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QUANTUM HALL EFFECT
E. N. BORMONTOV

The Quantum Hall Effect
is one of a few macro-
scopic quantum phenom-
ena and also one of the
most interesting effects in
modern physics. This
effect has principal impor-
tance for investigations in
the fields of solid state
physics, quantum electro-
dynamics and metrology.

KBaHTOBbIN 3¢hcheKT Xos-
Jla — 0gHO U3 HEeMHOrunx
MaKpOCKOMUYeCKNX KBaH-
TOBbIX SIBJIGHUA N BMeCTe
C Tem O4MH U3 UHTepec-
HeWnwmnx agh¢heKToB B CO-
BpeMeHHONU pusnke. -
heKT nmeet NPUHUUNN-
arnbHoe 3Ha4YeHue AJisl Uc-
csiegoBaHMi B obsiactu
¢u3nKn TBEep[oro tena,
KBaHTOBOW 3J/1IeKTPOAgUHA-
MUKW U METPOJIOrUMN.

KBAHTOBbIA YODEKT XOJJIA'

E. H. BOPMOHTOB

BopoHexxckuit rocynapCTBEHHbIN yHUBEPCUTET

BBEJEHUE

KsanTossriit adpdekr Xomra (KDX) — Hauboee sap-
KO€ M YIUBUTEJIbHOE OTKPHITHE B COBPEMEHHOM (hr3u-
K€ TBEPIOTO TeJjla, 3aTparnsatollee IIIyOMHHbIE OCHOBbI
Bcell pusuku [1-5]. CaMoe yIMBUTEILHOE, YTO 3TOT
93¢ dEKT OTKPHIT TPU U3YYEHUN JaBHO U3BECTHOTO SIB-
JneHus1 — addekra Xosuia ¢ UCIIOIb30BaHUEM IIPOCTEl-
IUX IPUOOPOB: aMIiepMeTpa 1 BoJbTMeTpa. KoHeuHo,
HeJlb3s1 3a0bIBaTh, UTO OOBEKT WCCIEAOBAHUSI — JBY-
MepHBIe (2D) 2/IeKTpOHHBIE CHCTEMBI, pealu3yeMEIe,
HampuMep, B KPEMHUEBBIX CTPYKTypax MeTal—OKH-
CeJI—MOJIyIPOBOJHUK BBICOKOTO KauyecTBa, MOSIBUIUCH
B pe3yJibTaTe MHOTOJIETHE paboThl (PU3UKOB U TEXHO-
sioroB. Ho mts Toro 9To0bI caenath 3KCIEepUMeHTaIb-
HOE OTKpBITHE, MajJio HaOJIIomaTh KakKou-To 3¢ deKT,
HYXXHO TaK>Xe MOHMMAaTh CMbICT Y 3HAaYEHHWE 3TOro Ha-
omonenus. Jo otkpbitus KOX HUKTO He Tipeanonarain,
YTO B CJIOKHBIX MOJTYIPOBOTHUKOBBIX CTPYKTYPaX MOX-
HO OOHApYyXUTh MaKpOCKOIMMYECKUI KBAaHTOBBLINA 3¢h-
GeKT, TNO3BOJSIOIIMIA U3MEPATh (PyHIaAMEHTaJIbHbIE
(r3ryecKue MOCTOSTHHBIE C TOM XK€ TOYHOCTbhIO, YTO U B

'TIPUMEYAHUE TJIABHOT'O PEAAKTOPA XYPHAJIA

B 3TOM HOMEpe unTaTe M HAMIYT ABE CTaThbU TOJ OMHUM U TeM Xe Ha-
3BaHueM “KBaHToBblil addekt Xosa”. Crarest Onera BacuibeBuua
Kubwuca nmoctynuna B penakuuo COX eme B 1997 rony. Kak ato npu-
HATO y Hac B XypHaJje, ee HallpaBWJIM Ha OT3bIB K BHEIITHEMY PELICH-
3eHTy (MM 06T H.B. BpaHnr), KOTOpHIii caeian J0CTaTOYHO MHOTO 3a-
MEYaHUU M MPOCUJI aBTOpa CTaThio nepepaborath. [Ipuiiocs aBTopy
repepabdaThIBaTh ee ellie pa3 Mo TpeOOBaHMIO BTOPOTO pelieH3eHTa. 3a-
TEM CTaThsl C MOJIOXKUTEIbHBIM PellIeHNEM SKCIIEPTHOTO COBeTa MO (hu-
3MKe Obljla HalpaB/ieHa MHe B BalllMHITOH JIJIs OKOHYATeIbHOTO pac-
cMoTpeHusl. S HampaBui ee B revatb. Ho moka craTbsl Haxonuiach B
nytu u3 CILA B MockBy, B pegakiuio IIpUIILIA Apyras CTaThs OO TEM
ke Ha3BaHWeM, HamucaHHasi EBrenmem HukomaeBnyem BopmoHTO-
BeIM. PenienzenT B.I1. KpaitHOB maj cpa3y ke BBICOKYIO OLICHKY CTaThe
BopMoHTOBa, TOC]e Yero 3KCHEepTHBIM COBET Mo (U3MKe HarpaBUl
MHe cJIelyIollee MUChMO:
“Cogser cuuraer, yto ctaths E.H. BopMOHTOBa 0OYeHb yIa4yHO COOT-
BeTcTBYeT ocHOBHOM 3amaue COXK — MOXOMYMBBIM TSI IKOJTbHM-
KOB SI3IKOM M3JIaraeT axke caMble TMepeloBble JOCTHXEHUST B Ha-
YK€ U UMeeT B 3TOM CMBICJIE TIPEUMYIIIECTBA Tepell yKe MPUHSATOMN
CoBetoM craTbeii O.B. Kubuca.
B.B. Muxaiinun, 10.B. Komnaes,
H.®. Crenanos, b.A. Ctpykos”.
Eute pa3 npocMoTpeB 00e cTaTby, 51 Halllell, YTO OHU HEUAEHTUYHbI. K
Tomy ke O.B. Kubuc 3arpaTui MHOTo CuI Ha TO, YTOOBI MCIIPABIISITh U
TOTIOJTHSITh CTAaThIO B COOTBETCTBMM C TPEOOBAaHMSIMU JBYX PELIEH3EH-
TOB, ¥ ObUTO Obl HEATUYHBIM OTBEPTHYTb €TI0 CTaThIO Uepe3 MoJITopa ro-
Jla TIocJjie TIPYUCHUIKM TIepBOil Bepcuu B XXypHai. [loaTomMy s permi Bee-
Taku MOWTU APYrUM TyTeM, YeM MpejiaraeT yBaXkaeMblil 9KCITEPTHBIN
COBET: OITyOJMKOBaTh 00€ CTaTbU — OJIHY 3a Ipyroi. S mymaio, 4To OHU
XOPOUIO JOTOJHAT APYT ApYTa.
B.H. Covigep
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IIPEIM3UOHHBIX M BE€CbMa CJIOKHBIX 3KCIICPMMEHTAX
(I)I/IBI/IKI/I QJICMCHTApPHBIX YaCTUII.

OtkpreiTie KOX 3aTpoHy/IO IMPOKUI KPYyT HU3H-
KOB: 9KCIIEPMMEHTATOPOB, paboTalolIMX B 001aCTU (hU-
3UKH MOJIyIPOBOAHUKOB U TBEPIOTEIBHOM 3JIEKTPOHU -
K1, METPOJIOTOB, a TAKXKE TEOPETUKOB — CIIELIMAIMCTOB
B 00JIaCTH TEOPUHU TBEPIOTO Tejia U Teopuu mojs. [1o-
cjeaHee 0COOEHHO CYIIECTBEHHO, TaK KaK MOKa3bIBaeT,
yto uHTeprnpetaiys KOX npuHamiexXuT K 4ucily Bax-
Helmmx @yHaaMeHTaIbHbIX Tpo0eM (hU3UKU. 3a OT-
KpBITUE 3TOTO 3aMeuaTesibHOro siBieHus Kiaycy doH
Knutuunry npucyxaeHa HobeneBckas mpemus o ¢pu-
3uke 3a 1985 rog.

ABYMEPHbIWA 3NEKTPOHHbIN A3
U EFO CBOWCTBA

Co3znaHue IByMepHOTO 3JIeKTpoHHOTO raza (2D3IN) —
BaXKHeiIIass mpennochbuika mist HabmomeHus KOX.
OnexTpoHbl 00pa3yioT 2DAI" B ToM ciaydae, Korma ux
JBVXXKEHUE B OTHOM TJIOCKOCTHU (TUIOCKOCTH X)) SIBJISIET-
csl CBOOOIHBIM, a B HAIpaBJICHUW OCU Z OTPaHUYEHO
CTEHKaMU Y3KOM TTOTeHIINATbHOM SIMBI.

O6b1yHO 2D 3T co3maroT mprzKrMasi BHEILIHUM 3JIeK-
TPUYECKUM TOJIEM JIEKTPOHBI K AUINEKTPUKY, KaK IM0-
KazaHo Ha puc. 1. DJIeKTpOHBI HE MOTYT OTOMTH OT Ipa-
HUIIBI C TUBJICKTPUKOM B TJTyOb MOTYIIPOBOIHUKA, TaK
KakK MX He IyCKaeT 3JIeKTPUYecKoe 1oJjie, 1 He MOTYT
BOWTHU B JAUAJNIEKTPUK, TaK KaK HE MOIYT MPEOn0JeTh
BBICOKMI MOTeHIIMATbHBIN 6apbhep Ha TpaHMIIE C U~
SJIEKTPUKOM. DIIEKTPUIECKOE TI0Jie B MIPUTTOBEPXHOCT-
HOI 00J1acTH TOJYMPOBOIHMKA CO3MAETCS CIIelMallb-
HBIM 3JIEKTPOJIOM (TaK Ha3bIBa€MbIM 3aTBOPOM),
OTIEJIEHHBIM OT TTOBEPXHOCTH MOJIYITPOBOAHUKA CIOEM
MUBIEKTpUKa. ECITU MoTynmpoBOIHUK — KPEMHUIA, a 1 -
9JIEKTPUK — OKHUCh KPEMHUSI, TO TaKOW MPUOOp Ha3bl-
BatoT kpemMHueBoit MOTI-cTpykTypoit, rne MOIT — co-
kpaieHre ot Metan—Oxkucen—ITonynpoBonHUK.

Tak KaKk 37eKTpUYecKoe T0Jie B TOJYITPOBOJTHUKE
00YCJIOBJICHO TTOJOXUTEIbHBIM HaIpsKeHUEM Ha 3a-
TBOpE (IMOJIOKUTEIbHBIMU 3apsiiaMu), TO 3JEKTPOHBI,
UMEIOILIME OTPULIATEIbHBIN 3apsil, MPUTITMBAIOTCS K
TpaHUIIe MEXJY MOJYITPOBOAHUKOM U TUAJIEKTPUKOM.
DTO 3HAYMT, UTO MOTCHIIMATbHAS SHEPTUS YMEHbIIACT-
csl MpU NPUOIMKEHUM K 3TOM IpaHUIle U MUHUMATb-
HOM sHeprueit 06yanaloT Te 3JIEKTPOHBI, KOTOPbIE Ha-
xonsaTcsi Ha rpaHuuie (puc. 1). Takum oGpaszoMm, B
TIPUTTIOBEPXHOCTHOM 00JIaCTH TIOJYITPOBOAHUKA 00Opa-
3yeTcsl y3Kasl MoTeHUMaabHas siMa, KOTopasi 3aroJHsI-
€TCsl JIEKTPOHAMU Yepe3 OTIOTHUTEIbHbIE 3JIEKTPOIbI
croka u ucroka. llluprHa moTeHUMANIbHON SIMBI OKa-
3bIBaeTCS HACTOJIbKO Masa ([I5 HM), 4TO 3J1eKTPOHHBIN
ra3 B Heii nposieseT 2D-cBoiicta. Hanpskenue V,,
MPUKJIAABIBAEMOE MEXIY META/UIMYECKUM 3aTBOPOM U
TOJTYTIPOBOAHUKOBOM Toa10XK0oir MOITI-cTpyKTypHI,
MO3BOJISIET MEHSTh TyOMHY MOTEHLIMAIbHON SIMBI U,
clleoBaTeIbHO, KOHUeHTpauuio 2D3OI n, B GoabLImx
npenenax (10"—10" cm™?), mpuuem cBsisb V, i n ipak-
TUYECKU JIMHEHA W OTpeAesisieTcsT YASIbHOM eMKOC-
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Puc. 1. Cxembl aHepreTnyeckmnx 3oH MOI-cTpykTy-
pbl C ABYMEPHBIM 3/1EKTPOHHLIM radom: E_, E, — aHo
30HbI NPOBOAVMOCTY 1 MOTOJSI0K BAJIEHTHOW 30HbI, E; —
ypoBeHb Pepmu B NONYyNpoBOAHYIKE, a Er,, — B MeTan-
Ne 3aTBOpa, V, — HanpsixeHve Mexay 3aTBOPOM 1 Mo-
JNYyNPOBOAHMKOM

Thi0 okuciia MOII-cTpykTyphl [6]. DTO MCHOIB3yeTCS
s HabmoneHnsa KOX.

dyHnameHTabHbIe cBoiicTBa 2DOI  saBistoTcs
CJIeICTBUEM TOTO (DaKTa, YTO IHEPTETUYECKUN CIIEKTP
9JIEKTPOHHOM CUCTEMBI, C KOTOPOIA MPOBOJAUTCS IKCIIe-
PUMEHT, COCTOUT U3 AMCKPETHBIX IHEPTETUUECKUX YPOB-
Hell. B OOBIYHBIX YCIOBUSIX SHEPIUsl E NBYXYIIUXCS
9JIEKTPOHOB KBa3UHENPEePbIBHA U €€ MOXXHO CPAaBHUThH C
KMHETUYECKON 3Heprueil CBOOOMHBIX 3JIEKTPOHOB C
umIyiabcoM p = ik (h — nocrossHHast Ilnanka, k — BoJi-
HOBOI1 BEKTOP), HO ¢ 3¢ (HeKTUBHOIT Maccoit m:

E_Prptp W
2m
B n1ByMepHOM 3JIEKTPOHHOM Ta3e ABMKEHUE 2JIeK-
TPOHOB 10 OCH Z OTPAHUYEHO U TTI0O3TOMY KBaHTyeTcs. B
pe3y/bTaTe SHePrust MOXET MTPUHUMATD JIMIITb HEKOTO-
pble TUCcKpeTHbIe 3HaueHus E,, n =10, 1, 2, ..., Tak 4TO
TTOJTHBIN 3aKOH TUCTIEPCUN UMEET BUT
2 2
E=E,+ 2Py %)
2m
N3 (2) BUaHO, YTO KaXAOMY IUCKPETHOMY YPOBHIO E,
COOTBETCTBYET HAOOP BO3MOXKHBIX COCTOSTHUH, OT/INYa-
IOIIMXCST KOMITOHEHTaMK MMITyJibca p, U p,. [lostomy
OOBIYHO TOBOPST HE 00 YPOBHE, a O IBYMEPHOI MOA30-
He pa3MEepPHOT0 KBAaHTOBAHUSI C HOMEPOM .
TeopeTndeckue pacyeThl U 3KCITEPUMEHTHI ITOKA3bI-
BAIOT, YTO TIOPSIIOK BETMIMHBI PACCTOSTHUST MEXKITY 3TH-
MU non3oHamu coctapisieT 10 MmaB. Ilpu HU3KMX TeM-
nepatypax (7 < 4 K) u ManbIX IJIOTHOCTSIX HOCUTeJei
3apsaa B 2DOI aeKTpoHbI 3aCesTI0T TOJIBKO HIKHIOKO
roa3oHy. Takast cuTyalyst Ha3bIBaeTCs AJIEKTPUUECKUM
KBaHTOBBIM TpenesoM. I1o ycrosiBiieicss TepMUHOIO-
MY TOJILKO B 3TOM CJIy4yae 3JIeKTPOHHBIN ra3 Ha3blBaeT-
csi aByMepHbIM. Korna sinekTpoHbl TpyMHamiexar He-
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CKOJIbKMM KBAaHTOBBIM IIOJA30HaM, TIa3 Ha3bIBACTCA
KBa3nuaBYMCPHBIM.

Baxneitmeit xapaktepuctukoit 2D3T, kak u 1o6oii
9JIEKTPOHHOW CHCTEMBI, SIBJISIETCSl HEpreThyecKast
TJIOTHOCTb COCTOSIHUI 2JIEKTPOHOB (TO €CTh YKCIIO CO-
CTOSIHWIA B €eTMHUYHOM MHTEpBaJie SHEPTUii Ha eAUHY -
1y 1iomanu). Paccuntaem 3ty BeIMUMHY 1151 OTAEIb-
Hoil 2D-noa30HbI.

W3meHeHne sHeprun 31eKTpoHa Ha dF paBHOCUIIb-
HO M3MEHEHMIO €TI0 BOJIHOBOTO BeKTopa Ha dk. IloaTomy
Bce 2D-211eKTpoHbI, 001a1a011e S9Hepryueil B MHTepBa-
nie dE, pactosioxeHbI B TPOCTPAHCTBE BOJTHOBOTO BEKTO-
pa B KPYrOBOM CJI0€ MEXITY OKPYXKHOCTSIMU C PaINycaMu
kw k + dk. Tlnomane takoro cnos S = 21k dk. [lnowanp
SJIEMEHTAPHON SYEHKU B K-TIpocTpaHcTBe § = (2T0)%
CrenoBatesbHO, C YIETOM IBYKPATHOTO CITUHOBOTO BhI-
POXIIEHMSI YUCIIO COCTOSTHUIM ¢ BOJTHOBBIMU BEKTOPAMU
oT k 10 k + dk paBHo D(E)dE = 2S/s =2 [R1kdk/41C =
= kdk/TU YuuTbiBast CBSI3b MEX/y BOJIHOBBIM BEKTOPOM
u sHeprueit £= #*’/(2m), nomydaeM, 9T0 9UCIIO COCTO-
sTHUH ¢ 3Heprueii oT £ mo E + dE otnenbHOI TOI30HE B
pacueTe Ha eauHully 1wiowanu D(E)dE = (m/Th?)dE, a
IJIOTHOCTb KBAHTOBbIX 2D-cocTosiHuU

ma=m=£; 3)

3aBUCUMOCTD ITOJHOU TUIOTHOCTU 2D-cocrostHmii
9JIEKTPOHOB OT SHEPTUU TIPENCTABIISIET COOOM JIECTHHU -
11y, KaX/asi CTyleHbKa KOTOpoii Bo3HUKaeT rpu £ = E,
(puc. 2). He3zaBUCMMOCTb TJIOTHOCTU COCTOSIHWM OT-
NeJTHHOM TIOM30HBI OT YHEPTUH SIBIISIETCST BAXXKHOM 0OCO-
GEHHOCTBIO IByMEPHOTO ra3a, OTJIMYAIOILIEi ero OT TpeX-

MEpHOTO, TJIe OHa MPONopLHoHanbHa /E. TToaToMy B
TPEXMEPHBIX CHUCTeMax IJIOTHOCTb COCTOSIHUN HMeeT
MOHOTOHHBIN XapakTep W 3JeKTPOHHBIE CBOMCTBA MO
BJIMSIHAEM BHEUIHUX BO3IEWCTBUII M HEKBAHTYIOIIUX
TToJIei MEHSTIOTCS TPEUMYIIIECTBEHHO TUIaBHO, B IByMEp-
HBIX TIpY CKaukKooOpa3HOM xapakTepe usmeHeHus: D(E)
9JIEKTPOHHBIE CBOMCTBA U3MEHSIIOTCSI HCMOHOTOHHO.

E
MpubnnxexHne
TPEeyroabHon
AMBbI
a 6
L/
E\(2)
L. | /
L ' - E,
! V. 2
; /. E:
| Ng 2Dar
| h E,
DE) D, D, |0 Z 0 z

Puc. 2. CnekTp HocuTenen 3apsaa B KBAHTOBOW iMe:
a — MNOTHOCTb COCTOsHUI D(E); 6 — anekTpuyeckue
noA30HbI pa3mMepHoro keaHToeawua E,, E,, E,; n, —
KOHLeHTpauns 2D3lr
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JABYMEPHbIA 3NEKTPOHHbIW A3
B MAFHUTHOM MONE

Kak u3BecTHO, Ha 3apsKEHHYIO YacTully, JBUXY-

9
1IIyIoCsl B MAarHUTHOM 1osie B, nmeiictByeT cuia JlopeH-

N
na F, nmepneHauKyJIsipHas BEKTOPY €€ CKOPOCTH 3

> >

F =e[0B]. (4)

D10 HOECHTPOCTPEMUTETIbHAA CUJia, ITOM JIEICTBUEM
KOTOpOﬁ JyacTuga COBEpIIACT KPYroBo€ BpallCHUEC C

pangunycoM r = /TieB 1 yactoToii w, = eB/m, Ha3bIBae-
MO ULMKJIOTpOHHO# 4YacToroil. CorjacHO 3aKOHaM
KBaHTOBOW MEXaHWKW, SHEPIvsl TAKOTO MEepUOINYec-
KOTO JIBUXKEHUSI KBAHTYeTCs, TO €CTb MOXET TMPUHU-
MaThb JIMIIb JUCKPETHBIE 3HAUEHUS

EN = hwca\l + %%,

N=0,1,2,.., (®)
HasbiBaeMmble ypoBHsIMU Jlanmay. 3nech i = h/2T0L h —
nocrosiHHas [lnanka. CienoBareibHO, BIUSIHAE Mar-
HUTHOTO TIOJISI CBOAMTCS K TOMY, 4TO B (hopmyne (2)
BMECTO BTOpOro ciaraemoro E, = (p}+ p})/2m cie-
ayet nucath E,. Takum oOpa3om, Mof BO3AEWCTBAEM
MarHMTHOTO TOJIsI ABYMEpHasl 3JIEKTPOHHAsI cUcTema
CTaHOBUTCSI MTOJIHOCTHIO KBAHTOBAHHOM (HYJIbMEPHOIH)
U ee BHEPTeTUYECKUI CIIeKTp MpencTaBiseT coboil Ha-
6Op TTOJTHOCTBIO TUCKPETHBIX SHEPTETUIECKIX YPOBHEH
E y=E t+E,.

B cusibHOM MarHUTHOM T10JI€ 3JIEKTPOHbBI IBUTAIOT-

¢Sl O LIMKJIOTPOHHBIM opbuTtam paauyca r = J/h/1eB,
cJieoBaTe/IbHO, MX JBMXKEHWE OTPaHUYEHO TUIOLIAMIS -
MU s, = h/eB. [103TOMy KpaTHOCTb BBIPOXAECHUS KaX-
noro ypoBHs JlaHmay (MakcuMajbHasl TJIOTHOCTb CO-
CTOSIHWIA Ha JTII0OOM U3 ypoBHel JlaHnay mpu 3ajaHHOM
MarHUTHOM T10JI€) COCTABJISIET

Ny=s=5=2 (6)

rae P, = h/e — KBaHT MarHUTHOTO MOTOKa. MOXHO
HamISITHO MPENCTaBUTh ce0e 3TO KaK HauboJiee MIoT-
HYIO YITaKOBKY LMKJIOTPOHHBIX OpOUT Ha eAVHUILY
wiowaau 2D-cios, npu KOTopoit Ha 3jieMEeHTapHbI
KBaHT MarHUTHOTO TMOTOKA MPUXOIUTCS OMHO 3JeK-
TPOHHOE COCTOSTHUE.

BcrioMHMB, 4TO IByMepHas TIIOTHOCTh COCTOSTHUI
NPY OTCYTCTBMU MArHUTHOTO NoJist D, = m/Tth?, Bunnm,
YTO IUIOTHOCTb COCTOSIHUI Ha ypoBHe JlaHaay NV, paBHa
npousseneHuio Dy u iw,. IpyrumMu cioBaMu, Ha Kax-
IIbI ypoBeHb JlaHmay, CO3MaHHbIM MAarHUTHBIM TTOJIEM,
“KOHACHCUPYIOTCSI” COCTOSIHMSI KOHTMHYyMa W3 MH-
TepBaia #iw,.

JI71s1 TOTO YTOOBI paccynTaTh KOHLIEHTPAIUIO 3JIeK-
TPOHOB Ha YpOBHSX JlaHmay, clienyeT UMeTh B BULY, YTO
BEPOSITHOCTD 3aTIOJHEHUS DJIEKTPOHAMMU JIIOOBIX SHEP-
TeTUYECKUX YPOBHEN B MOJYIPOBOAHUKE (B TOM YMCIIE
" ypoBHeit JlaHnay) onpenensercs MoJoKeHUeM YpOB-

- 83



Puc. 3. a — cBA3b NPOCTPaHCTBEHHOI O NMOTEHUMANBHOIO pefibeda E(x, ¥) C MNOTHOCTLIO COCTOSHUI D(E); 6 — cxemaTu-
yeckoe n3obpaxeHne NHOUHNTHBIX 3KBUNOTEHLMANEn NoABMXHBLIX COCTOSIHUI U GUHUTHBIX 3KBUNOTEHLMANEN NTOKann-
30BaHHbIX COCTOSIHUIA. OBNACTV NOABUXHbBIX COCTOSIHUI BbIAENEHbI XXENTbIM, 0611aCTU 3/1IEKTPOHHbIX JIOKANIM30BaHHBIX CO-
CTOSIHUI — CUHUM, ObIPOYHbIX JTIOKASIM30BAHHBLIX COCTOSIHUIA — KPACHbIM. SKBUMOTEHLMANN N300paXeHbl YHEPHBLIMU JIMHUSIMU

Hs1 sHeprun @epmu E. OHeprust Pepmu — 310 cTaTU-
CcTUYecKasi XapaKTepUMCTMKa KOJIIeKTMBa 4dacTuil. Ee
usnueckuit cMbica HauboJee siceH MpU abCOJIOTHOM
HyJle TeMIIepaTyphbl: TOrJa 3TO FPAaHUYHAsI SHEPTUsl, OT-
NeJISTIoNIas 3aIoTHEHHbIE SHEPTETUUECKUE COCTOSTHUS
oT ImycThIX. [Ipy KOHeUHBIX TemIiepaTypax 7 4acTb dJIeK-
TPOHOB MOXET UMETb 3HEPruto Oosblle E, a 4acThb CO-
CTOSIHMI C SHEPTUsIMU, MEHBIIMMHU EL, 0Ka3bIBalOTCA
MycThIMU. PacripeneeHne 3JeKTPOHOB MO HEPTUSIM
npu KoHeuHo# Temieparype 7 ompenensieTcs: Gop-
myJsioit @epmu W O{exp[(E - Ep)/kT) + 1}, tne W—
BEPOSITHOCTb BCTPETUTD JEKTPOH € dHepruei E, k —
noctosiHHas bonbiiMana. OTciona ciiemyert, 4To v Tpu
KOHEYHBIX, HO HE CJIMILIKOM OOJBIINX TeMIepaTypax ¢
XOpOlIei TOUHOCTHIO MOXKHO CUUTATh, YTO BCE YPOBHHU,
pacIoIoXeHHbBIE TT0 3Hepruu HuxXe ypoBHs Depmu,
3aTOJTHEHBI 3JIEKTPOHAMHU, a BCE YPOBHU BHIIIE HETO
nyctele. [ToaTomy eciu ypoeHb Pepmu . IonanaeT B
1IeJIb MeXIy YpoBHsIMU JlaHaay, TO eCThb 3amoJHeHo N
HUXXHUX YpoBHeii JlaHaay, To KOHLIEHTpaLUsI JIEKTPO-
HOB B 2D-cj10e Ha eauHUILY TUIOIIAAN

n,=NN,. )

B o0111em cityyae yacTUYHOE 3aMOJIHEHKME OHOIO U3
ypoBHe# JlaHmay xapakTepusyeTcsl TaK Ha3bIBAa€MbIM
(GaKTOpOM 3aITOJTHEHUST

ngh
‘e_ 5

V=

®)

ZI:
T |&

KOTOpBIﬁ MOXKET NMpUMHUMATh KakK HEJIbIC, TaK U I[p06—
HBIC 3BHAYCHUA.
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J1o 3TOrO MOMEHTa MBI HEe YUUTHIBAJIM HEOTHOPOI-
HOCTH TOTEPEYHOTr0 3JIEKTPUIECKOTO T0JIT BHYTPH TT0-
TEHLMAJIbHOM SIMbI, B KOTOPOW HAXOAWUTCS IBYMEPHBIA
5JIEKTPOHHBIN ra3. B peanbHBIX CTPYKTypax 3TO IOJIe
BceTa HeogHOPOoIHO. [TpuYnHbBI 31eCh MOTYT OBITH Ca-
MBIMM Pa3HBIMU: HEOTHOPOIHAS TOJIIMHA CJI0ST OKUC-
nma B MOII-cTpykType, HEOTHOPOIHOE pacIIpeaeacHe
3apsiia B 9TOM OKHCIIe, HAJIMIUe 3apsKeHHBIX MOHOB Ha
rpaHMIle pa3niena u T.0. Bce aTo MpuBOIUT K TOMY, UTO B
OIHUX Toukax 2D-ciost ayeKTpocTaTuuyeckast SHeprust
3JIEKTPOHOB OKa3bIBaeTCs OOJIbIIE, a B APYTUX — MEHb-
me. Ecii MBI OTJIOKMM B KaXKI0# TOUKE CJIOSI BETUIMHY
9TOM B3JIEKTPOCTATUYECKON SHEPTMU WU TOTEHIIMAI
5TO TOYKH, TO MOJIYYUM HE TIJIOCKOCTh, KaK B UIealTb-
HOM CJ1y4yae, a HEKOTOPBIN CyYyailHbI SHEPreTUYECKUIA
penbed E(x, y) Wiy caydaiiHbIi TOTeHLIMAJ ABYMEPHOTO
ciost (puc. 3, a). KaxknoMy 2J1eKTpPOHHOMY COCTOSTHUIO
OTBEYaeT CBOSI 9KBUIIOTEHIMAb (puc. 3, 6). Brianguxbl
penbeda SBIIOTCS 006IaCTIMM HEITOABYKHBIX (JTOKa-
JIN30BaHHBIX) BJEKTPOHHBIX COCTOSTHUI, BEPITUHBI —
00J1aCTSIMU ABIPOYHBIX JIOKAJIM30BAHHBIX COCTOSTHUIA,
MOCKOJIbKY SKBUIOTEHLIMATU B 3TUX 00JIACTSIX 3aMKHY-
Thl (GUHUTHBI). MHOUHUTHBIE SKBUITOTEHLIMAIU, IIPO-
cTuparollrecs: Ha BCIO IJIMHY obOpaslia, OTBeYaloT Mo-
JIBMDKHBIM (IeJTOKaJTM30BaHHBIM) COCTOSTHUSIM.

Hanuyue ciyyaifHOro TMOTeHIMAda B peallbHBIX
3JIEKTPOHHBIX CUCTEMaX BIMSIET HA X QHEPTreTUUECKUI
cnexTp. Tak, ecnu B uaeanibHOM 2D-371eKTpOHHOM rase
TIpY HATMYUU CUJTBHOTO MarHUTHOTO TOJIS TNTIOTHOCTh
cocrossHuit D(F), cormacHo (5), SBISIETCS CUCTEMOM
O-(YHKIMOHAIBHBIX TMKOB, a KaXXIbIil N3 YPOBHEM BbI-
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POXIEH C KPaTHOCTBIO Ny M XapakTepu3syercs hakTopoM
3aMoJIHEHNS V, TO B peaIbHOM CUTYaLlMU CIyYaliHbIN ITO-
TEHUHUAT CHUMAeT BBIPOXKIEHWE W YIIMPSIET YPOBHU
Jlannay B sHepreTuueckue 30HbI. [Tpu 3TOM pacrpene-
JIEHWE TUIOTHOCTU COCTOSIHMI 1o 3HeprusMm D(E) n3-3a
CJIyJaifHOTO XapakTepa (hIyKTyaluii ToTeHIIMala Tak-
Xe TTOMYMHSIETCS] TayCCOBCKOMY 3aKOHY pacIipesesie-
Hug cnydaitneix Beanun D(E) Oexp [—(E - Ey)%/ T3],
B KOTOPOM XapaKTepHBI MaciiTab HEOMHOPOIHOCTEN
Iy oTIpeessieTcst OMYIIMPUHOI TayCCOBCKOTO pacIipe-
JieJIeHus, a BelnyrHa K, TpencTasisgeT co0oil BEICOTY
nuKa ypoBHs JlaHnay. DHepreTUyeckoe MoJoXKeHHe JIOo-
KaJM30BaHHBIX COCTOSTHMI COOTBETCTBYET 3KCIOHEH-
LIMaJTbHBIM XBOCTaM YIIMPEHHBIX YpoBHelt JlaHmay, a
TTOABMXKHBIE COCTOSTHUSI PACTIONIOXKEHBI B IIEHTpaX IMH-
KoB (puc. 3). O6iacTu JIOKaJIU30BAHHBIX COCTOSIHUIA
Ha3bIBAIOT LIEISIMU MOABMKHOCTH, a UX T'paHULBl £ C
00J1aCTIMU TIOABMIKHBIX COCTOSTHUI — KpasiMU WJIH TT0-
poraMu MOABMKHOCTH. [Ipy 1OCTaTOUHO HU3KUX TEM-
nepatypax (7'= 1 K) npoBoauTh TOK MOTYT TOJIbKO MO-
JBVXKHBIE COCTOSTHUS.

3®®EKTbI XOJA — OBbIYHbIA U KBAHTOBbIN

AmMepukaHckuii ¢uszuk DaBuH Iepbept Xomn B
1880 romy BriepBbIe onucan 3(pdeKT, BIIOCIEACTBUN Ha-
3BaHHBIN ero nMeHeM. Ero pabora ctaia ocHOBOIA 1151
M3YYEeHUST COOTBETCTBYIOIIETO KBAHTOBOTO 3hdeKTa.

SBnenue, oTKpbITOe XOIJIOM, COCTOUT B TOM, 4TO B
MPOBOIHUKE C TOKOM, TTOMEIIEHHOM B MarHUTHOE T0-
Jie, IepIeHANKYJIIPHOE HallpaBJIeHUIO TOKAa, BO3HUKAET
9JIEKTPUUYECKOE TI0JIe B HAMPABJIEHU Y, IIEPTICHANKYJISP-
HOM HarpaBJIeHUSIM TOKa 1 MarHUTHOTO ToJist. Bo3Hu-
Karoliee B TPOBOIHUKE 2JEKTPUYECKOE T0JIe, Ha3bIBae-
Moe 1oyieM XoJjula, BbI3BaHO JielicTBreM cuiibl JlopeHa
(4), 3acraBisioleil 3JEKTPOHBI OTKJIOHSITbCSI B Ha-
MpaBJeHUHY, TEePIeHANKYJIIPHOM HaIpaBJIeHUIO ITBU-
KeHus. B pesynbrate BosHUKaeT nose Xouia £y, ypas-
HoBelluBamwIlee cuny JlopeHua, U Mexay O00KOBBIMU
rpaHsIMU 00paslia BOBHMKHET Pa3HOCThb MOTEHIIMAIOB
V4, KOTOpast OAAAeTCsl U3MEPEHMIO.

Conporusnenuem Xojuta Ry, Ha3bIBacTCS OTHOILLE-
HUe HanpsDKeHUsT X0J11a K TOKY B oopasiie. OHO He SIBJIs -
€TCSI COMPOTUBIIEHUEM B OOBIYHOM CMBICJIE, TTOCKOJIBKY
COOTBETCTBYIOIIME TOKW W DJIEKTPHUYECKUE TIONST TIep-
MNEHIUKYJISIPHBI IPYT APYTY. D deKT X0I1a yCuInBaeT-
cs C yBEJMYEHUMEM MHAYKUMM MAarHUTHOrO mnoiss B u
YMEHbIIIEHEeM KOHIICHTpAallUM HOCUTENei 3apsiga A.
OTcionma cieayeT, YTo0 CONMPOTUBIIeHUE X0JUTa IPOoIop-
LIMOHAJILHO YaCTHOMY OT JIeJICHUS MHAYKIIUM MarHuT-
HOTO MOJISl Ha KOHIIEHTpAlLMIO HOCUTENIel 3apsiia, TO
ectb R, OB/n.

B IByMEpHBIX 3JEKTPOHHBIX CIIOSIX MPU OTHOCH-
TETBHO BBICOKHX TeMIlepaTypax TakKXKe WUMEEeT MECTO
OOBIYHBIN (AByMepHBIN) 3ddekT Xomia. X0oJI0BCKOe
conporusienue Ry = V, /I TMHERHO MEHSIETCS ¢ Mar-
HUTHBIM TTOJIEM B B COOTBETCTBUH C BhIpaKEHHEM

B

Ri=an )
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TIe 1, — MOBEPXHOCTHAs! KOHIIEHTpALWsl HOCUTENEH.
IMpononsHoe conporusnenue R, = V. /I cnabo 3aBu-
CUT OT MHAYKLUMU MAaTHUTHOTO 1101, OCTaBasCh 10 Be-
JIMYMHe OJIM3KUM K CBOeMY 3HaYeHuUIo npu B = 0.

B o6macti Huskux temmneparyp (7' 01 K) u B cuib-
HBIX MaTHUTHBIX TT0JIsIX (B > 1 Ti) KapTrHa CyIecTBeH-
HO MeHsieTcsl. 3aBUCUMOCTb U3MEPSIEMOTO MOTEPEYHOTO
XOJUIOBCKOTO COMpOTUBIEHUsI Ry 2D-cuctemsl anek-
TPOHOB OT MHAYKIIMM MarHUTHOTO TOJsi B wium 1o-
BEPXHOCTHOI KOHLEHTpaLUUU HOCUTENIEH 3apsana ng B
2D-KaHajie CTaHOBUTCS He JIMHEITHOM, KaK B OObIYHOM
ciy4yae, a UMEeT PsIl TNTIOCKUX CTYTIEHEK, TPUYeM BeJu-
yyHa R, Ha 3TUX CTYMEHBKAX C BBICOKOW TOYHOCTBIO
paBHa KOMOMHAIIMM (yHIAMEHTAJbHBIX (QU3NIECKUX
KOHCTaHT, JIeJICHHOM Ha L[eJI0e Yuciao N:

1h

C noHMXEHUEM TeMITepaTyphbl CTYIIEHbKU (T1J1aTO) CTa-
HOBSITCS Bce OoJiee TIocKuMU U BbipaxeHue (10) BbI-
MOJIHSIETCS CO Bce Oosblueil TouHocThlo. Takum 06-
pasoM, Ry kBaHTtyercss B enmuHuuax h/e’. Inaro Ry
COIPOBOXIAIOTCS TIYOOKMMU TTpoBajiaMUu MPOA0JIbHO-
TO COTIPOTHUBJIEHUS R, ¥ TPU OYEHb HU3KMX TeMIIepa-
Typax UMEIOTCs KOHEUHbIE MHTEPBAIbI IO B wiu n, TIie
OHO PaBHO HYJIIO ¢ BLICOKOM 9KCIIEPUMEHTAIIbLHOM TOY -
Hoctbio. [Tpy 7= 0 TOK B paccMaTpuBaeMbIX 00pa3Liax
MOXeET Teub 0e3 quccunanmu (paccesinus ). CripaBeaim-
BoCTh BhIpaxeHwu: (10) gokazaHa 3KCIEPUMEHTAIbLHO C
OTHOCHTEJILHOI TOYHOCTBIO opsinka 1077, a Habmonas-
1I1ecst 3Ha4eHuUs MPOIOJIbHOTO CONPOTUBIEHUS R OKa-
3BIBAIOTCS HA MHOTO TTOPSITKOB MEHbIIIE, 4eM nmpu B= 10,
a TakXe MeHbIle, YeM COIMPOTHBJICHUE JI000TO He-
CBEPXITPOBOASIIETO METaJLIA.

IMpenn3noHHBIE U3MEPEHUS TaKXKe MOKa3aiu, 4TO
Ha TOYHOCTH KBAaHTOBaHUS Ry HE CKa3bIBAIOTCSl TAKUE
CYIIIECTBEHHbIE TTapaMeTphl SKCIIEPUMEHTA, KaK pa3me-
pbl 00pa31IoB, BIMSIHUE TPAHUL] U BaXKHOE B OOBIYHOM
sddexTe Xojuta 3aKopayMBaHUE XOJUIOBCKOTO HArpsi-
JKEHUSI OMUUYECKMMU KOHTaKTaMH, a TakKXe CTeleHb
COBEPILIEHCTBA CTPYKTYP, TO €CTh HAJIUYME OOJBIIOTO
KOJIMYeCTBa MpuMeceil U 1e(eKToB, TUI MaTepuaia, B
KOTOpPOM HaxoauTcs 2D-31eKTpOHHBII ra3, TeMrepa-
Typa W CWJIa U3MEPUTEIHHOTO TOKa. DKCIEPUMEH-
TajbHasi TOYHOCTb KBAaHTOBAaHMSI TaK BBICOKA, 4YTO
BCTaJl BOIIPOC O METPOJIOTUYECKUX MTPUMEHeHUsIX KDX:
MpoBepKe (GOpMyJT KBAaHTOBOW 3JIEKTPOIUMHAMUKH C
TTOMOIIIBIO MPELU3UOHHOTO OTPeNeTeHUS TTOCTOSTHHOMN
TOHKOW CTPYKTYDPBI UJIU CO3IaHUsI HOBOTO 3TaJlOHA CO-
MPOTUBJICHUSI.

Bckope nocne orkpeitsa KimmtimHra 66010 oOHapy-
JKEHO KBAHTOBaHUE Ry, MPpU IPOOHBIX 3HAUYEHUAX YUCIA
N, paBHOrO palMOHAJIBLHOW APOOM CO 3HAYEHMSIMU
YUCJUTENSI M 3HAMEHATEST TTOpsiIKa HeCKOIbKUX ey -
HUILl. DTO SIBJICHME CTaJM Ha3biBaThb OpoOHBIM KOX
(AKBX) B orauuMe OT LEJOYMCICHHOIO IIPU LIEIbIX
sHayeHusx N (LIKBX). HecMoTpst Ha BHellIHee CXOACT-
BO C LIEJOYMCIIEHHBIM, IpoOHbIT KX mMmeer coBep-
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LIEHHO WHYIO MPUPOY. DTO SIBJICHUE MHOTOR3JIEKTPOH -
HOE, 1 €T0 00bsICHeHNe orpaeTcs Ha uaero P. Jlapmaa
00 2JIEKTPOHHOII KBAaHTOBOM XKMIOKOCTU B CHJIBHOM
MarHuTHOM 1oJie. OHO OTHOCUTEBHO CJIOKHO, TaK KakK
HEoOXOAMMO YYUTHIBATh COBOKYITHOCTB BCEX BJIEKTPO-
HOB B 00pasiie 1, YTO 0OCOOCHHO BasKHO, B3aUMOIEHCT-
BUE MeXAy HUMHU. B TO e Bpems cyllecTBOBaHUE
nesourcieHHoro KOX MOXHO TMOHSTh € MOMOUIBIO
CPaBHUTEIBHO TIPOCTOM CXEMBI CBOOOTHBIX 3JIEKTPO-
HOB. [To3TOMY OrpaHMYMMCSI pACCMOTPEHUEM 1 MHTEP-
npetauueil TonbkKo LIKOX, koTopriit Oynem Ha3bIBaTh
npocto KBX.

KAYECTBEHHASA MHTEPMPETALIUA K3X

[ uaeaabHOro 3JIEKTPOHHOTO raza ¢gopmyiy (10)
MOXHO MOJTYYUTh OYE€Hb ITPOCTO. [IeACTBUTENIBHO, B Mar-
HUTHOM TIOJIe CIIEKTp MIeaqbHOro 2D-31eKTpoHHOTO
rasa pa3domBaeTcs Ha COBOKYITHOCTb paBHOYIAJEHHBIX
O-(yHKILIMOHAIBHBIX YpOBHeit JlaHmay, KaxIblii U3 KO-
TOPBIX BBIPOXKIEH C KpaTHOCTbIO N,; = eB/h. Ecnu ypo-
BeHb DepMM MomMagaeT B IIeIb MeXIy YpoBHAMU JlaH-
Jlay, TO 3alOJTHEHO Iejioe Yrucio N HUKHUX YPOBHEM
Jlangay 1 KOHILIEHTpaLus 3JIeKTpOoHOB B 2D-cucreme

N, = NNH=N9h—B. (11)

Iloncrasnss (11) B BeIpaxkeHUe IISI OOBIYHOTO 3¢-
dekra Xomna (9), nmonyuum pesyiabrat (10). OmxHako
9TOT hopMasibHBII BbIBOI He 00bsicHsieT KOX, a cKo-
pee TomIepKUBaeT TPYAHOCTH, CBSI3aHHBIE C €70 MHTEP-
MpeTaiueit, MOCKOJbKY B 3TOM CJlyyae KBaHTOBaHUE
BO3HHUKAET B €NMHCTBEHHOI TOUKE MO KOHUEHTPALIMU
WJIX MarHuTHoMmy Moo, CorjlacHO Xe 3KCIepUMEHTY,
3HAYCHMSI XOJUIOBCKOTO corpotuBieHus (10) coxpaHs-
J0TCS B KOHEYHOM MHTepBajie U3MEHEHMS] He3aBUCH-
MBIX TIEPEMEHHBIX 1, U B.

Teopust KOX nomkHa OTBETUTH Ha CIIEIYIOIINE BO-
TPOCHI.

[Mouemy xoT0BCKOE COMTPOTUBIEHNE Ry MEET I1a-
TO B HEKOTOPBIX MHTEpBaJIax Mo n, u B?

ITouemy rurato R,; CONMPOBOXIAIOTCA OTCYTCTBUEM
mccunanuu (R, = 0) B npenese 7= 0?

[Touyemy Ha ru1ato Ry, KBAHTYETCS B eMMHUIIAX // ¢’
CO CTOJIb BBICOKOI TOUHOCTBIO HE3aBUCUMO OT JeTaseit
9KCIIepuMeHTa’?

Kaxkue peanbHblie pu3ndeckre MeXaHU3MBbI JeXaT B
ocHoBe KOX M KakoBbl OrpaHUYEHMS] HAa TOYHOCTH
KBaHTOBaHUsI?

JocToBepHbIE OTBETHI M3BECTHBI TMOKA TOJBKO Ha
TepBbIe TpH Borpoca. [Tomxom K HUM OCHOBaH Ha aHa-
JIn3e pealibHOro crnekTpa 2D-cructeM B MarHUTHOM I10-
Jie. PaccMOTpUM OCHOBHBIE TTOJIOKEHUST OOLIEITPUHSI-
TOM KapTUHBI.

Kauectennas unreprnperauusi KX MoxeTr ObITh
OCHOBaHa Ha TIEPKOJISIIIMOHHON MOJIE! MTPOBOIUMOC-
TU, B KOTOPOIl MCIIONIB3YIOTCSI TIOHSITUS JIOKAIU30BaH -
HBIX U MOABMKHBIX COCTOSIHUI PeaJIbHOTO IBYyMEPHOTO
9JIEKTPOHHOTO Ta3a. [l mpoCcTOThl pacCMOTPUM CITy-
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Puc. 4. Jlokannsaums COCTOSIHUIA cnekTpa (a) v oc-
UMINSUMA KOMMOHEHT npoBoammoctn 2D3l (6) B
CUIbHOM MarHUTHOM none. JIokann3oBaHHblE COC-
TOSIHUS 3aLUTPUXOBaHbI; A — 3HEPrus akTuBaumu;
LUTPUXOBLIE NIMHUK — 3aBucumMocTn D(E) n 1/R,, 6e3
yyeTa kBaHTOBaHus JlaHpay

yait puKcMpoBaHHOTO B Y 3aIaHHOTO CIIEKTPa ypOBHEM
Jlannay co menbio moaBukHocTH 2A (puc. 4). Jlokanu-
30BaHHbIE COCTOSIHUS T10 OTPENEeIeHUIO TOKA HEe HECYT,
1 BKJIaA B TIPOAOIBHYIO MIPOBOIUMOCTD JAIOT TOJBKO
TOJBUXXHBIE COCTOSTHUS. BO3MOXHBI IBE CUTYalM.

1. YpoBenb PepMu HAXOMUTCS B SN TTOIBUKHOC-
T MEXIy CepeIruHaMM coceqHUX ypoBHell Jlanmay. B
9TOM cJiyyae BCe MOABUXKHBIE COCTOSIHUSI PacIoioxXe-
HBI HUXe YpoBHS PepMU, KOHILIEHTpAIUsI HOCUTeNEel B
00Jy1acTsIX, 3aHUMAaeMbIX TOABMKHBIMU COCTOSIHUSIMU,
paBHa MaKCUMaJlbHO BO3MOXHOI N, U, ciiefoBaTeNb-
HO, KaXnblii U3 /N 3all0JJHEHHBIX YpoBHeii JlaHmay co-
3/Ia€T XOJUTOBCKOE CONpPOTHBIeHNe R, = h/é*, a Bce N
ypOBHEii BMecTe Ry, = h/ Ne’. DTa cuTyalius COOTBETCT-
ByeT O6e3auccunatuBHoMy (R, = 0) mpoTekaHMIO TOKa
o objactaM, rae npuHuui Ilaynu 3anpenraer nuccu-
IMaTUBHbBIE TIEPEXOIbI.
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2. Yposenb MepMu JeXUT B 00JACTH TTOABUKHBIX
cocTtossHU BOMM3K tuka N-ro ypoBHs Jlarmay. [Ipote-
KaHMe TIO MOABUXKHBIM COCTOSTHUSIM TTPOUCXOIUT B TTO-
scke 1mmpuHoit kT (k — moctositHHast BosbiiMaHa)
BOMM3K ypoBHS Depmu (puc. 3) U CONMPOBOXIAETCS
MaKCHUMaJbHON Auccumanueit. KoHeHTpauss Hocu-
TeJieil B 00JIaCTU MOABVXKHBIX COCTOSIHUM Ha N-M ypOB-
He u3MeHsieTcsd oT 0 1o N, Mo Mepe MPOXOXIEHUs
ypoBHeM ®epMu 067aCTH TOIBMKHBIX COCTOSTHUIA.
DTOMY COOTBETCTBYET IMEPEXOMHBIN YJaCTOK MEXIY
TIJIATO XOJJTIOBCKOTO COMPOTUBIIEHHUSI C COCETHUMU 3Ha-
yeHussmu Nu N+ 1.

Takoe 0OBSICHEHHME MarHMTOTPaHCIOpTa KayecT-
BEHHO OTBEYaeT Ha MepBbIe IBa BOMPOCa, OMHAKO OCTa-
€TCsI HESICEH TPETUIA: TIoueMy B 00J1acTH T1aTo Ry; KBaH-
TYeTCsl C OU€Hb BBICOKOIl TOUHOCThIO?

OO0ObsiCHEHHE ITOTO JOJKHO OCHOBBIBATHCS HE Ha
MpUOIKEHHBIX MOJENbHBIX pacueTax, a Ha ¢yHma-
MEHTaJTbHBIX (DM3NIECKMX 3aKOHaX. Takasl apryMeHTa-
1M BIIEpBBIE MpenaoxeHa JlagimHoM 1 ocHOBaHa Ha
TaK Ha3blBaeMOM KAIMOPOBOYHOI MHBAPUAHTHOCTH, TO
€CThb CBOWMCTBE CUMMETPUU, TIPUBOASIIEM, B YaCTHOC-
TH, K TOMY, 4TO J006aBJIeHNEe KBAaHTa MAarHUTHOTO TTOTO-
Ka HE U3MEHSET SHEPreTMYECKU CIIEKTP HOCUTENIEH, a
TPUBOAMT JIMIIIb K BO3OYXXIEHWIO WU JEBO30YKACHUIO
ucxomHoi cuctembl. OH paccMaTpyBaJl MBICICHHBIM
SKCITEPUMEHT, KOT/Ia JIEHTa ABYMEPHOTO 3JIEKTPOHHOTO
CJI0SI COTHYTA B MET/II0. MarHuTHOE ToJIe MPOHU3bIBAET
ee, Oyny4yu Bes[e HampaBJI€HHBIM MO HOpMaliu K IO-
BEPXHOCTH, a MEXIY IBYMS KpasiMU KOJIblia PUIIOXKEHO
HanpspkeHue V. Ilpu oTcyTeTBUM nuiccunauny sHep-
TSI COXpaHSIETCs, U MOXXHO 3aIlicaTh 3aKOH MHIYKIIUU
®apanes B hopMe, KoTopasi CBSI3bIBaeT TOK B IeTie / ¢
aanabaTNIeCcKou MPON3BOAHON OT MOJHOW SHEPTUH CU-
cteMbl E 110 MAarHUTHOMY MOTOKY @ Yepes MeTIo:

= d—E (12)
do

Ecimm motok ® mM3MeHUTCS Ha KBAaHT MarHUTHOTO
noroka ®, = /1/e, TO 3HEPreTUYECKUI CIIEKTP OJKEH
OCTaThCsI HEM3MEHHBIM B CUJTY KaJTMOPOBOYHOM MHBA-
puaHTHOCTH. [1py 3TOM BCe HOCUTENM CMENIAIOTCs Ha
COCeITHME COCTOSTHUS TaK, YTO OIWH HOCUTENb Ha KaXk-
oM ypoBHe JIaHIay BBIXOJUT 32 OJWH Kpail Kojblia 1
JIPYroii BXOIUT C APYroro Kpasi, To ecTb 3(PHEeKTUBHO
yepes CUCTeMy MepeHOoCUTcs: N HocUTesiei, o OMHOMY
C KaXxmoro M3 3arojHeHHbIX ypoBHeit Jlanmay. Eciu
ypoBeHb PepMu pacroioXeH B IEIU MOIBUXHOCTH,
TO AUCCUTIALIUS B CUCTEME OTCYTCTBYET U IMOJTHOE U3ME-
HEHUEe SHEPTrUU COOTBETCTBYET Tepexomy N 3JeKTpo-
HOB OT OJTHOTO Kpasi KOJIbLIA K IPYTOMY:

AE= NeV,,. (13)

N3 (12) u (13) HaxoouM COOTHOIIIEHUE MEXIy 0e3-
JIMCCUTIATUBHBIM XOJUIOBCKMM TOKOM U XOJUIOBCKUM
HaIpsiKeHUeM

=== =SS=nN2v,, (14)
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OTKYyJa MoJryda€Tcsa 3HA4Y€HUE KBAHTOBAHHOI'O XOJIJIOB-
CKOTO COITPOTUBIICHUS

h
RH = L
Ne
B sT0if MHTEpIipeTallu OCHOBHASI IPUYMHA KBaH-
TOBaHUSI XOJJIOBCKOTO COMPOTUBIIEHUST — KBAHTOBAaHUE
MarHMTHOTO [TOTOKA Ha 3JIEMEHTapHbIe KBaHThl P, =/1/ e
U DJIEKTPUYECKOTO 3apsiia Ha JIeMEHTapHbIE 3apsiIbl e.
YoenuTenbHOCTh AOBOAOB, OCHOBAaHHBIX Ha HaHHOM
MBICJIEHHOM 3KCIEepUMEHTe, CBSI3aHa C TeM, YTO OHU
HWCXOMIST U3 CaMBIX OOIINX COOOpaKeHUIl — KaJanubpo-
BOYHOI MHBApMAaHTHOCTU U B HUX HE HUCIOJb3YIOTCS
MaKpOCKOTIMYECKNE MOJIEIIH.

KBAHTOBAHHOE COMPOTUBJIEHUE XOJIJ1A
N ®YHOAMEHTANbHbIE NMOCTOAHHbIE

JBe dyHmamMeHTanbHbIE MOCTOSTHHBIE OMPEeISIoT
3HaYeHWEe KBAHTOBAHHOTO COMPOTUBIEHUS XoJula, U
Kax/asi U3 HUX caMma Mo cebe MMeeT MPUHLIMITUATIBHOE
3HaYeHME ISl CTPOeHUsI (PU3NYECKOTO MUpa, COCTOSI-
IETo M3 3JIeMeHTapHbIX yactuil. [Ipu atom mpexie
BCETro MMeeTcs B BUIY BEILECTBO, TO €CTh aTOMbl WJIKU
3JIEMEHTapHBIE YAaCTULIbI, U3 KOTOPBIX COCTOSIT aTOMBI,
MpUYeM HauMEHBIINI HaOII0gaeMbIi 31eKTPUUIECKUIA
3apsi — 3apsif SJEKTPOHa e.

CaBeT (3JIeKTPOMarHuTHOE T10JIe) TaKXKe COCTOUT U3
9JIEMEHTApHBIX YaCTUI] — KBAHTOB 3HEPIUu, Uiu (GhoTo-
HOB. DHeprus 3Tux (OTOHOB paBHA ITPOMU3BEICHUIO Yac-
TOTHI CBeTa Ha MOCTOsIHHYIO Ilnanka 4. KomOuHaius
3JIEMEHTApHOTO 3apsiia e v mocTosiHHOM [1naHka 4 maer
BEJMYUHY C Pa3MEPHOCTHIO COMPOTUBIEHUS: h/e’ =
=25812,808... Om. YuurtbiBasg BBICOKYIO TOYHOCTD,
CTaOMJIBHOCTh U BOCITPOM3BOIMMOCTb 3TOTO KBAaHTO-
BaHHOTO COMPOTUBIIEHUS, a TAKXKE 00IIIee CTpEMIICHNE
METPOJIOTOB K UCTIOJIb30BAHUIO TIPU OTpesesieHun (hu-
3UYECKUX EAMHUIL HEU3MEHHbBIX (DyHIaMEeHTaIbHbIX Be-
JINYMH, MpearosaraeTcs npu3HaTh GyHAaMeHTaIbHOE
comnpoTuBieHre Ry = h/e* MEXIYyHaPOIHBIM ITAIOH-
HBIM COTIPOTUBJIEHUEM.

Jpyroii BaxHellleil OCOOEHHOCThIO BETUYMHBI
h/e* aBnsieTcs TO, YTO OHa OOpa30BaHa U3 TAKUX XKe
YHUBEPCAIbHBIX (PU3NYECKUX TTOCTOSTHHBIX, YTO U TO-
CTOsSIHHAsI TOHKOU CTpyKTypbl 3oMMepdebaa o, B KO-
TOPYIO BXOIMUT TakKe CKOpocTh cBeTa c. [locTostHHas
TOHKOW CTPYKTYpbl O SIBJISIETCSI BaxkHeiilieil ¢yHna-
MEHTaJIbHOW KOHCTaHTOM, TaK KaK OHAa HEe MMeeT pa3-
MEpPHOCTH, a ee 3HauYeHue, IpuMepHo paBHoe 1/137, He
3aBUCUT OT CHUCTEMbl eIWHUII. MajocTh BEIUYMHBI O
TTO3BOJISIET UCITOIb30BATh €€ B KAUeCTBE MapaMeTpa pas3-
JIOXEHUSI B KBAHTOBOU 3JIEKTPOJMHAMUKE — TEOPUHU, C
BBICOKOW TOYHOCTBIO OITMCHIBAIOLLEH B3aMMOACHCTBHE
MEXIy 3apsDKeHHBIMM YacTULIAMU M 3JICKTPOMArHUT-
HbBIM u3TydeHueM. Kpome TOro, Bce pensITMUBUCTCKUE
MOTMPaBKU B aTOMHOM (hr3MKe CBSA3aHBI C MOCTOSTHHOM
TOHKOW CTPYKTYpbl. CTPOro roBops, y>kKe caMo MoJIoxe-
HUE BCEX QHEPreTUYECKUX YPOBHEM 3JIEKTPOHA B aTOME
orpefiesiieTcsl 3HaueHUEeM MOCTOSTHHOW TOHKOM CTPyK-
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Typhl. [ToaTOMY MOBBIlIEHE TOYHOCTH U3MEPEHUSI TT0-
CTOSTHHOM O MMeeT MPUHIMITHATbHOE 3HAYCHUE: JTI0-
00e M3MEeHEHME BEJIMUYMHBI O HEM30eXHO 3aTparuBaeT
3HAUYEHUSI MOIMPaBOK B KBAHTOBOW W PEJIITUBUCTCKOM
TEOPUSX U BEJIUYMHY APYTUX (pyHIaMEHTAIbHBIX KOH-
CTaHT — KOMIITOHOBCKO{ JUTMHBI BOJTHBI 3JIEKTPOHA A,
nocrostHHoM @apanest F nocrossHHoii [Tnanka 4 u op.
Takum 06pa3oM, KBaHTOBBIN 3¢ heKT XoJj1a BaxKeH Kak
JUTSI TIOBBIIIIEHUSI TOYHOCTHU OIpenesieHus pyHIaMeH-
TaJIbHBIX TTOCTOSTHHBIX, TaK U JUTS TIPOBEPKU U YTOUHE-
HUsI OOJIBIIIOTO YKcia PyHAAMEHTAIbHBIX TEOPUIL U IKC-
MEepUMEHTOB. Ipyrve BO3MOXHOCTH MPaKTUYECKOTO
npumeHeHust KBX, B ToM uncie npubopHbIe (TIaTYNKH,
yCTpoiicTBa (PYHKIIMOHATBHOW 3JICKTPOHUKHU U OITOD-
JIEKTPOHMKH U ZIP.), TIO-BUIMMOMY, MOTYT CTaTh pealb-
HBIMU, €CJIU YAACTCSI CHU3UTh PabOUYKrie MarHUTHbIE TIOJIST
KBX o B = 1 Tn. B 3akmoyeHre OTMETHAM, YTO U3yde-
aue KOX He 3aBepIlicHO 1 aKTUBHO ITPOIOJKACTCS.

PEKOMEHOYEMASA NIUTEPATYPA

1. Kaumyune K. gpon. KBanTtoBsiit apcdext Xosmra: Hobe-
neBckast nekuust 1985 1. // Yenexu dus. Hayk. 1986. T. 150,
Ne 1. C. 107—126.

2. KBanrtoBbiit a¢pdexkt Xomna: C6. ct.: Ilep. ¢ anri. /
Coct. A.4. luk, FO0.B. [lImapues. M.: Mup, 1986. 232 c.

3. KBantoBbiii apext Xoina: Ilep. ¢ anrn. / [lox pen.
P. [pennxa, C. [upsuHa. M.: Mup, 1989. 408 c.

4. Pawoa 2.U., Tumogees B.b. KBanTtoBblit adhdext Xo-
sa // ®u3nka U TeXHUKa MoxynpoBoaHuKoB. 1986. T. 20,
BoIm. 6. C. 977—1024.

5. Kapabymoe A.B., Hynynapoe M.C. KBaHToBbI# 3¢hdexT
XoJu1a B HOJIYIPOBOAHUKAX U ITEPCIIEKTUBBI €I0 UCITONb30-
BaHUS B HayKe U TexHuKe // UToru Hayku v TeXHUKU. Die-
ktponuka. M.: BUHUTMH, 1990. T. 27. C. 135—173.

6. bopmonmoe E.H. ®uznka u merponorus MIATI-crpyk-
Typ. BopoHex: BopoHex. yH-T, 1997. 184 c.

EBrenunini Hnkonaeesny BOpMOHTOB, KaHauaaT ou-
31KO-MaTeMaTnHeCKmX HayK, AOUEeHT kadenpbl Gusu-
K1 NOJlYNPOBOAHNKOB U MUKPO3NEKTPOHNKM BOpoHeXX-
CKOro rocynapCTBeHHoro yHueepcuteta. O6nacTb
Hay4HbIX MHTEPECOB — GU3MNKA N METPONOTNSA HU3KO-
pasMepHbIX 3EKTPOHHLIX CUCTEM, FeTEPOCTPYKTYP
N aHM30TPOMHbIX NONYyNpoBOAHMKOB. ABTOp Gonee
80 Hayu4HbIX paboT, B TOM 4ymcre y4uebHoro nocodbus u
ceMun n3obpeTeHunii.
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