMUTCS K HYJIO JOCTATOYHO OBICTPO, UTOOBI ObLIN
BBITIOJTHEHBI YCJIOBUS JIJIs CYIIIECTBOBAHUS aCUMIITOTH-

(B.4)

ku (B.2) ¢ mocrostHEBIME aMrunTyno# n daszoit [41]
(D 11, §9).

Dopmysl (B.2)—(B.4) 103BOISIIOT OPU INCIEHHOM
pacuere CKaJsIPHOIO HPOM3BEIEHUA HANTH CHHIYJIAD-
Hble BKJaspl anagurudecku. [Ipencrasum (B.3) B Buze

(i [0) = iy [ (00, + 0E0(2)
0

X (ka (z) + \IJ](;:O)(Z)) exp ““dz. (B.5)

MuTerpas or npousBesieHUs IBYX aCUMITOTHK BBIYHC-
JIIETCS $IBHO U COJEPXKUT KAaK CHHTYJISDHBIE YJIEHBI
0(k.1 £+ k), Tak U HECUHIYJISIDHBIE.

B urore ipu k1, # k. mosrydaeMm HCKOMYIO GOPMYITY
JUTST OTKJIOHEHHSI 0 OT d(k.1 — k) cxamsipHOTO TIpOU3-
BeJleHUs COOCTBEHHBIX (DYHKIINIA, HANIEHHBIX TUCJIEHHO
Ha orpe3ke 0 < z < L:

L L
SZ/dZ@kzl(Z)@kz(Z)+/d2@kzl(z)\111(io)(z)+
0 0
L
—i—/dz@kz (z)\I!,(;i)(z)—
0
1 [sin(A127y)  sin(X127)
T [ Ak,  Siok. }7 (B6)

rae

Alez = kzl - kza
EIka = kzl + kzu

A2y = Ve, — k.
Y12V = Vhoy + V-

IMogcranoBka B UHTErpajax KOHEYHOIO BEPXHErO
npegena L BMECTO 00 OIPaBJaHa, €CJIA HOIBIHTErPAJIb-
HBbIE BBIPAYKEHUS COJEPXKAT KAK MAHAMYM KBaIPaTHY-
Ho uaTerpupyemble dbyukiun Oy _(z). Herpyano noka-
3aTh, COCTABUB ypaBHeHHe s Oy (z), 4ro mocraTod-
HBIM YCJIOBHEM JIJIS1 9TOTO MOKET CJIY?KHUTD KBaPaTHY-
Has uHTerpupyeMocth norenimasna U(z). pu k.1 # k.,
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Bce wienbl B (B.6) koHedHbl 1 MOryT OBITH HANIEHBI
quc/ieHHO. B ciydae caMocOnpsizKeHHOM 3a/1a9u BhIPa-
xenme (B.6) 11 § paBHseTCs HYJTIO TIPH JTIOGBIX CKOJTh
YTOHO OJM3KUX 3HAUYEHUAX k,1,k, W MOXKeT ObITH JI0-
OTIPE/IEJIEHO HYyJIEM IO HEIPEePBIBHOCTH Iph k1 = k..
g 3amadn ¢ OpOUTAIBHO-3aBUCUMBIM [TOTEHIIAAJIOM
WM [IPU IIOJICTAHOBKE B Ka4eCTBE COOCTBEHHBIX (PYHK-
Ui YUCJIEHHO HAWJIEHHBIX PENICHUil BeJIMYuHa 5 CIIy-
JKAT MepOil HEOPTOTOHAJBLHOCTH COOCTBEHHBIX (DYHK-
Ui HEIIPEePBIBHOI'O CIEKTPA.

Cnpasemymsocts dopmyser (B.6) Gbuia nposepe-
Ha Ha COOCTBEHHBIX (DYHKIUSX HEIPEPBIBHOIO CIIEKTPA,
[Ipy HENapabOJIUIECKON 30He TTPOBOINMOCTH CPaBHEHN-
eM ¢ opmyiioii (4.59) U IPAMBIM BBIYUCJIEHUEM IIPEJIe-
Jia, peryJisipu30BaHHBIX UHTErPaJIOB.

Ha puc. 12 Toukn 4 MoKa3pIBAIOT 3aBUCUMOCTH CKa-
asipuoro npomseegernst (Uy_ (O)| Py, (¢)) cocrosiamit
HEIIPEPBIBHOTO CIIEKTPa OT BOJIHOBOI'O BeKTOpa k. IIpHU
k.1 = 1, BBIYUCJIEHHYIO JJIs TapabOIMIECKOTO 3aKOHA,
JUCIIEPCUU B 30HE IIPOBOIUMOCTH. BUIHO, 9TO CKaJIsAp-
HOE IIPOM3BEJIEHIE PABHO HYJIIO C TOYHOCTHIO JI0 HUUC-
nenHoit ommbku mopsaxa 1076 kak m moMKHO GBITH
B 9TOM CJIy4ae COIVIACHO Kpurepuio (3.25) ocTaHOBKH
uTepanui.
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