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1. Beaenne

Ortxkpoiteiid B 1980 1. K. ¢pon Kimmtumarom [1] kBaHTOBBIN
a¢pdext Xoa 10 cux nop octaércss 00bEKTOM 3KCIIEPUMEH-
TaJILHBIX HCCIIEJOBAHUNA M CTUMYJHPYET paboTy TeopeTH-
koB. McTopus usydenus 3Toro a¢dexra cjaoxumiach Tak, YTo
B CpeTHEM KasK[bIe HSTh JIET IPOUCXOIIIIO JINOO paTuKaiib-
HOE JKCIEPUMEHTAJIbHOE MPOJBIKEHUE, OO TMOSBJICHUE
HOBBIX TCOPETHUYECKUX HJeH. 3aTyxaroluidi CO BpEeMEHEM
HWHTEpEC K KBAaHTOBOMY 3¢dekTy XoJij1a BHOBb BO3pacTal, u
HET OCHOBAHWI MOJIATaTh, YTO 3TOT KBA3WUIECPUOIUICCKUIA
TIPOTIECC YKe 3aKOHYIIICS.

Llemouncnennblid KBaHTOBBIH 3¢ ekt Xoiuia 3a coua-
HBIA TIEpUOJI, MPOIIESIIINA CO BPEMEHH €r0 OTKPBITHS, He
TOJIBKO CTaJI TPEAMETOM TEKyIeil 0030pHON JTUTEPATYpPhI
(cM., HampuMmep, [2—6]), HO u Bomén B yueOuuku [7—10]. B
CBSI3HM C 3THM HEBOJBHO BO3HHMKAET BOMPOC: HYXXEH JIM eIIé
OAMH 0030p HA TAaHHYIO TeMY?

MortuBanuei 1jIs HATIICAHWS HACTOSIIETO 0030pa Mo-
CIIY)KUJIO TO OOCTOSATENILCTBO, YTO Y4eOHas JHMTEepaTypa,
BOOOIIE TOBOPSI, OTPAXAET B OOJIbIIICH CTENICHH TEOPEeTHYEC-
CKHE aCHEKTBI, YeM PEaJIbHYIO IKCIIEPUMEHTAJbHYIO CUTYa-
nuro. B ciaydae ¢ kBaHTOBBIM 3(dekTom XoJsua Aesio Ao-
XOIUT O Kyphé3a: MOCTPOEHHbIE TEOPUU HACTOJILKO MPH-
BJIEKATEJILHBI, YTO B YUEOHUKAX U3JIATAFOTCS KaK peajibHble
JlaXke Te MpeICKa3aHusl, KOTOPbIE B IPUHIIMIIE HE MOTYT OBITh
MPOBEPEHBI SKCIEPUMEHTAJILHO. ABTOp HAcTOSIIero o063opa
CTaBUJI mepel coOoil Iesib, BO-NEPBLIX, KaK MOXHO OoJiee
LIXPOKO U MOAPOOHO MPEACTABUTH NEPBUYHBIE SKCIEPUMEH-
TaJIbHbIC TaHHBbIC U, BO-BTOPBIX, CIEIUATHHO OTMETHTh TE
TEOPETUYECKUE TOCTPOCHHU S, KOTOPbIE TPUBOIST K HEHAOTFO-
JTAEMbIM TIPEJCKA3AHUSIM.

2. IlpeameT OTKpLITHS

IMepBoe HabroeHne KBaHTOBOTO 3ddekta Xouia [1] 6bL10
MPOBEICHO HAa KPEMHMEBOM MTOJIEBOM CTPYKTYPE, yCTPOICTBO
KOTOPOU OIMCAaHO BO MHOXECTBE KHUT (CM., Harpumep, [11]).
Js Hac 37ech TOKa HE BAXKHBI HU JETAJM YCTPOWCTBA, HU
3JEKTPOHHBIA CHEKTP mojynpoBoauuka. CyIiecTBEHHO
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Puc. 1. 3aBucuMoCTb XOJIIOBCKOH (R,,) ¥ IUaroHajabHoH (R ) KoMIo-
HEHT TEH30pa MAarHeTOCONPOTUBJICHUS OT KOHIICHTPALUH JBYMEPHOTO
3JIEKTPOHHOTO Ta3a B 00pasile Ha OCHOBE KPEMHHUEBOI'O MOJIEBOIO TPaH-
sucropa Si-MOSFET(100) (MOSFET — Metal-Oxide-Semiconductor
Field-Effect Transistor), B = 14 Txa, T = 30 MK. Ha BcTaBke cxematnue-
CKH U300pak€H 00pasell 1 MOKa3aHbl U3MEPSEMBbIE TOTCHIMAIBL.

TOJBKO TO, YTO Yy TPAHUIBI pasfeia MOJYyNPOBOIHUKA
(Si(100)) u gumanexktpuka (SiO;) peanu3oBaH JABYMEPHBIN
3JIeKTPOHHBIN ra3 (two dimensional electron gas — 2DEG).
CnoBo "nBymepHbIii" 03HayYaeT, YTO IJIEKTPOHBI MOTYT
CBOOOJHO ABUTaThCsl TOJBKO B IUIOCKOCTH, @ B HaIlpaBJie-
HUM, TIEPIEHIUKYJISPHOM T'paHULE pas3fesia, uxX IBUKEHHE
KBaHTOBAHO, MPUYEM BCE 3JIEKTPOHBI HAXOASTCS] HA HIDKHEM
KBAHTOBOM YpOBHE. DJIEKTPOHHAsl CHUCTEMa HMEEeT BUJ
XOJIJIOBCKOI'O MOCTHKA, OCHAIEHHOTO OMUYECKUMH KOHTAK-
TaMu JUJIs1 IPOIYCKAHUSI U3MEPUTEILHOIO TOKa I U MOTEH-
UATbHBIMHA KOHTAKTAMH JIJISI U3MEPEHUST HANIPSDKESHUHN Vo, 1
Vi, (cMm. BcTaBKy Ha puc. 1). HambGosee cymecTBEHHBIM
SIBJISIETCSI TO, YTO B KPEMHHUEBBIX MOJIEBBIX CTPYKTYpax
MOXHO IUTABHO M3MEHSITh 3JICKTPOHHYIO KOHIIEHTPAIMIO U
KOHTPOJIUPOBATH €€ C TOYHOCTHIO 110 1 Y%.

Ha pucynke | mpuBeneHbl pe3yIbTaThl 3KCIEPUMEHTA,
MOJIyYeHHBIC TIpU OOJiee HU3KOM, YeM B paboTe [1], Temmnepa-
Type (30 MK) Ha KpeMHIEBOH TOJIEBOI CTPYKTYPE, AHAJIOTHY-
HOHM Mcrojb30BaBIeiics B [1], ogHako obyamasieit 6osee
BBICOKHMM KavecTBOM. Kak BUAHO U3 pUCYHKA, B MATHUTHOM
moJjie, NePHUeHIUKYIISIPHOM IUIOCKOCTH IBYMEPHOTO JJIEKT-
pOHHOTO ra3za, o0e KOMIIOHEHTHI TEH30pa MAarHeTOCOIPO-
THBJCHHS, Ryy = Vy/I 1 Ry, =V, /I, BenyT cebst BecbMa
HeoObIyHO. [leiicTBUTEIbHO, B HI€AJIBHOM 00pa3Le B OJHO-
POAHOM 3JIEKTPUUYECKOM T10Jie E BCe 2JIEKTPOHBI ApeidyroT B
HAIpPABJICHUH, NIEPTIICHIUKYISIPHOM 3JIEKTPUIECKOMY M Mar-
HHUTHOMY MOJISIM, CO CKOPOCTbIO cE/B, MOTOMY B Takol
cucreMe OXHOaercs, 4To Ry.(ns) =0, Ry, = B/nsec, T1e
Ny — 3JIEKTPOHHAS INIOTHOCTD, ¢ — 3apsill 3JEKTPOHA, ¢ —
CKOpOCTh cBeTa B BakyyMe. OxumgaeMasi 3aBUCUMOCTD 151
R,, moka3ana Ha puc. | ITTPUXOBOM KPUBOM.

B neiicTBHTETFHOCTH XOJITOBCKAS KOMIIOHEHTa TEH30pa
COTNPOTHUBJICHUSI TEMOHCTPUPYET He TJIAIKYIO, a CTYyNeHYa-
TYIO 3aBHCUMOCTbH C IIMPOKHMH IUIATO W PE3KHMH Tepe-
XoJaMH MeXOy HUMH. Ha miato guccumaTWBHAs KOMIIO-
HEHTa TeH30pa MarHeTOCONMPOTHUBIICHUSI OJIM3KA K HYJIIO, HO B
MEPEeXOJIHON 00JIACTH KOHEYHA. YKe B MEPBBIX MPEIU3UOH-
HBIX U3MEPEHUSIX OBLJIO YCTAHOBJIEHO, YTO COIIPOTHUBIICHHE B
LIEHTPE IJIATO ONpPeNeseTCs COOTHOIIEHHEM

Xy ey’ ceey (1)

C TOYHOCTBIO HE XYXe IecT 3Havarmmx mdp. bosee Toro,
XOJIJIOBCKOE CONPOTHBIICHWE Ha IUIATO HE 3aBHUCEJIO OT
KayecTBa W pa3MepoB oOpasma, a TakXKe OT ITOJOXCHHUS
MOTEHIUATLHBIX KOHTAKTOB.

Taxum 00pa3oM, OTKPBITHE IIEJIOYHCICHHOTO KBAaHTO-
Boro sddekra Xoja SBIIOCH OTKPBITHEM (DH3UYECKOMH
peanmM3anyy YMUCiIa — KOMOWHAIIMM MHPOBBIX KOHCTAHT
h/e?. B HacTosliiee BpeMs 3Ta KOMOUHAIMS U3BECTHA C TOU-
HOCTBIO, JTy4Illeid, 4eM 11 3HaKOB, U BEJIMYMHA XOJIOBCKOTO
CONPOTHUBJICHUs] HA IUIATO TMPHUHITA B KAUeCTBE ITAJOHA
COTIPOTHUBJICHUSI.

ITockonbKy B 4MCTOM 3JIEKTPOHHON CHCTEME IMOSIBJIEHUE
IUIATO Ha 3aBHCUMOCTH R,y (7s) HEBO3ZMOXHO, HPHXOIUTCS
cBsI3aTh HaOJrOaeMblil 3((EKT ¢ XaOTUYECKUM TOTEHIIAA-
JIOM, B KOTOPOM HaXxOAMTCS 3JIeKTpoHHas cucreMa. C apy-
TOil CTOPOHBI, MOPA3UTENbHASI TOYHOCTD PEAIN3AINU U3Me-
PEHUII MUPOBBIX KOHCTAHT B "Tps3HBIX" cHCcTEeMax He sIBJIS-
eTCsl CJIy4yallHOH, a JOJKHA OBITH CBSI3aHA C KAKUM-TO (yH-
JIAMEHTAJIbHBIM MPUHIUIOM. [TOHMCK 3TOro MpUHIHUNA TPe-
CTaBJisieT COOOW OJHY W3 OCHOBHBIX 3a1ay (PU3UKH IIEJI0-
YHUCJIEHHOTO KBAaHTOBOTO 3dexta Xosuta. Jpyroi BaxkHOU
3aJlaueil SIBJISIETCSl OompeesieHne (PU3MUECKUX MapamMeTpoB,
OTPAHUYUBAIOIIAX TOYHOCTH BOCIHPOU3BEICHUS XOJUIOB-
CKOTO CONPOTHUBJICHUS Ha IJIATO B PA3JIMYHBIX 0OpasIax.
Ecnn nepBas 3amava xoTs Obl yacTUuHO pemieHa [12], To
BTOPAs OKA OCTAETCSI HEPEIIEHHOIA.

3. NneanbHas 3JIeKTPOHHAS CHCTEMa
B KBAaHTYIOLIEM MarHNTHOM IoJie

3.1. DHepreTuyeckHii CeKTp

3amaya O CHEKTPEe 3JIEKTPOHHOTO Ta3a B KBAHTYIOLLEM
MAarHuTHOM T10JIe pPACCMOTPEHA BO MHOTUX YUeOHHMKAX (CM.,
HanpuMmep, [13]), mosToMy 311ech MBI OrpaHUYUMCS €€
KpaTKUM U3JIOKEHHEeM. ByieM rmojarats, 4TO 3JIeKTPOHHBIN
ra3 pacroJioXeH B IUIOCKOCTH (Xxy), a MarHuTHOe moJie H
HanpapJIeHO BIOJIb ocu z. [ ynoOGcTBa AajibHEHIIMX
paccyXJIeHUI BBEIEM CTATHUUYECKHUHA 3JIEKTPUUCCKHA TMOTEH-
[MaJl, 3aBUCSIINA TOJBKO OT OAHOI KoopauHAaThl, V(x). B
kanuOpoBke JlaHay BEKTOPHBIA MOTEHIMAT UMEET BUJT
A = (0,xH,0). Uepe3 A BbIpa)aroTcsi MAHUTHOE T0JIe B =
=H=rot A u KuHeTHYeCKas 4YacThb TaMMJIbTOHHAHA
H=(p—(¢/c) A)2/2m, rae p = —ikAV, m — addexTuBHAS
Macca 3jekTpoHa. Takum oOpa3om, ypaBaenue lllpéaunrepa
MeeT BHUJ

2+ (5 =+ 2) 2] i) =m0

Pemenne ypaBHeHust (2) ynoOHO UCKaTh B BHJE IJIOCKOH
BOJIHBI BJIOJIb OCH y, T.e. B BHJE IKCIOHEHTHI, exp (iky),
YMHOXEHHOM Ha HEKOTOPYIO (DYHKIIHIO, 3aBHUCSIIYIO TOJIBKO
ot x. [locTaHOBKOM pelieHnst Takoro BUAa ypaBHeHue (2)
CBOJUTCA K OAHOMEpHOMY ypaBHeHuto lIpénunrepa

2 A2 2
—Zth %JF% (x = x0) + V() |y (x) =ap(x), (3)

riae . = eB/mc — HNUKJIOTpPOHHAS 4acToTa, Xo = ki* =
= k ch/(eB) — xoopAWHaTa BEIYIIErO IEHTPA, / — MarHuT-
Hasl IJIMHA.

Vpasuenue (3) oTBeyaeT IUCKpEeTHOMY HAaOOpY KBaH-
TOBBIX YPOBHEH HpU KaXJIOM 3HaYeHHH k. Ymcio pasiuy-
HBIX k, IPUXOISAIIMXCS HA CNUHUIYY ILIOLIAIN, HAXOIUTCS
CJIeAyrOIIUM 00pa3oM. Beriemm npsiMoyrosIbHUK CO CTOPO-
Hamu L, u L,. KoopauHata BeIyLIero LEHTpa JIEXHUT B
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untepBasie 0 < xy < L,. CrnemoBartenbHo, 0 < k < Lx/lz.
OIHOBPEMEHHO HEOOXOUMO YAOBICTBOPUTH IUKINICCKAM
TPaHUYHBIM YCIIOBHSM IO OCH y: k; = 2mi/L,, rie i — meinoe
upcno. Otcioma Ak =2m/L, M U1 NCKOMOH BEIMYHMHEI
nosyyaem ny = 1/2nl2.

Kriaccupukamms KBaHTOBBIX COCTOSIHHM C ITOMOIIBIO
KBA3UHENPEPBIBHOTO HAOOpPA BOJIHOBBIX BEKTOPOB K, CIIpa-
BeIJINBA IS TPOU3BOJIBHOTO OJHOMEPHOIO ITOTEHIHAJIA
V(x). Hike MbI paccCMOTpUM TpH HamboJiee BaXHBIX C
9KCIEPUMEHTAIBHON TOUKH 3PEHHUS MOTEHIHAIA.

3.2. Cayuaii V(x)=0. Ycji0oBue KBAHTOBAHUS

Kak cienyer u3 ypasuenus (3), nupu V(x) =0 3neKTpoH
JIBIDKETCSI B TapaboJIMYecKO MOTEHIMAIBLHON siMe U Habop
€ro YHEPreTUYCCKUX YPOBHEH ONpeaesieTCsl yCI0BUEM

& = (1’14’%) haoe 4)

a HAOOp BOJIHOBBIX (DYHKIUI COOTBETCTBYET COOCTBEHHBIM
GYyHKIUSIM TapMOHHMYECKOTO ocnuiuisaTopa. Kaxawrit u3
YPOBHEW pacIIeIUi€H Ha JIBa CIIUMHOBBIX MOJAYPOBHS C JHEP-
TUSIMH, B IPOCTEHIIIEM CIIydae ONpeesIIeMbIMUA COOTHOIIIE-
HUeM tug gB, rae iy — Maraeton Bopa, g — dakrop Jlanze.

DJeKTpOHHASl TUIOTHOCTh B JBYMEPHBIX 3JEKTPOHHBIX
CHCTEMAaxX C XOPOIIeH TOYHOCTBIO 3a/JaHa KOMIIEHCHPYIO-
UM 3apsaaoM. I[1oaToMy XUMUUECKAN TOTEHIUAI HE SIBJISI-
eTcss (PUKCHUpOBAaHHBIM, a WM3MEHSIETCS MUJI000pa3HO, Kak
MoKa3aHo Ha puc. 2. CKauKu XUMHYECKOT O TOTEHIINAIA BO3-
HHUKAIOT TpHU yCcIOBUH ng = Nng, tne N =1,2,..., T.e. npu
LIEJIOYUCIIEHHBIX (pakTOpax 3anojHeHust v = N. VIMeHHO 3TO
yCJIOBHE, 3a/aroliee NepUuOAUYHOCTh B OOPATHOM MAarHuT-
HOM TmoJie 1/B, omnpenensieT HEpUoJ JHOOBIX KBAHTOBBIX
OCLMJUISINMN ¥ IPUMEPHO COOTBETCTBYET CEPEAMHE XOJIOB-
cKoro miato (cMm. puc. 1).

3.3. OaHopoaHoe JIeKTpHYecKoe MmoJie

DJIEKTPUYECKHIl TOTEHIIUA B OJTHOPOTHOM 3JIEKTPHIECKOM
noJie umeeT Bug V(x) = —eEx. Jobasienue k napabosmye-
CKOMY MOTEHIIUATY JITHEHHOTO WIeHA OCTABIISIET MTOTEHIINAI
mapaboIMIeCKuM, CABUTACTCS TOJIBKO IIEHTP MapaboJIbl, T.C.
B (3) Xxo 3aMeHsieTCsl BEJIMYMHOW X| = Xo + Xg, T/e
xg = eE/(mw?). Habop KBAaHTOBBIX YPOBHEH MO-TIPEKHEMY

ONHUCHIBACTCS] COOTHOIIEHHEM (4), HO BCS JIECTHUIA YPOBHEH
CABUTAeTCsl IO JHEPrUM Ha BeauuuHy —eE(xo+ xg/2).
Otcroa BO3HUKAIOT [Ba CIEACTBUS. BO-NepBBIX, Hiealb-
Hasi 3JICKTPOHHAS CHCTEMa CIIOCOOHA 3KPAHUPOBATH IJTMHHO-
MEePUOINYHBIE MMOTEHIUAIBI JaXXe NMPHU IeJTOYUCICHHOM
3amojHeHuu v = N. DKpaHUPOBAHHE OKa3bIBAETCSI CBOE-
00pa3HbIM: U3MEHEHHE IUIOTHOCTH 3JIEKTPOHOB OIpeJe-
JISIETCSl BTOPOM NMPOU3BOJIHON OT MOTEHIMAJIA MO KOOP.IH-
HaTe. BO-BTOPBIX, KaXIbIi U3 3JIEKTPOHOB B OJIHOPOJHOM
9JIEKTPUYECKOM TOJIe TPHOOPETAeT I'PYHIIOBYIO CKOPOCTb,
TIEPIECHIUKYISIPHYIO HAIIPABJICHUSIM 3JIEKTPUYECKOTO U Mar-
HHATHOTO IIOJIEH,

_ %, 0 CcE

% e B ®)

v
U IIPH LEJIOUHCIICHHOM 3aMOJHEHIH 0y =0, 0, = Nngev/E =
= Ne?/h. X0JI0BCKOE CONPOTUBJIEHAE U3MEHSAETCS MOHO-
TOHHO C UI3MEHEHUEM KOHIIEHT DALMY AJIEKTPOHOB, IPUHUMA ST
KBaHTOBAHHbIC 3HAYEHUS IIPU LEJIOUUCICHHOM 3aI10IHEHUH,
KaK MOKa3aHo Ha pUC. | IITPUXOBOI KPUBOMA.

3.4. O6pa3en, orpaHn4eHHbI 0eCKOHEYHO BBHICOKHM
BEPTHKAJBHBIM NMOTEHIHAJILHBIM GapbepoM

PaccMmoTpum Temeph IBYMEpHBINA 3JIEKTPOHHBIM Ta3, 3aHU-
MaFOIUH MOJYIIOCKOCTh X > 0, OTpaHMYEHHYIO OECKOHEUHO
BBICOKUM TOTEHIMATBHBIM OapbepoM mipu x = 0 (puc. 3). Ha
BCTaBKe puc. 3 m3oOpaxeHa 3p¢GeKTUBHAS MOTEHIUALHAS
siMa, Bxojsiias B ypaBHenue (3). SIma oOpa3oBaHa 4acThiO
MAarHuTHOM mapa®oJjibl U oOpe3aroleil e€ BepTUKAIbLHOU
MOTEHIIMATIBHOU CTeHKOU. Pe3ynbTupyromas simMa cuibHee,
4eM HCXOAHas napaboJsia, OrpaHNIMBaET IBUKEHHUE 2JIEKTPO-
HOB, TIO9TOMY KBaHTOBBIE YPOBHM B HEW BBIIIE ONpeaesie-
MBIX BbIpaxkeHHeM (4). Bojiee TOro, ypoBHH CTAHOBSTCS
HEIKBUIUCTAHTHBIMU 110 3HEPIHHU.

IToBenenue sHepruil AByX HUKHUX KBAHTOBBIX ypOBHEH
MIPU U3MEHEHHUH MOJIOKEHUS BEAYIIErO NEHTPA KAYeCTBECHHO
oTobpaxkeHo Ha puc. 3. Haumnas ¢ paccrostHuil mopsiika
MAarHUTHOM JITMHBI PUOJIMKEHUE BEAYIIETO IEHTPa K Bep-
THKQJIBHOMY Oapbepy NPUBOIAUT K PE3KOMY YBEIMYCHUIO
SHEPIUU KaXJIOro W3 yPOBHEW IO CPaBHEHHIO C JHEPrUei B
rJyOuHE JBYMEPHO# 3JICKTPOHHO#W cucTeMbl. Bemymmid
[IEHTP, KaK MOKAa3aHO HA PUC. 3, MOXKET PACIOJIaraThCs BHE

n=1

=4

v
=
Il
—_

B

Puc. 2. DHepreTHueckue ypoBHH (C y4ETOM CIHHOBOTO DPACIIEIUICHUS)
3JIEKTPOHHOW CHUCTEMBI B OJHOPOJHOM KBAHTYIOLIEM MAarHUTHOM IIOJIE.
JKupHast JMHHS TOKa3bIBa€T 3aBUCUMOCTb XUMHYECKOIO IIOTEHIHUAIa
CHCTEMBI OT MarHUTHOTO HOJISL; V = 715 /g — (aKTOp 3a10JHEHHS.

&n

£

u—-—-=-

0 X0
Puc. 3. CxemaTuyeckoe H300pakeHIe 3aBUCHMOCTH HEPTHUH & U &) IBYX
HIDKHUX KBAHTOBBIX YPOBHEH OT KOODAMHATBHI BEAYILETO LEHTPA X.
BeprukanbHON INTPUXIYHKTUPHOH CTPEJIKOW OTMEYEHO IOJIOKEHUE
KpaeBoro kaHaja Ha ocu abcnucc. Ha BcraBke mokaszaHa s(dexTuBHas
NOTEHIMAIbHAS AMa [IJIs SJIEKTPOHA.

l*
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MOJIYTIJIOCKOCTH X > (), OJIHAKO COOTBETCTBYIOILIAS €MY BOJI-
HOBasi (DYHKIUSI 3JIEKTPOHA OrpaHWYeHa MpeaeaMH 3TOU
MOJIYTIOCKOCTH.

B nmpocTpaHCTBEHHO OTPAaHUYCHHON HIIeaIbHON IBYMEp-
HOM 3JIEKTPOHHOW CcUCTeMe UMeeTCsl KOHeUHas, XOTs U Ma-
JIasi, TJIOTHOCTh COCTOSIHUIM B KaXJIOW W3 JHEPreTHYECKUX
IIeJIel, BOZHUKAIOIIAs BCJIEICTBUE 3arnba BBEpX KBAHTOBBIX
ypoBHei. B pe3yibTate XMMUYECKU TOTEHIIAT MOXKET 3a-
(uKCHPOBATHCS MIPH JIFOOOW YIHEPTUH, TIPEBBIIAOIIEH dHEP-
TUIO HIDKHETO KBAHTOBOTO YpOBHS B riiyOmne (puc. 3). 3a-
BHCUMOCTh JSHEPrUU OT KOOPIAMHATHI BEIYIIEro IEeHTpa
O3HAa4YaeT €€ 3aBUCHMOCTh OT k, U HaJM4Ue Yy 3JIEKTPOHA
TPYIIIOBOM CKOPOCTH v B y-HANpAaBJICHUH. 3HAYWUT, BIOJIb
Kpas Te4€T Oe3IMCCUNIATUBHBIN 3JIEKTPUYECKU TOK. Bbruunc-
JIUM €T0 BEJIMYMHY TSI CITy4asi, MPeICTABIIEHHOTO Ha pHC. 3:

e [* e O¢
Ilef:—J UdkAI—J —dk, =
‘T om ke (left) Y2mh g ery Oky

E() e
5| de =5 60— . (6)

I

Ecnu snexTpoHHast cucteMa UMeeT BHUJ IOJIOCKH, TO IO €€
NIPaBoO¥ CTOpOHE OYIET NPOTEKATh TOK MPOTUBOIIOJIOKHOTO
Hanpasienus. [1o1HbINH TOK Yepe3 ceueHne NOJI0CKH

e
I= I (:uright — Miegy) - (7)

o Tex mop moka 3JIeKTPOHHAsl CUCTeMa HAaXOIUTCS B CO-
CTOSHUYM PABHOBECHS, [lyight = ey = M- TOKH, TPOTEKAIOIIIHE
10 Pa3HbIM CTOPOHAM 00pa3la, B3AUMHO KOMIIEHCUPYIOTCSI.
ITo xparo mpoTekaeT TOJBLKO Oe3aMCCUNAaTHBHBIN auamar-
HUTHBIA TOK. [IpH OTCYTCTBUM PABHOBECHS [yighy — Miefy = €V
u BbipaxeHue (7), o000mEHHOE I Ciiy4ass HECKOJIbKHX
KBAHTOBBIX YPOBHEH IMOJI YPOBHEM XHMHUYECKOTO MOTEH-
1yaJa, CoBIaaaeT ¢ BripaxkeHuem (1).

B uneanbHOM 00pasie JONOJIHUTEBHBIN 3aps/, HeoO-
XOJMMBIIA TSl IOJIIEpKAHUS PA3HOCTH XUMHYECKUX MOTEH-
[MAJIOB, MOXET OBITh MMOMEMIEH TOJBKO Ha Kpal MOJIOCKH,
MMO3TOMY XOJIJTOBCKOE 3JIEKTPHUECKOE IOJIe ¥ BEI3BAHHBIA UM
XOJUIOBCKMM TOK Heu30exHO OyAyT HEoAHOpPOIHBIMU [14].
Tem He MeHee NOJIHBIA TOK, coOTJIacHO ypaBHeHuro (7),
COBEPIICHHO HE 3aBHCUT OT PACIpe/IeJICHHs OIS B TJIyOnHe
ob6pas1a, uTo JEerko NoJIy4uTh u3 (6), €U MO & NOHUMATh
MHUHAMAJIBHYIO 3HEPIHIO COOTBETCTBYIOIIEIO KBAHTOBOTO
YPOBHS B ITOJIOCKE.

[TosiBisieTcss HOBask BO3MOXHOCTB JJISI MHTEPIIPETAIIMU
LIEJIOUMCIIEHHOTO KBAaHTOBOTO 3¢ dexkTa Xosula ¢ mpuBJjeye-
HHEM Oe3QUCCUNIAaTUBHOIO KPaeBOro TOKa, MEPEHOCUMOTO
OJHUM WJIM HECKOJIbKMMH OJHOMEPHBIMU KPAaeBbIMHU KaHa-
JIAMU, KX Il U3 KOTOPBIX HeCET TOK I, = w,e/h. [TogobHoe
paccMOTpeHue, BIEpPBBbIE TNpeIokeHHOe B pabote [15],
MOJIYYUJIO IIIUPOKOE pacHpocTpaHeHue OJiaroaapsi mpuMeHe-
HUIO TeXHUKW Jlanmayspa Ju1sl IeJI0YHCIEHHOTO KBAHTOBOTO
abdexra Xoyma [16] (puc. 4). sl HATJISTHOCTH KpaeBble
KaHaJIbl U300paXaroT Kak JIMHUM TEepPECeUCHUs YPOBHS XU-
MIYECKOTO OTEHIIAIA C U30THY THIM SHEPT € THIECKHM YPOB-
HEM Ha IUIOCKOCTH, 33JaIOIIeH MOJIOKeHNe BEAYIETrO eHT-
pa. CrienimasbHO OTMETHUM, UTO B CITy4ae JOCTATOYHO KPyTOH
CTEHKHU (HAIpuMep, BEPTUKAJIBLHOMN) ONpeIeIEHHOE TaK U30-
OpakeHHe KpaeBOro KaHajla MOXET HAaXOIUTbCS BHE Mpe.-
eJI0B o0Opa3sna.

Emié onun Bommpoc, OTHOCSIIIUNACS K KpaeBbIM KaHAJlaM B
HeaibHOM 00pasiie, ObLI PEIIEH IKCIEPUMEHTATILHO. DTOT
BOMPOC CBSI3aH C JauccHUNanueit sHepruu. JIeHCTBUTEIBHO,
HAJIMYKe TOKA IPU KOHEYHOU Pa3sHOCTU XMMHYECKUX MTOTEH-
MaIoB Ay IPUBONT K JMCCHNAIH MoLHOCTH (1/h)(Ap)?.

[V®H 2014
d
1 /-F\_
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— /
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Puc. 4. Oqna u3 reomerpuii obpasua, B KoTopoit popmanmusm Jlangay-
apa—BroTTHKepa yao6eH st pacuéra. [ToTeHIMaIbHbIE KOHTAKTHI &, b,
¢, d IMEIOT pa3iuyHble 3HAYCHHUST XUMUYECKUX MOTEHIHAIOB. 3HAYCHHS
3aTBOPHBIX HATPSDKEHHUHN BHIOPAHDI TAK, YTOOBI OJIMH U3 KPAEBBIX KAHATIOB
CBSI3BIBAJT COCCTHAC KOHTAKTBI, & BTOPOM MMEJ PEryInpyeMblit Koahdu-
LIUEHT MPOXOXKJICHUS B KAXJIOM U3 y3KHX MeCT. 3a/1aHnue Ko3pPUIEHTOB
MPOXOXK/ICHUS U XMMHYECKHUX MMOTEHIIMAJIOB JIBYX M3 YETBIPEX KOHTAKTOB
MMO3BOJISIET PACCYUTATD BCE TOKU U XUMHYECKHE IO TEHIIUAIIBI ABYX APYTHX
KOHTaKTOB.

st oOHApyXeHHST 00J1aCTH, B KOTOPOU MPOUCXOIUT TUCCH-
manusi, ObLTH TPOBEIEHBI SKCIIEPUMEHTHI [17] 10 BU3yam3a-
AW TOPSYET O MSITHA Ha XOJUIOBCKOM MocTuke. OOHapyXeHO,
YTO AWCCUIIAINSI TIPOWCXOIUT B YLy MOCTHKA (TO37HEE
ObLTO TOKa3aHo [18], 4To auccumanusi UMeeT MECTO B JIBYX
yriaax, pAacIoOJIOKEHHBIX MO0 AUArOHAJM), TPUIEM YO
W3MEHSIETCST TPH CMEHE HAMPABJICHUS MATCHUTHOTO MOJIS
(puc. 5). Vros BbIOHUpAeTCS M3 YCJIOBHUsS, YTO TPYIMIOBAs
CKOpPOCTb 3JICKTPOHOB, BBIXOJSIIMX M3 KOHTAKTA, HAIpaB-
JIEHa BJIOJIb KOHTAKTa TaK, YTO XMMHUYECKUE MOTCHIIMAJIBI
3JICKTPOHOB B KpPAaeBOM KaHaJle M KOHTAKTE COBMAJAOT
BJIOJIb JINHUM JBUKCHUS SJICKTPOHOB.

3.5. C:knmaeMble U HeC:KAMaeMble MOJIOCKH

Ha KParo UIeaJIbHOr0 IBYMEPHOr0 3JIEKTPOHHOIO ra3a

B sTOM paszieiic Mbl PaCCMOTPUM HIEAJIBHBIN JIBYMEPHBI
3JIEKTPOHHBIN a3, IPOCTPAHCTBEHHO OrPAaHUYEHHBIN IJIaB-
HBIM noteHnuasioM. CioBo "miuaBHbIA" o3HAuYaeT, 4TO Ha
MacitTabe MarHUTHOMN [UIMHBI 3HEPIHs 3JICKTPOHOB H3Me-
HSICTCSI HA BEJIMYAHY, MaJTYIO T10 CPABHEHHEO C IIUKJIOTPOHHOM
sHeprueii. YacTo MOTEHIUAIBI B PeaIbHBIX MOJIYIIPOBOIHHU-
KOBBIX JIBYMEPHBIX CHCTEMax OTHOCSITCS UMCHHO K 3TOMY
THILY.

Ipexe Bcero ompenesiuMcsi ¢ TepmuHoiorueir. Kpome
OOBIYHON OJHOYACTUYHOW IUIOTHOCTH COCTOSIHUN On/O,
MOXHO BBECTH TEPMOIUHAMHUYECKYIO IUIOTHOCTH COCTOSI-
HUit Ong /Oy, MPOTIOPUUOHATIBHYIO (CM., Hanpumep, [19]) cxu-
MaeMOCTH JJIEKTPOHHOU cHCTeMBI. TepMoauHamMuyecKas
IUIOTHOCTH 3aBHCHUT OT TEMIIEPATYPhl U MOXKET OTIMYAThCS
OT HyJIsI TaM, TJle OJHOYACTHUYHAS IUIOTHOCTH COCTOSIHHIA
TOYHO paBHa HyJt0. ECiM XMMmueckuii moTeHnuas, Kak Ha
puc. 3, pacroyIokKeH MeX1y KBAaHTOBBIMHU YPOBHSIMH, TO Tep-
MOJIMHAMMYECKAs! INIOTHOCTD COCTOSIHUAM TIPU HYJICBOU TEM-
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Puc. 5. Busyanmzanusi ropsiuero msTHa B XOJUIOBCKOM MOCTHKE B
ycroBusX KBaHTOBOro addexra Xona. CBETILIME THHUSIMHA TOKA3aHBI
TPAHUIBI BYMEPHOTO OJJIEKTPOHHOTO Ta3a M TOKOBBIX KOHTAKTOB.
(dannble pabotsl [17].)

nepatype OJIM3Ka K HYJIFO M 3JIEKTPOHHASl CUCTEMa HECKH-
Maema.

PaccMoTpuM cHavalia MmoBeICHUE JTHA JJISKTPOHHOMN MO~
30HBI B OTCYTCTBHE MarHUTHOTro moJisi (puc. 6a). B stom
CJIydae JJHO 30HBI TPOBOIUMOCTH MO YPOBHEM XUMUYECKOTO
MOTEHIIAJIA TOBTOPSIET MPO(UITL IKPAHUPOBAHHOTO ITOTEH-
nyajga, a IpH napaboJIMYecCKOM 3aKOHE JWCHEePCHH — U
TMPOQUITH JIEKTPOHHOH MIIOTHOCTH C TOYHOCTHIO JIO YUCIICH-
Horo koadduimenta. [locienHee yTBEpKACHUE CICIyeT U3
toro daxkra, uro 0n/0¢ = Ons /Oy, = const.

Tenepb 0OpaTUMCS K CJTy4ar0 KBAHTYIOIIET0O MATHUTHOTO
noJsi. KoopauHaTHasi 3aBUCMMOCTD pOdUJIst THA 30HBI TIPO-
BOJIMMOCTH HE MOXET COXPAHUTHCS HEU3MEHHOM MpPU HAJIO-
JKEHMH KBAHTYIOIIET0 MarHuTHOTO 1oJist [20]. leicTBUTE b=
HO, IJIOTHOCTB 3JIEKTPOHOB HA KaX/IOM U3 KBAHTOBBIX YPOB-
Hell OCTaéTcsl MOCTOSIHHOM N0 TeX IMOp, MOKa KBAHTOBBIN
YPOBEHb HAXO/JUTCS HIKE YPOBHS XMMHUYECKOTO MOTEHIIM-
ana. [Ipu coxpaHeHUM HEU3MEHHOTO NPO(HIIS THA 30HBI
MPOBOAUMOCTH BO3HUKJIA Obl HEKOMIICHCUPOBAHHBIE 3JICKT-
pHUUECKUE 3aPSIIbI M JICKTPUUYESCKHUE TOJIST, YTO IHEPTETUUECKU
HEBBITOJTHO.

PeasbHbIN POQIITB THA 30HBI TPOBOIUMOCTH B 3aBUCH-
MOCTH OT KOOPAMHATHI BEAYIIEr0 EHTpa MOKa3aH Ha puc. 60
JUTSL ABYX IIEJIMKOM 3aIl0JITHEHHBIX B 00BEMe ypoBHEH Jlanaay.
Kak yxe ckazaHO, OCHOBHBIM YCJIOBHEM, OMPEICIISIOIINM
3JIEKTPOHHYIO TJIOTHOCTD, SIBJISIETCS YCIIOBHE JICKTPOHEHT-
PaJILHOCTH, TO3TOMY B OOIIHX YepTax Ipaduk 2JIeKTPOHHOMH
IJIOTHOCTH KakK (YHKIMH KOOPIUHATHI B KBAHTYIOLIEM
MAarHATHOM TIOJIE TOJDKEH MOBTOPSTh TpaduK ISl HYJIEBOTO
moJis. B Touke mepeceueHHs JIHA 30HBI C XUMHYECKHM
MOTEHIIUAJIOM 3JIEKTPOHHASI TUIOTHOCTb PABHSETCS HYJIO U
MOCTENEHHO BO3PACTAET O Mepe MABUXKCHHUS BIPABO IO
KOOpJIMHATE JI0 TeX IOp, MOKa He JOCTUTHET YpOBHS 1y. B
obJylacTi BO3pacTaHUsl 3JIEKTPOHHON IUIOTHOCTU HUXKHUMI
ypoBenb Jlangay "mpukonor" K XAMUYECKOMY MOTEHIUAIY,
MOCKOJIbKY MBI MOJIaraeM MOBEJCHUE MIIOTHOCTH COCTOSTHUN
B UJCAJIbHOI cucTeMe §-00pa3HbIM, T.€. MOJOOHBIM IMOBEIe-
HUIO JelbTa-QyHKIUH. DTy 00J1aCTh HA3BIBAIOT COKUMAEMON
moJiockoit (compressible liquid). TlpaBee pacmoiaraercs

Ho

CxunmaemMas 6
KUIKOCTh

s

Hecxnmaemast
JKUJIKOCTh

\ A
n=1

hae
n=20

Xo

Puc. 6. (d) 3aBUCUMOCThH OHEPIruu JHA 30HBI IPOBOAUMOCTHA OT KOOPAUHATHI B CJIy4Yac IJIABHOT'O NMOTCHOUAIA B OTCYTCTBUEC MAarHUTHOI'O TIOJIS; [y —
YPOBEHb XUMHUYECKOTO IOTEHINAJIA, OTCUMTAHHBINA OT JHA 30HBI. (6) 3aBUCHUMOCTh OHEPIuu IBYX HEJIMKOM 3aIlOJIHCHHBIX B 00BEME ypOBHeﬁ J'IaH]:[ay oT
KOOpAUHATHI. CIuIOLIHBIE JINTHUA COOTBETCTBYIOT TOM 4aCTH KBAHTOBOT'O YPOBHs, KOTOpas HEJIUKOM UJIM YaCTUYHO 3all0JHEHA, IITPUXOBBIMU JIMHASIMU
0003HAYEHBI HE3AMOTHEHHBIC YACTH KBAHTOBBIX ypOBHCﬁ. HyHKTI/IpHaﬂ JIMHUSA TOKA3bIBACT IIOBCACHUEC JHA 3II€KT])OHHOI7[ IIOA30HBI.
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MOJIOCKA HEC)KMMAEMOW 3JIEKTPOHHOW JKUIAKOCTU. B Hei
XMMHUYECKUI TMOTEHIMAJ TEePECeKaeT CHEKTPAJIbHYIO IIEJb
MexJy ypoBHsiMu JlaHmay, a JHO 30HBI MPOBOAMMOCTHU
OITycKaeTcsl Ha BelMYuHy /iw.. KoHIIEHTpamms 3JIeKTPOHOB
(ukcupoBaHa Ha YpPOBHE gy, CJIEIOBATEIBLHO, HAPYIIEHO
yCIIOBHUE 3JIeKTpoHeWTpanbHOCTH. [ToTOM BCE TOBTOpPSIETCS:
CIIleqyrommiA ypoBeHb JlaHmay CTaHOBUTCS MPHUKOJOTHIM K
XUMHUYECKOMY TOTEHINAJTY W 3JIEKTPOHHAS TJIOTHOCTH BO3-
pacTaet 1o Tex mop, moka He CpaBHSIETCS C 271y U T.J.

JIerko OIEHUTDH IMIUPHUHY MOJIOCKH HECKUMAEMOMN 3JIEKT-
POHHO# )KUIKOCTU. DTa MOJIOCKA MPEACTABIISIET COOOM OqHO-
MEPHBIN 3apSKEHHBIA 00BEKT ¢ M30BITOYHON MJIOTHOCTHIO
3apsaa

on
edn=e(n(x) —ng) =e — (x — xo),
Ox xp
rae n(x) — 2JIeKTPOHHAsT KOHLUEHTPALWS B OTCYTCTBHE

MarHUTHOTO MOJIst, 1) — (PUKCHPOBAHHAS TIOTHOCTH JJIEKT-
POHOB B IIPE/ENIax IOJOCKH. DIIEKTPUIECKOE I0JIe, CO3/IaH-
HOE B IUIOCKOCTH, OUEHUBAETCs Kak (ea/er) (On/0x)| ., , T1€
a — UIAPUHA MOJIOCKH, €, — JUJIEKTPUIECKasi IPOHHIAE-
MOCTh TOJTynpoBoaHuKa. [IHpUHA TOJIOCKH OMpEIeNsIeT st
U3 YCJIOBHUSI, UTO IEpenaj 3JIeKTPUYECKOro IOTECHIHANA
paBeH MUKIOTPOHHOM SHEPTUH:

L) ®

XapakTepHas LIKPUHA TOJOCOK HEC)KUMAEMOU 3JIEKTPOHHOM
KUJIKOCTH B peajibHbIX oOpasnax cocrtasiser 100 HM, a
MOJIOCKH CXKMMAEMOM XKUJKOCTH Ha MOPSIAOK upe. B psiae
9KCIIEPUMEHTOB CHUCTEMA II0JIOCOK Obljla BU3yaJIM3UPOBAHA
(cm., Hampumep, [21]). Ha rinagkomM kparo 3JIeKTPOHHbBIC
KpAeBble COCTOSIHUS 3HAYMTEJIBHO OTJHUYAIOTCS OT OXHUAAe-
MBIX B CJIyyae pe3Koi rpanuibl. TeM He MeHee OJHOMEPHBIN
XapakTep JABUKEHUS 3JIEKTPOHOB COXpaHsieTcs u (opMmya
(7), Tak xe kak W TexHuka brorrtukepa [16], ocTaércs
crpaBeqInBOM.

a’ =~ hiweer, (e

2 o1
ox

3.6. Ilepenoc 3apsaa

110/l YPOBHEM XHMHMYeCKOro noTeHuuaia

B ¢u3uke HOpMaJTbHBIX METAJIOB MBI IPUBBIKJIN K TOMY, YTO
JIMHEWHBIE TPAHCHOPTHBIE CBOMCTBA BBIPOXKICHHOU JJIEKT-
POHHOH CHCTEMBI MOTYT OBITbL BBIPAXEHBI 4Yepe3 MaJible

BO3MYUICHUS ()YHKIIUH pACIIPEIEIICHUS B OKPECTHOCTH XUMH-
4ecKOro mnoreHnumana (cm., Hanpumep, [22]). B uneanpHoi
JIBYMEPHOH 3JIEKTPOHHON CUCTEME B KBAHTYIOILIEM MATHUT-
HOM II0JIE NIEPEHOC 3apsa Ha YPOBHE XMMHYECKOIO IOTEH-
npaja BO3MOXEH TOJILKO BIOJIb Kpas, OJHAKO 3TO 00CTOs-
TeJIbCTBO HE 3alpeliaeT 0e31UCCUaTUBHBIN IEpEeHoC 3apsiaa
MEX/y KpassMH 3JIEKTPOHHON CUCTEMBI 110 YPOBHEM XUMH-
4ecKoro HnoTeHIuasla. BrepBble BHUMaHUE HAa 3TO 00CTOS-
TEJILCTBO OBLIO OOparieHo B padore [12].

DKCIIEPUMEHT MOXET OBITh OCYIIECTBIIEH HAa CTPYKTYpE,
TMOKa3aHHOW Ha puc. 7a. [IByMepHBIN 3JIEKTPOHHBIA Ta3
umeeT Gopmy Kojbla (reomeTpusi KopOuHO), BHYTpEeHHUN
¥ BHEIIHHN PaJuyChl KOTOPOTO HAXOIATCS B KOHTAKTE C
00J1aCTSIMH HOPMAJILHOTO MeTajula (He MOKa3aHHBIMU Ha
pucyHke). BHyTpb KOJIbIIa TOMEIIEH JIMHHBIA TOHKHM CO-
JICHOU, TOTOKOM MarHUTHOW MHAYKIUU B KOTOPOM MOXHO
ynpaBiaaTh. K MeTalsIM4eckKuM KOHTAKTaM MapasijieIbHO
noakJiroueHsl KoHaeHcatop (Cp) u BombT™meTp (V7), a Bes
CTPYKTYpa HaXOJUTCS B KBAHTYIOIIEM MarHUTHOM TOJIE.

M3meHeHne noToka MarHuTHOW UHAYKIMUA AP B TOHKOM
JUIMHHOM COJICHOM/IE NMPUBOJIUT K MU3MEHEHHIO a3UMYyTallb-
HOU KOMIIOHEHTHI BEKTOPHOT'0 MOTEHIIMAIA HA paJinyce i Ha
BenmuuHy A®/(2mr). da3a BoIHOBOW (GyHKIUHM IpH 00X01e
KOJIBIIA 110 a3UMYTY u3MeHuTcs Ha eAd/(ch). Ilpu

ch
AP = —
B 9)

HaOpaHHas ¢a3a paBHa 2T BHE 3aBHCHUMOCTH OT paJinyca,
HO3TOMY 3JICKTPOHHASI CUCTEMa MePeX0IuT caMa B cebst. [1pu
9TOM C OJTHOTO Kpasi B 3JIEKTPOHHYIO CUCTEMY BHOCHTCS, a C
JIPYroro u3 Heé BBHIHOCUTCS OJMH JJICKTPOH Ha KaXIOM U3
KBaHTOBBIX YPOBHEH, B Y€M JIETKO YOeAUThCS, €CJIU HCXOIUTh
U3 KBAHTOBAHHOT'O 3HAYCHHS XOJUIOBCKOI IMPOBOJAMMOCTH.
3apsia AQ, nepecekaroIuuil paauyc r, He 3aBUCUT OT pajyca:

ve2 2n 00
AQ :—J d¢J dt E(r) 2nr =
hJo 0

4 282 _ 8%
o Tar T

2 f2r 00 AD AD
V;CJ dd)J 0 ¢ (10)

0

IMockonbky n3MeHeHne moToka AP HUYEM HE OTPAHHYEHO,
TaKuM 00pa30M MOXXHO IIEPEHECTH C OAHOTO Kpasi Ha APYTroi

V], MB

2DEG

-0,5

a 1,0 -

2 4 6 8 B.Tn 10

Puc. 7. (a) CxeMa MBICJICHHOT'O SKCIIEpUMEHTA 110 HAaOJIIOICHHUIO MIepeHoca 3apsiaa 0/1 ypOBHEM XUMHYECKOTo noTeHnuaa. (0) PesyabraT peasbHoro
skcnepumenTa. T = 30 MK, Cy = 0,65 Mx®, 2r; = 2,02 MM, 21, = 3,9 mMm. [IpsiMbIMH OTpe3KaMu IMOKa3aHbI 0XKH/1aeMble HAKJIOHBI.
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OJ YyPOBHEM XUMHYECKOTO NMOTEHIMAJA IPOU3BOJILHOE
YHCJIO 3JIEKTPOHOB.

ITepexonss k peallbHOMY OJKCrmepuMeHTy [23], mpexie
BCEr0 OTMETHM, YTO JJIMHHBIA TOHKHIA COJICHOUI, B CYIITHO-
CTH, BOBCE HE HYXXE€H, IIOCKOJIbKY MOXHO U3MEHSITh MATHUT-
Hoe mojie B. Ilpu 3TOM 4HMCIIO BXOISIIHX B JIBYMEPHYIO
CUCTEMY 3JIEKTPOHOB YK€ He OyIeT paBHSATHCS YUCIY JIEKT-
POHOB, YXOASIIMX U3 HE€ B IPOTHBOIOJIOXKHBIA KOHTAKT.
Kak mokaszano B [23], eciin MCXOTHBINA (HAKTOP 3aIOTHEHHS
SIBJISIETCSL LIEJIOYUCIICHHBIM, T.€. ns=vny(B) (rne v=1,2,...),
TO 3aMOJIHeHHE OYAET OCTABATHCS LEJIOUUCICHHBIM U MOCIIe
M3MEHEHMs] MAarHUTHOTO moJisl. M3mepsieMoe BOTBbTMETPOM
HaIpsDKEHNE B 9TOM Cllydae

b Oxy
V1:ABE(r12+r22) Cé}o . (11)
Pe3ynbTaT 9KCIEpUMEHTA MPH YBEJIUYCHUU U YMEHBbIIIE-

HUM MAarHUTHOTO TOJIA Mmoka3aH Ha puc. 70. Kax BumHo,

HaOJIFOJArOTC KBAHTOBAHHBIE 3HAYCHUS XOJUIOBCKOW MPO-

BOJMMOCTH, XOTsI TOYHOCTh KBaHTOBaHUs (=~ 1 %) He como-

CTaBHMa C TOYHOCTBIO KBAHTOBAHUS XOJIJIOBCKOT'O CONPOTH-

BJieHUs. [IpsiMble JIMHUH, COOTBETCTBYIOIIUE 3aBUCUMOCTHU

(11), orpanmveHsl 00JacThIO MPOOOS, CBSI3aHHOI ¢ 00paT-

HBIM TYHHEJIMPOBAHUEM JJIEKTPOHOB U3 KOHTAKTa B OOBEM

[23]. Oco60 0T™METHM, YTO YHCIIO AIEKTPOHOB, EPEHECEHHBIX

C OIHOTO Kpas Ha JApYroil B peasbHOM 3KCIEpUMEHTE,

JIEACTBUTEIHLHO MPEBBICHIIO UCXOJHOE YHCIIO JIEKTPOHOB B

JIBYMEPHOM CJIOE.

3.7. MunnManbHas HIMPHHA NJIATO

Ecnu 661 mapameTpoM, 3a/1aBa€MbIM U3BHE, SIBJISLIIACH HJIEKT-
pPOHHASI IVIOTHOCTh, TO HAOII0JATh 11€JIOYMCIICHHBI KBAHTO-
BBl 3dexkT Xosna B uaeasbHOW (OIHOPOJHOU M Oe3
paccesiHus) 3JISKTPOHHOM cHCTeMe ObLIO ObI HEBO3MOXKHO:
JIUCCUTIATUBHAS KOMIIOHEHTA TEH30pa CONMPOTHUBJICHUS PaB-
HsUTach OBl HYJIIO, & IUIATO HA XOJUIOBCKOW KOMITOHEHTE
CTSIHYJIOCH OBI B TOUKY. B eHCTBUTEILHOCTH MBI YIIPABJIsieM
JINOO MATHUTHBIM TI0JIEM, JIHOO 3aTBOPHBIM HATPSDKCHAEM
MOJIEBOTO TPAH3HUCTOPA.

PaccMoTpuM B KauecTBe mpuMepa TPEXIIEKTPOIHYIO
cuctemy [24], m3o0paxénnyro Ha BCcTaBke k puc. 8. Kpome
3aTBOpA, OTJ/IEJIEHHOTO OT JBYyMEPHOW JJIEKTPOHHON CUCTE-
MBI OJIOKHPYIOIIAM OapbepoM, TPEXIJIEKTPOIHAS CHCTEMA
comepxut Tperuir anekTpon (back electrode), TyHHENBHO
CBSI3aHHBIN C IBYMEPHBIM 3JIEKTPOHHBIM T'a30M, UMEIOIIIM
TMOITOMY TO XK€ CaMOe€ 3HAYeHHUE DJIEKTPOXUMHUYECKOTO TO-
TeHnuajga. YWcCiIo 3JIEKTPOHOB IBYMEPHOUW 3JIEKTPOHHOU
CUCTEMBI He (PUKCUPOBAHHO, MTOCKOJILKY OHA MOXKET OOMEHH-
BAThCS 2JIEKTPOHAMH C TPETbUM 3JIEKTPOIOM, a IJEKTPO-
HEUTPANIBHOCTh TPeOyeT paBEeHCTBA CYMMAapHOrO 3apsiia
9JIEKTPOHOB ABYMEPHOTO Ira3a U TPETHETO AJIEKTPOAA IOJIO-
XKHUTEJILHOMY 3apsily Ha 3aTBODE.

Ha pucynke 8 moka3zana HaiiieHHas 9KCTIEPUMEHTAILHO B
KBAHTYIOLLIEM MAarHUTHOM I0JI€ 3aBUCUMOCTb 3JIEKTPOHHOMN
IJIOTHOCTH IBYMEPHOTI'O 3JIEKTPOHHOI'O ra3a OT 3aTBOPHOTO
HAIPSDKEHUsI, KOTOPasi 3aMETHO OTJIMYAETCSl OT JIMHEHHOH,
HaOJIFOIaroINeiicsl B HYJIEBOM MarHuTHOM moste. Ha akcme-
PUMEHTAIHHONU 3aBUCUMOCTH MPOCMATPUBACTCS CJIA0O0 BBI-
paXkeHHOE IUIATO TPU CIUHUYHOM (PAKTOpe 3aIOJHEHHS U
YETKO BBIPAXEHHOE IUIATO MPHU (HaKTOpe 3aMOTHEHUS, PaB-
HOM JBYM. [losiBJieHHE 3THX IUIATO OOYCIIOBJIEHO OTCYT-
CTBHEM COCTOSIHHI B IIEJIM MEX]Ty KBAHTOBBIMH YPOBHSIMHU
uaeaTbHOU 3JIEKTPOHHOU cucTeMbl. J[o Tex mop moka ypo-
BEeHb XUMHYECKOTO TIOTEHIIMAJIA MTEPECceKaeT b, JIEKTPO-
HbI, KOMIIEHCHPYIOIIHE U3MEHEHHE MOJIOKUTEILHOTO 3apsiaa
Ha 3aTBOpe, MepeHocsATcs Ha Tpetuil amekTpoa. CooTBet-
CTBEHHO, IUPHHA TUIATO BBIPAXKAETCS KaK

i
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Puc. 8. 3aBHCHMOCTb IUIOTHOCTH IBYMEPHOIO 3JE€KTPOHHOIO Ta3a OT
HAIPSDKEHUS Ha 3aTBOPE B TPEXIJIEKTPOTHON CTPYKTYpe, N300pakEHHOM
Ha BCTABKE B JIEBOM BEPXHEM YTy pucyHKa, npu B = 16 Tiu, T = 30 mK.

xg Au(v
AVg _ 78 /,L( ) , (12)
Xy €
rae A,u — CKAa4YO0K XHMMHYCCKOIO IIOTECHIHAJIA IpPpU COOT-

BETCTBYIOIIEM (paKTOpe 3amoJiHeHus (cM. puc. 2). B nByx-
2JIEKTPOJTHOU CHUCTEME C XOPOIIEH TOYHOCTHIO MOXKHO
CUMTATh, YTO TPETUH BJEKTPOJ yAaIEH HAa OECKOHEYHOCTh
(Xg, Xy — 00) U LIMPHMHA IJIATO MO 3aTBOPHOMY HaIpsiKe-
HHUIO PAaBHA CKAYKy XMMHUYECKOrO IOTEHIMasa, ACJEHHOMY
Ha 3apsij 3JeKTpOHA. DTO W €CTh MHUHHMMAJbHas IIMpUHA
ILJIaTO.

He npencTaBiisieT TpyAa BIMUCIUTh MUHAMAJIHHYIO IIIH-
PUHY IJIATO B TOW K€ MOJEIH ISl Cliydasi pa3BEPTKH Mar-
HUTHOTO TIOJIS:

AB(Y) chey,

_ Au(v)
2e%9(xg —xy) €

(13)

4. DIeKTpOHHAs CHCTeMA
B Xa0THYECKOM NOTEeHIHAaJe

4.1. /IBa npeeabHbIX BHIA CJIY4aiiHOro NOTEeHIHMA
DKCIepUMEHTAIbHbIE MOATBEPHKIECHUS! BBIBOJOB, OTHOCS-
LIUXCSl K UACAJIBHOM 3JIEKTPOHHON CHCTEME, CIPaBEJIMBbBI
HACTOJIKO, HACKOJILKO B KOHKPETHOM 3KCIIEPUMEHTE JOIY-
CTUMO TIpeHeOpeYb CYIIECTBOBAHUEM CIyYalHOTO MOTEH-
nuajga B peasibHbIX oOpasmax. C npyroil CTOpPOHBI, Kak
YIIOMUHAJIOCh B pazjelie 3, HaJIWYME CJIYy4YailHOTO IOTEH-
[MaJia He TOJIbKO HE NMPENSTCTBYET peasn3aliuil HeJOYHCIICH-
HOro KBaHTOBOro 3¢ddekra Xoina (Io Tex mOp MOKa
XapakTepHOE BpEeMs PACCesHHS 3JIEKTPOHOB T BEJIUKO,
T > 1), HO ¥ UTPAET OMPEIEIAIOIIYIO POJIb B POPMHUPOBA-
HUH IIIPOKOTO KBAHTOBOT'O TLIATO.

XapaKkTepHbIN TPOCTPAHCTBEHHBIN MAcCIITA0, C KOTOPHIM
cleayeT CpaBHUBATH MaclUTad HM3MEHEHUs CIy4ailHOTO
MOTEHIUAJIA, OTPELIeTCS MATHUTHOM JUTMHOM /, a Xxapak-
TepHAasl SHEPTUusli — 3TO IUKJIOTPOHHAsS 3Heprus. [loaTtomy
BO3MOJXHBI J1Ba IPE/IJIbHBIX BUIA CIIyYaHOTO MOTEHIUATIA!
KOPOTKOACHCTBYIONIMI, €Ccii W3MEHEHHE IOTEeHINATIbHOMN
SHEPIUU 3JIEKTPOHA HA MArHUTHOM [UIMHE CPAaBHUMO C
LIMKJIOTPOHHOM SHEPIHel WJIM MpeBbIAET €€, U IJIaBHBIA B
IPOTUBHOM ciiydae. B mepBbIX 9KCIepUMEHTax (CM., HAalpu-
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Mep, puc. 1) uccienyemble CTPYKTYpPbl UMEJIU KOPOTKOIEH-
CTBYIOIIMIA CJIy4YalHBI TOTEHIUAJ, CO3JaHHBIA OJIM3KO
PACHOJIOKEHHBIMU K ABYMEPHBIM 3JIEKTPOHAM MPUMECSIMU
7 IIEPOXOBATOCTSIMH OBepXHOCTH. [T031HEE OBLITN CO3/TaHbBI
CTPYKTYPBI C IJIABHBIM NOTeHIHaI0M. OKa3aiochk, YTO 1eJI0-
YHUCJICHHBIA KBAHTOBBIA 3(h@PekT XoJula HUCKIIOYUTETHHO
YCTOWMYMB K BAY CJIyYalHOTO MOTEHIHATA.

4.2. T110THOCTH COCTOSTHMIA

B KOPOTKO/IeliCTBYIOIIEM MOTeHIHAaJ e

PaccMoTpuM B KkauecTBe NMpUMepa BIIMSHUE HEOOJBIIOTO
qrcJIa KOPOTKOIEHCTBYIOIIUX IIPUMECce! Ha SHEPTeTUUECKUA
CHEKTP ABYMEPHBIX JJIEKTPOHOB B OKPECTHOCTU HIDKHETO
ypoBHs Jlangay. IImoTHOCTE mpuMecel 7; cuuTaeM MaJiou
[0 CPaBHEHHUIO C IJIOTHOCTBIO 3JIEKTPOHOB ng. Panmyc
JIeCTBUS MPUMECH TIOJIaraeM PaBHBIM b < [, a € moTeHnuan
— paBHbIM u. [losiBieHue mpuMeceil IpUBOIUT K IBYM
addextam [25]: BO-EpBBIX, OT KBAHTOBOI'O YPOBHS OTLLEM-
JISIFOTCSI JIOKAJIN30BAHHBIE COCTOSIHU S, BO-BTOPBIX, HEOTIIETI-
JIEHHBIE COCTOSIHUSI pa3MbIBatOTCs B moJiocy. [lonHas miot-
HOCTb OTIIEMJIEHHBIX M HEOTIIEILUIEHHBIX COCTOSHUHU I0-
npexxHeMy pasHa (2m/ 2)71.

MaxkcuMaIbHYIO 3HEPTUIO JUIS OTUICILICHUS JIOKAJIN30-
BAHHOTO COCTOSIHMSI JIETKO OIICHUTH B MEPBOM IOPSJIKE
TEOPHUH BO3MYIIICHUIA:

b2
Bo3HUKHYT TakXe JIOKaJIM30BAaHHbBIE COCTOSIHUSI C MEHbIIIEN
SHEprueil OTIIeNIeHUs BIUIOTH A0 T'PAHUIBI C IEJIOKAIU30-
BaHHBIMH COCTOSIHASIMU Ha SHEPT€TUYECKOM YPOBHE, OTCTOS-
IIEM OT KBAHTOBOI'O YPOBHS MJ€aJbHOW CUCTEMBI Ha BEJIH-
yuHy [25] nopsiaka

1/(nl%n;)
5:A<é> <4a.

(14)

, (1)

HHTEepecHO OTMETHTh, YTO BBEJCHHE CIWHCTBEHHON NpH-
MECH C MaJIbIM KOHEYHBIM DPAJIIyCOM JIOKAIU3yeT BCe
9JIEKTPOHBI TBYMEPHOW CHCTEMBI, XOTSI CABUT MO JHEPIHU
OBICTPO YMEHBIIAETCS MO Mepe YAAJCHUS DJIEKTPOHA OT
MPUMECH.

B npenesie 8-00pa3HOTO MPUMECHOTO MOTEHIMATA KaX-
Jlast IPUMECh OTIICILISIET BCETO OTHO COCTOSIHAE KBAHTOBOT'O
ypoBHsi. Takue MpUMecH ¢ XaOTHIECKUM PACIIPEICIICHUEM 10

IJIOCKOCTH HUCTOJIb3YIOTCS B YHUCJIEHHOM MOJAEIUPOBAHUU
CIIy4alfHOTO KOPOTKOAEHCTBYIOIIEro moTennuaia. [1peamno-
JIaraeTcsl, YTO MOTEHIMA UMeeT BHT O€JI0ro IymMa ¢ Koppe-
JISTOPOM

(V) V() = Vis(r—r'). (16)
3mech yriioBele CKOOKH O3HAYAIOT MPOCTPAHCTBEHHOE YCPe/-
Henne. CucremMa $-00pa3HBIX MpUMecel IIpU CPABHUTEIBHO
HeOOJIbIION UX KOHIEHTpamuu, 7 < (2m/ 2)71 , B IPUHIIUTIC HE
crnocobHa MOAENIHPOBATH TAKOW IMOTEHIHAJ, MOCKOJBKY
(2n1%)™" = nj OIHOANEKTPOHHBIX COCTOSHUI MOTYT OBITH
IpEICTABICHBl B BHUJAE JIMHEHHOW KOMOWHAIUU HCXOIHBIX
BOJIHOBBIX (DYHKIIMIA TaKUM 0Opa3oM, YTO HAa KaXJIOH MpH-
Mecu OyZeT HaXOAUThCs y3eJl BOJIHOBOM (pyHkimu. CoOTBeT-
CTBEHHO, B CepeAMHE KaXXJIOro KBAHTOBOI'O YPOBHSI OCTa-
HeTCsl 0-00pa3HbIid MUK IIOTHOCTH COCTOSIHUU. [{J1st Mo1eu-
poBaHMs MOTeHIHaNa ¢ Koppeastopom (16) mocraTouHon
SIBJISIETCS] KOHIIEHTpalus npuMecei, B 40 pa3 npeBpllIaOas
YKCJIO COCTOSIHUN Ha OJTHOM KBAaHTOBOM YpOBHe [26].

[Ipennonarass HabOp KOPOTKOAEHCTBYIOUIMX NpUMeceit
3JIEKTPOHEUTPAJILHBIM (T.€. C PABHBIM YUCJIOM MTPUMECEH JIJTs1
u < 0wuu>0)u pacupene€HHBIM I10 U, MOJIYIAM IITUPOKO
M3BECTHYIO, TIPEJCTABICHHYIO B yUeOHUKAX, KAPTHHY TJIOT-
HOCTH COCTOSIHWH, TIOKa3aHHYIO Ha puc. 9a. B cioyuyae mo-
TeHrmasa ¢ koppeusitopom (16) Ha KakI0M U3 KBAHTOBBIX
YPOBHEH OCTAHETCS TOJILKO OJTHO MPOTSIKEHHOE COCTOSIHUE.

Ecim ypoBeHb XMMUUECKOTO IMTOTEHIINAJIA PACIOJIONKEH B
0JIOCE JIOKAJIM30BAHHBIX COCTOSTHHM (puc. 9a), TO auccuma-
THBHASI KOMIIOHEHTA IIPOBOAMMOCTH UMEET aKTUBAIIOHHBIN
XapaxTep, CMEHSIOIIUICS M0 Mepe YAAJIeHUs] OT CePeIUHbI
KBaHTOBOTO YPOBHSI NMPBDKKOBBIM C TEPEMEHHOHN IJIMHON
npbDkka. Ecnm xuMudueckuid MOTEHIHMANl PACIOJIOKEH B
MOJIOCE JIEIOKAJIM30BAHHBIX COCTOSIHUN, TO ITUCCUMATHUBHAS
KOMIIOHEHTa MPOBOJUMOCTH MMEET THIUYHBIE MeTaJlInye-
ckue 3HavyeHusl. [109ToMy M3MEHEHHE MOJIOXECHUSI XHUMUYe-
CKOTO MOTEHIMaJa B IIUPOKHX Mpeaejax HPUBOIUT K
LIETI0YKE MEPEXO0B METAJII — TUIJIEKTPHK.

MupuHa 1 MOJI0KEHNE TOJIOCH! ACTOKAIM30BAHHBIX CO-
CTOSIHMI MOTYT OBITH OIIpeiesIeHbl, HAIPUMED, C IOMOILBIO
U3MEpeHni SHepruu akTuBanuu (puc. 90). I3 mpuBeAEHHBIX
Ha PHCYHKE JAHHBIX Cpa3y ke CJIeAyeT, YTO XaOTUYECKUUN
MOTEHIMA B UCCICIOBAHHOM OOpasiie He CHMMETPHUYCH U
mMoJoca JIeJOKATM30BAHHBIX COCTOSIHUIA HE COOTBETCTBYET
MOJIOBUHHOMY 3aIOJTHEHHIO KBAHTOBOTO YPOBHSI.
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Puc. 9. Cxematnieckoe n300paxeHne 3aBUCUMOCTH IIOTHOCTH COCTOSTHAN D OT 9HEPTUH & B KBAHTYIOIIIEM MATHATHOM TOJIE B QJIEKTPOHHOI CHCTEME C
KOPOTKOJICHCTBYIOIINM XaOTUYECKUM MOTEHIUAJIOM. E, — SHEPrusi akTUBAILMH, 0 — IIUPHUHA HOJIOCHI JIEJIOKAJIN30BAHHBIX COCTOsIHUIA. (0) 3aBu-
CHUMOCTB 3HEPI'MU aKTHBALUK OT 3JIEKTPOHHOM MIOTHOCTH Jutst oOpasna GaAs/AlGaAs, TOMEIEHHOTO B HOPMAJIbHOE MArHUTHOE T10JIe BEJIMYMHOM
16 Tu [27]. CTpeJikoil oTMEUeHa 3JIEKTPOHHAS IJIOTHOCTh, COOTBETCTBYIOIIAS 3AIIOJIHEHUIO 2,5 KBAHTOBBIX YPOBHEIA.
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Puc. 10. (a) Cxema, MIUTFOCTPUPYIOIIAS BCIUIBIBAHUE JAEIOKAIN30BAHHBIX COCTOSIHUI TPEX HMKHUX KBAHTOBBIX ypoBHeil. (0) da3oBas nuarpamMma Ha
wI0cKoCTH (B, i), TIOJIy4eHHAs! IKCTIEPUMEHTAJIBHO JIst 37eKTpoHHOro ra3a B Si-MOSFET (100) mpu 7' = 30 MmK. Hudpsi 0, | u 2 yka3elBaroT 9uciIo
MIPOTSDKEHHBIX COCTOSIHUI oA ypoBHeM depMu, ecli 3TOT YPOBEHb PACIIOJIOKEH B IIPEAeIaX COOTBETCTBYIOIIEH 3aIITPUXOBAHHOM 001aCTH.

Hanmume mmpokxo#l MoJIOCH JTOKAIM30BAHHBIX COCTOSI-
HUH (1eJIM TTOIBYXKHOCTH ) MCIIOJIb30BaHO B pabote [12] mis
JTIOKa3aTeJIbCTBA CBSI3M KBAHTOBAHUS XOJUIIOBCKON MPOBOIH-
MOCTH B CHCTEME, XapaKTepHU3yIomIehcs OecropsiiKoM ¢
KaJIMOPOBOYHON MHBAPHUAHTHOCTBIO, CIIEAYIOIINM 00pa3oMm.
IMockonpky agmabaTuyeckoe H3MEHEHUE MMOTOKA Yepe3 TOH-
KMl cojieHouT (pUC. 7a) HE MOJXKET BBI3BATH POXKICHUE JIe-
JIOKAJIM30BAHHBIX 3JIEKTPOH-ABIPOYHBIX NAP, HU3MEHEHHE T0-
TOKa MAarHUTHOM MHAYKIIMM HA BEJMYUHY, 3aJAHHYIO COOT-
HolleHueM (9), J0JDKHO IPUBECTH, TAK ke KaK U B HJI€aJIbHOM
ciIyyae, K TMEepeHocy MeXIy KpasmH HeJIoro (MJId paBHOTO
HYJIFO) YHCJIA 3JIEKTPOHOB.

4.3. BensibiBanne npoTsIKEHHBIX COCTOSTHHIA

B KOPOTKO/IeiicTBYIOIEM NOTeHIHalIe

Wnest 0 TOM, 4TO B CJIA0OBIX MATHUTHBIX TTOJISIX MPOTSIKEHHBIE
COCTOSIHUSI OyIyT CMeEIIaThCsl BBEPX IO 3HEPIHH, YXOAS Ha
OECKOHEYHOCTh 10 Mepe yYMEHBIeHUsl MoJis [28], OCHOBBI-
BAeTCsl Ha CJIEAYIOIEM W3 CKeWJIMHTOBOW THHOTE3hI [29]
MpeCcKa3aHuy, B COOTBETCTBHH C KOTOPBIM B HYJIEBOM
MAarHATHOM TOJIe ake cabo pa3ynopsiioueHHas! IByMep-
Hasl cUCTeMa HeB3aMMOIEHCTBYIOIINX 3JIEKTPOHOB IIPH HYJIe-
BOH TeMIepaType JODKHA OBITh H30JISTOPOM BHE 3aBUCUMO-
CTH OT 3JIEKTpOHHOU MIOTHOCTU. C ApYroil CTOPOHHI,
cornacHo [30] menokaan30BaHHBIE COCTOSTHUSI UMEIOT TOTIO-
JIOTHYECKYIO 3aIIMIIEHHOCTb M HE MOTYT HCYE3HYTb NpHU
YMEHBILICHUN MarHUTHOTO 1oJisl. Bo3HukaeT xapTuHa, cxe-
MaTuYHO n300paxkéHHast Ha puc. 10a, rje CBETJIbIe MOJIOCHI
COOTBETCTBYIOT MPOTSDKEHHBIM COCTOSIHHUSIM, a TEMHbIE —
JIOKaJIM30BaHHLIM. B IPOBOIMMOCTH G ), 0KUIAETCS MOSIBIIE-
HHE TJIaTO, MOJIOKEHUE IIEHTPOB KOTOpPBIX Ha puc. 10a
OTMEUYEHO CTpPEJIKaMM, & YHCJIa Yy CTPEJOK IMOKAa3bIBAIOT
BEJINYMHY XOJUIOBCKOW NMPOBOJAMMOCTH B OTHOCHTEJIBHBIX
equHUNAX. B c1abbhIXx MAarHUTHBIX TOJISIX, 0.T < 1, OPSIOK
CJIeTOBAHUS IJIATO OOPATHBIN 0 OTHOIIEHUIO K TAKOBOMY B
CIUTBHOM KBAHTYIOILEM IIOJIE.

Kpacora mpencraBieHHON KapTHHBI HOPOAMIIA CEPHIO
MOTBITOK OOHAPYXUTD BCIUIBIBAHUE IEJIOKATM30BAHHBIX CO-
CTOSIHMM 3KCHEpUMEHTaJIbHO (cM., Hampumep, [31—34]).
TBEpao yCTAaHOBJIEHO, YTO MPOTSIKEHHBIE COCTOSIHUSI HE
CJICAYIOT 3a TOU JuHUEH Ha wiockocTH (B, ng), MO0 KOTOPOi
JIOJDKEH [BUTAThCS MAaKCUMYM IUIOTHOCTH COCTOSIHUH B
naeaJbHOM 00pasie. DTO YTBEPXKICHUE UIUIFOCTPUPYET
puc. 106. Xopol1o BUIHO, YTO MPOTSKEHHBIE COCTOSIHUS HE
ONYCKAIOTCSl HUXE HEKOTOPOW TpaHMIBI, Ha KOTOPOHU
UMEFOTCS OCIVMILISIIIAY, ¥ CJIMBAFOTCS TI0 Mepe MPUOIIVDKEHUS

K B =0 B MeTaJUIMYeCKOE COCTOSIHUE, TUIIUYHOE AJIsSI 00JIb-
IO 3JIEKTPOHHOM IJIOTHOCTH. VIcue3HOBeHUE MOJIOC JIOKa-
JIN30BAHHBIX COCTOSIHUAH B ¢1A00M MAarHUTHOM TOJIE HE 1103~
BOJIIUIO HAOIIOJATh JOMOJIHUTENBHBIE IJIATO XOJIJIOBCKON
MPOBOIUMOCTH. B HeckoJIbkuX paboTax (CM., Hampumep,
[32]) Habmromanoch ciaaboe yBeJUYeHHE 3JIEKTPOHHON KOH-
LEHTPAINU, OTBEYAIOILEH MAKCHMYMY Oy, IO MEPE YMEHb-
LIEHUs] MATHUTHOT O TIOJI5, OTHAKO OCTAJIOCH HEBBISICHEHHBIM,
HE CBSI3aHO JIM 3TO HAOJIOACHUE C OCHMJLISLUEH T'PaHUIIBI
MEX/1y METAJUTMYECKOU U TUAJICKTPUIECcKOi (hazamu.

B cyimHOCTH, OTCYTCTBHUE SIPKO BBIPAKEHHBIX 3((HEKTOB,
CBSI3aHHBIX CO BCIUIBIBAHMEM [I€JIOKAJIM30BAHHBIX COCTOS-
HUI, He SIBJISIeTCS YAMBUTEIbHBIM. [leificTBUTeIbHO, HATUYKE
Xa0THUYECKOTO MOTEHIMAJA MPUBOJAUT MPH MAajoi IJIOTHO-
CTH 3JIEKTPOHOB K JIOKAJIM3ALUKN HOCUTEIEH TOKa U aHJIepCo-
HOBCKOMY TEpEXOJy METaJUI— IUAIEKTPUK NMPU HEKOTOPOU
KPUTHYECKOW KOHILIEHTpALUHU 3JIEKTpOHOB. B obnactu me-
TAJUTMYECKON TPOBOIUMOCTH UMEETCS CBSI3aHHASI C MHTEP-
(epeHImeil IeKTPOHOB TeMIlepaTypo3aBUCHIIAsT HOIPAaB-
Ka, YMEHbIIAIOMIAsi KOHJAAKTAaHC Ha BEJIMYMHY TOpSIKa
(e?/h) |In T|. Tpeanonaraercsi, 9TO MPH CTPEMIICHHH TEM-
mepaTypsl K HYJIIO MOMpPaBKa JTOCTUTHET MaciuTada McXom-
HOTO KOHJAKTaHCa JABYMEPHOU JJIEKTPOHHOW CHCTEMBI U
2JIEKTPOHBI IPU TAKOU TeMIepaType JJoKaIu3yroTces. Tummy-
HbI 0e3pa3MepHbIil KOHJAKTAHC 3JICKTPOHHOW CUCTEMBI
CpeIHEro KauecTBa JOCTUIAeT B METAJUIMIECKOM COCTOSIHUU
BeJqnuuHbl ~ 100, mo3TOMY /ISl JIOKAJIM3aluu TpedyeTcs
temmepatypa ~ exp(—100) U JHHEWHBIH pa3Mep CHCTEMBI
~ exp 100. Hu onHO W3 3TUX yCJIOBUH HE OCYIIECTBUMO,
MO03TOMY B PEaIbHON CUTYallMH BCE, HA YTO MOXHO PACCUU-
TBIBATb, — 3TO CJA0BI JIOTapUPMHUYECKHIA CABUT TOYKHU
AQHJIEPCOHOBCKOT O IEPEX0/1a BBEPX 110 3JIEKTPOHHOMN IJIOTHO-
ctu. Jpyrumu cioBaMi, B peaibHbIX YCIIOBHSIX HET CKOJIbKO-
HUOYIb IUPOKOHN oOJiacTH JJ1s HAOJIFOIEHUS BCIUJIBIBAHUS
COCTOSTHUM.

Jpyroit mpo6ieMoil sIBJIsieTCS UCYE3HOBEHUE B CIIA0BIX
MOJISIX TOJIOC JIOKAJIM30BAHHBIX COCTOSIHUI, KOTOpoe oOHa-
PYKEHO MPAaKTUIECKU BO BCEX IKCIEPUMEHTAJIbHBIX padoTax,

HO IMOKAa HUKAaK HC KOMMCHTHUPYETCS TeOpHeﬁ l.

! HeraBHO NMOSIBUJINCH YHMCJIEHHBIE CHMYJISIIIAN, BO3MOXHO, YKa3bIBAIO-
IFe Ha COBEPILIEHHO POTHUBOIOJIOKHOE TOBE/ICHNE KBAHTOBBIX YPOBHEH
MpH OCJIa0JIeHUH MArHUTHOrO TOJIS — aHTWwieBuTalmio (cM. [36]).
OKCIepUMEHTAILHO HHUKAKUX MPOSBICHAN AHTHJICBUTALIMM MOKA HE
0OHApYXKEHO.
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Puc. 11. Oxujaemasi uarpaMMma JIMHUI II0TOKA HA IJIOCKOCTHU (Oyy, Oxy). (0) DKCHEpHMMEHTAIBLHO IIOJIyYeHHAs JUarpaMma JIMHUHA IOTOKa JUis
JIBYMEPHOTO 3JIeKTpOHHOr o rasa B Si-MOSFET(100), n; = 4,2 x 10" cm~2. (13 pa6otsl [39].)

4.4. JIByxnapaMeTpH4eCKHii CKeilJIMHr

Kak mb1 06cyxaamm B pazaese 4.3, B 0eCKOHEUHOH JJIEKTPOH-
HOH cuCTeMe MpHU HAJIMYHUA KOPOTKOAEHCTBYIOIINX PACCEH-
BaTeJell YacTb JJIEKTPOHOB JIOKaJu30BaHA. EcTecTBeHHO
MMOCTABUTH BOIPOC O TOM, Kak OyayT BecTH ceOsi 6e3pa3mep-
HBbIE KOHIAKTAHCHI 0 vy 1 0, B OOPa31IaX KOHEYHBIX PA3MEPOB.
DTOT BONPOC PACCMOTPEH B paMKaxX THIIOTE3bl MaciuTad-
HOT'0 Ipeo0pa3oBaHus (CKEHIMHIOBOU runoTe3nl). [1pemamno-
JlaraeTcsi, YTO COCTOSIHHE CHUCTEMBl OJHO3HAYHO OIpe[e-
JISETCSl IByMSI KOMIIOHEHTAMHU T€H30pa KOHJAKTAHCA, Oyy U
Oy, IOTOMY U3MEHEHUE ITHX KOMIOHEHT NPU U3MEHEHUH
pa3Mepa JIeKTPOHHON CUCTEMBI 3aJaHO CAMUMHU KOMITOHEH-
TaMu KOHIakTaHca [35, 37, 38]:

00 ,x Gl
0lnL 0lnL (17)

B ciyyae xaoTmueckoro KOpOTKOAEHCTBYIOLIETO MOTEH-
nuajna ¢ xoppeusitopoM (16) B o6nactu gy, > 1 momydeHsl
[38] cremyromme BelpaskeHust Aast GyHKIMR ., 1 f.,:

1
:B XX =

2120

= ﬁxx(o-xxa O_xy) 5 = ﬁxy(o—xm O—xy) .

— Doy exp (—2no.y) cos (2nay,),

(18)

Byy = —Doyxexp (—2n0yy) sin (2noy,y ),

rae D — Heu3BecTHasi KOHCTaHTA.

Pemenust cucremsl ypaBHenuit (17), (18), uckirouuB u3
HUX napameTp L, ynoO6HO n3006pa3uTh B BUJIE JIMHUM IOTOKA
Ha TIOCKOCTH (0, 0xy) (puc. 11a). Ipexnae Bcero obeynum
(dbopmanbHbie cieAcTBus ypaBHeHuit (18). Ilpu OobImx
3HAYCHHSAX Oy, XOJUIOBCKAs KOMIIOHEHTa KOHIAKTaHCAa He
MEPEHOPMHUpPYETCS M BCE JIMHHM IMOTOKAa B 3TOH oOjacTh
TapajuieNbHBI OcH opauHAT. CyIIeCTBEHHBIE OTKJIOHSHHUS OT
TaKOTO MOBEJICHUsI HACTYIAIOT MPH 0 A= 1. JIMHUM moTOKA,
OTBEYAIOUIUE LEJbIM 3HAYEHUSIM Gy, U B 3TOH 0OJIaCTH
OCTAIOTCS BEPTUKAJIBHBIMU, TOXOAS 1O HYJIEBOTO 3HAYECHHS
Oxy, @ TIPH TOJIYIEJIBIX BEJIMYMHAX XOJUIOBCKOTO KOHIAK-
TaHCA OHHM OIYCKAIOTCS MO BEPTUKAIM A0 HEKOTOPOTO
3HAYEHH Oy, IPU JOCTHKEHUH KoToporo ff, . obpamaercs
B HyJIb. [Ipy MpoYNX 3HAYEHHUSAX XOJIJIOBCKOTO KOHAAKTaHCA
JITHUY TIOTOKA MO MEPe YMEHBILEeHUs AUCCUIIATUBHON KOM-
MIOHEHTHI KOHAAKTAHCA CTPEMSITCS MONACTh B OJJHY U3 TOUEK
(i,0), rme i — 1estoe Ynucio. B kax 0 U3 KPUTHYECKUX TOUEK
(i +1/2,6°,) mHnM 10TOKA PACXOATCS B Pa3HbIE CTOPOHBL,
ACHMITOTUYECKU MPHUOJIMKASICh K HEKOTOPOU MpeIeIbHOM
KpuBO# (>kupHas qyroobpa3Has kpusas Ha puc. 11a). [Tox-

YepKHEM, UTO MpeACTaBICHHAS KAaPTHHA YaCTUIHO OCHOBBI-
BAETCS HA 3KCTpANOJISIK cTpororo perreHus (18) B oOa-
CTb, B KOTOPOI1 9TO pellieHne HeCTIPABEIITUBO.

Teopernueckoe paccmotpenue [35, 37, 38] u Bce mpuBe-
NIEHHBbIE BBILIEC BBIPAXKECHUSI OTHOCSITCS K Ta3y HEB3aMMOIEH-
CTBYIOIINX, TOJIIPU30BAHHBIX 110 CIIMHY 3JIEKTPOHOB. Bo3HU-
KAaeT eCTECTBEHHBIN BOIPOC: MOYEMY BOOOIIE MPU OOJIBIITUX
JIUCCUMIATUBHBIX KOHJAKTAHCAX OXMAAETCS M3MEHEHUE KOH-
JIaKTaHCa ¢ U3MEHEHHEM pa3Mepa U I0YeMY COOTBETCTBYIO-
mas MONpaBKa K Oy, OTpUIATE]IbHA M NPOMOPIHMOHAJIbHA
In L? OTBeT 3BYyYUT HECKOJILKO HapagoKCaJbHO: MOMpaBKa
cBsi3aHa co cyaboit mokamm3anyeil. OCHOBHOM, 9acToO JIETKO
uHTepnpeTUpyeMblii "Ha manbnax", cnabosoKaIM3alroH-
HBIN 4JIEH, KaK U3BECTHO, MOJABJISIETCS] TIPH BBEIICHUU CJia-
60ro MarHUTHOTO MOJIsl, HOPMAJIBHOTO TUIOCKOCTH IBYMEP-
HOTO rasza. OTOT WICH CBSI3aH C HHTephEepEeHINEeH JIeKTPOH-
HBIX BOJIH, BO3BPAIIAIOIINXCS B PE3YJIbTATe MHOTOKPATHOTO
paccesTHUSI B MCXOJHYIO TOYKY IO TETJIEBOH TPaeKTOPHH.
Kpome aToii mpocTeifiieidi TpaeKTOpUN MOXHO yKa3aTh U
NIpyrue, HApUMep, UMeroIe GopMy BOCBMEPKH TPACKTO-
pum, ropaszo 0oJiee yCTOMIHNBEIE K TOAABICHAIO MATHATHBIM
TOJIEM.

B peasbHBIX ABYMEPHBIX JIEKTPOHHBIX CHCTEMax HEBO3-
MOXXHO TpeHeOpeyb 3JeKTPOH-IJIEKTPOHHBIM B3aMMOIEH-
crBueM. B atom ciyuae [40] nByxmapamMeTpu4yecKuil CKeu-
JIMHT COXpaHseTcs Py BUAOU3MeHeHn: GyHKnuit f,.. u f

B =

1
- D, ax2x exp (—2mo ) cos (2noyy,) ,

Byy = —chrfx exp (—2mo ) sin (2na,y) , (19)
rae D) = 64n/e ~ 74,0. Bce BblenpuBei€HHbIE paccyxk/ie-
HUsI, BKJIFOUYasi OTHOCSIIIIUECS K JIOTApU(PMUAIESCKO OTIpaBKe
K Oyx TIpH OOJBIINX JUCCUNATHUBHBIX KOHJAKTAHCAX U
CTPYKType MOTOKOBBIX JIMHUW, OCTAIOTCS CHPaBEIMBBIMU
it ypaBHeHui (19).

Bb1OOp JTMHMM TOTOKOBOW AHMATPAMMBI B 3KCIIEPUMEHTE
MOXET OBITh OCYIIECTBJIEH MOAOOPOM TPEX MapaMeTpOB:
3JIEKTPOHHOU TIJIOTHOCTH /g, MATHUTHOTO TOJISL B ¥ aMILIH-
TYJbI Xa0THYECKOT O noTeHnmana Vy (wm 7). Co3zmaéres Biie-
YJaTJICHHUE, YTO MOXHO UCXOIUTH U3 JIFOOOU TOYKH ILJIOCKOCTH
(0xy, 0xx). PaccMoTpum 3TOT Bompoc 6osee moxpobuo. C
3TOM IEeJIbIO 3a(PUKCUPYEM 3JIEKTPOHHYIO KOHIICHTPAIUIO U
JUIS Havajia orpaHuyuMcs ciaydaeM ot < 1. Kiaccuueckue
BBIPAXKCHHS TSI KOMITOHCHT MIPOBOJMMOCTH OTPAHUYHBAIOT
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HAC MPU 3TOM BEPXHEH YeTBEPTHIO OKPYKHOCTH,
2 2
02 o 0o\ _ (0)
(O—xy) + (O—xx - ?) - 4

rae oy — 3HaYeHHue MPOBOJUMOCTH B HYJIEBOM MAarHUTHOM
mmoJie, oo = axox >00/2, 0< agy < 0g9/2. Tlo mpuunHam,
oOcyxaaBmmMcsl Bbllie (cM. Takxke paspgeinsl 4.2, 4.3),
BBIOOp GOJBINNX HAYAJBHBIX 3HAYeHUI ¢’ He MPUBENET K
CKOJIbKO-HHOYIb 3HAYUTEILHOMY MPOJBIKEHHIO BHU3 IIO
JINHAM TOTOKAa, MO3TOMY B JAHHBIX YCJIOBHUSAX BHayaJe
JOCTYIHA BECbMa OTPAHMYEHHAS! YaCTh IUIOCKOCTH, G0,
JEV <2,3.

" B 00paTHOM IIpelesIbHOM Cliydae, T > 1, HayaibHbIi
BBIOOP TOYKHU IUIOCKOCTH (G, Oy ) ONPEAENIIeTCs TpaHUICH
IPUMEHUMOCTH CaMOCOTJIACOBAHHOI'O OOPHOBCKOIO MpPHU-
OJM>KeHus1, TP KOTOPOM HMCXOAHAsI 00J1aCTh ONpPEAeIsIeTCs
COOTHOIICHUSIMA

(20)

0 jmax 2€2 . 1 . 0
(0] = l+§ , 1=0,1,2,..., 0y, <o09. (21)

B skcmepumenTte mcclienyeTcsi He 3aBUCHMOCTb OT pas-
Mepa, a 3aBUCHMOCTb OT TeMrepaTyphl. [Ipenmomnaraercs,
YTO pazMep HHTephHEepEeHIIMOHHON 001acTh 32 0aE€TCS IITMHON
c6ost daser Lg(7T) mmm JMHEHHBIM pazMepom obmacTu
3JIEKTPOH-3JIEKTPOHHOTO B3aUMOJEUCTBUS Le.. Makpocko-
MUYeCKuil oOpaser] uMeeT ropas3ao OOJbIIMe pa3Mepsl, U
KOHJAKTAHC aBTOMATHYECKU YCPEOHSETCS MO MHOTHUM 00-
pasuam ¢ pasmepom L(T). Oba xapakTepHBIX pa3mepa
HMEIOT CTEIEHHYIO 3aBHCHMOCTh OT TemmepaTtypsl. [ua-
rpaMMBbl JIMHUHM NOTOKA MPEACTABJICHBI B psiie MyOauKaui
(cwm., Hanpumep, [3, 39, 41 —-43]).

IIpumep moOCTPOEHHOUN 3KCHEPUMEHTATIBHO IMOTOKOBOM
nuarpamMbl npuBen€H Ha puc. 116. Kaxnas w3 nuHui
JIUarpaMMbl COOTBETCTBYET (PUKCHpOBaHHOMY (haKTOpy 3a-
MIOJTHEHUSI TIPU TIOCTOSTHHON 3JIEKTPOHHOW TUIOTHOCTH, YTO
Oo3HavYaeT (PUKCUPOBAHHOCTh 1y U B. XaoTHYeCKUil MOTEH-
ouaj TakXke MPEeANoaraeTcss HE3aBHUCSIIMM OT TeMIlepa-
Typel B uHTepBasie ot 0,3 K mo 1,2 K, rae mpoBoauinck
n3MepeHnsi. OCHOBHOHN BBIBOJ] M3 OJKCIIEPHUMEHTA COCTOUT
B KAYeCTBEHHOM COOTBETCTBUM HAWAECHHBIX IOTOKOBBIX
MarpamMM TEOPETUYECKUM IPEICKA3aHUSIM: MPEXIE BCETO
JIEACTBUTEILHO HAOIIOJAETCSl IBMKEHHE JIMHUM MOTOKA
CBEPXY BHH3, YaCTh MOTOKOBBIX JIMHUI HANPABIICHA B TOUKU
(i+1/2,0), npocnexuBaeTcs mpeaesibHas KOJIOKOJI000pas-
Hasl KpuBasi, BAOJb KOTOPOW HKCIEPUMEHTAJIbHBIE TOYKU
MPUOIMKAOTCS K OCH a0CIMCC, HAKOHEN, Ha KaXJIoh u3
KOJIOKOJIOOOpA3HBIX KPUBBIX MOXHO OOHAPYXHTH TOUKY,
pa3AessIoIyo IIOTOKU BIPABO U BJIEBO.

EcTp u 3aMeTHBIE OTJIMYMSI OT HPEACKAa3aHUH TEOPHH.
IIpexnae Bcero, 3TO HEYHUBEPCAJIHHOCTH BEPTUKAJIBHOTO
pasMepa KOJIOKOJI000Pa3HbIX KPUBLIX Kak Ha OJJHOM 00pas-
e, Tak W MPHU mepexoje oT obpasma K oOpasily, a Takxke
HEOXXHMITAHHBIC UICKPUBJICHUS JIMHUI MOTOKA BOJU3U MOJTyIIE-
JIBIX 3HAYEHHUI XOJUIOBCKOTO KOHTAKTAHCA U OTCYTCTBHUE CHM-
METPHMH OTHOCUTENILHO HOJYIENbIX 0yy. Ilocnennee cuiibHO
M3MEHSETCA OT 00pas3na K oOpasily U B MPHUHIUIEC MOXET
OBITH CBSI3aHO C ACUMMETPHEH Xa0TUUECKOT O TOTEHIIHAAIA.

EnuHCTBEHHBIM OYEBUAHBIM HCKJIIOYEHHEM M3 OOILero
psda pe3yiabTATOB JKCIEPUMEHTAJBHBIX Pa0OT SBIISIFOTCS
pe3yabTaThl paboThl [44], B KOTOpOW OOHAPYKEHO TMOYTHU
MIOJIHOE COBINAJICHHE KOJIOKOJIOOOPA3HBIX KPUBBIX ISl IBYX
HHTEPBAJIOB 10 0, (0,1) 1 (1,2). Ha ocHOBE pe3ynbTaToB [44]
B JAJBHEHIIMX TEOPETUYECKUX MOCTPOCHUSAX MPHHSITO M
WCIOJIB30BaHO [45], 4TO rpaHMYHAsh KOJIOKOJIOOOpa3Has
KpHUBasi SIBJISICTCS MOJYOKPY)KHOCTBEO, XOTS IO OPUTHHAb-

HbIM JIAHHBIM TOYKU TPHU TOHIKCHUU TEMIEpaTypbl He
MPUOJIIDKAIOTCS K TTOJIYOKPY>KHOCTH, & YIAJISIOTCS OT Heg.

IMo-Bumumomy, pesyiabtat paboThl [44] cremyer pac-
CMATpHUBATh KaK CIIyYalHBIN, OCKOJIBKY BO BCEX IKCIEPH-
MEHTaX, IJie¢ HaOJFomalloch pe3koe BO3pacTaHue p,, Ha
KaKOM-JMOO0 TIaTo p,, [46—48], oOHapykeHHbIE KOJIOKOJIO-
00pa3Hble KPHUBBIE MMENN BUJ MOJIYOKPYXHOCTEH, paanyc
KOTOpBIX OB HE YHUBEpCAJbHBIM, a 3aBHCE] OT HOMeEpa
mnato. Ha ciryuaitaerit xapaktep 0OHApPYKEHUS TOJTYOKPYXK-
HOCTH YKa3bIBAIOT U PE3YIbTATHI HEJJABHUX CUMYJISITIHA [49].

Hcnonb30BaH u Ipyroi cnocod o0paboTKH IKCIepUMEH-
TaJIbHBIX PE3YJIbTATOB, MO3BOJISIOMIAN OIEHUTH CTENEeHb
IPUMEHUMOCTH BBIBOJIOB CKEHJIMHTOBOM TEOPUH K pPealib-
HOHM CHTyalliM B MCCJIEAYEMBIX IBYMEPHBIX JJIEKTPOHHBIX
cucTeMax. DTOT crocod OCHOBAH Ha Psijie MPEINOT0XKEHHIH,
a IMEHHO:

1) Kak U B TEOPHH, XAOTUYECKUI MOTEHIIUATT UMEET BUJT
Oesoro myma;

2) B 0Opasie OeCKOHEUHBIX Pa3MepOB IPU HYJIEBOM TeM-
neparype, B OTJIMYME OT TOr'0, YTO U300paxeHo Ha puc. 9, Ha
KaXJOM M3 KBAaHTOBBIX YPOBHEH MMEETCSI TOJIBKO OJHO
JIEJIOKQJIM30BAHHOE COCTOSIHUE TIPU SHEPTHH &;;

3) obstacTb M3MepeHHil BbIOpaHA TakuMM OOpa3oM, 4TO
JITHAW TOKA MPUJIETAIOT K KOJIOKOJIO0Opa3HOM KPUBOIA;

4) u3MepeHusl MPOBOMASITCS B TOW 0OJIACTH, TAE ILIOT-
HOCTb COCTOSIHAM MOHO CYMTATh ITOCTOSIHHOM.

[IpousBonsaTcs n3MepeHus] OJHON M3 KOMIIOHEHT KOH-
JaKTaHCa 2, HAPUMED Oy, JJI HAEHTHYHBIX 00Pa3IoB pa3-
JIMYHOTO pa3Mepa L mpu Takod HU3KOU TeMmepaType, IpHu
KOTOPOi TeMIepaTypHasi 3aBUCUMOCTb KOH/IaKTAaHCA CTAHO-
BUTCS HachkleHHoM [50]. B cooTBeTCcTBHM C NpHUBEIEHHBIM
BBIIIIE TIPENOJIOKEHUEM 3, Gy ABIISETCS (QYHKIMEH TOJIBKO
OJIHOM TIepeMeHHOM — oTHOwmenus L/&, rae & o |e — & —
JUTHHA JIOKAJIM3AIUU 3JICKTPOHA ¢ 3Hepruei ¢. M3amepsiercs
TaKXe 3aBUCUMOCTD IIUPHUHBI MUKA JUCCUTIATUBHON KOMIIO-
HEHTBI KOHJaKTaHca Ha (ukcupoBaHHoit BeicoTe AB(L). C
yuéToM npeamnonoxenns 4 AB oc L™/

HaubGosiee yOenuTesibHbIE W, [0 MHEHHIO aBTOPOB,
HanboJiee TOYHBIC PE3yJIbTATHI MOJY4YeHbI B paboTe [50], rie
peanmM3oBaHa OMMCAHHAS BBIIE Mporpamma. [Ipumep pac-
TOJIOKEHUST IKCIIEPUMEHTAIbHBIX TOYEK M3 3TOH padoOTHI
npuBeAEH Ha puc. 12a. Ecnm ncnoap30BaTh TOIBKO IKCIIEPH-
MEHTAJIbHbIE TOYKH, TO B Ka4eCTBE MOJTOHOYHON KPHBOM
MO’HO TIPOBECTH C OTCEYKOH Ha OCH OPAMHAT MHOMKECTBO
pAa3JIMYHBIX JIMHUMA, TPOCTEUIIEd M3 KOTOPBIX SIBJISIETCS
MoKa3aHHasl Ha puc. 12a npsimasi. ABTOpsI paboTe! [S0] mpu
aHaAJIN3e CBOUX Pe3yJIbTATOB HETJIACHO J0OaBHUIIN, B COOTBET-
CTBUU C MPUBEAEHHBIM BBIIIE TPEANOTI0KEHUEM 2, K JIKCIIe-
PUMEHTAJIBLHBIM ToUKaM TouKY (0,0) 1 B KauecTBe ONTUMAIIb-
HOH MOATOHKM UCIIOJIL30BAJIM KPUBYIO (LUITPUXOBAs KpUBas
Ha puc. 12a), cooTBercrByromiyro v = 2,3 + 0,1. ITocieanee
3HAaYeHUE MPEKPACHO COTJIACOBBIBAJIOCH C CYILECTBOBABILIEH
Ha MOMEHT MNyOJIMKalUK SKCIeprUMeHTa Teopuei [52] u
pe3yibTaTaMu 4HcieHHOro mopenupoBanus [53]. OmgHako
Teopusi He OTHOCHJIACHL K KOPOTKONEHCTBYIOIIEMY MOTEH-
yay, a 4YUCJIEHHOE MOJENUpoBaHue mo3gHee [54] Obuio
MOMPABJIEHO TaK, YTO B Mpeesiax yKa3aHHOW TOYHOCTH
JKCIEPUMEHTAJIbHBIC PE3YJIbTAThl YK€ HE COBNATATU C
TEOPETUUECKUMH.

AHAJIOTHYHBIE U3MEPEHUs] XapaKTepHOW IIMPUHBI MMHKA
0y WM KPYTU3HBI HAKJIOHA ., HA MIEPEXOJIE MEXKAY IJIATO B
3aBUCHMOCTH OT TEMIIEPATYPhl BBIMOJHEHBI BO MHOTIHX
9KCIEPUMEHTAJIbHBIX paboTax (IeTajJbHOE OMMCAHME JKCIIe-
pumeHTOB cM. B [55]). MHTepnperanusi Takux U3MeEpeHUN

2 Tlpu 06pabOTKe IKCIEPUMEHTA YACTO MOJIB3YIOTCS KOMIOHEHTAMH
TEH30PA COIMPOTUBJICHUSI.
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Puc. 12. (a) 3aBUCMMOCTH ILIMPUHBI NMUKa OT pa3mepa oOpasma s nepexoga 2—3 (mepexol MEXAy IUIATO XOJIJIOBCKOTO CONPOTHBIICHUS C
. -1

cooTBeTCTBYIOLIMME HoMepamn). (M3 pa6oTsl [50].) (6) 3aBUCHMOCTH BEJIMYMHBI, 0OPATHOM HAKJIOHY XOJJIOBCKOTO COMPOTHUBIICHHUS, (dpxy /dB)"" Ha

nepexoje 1—2, oT TeMrepaTypbl JUIs IBYMEPHOTO 3JIEKTPOHHOIO Tra3a B CHJIbHOPA3ynopsiioueHHoOU rerepoctpykrype GaAs/AlGaAs. (ITo maHHBIM

paborsl [51].)

JIOTIOJTHUTEIILHO OCJTIOXHEHA TEM, YTO CaMa 3aBUCHMOCTH OT
TEeMIIEpaTyphl JJIAHBI L7, UTpAFoIIeil poJsib pa3Mepa odpas-
[[a, M3BECTHA TOJIbKO MPEAIMOJIOKUTEIbHO. TeM He MeHee
JTOCTYIHBIE IKCIIEPUMEHTAIbHBIC TAHHBIC TOBOPST CKOpPEe O
HAJIMYAU TOJIOCHI JCJIOKATN30BAHHBIX COCTOSIHUI B HCCIIE-
JyeMbIx oOpasnax (puc. 126). 3TOT BbIBOJI OIICPKUBACTCS
4 pe3yJIbTaTaMHU U3MEPEHHUS [IUPUHBI IIHKA TUCCUIATUBHOTO
KOHJIAKTAHCA B 3aBUCHMOCTH OT YacCTOTHI [506].

Kak Mbl BHOMM, MHOTHE MPEACKA3aHUS TEOPUH JHOO
BOOOIIE HE MOJTBEPKIAAFOTCS IKCIEPUMEHTOM, OO TOj-
TBEPXKAAOTCS TOJILKO HAa KadeCTBEHHOM ypoBHe. Tem He
MeHee KaK U3 TCOPHH, TaK U U3 IKCIIEPUMEHTa, HECOMHEHHO,
CJICIYET, YTO B KBAHTYIOIIEM MarHUTHOM I10JIe TIPY HAJIUYHH
KOPOTKOAEHCTBYIOIEr0 XaOTHYECKOTO MOTEHIHAla B pe-
3yJIbTATE UHTEPPEPCHIUOHHBIX IPPEKTOB U MEKIJICKTPOH-
HOTO B3aMMOJICHCTBHS 3JIEKTPOHBI JJOKATU3YIOTCS HA MAaCIII-
Tabax, 3HAYUTEJILHO MPEBBIIIAIONINX MATHUTHYIO TUHY (10
10*/ B oakcmepumentax [50]), mpmuéMm pasmep obnacTu
JIOKAJIA3ANUH PE3KO BO3PACTACT [IPU MPUOIMKEHUN SHEPT K
3JIEKTPOHA K SHEPTHHU [1EJIOKATM30BAHHBIX COCTOSHUIA.

4.5. I11aBHbIil MOTEeHIHAT
B nmjaBHOM MOTEHIMAJE IBHKCHUE KaXKIAOTO 3JIEKTPOHA
MOYHO PacCMAaTPHUBATh KaK JIBIKCHUE €rO BEAYILErO IIEHTPpa
B/IOJIb JINHUM 3KBUIOTEHIMAH. (DTO yTBEPKICHUE CICAYET
u3 Toro ¢akTa, uto cuia JlopeHia He TpoOu3BOIUT PAOOTHI.)
B cumMmeTpuyHOM n1aBHOM ToTeHnuale (puc. 13a) umeercs
Ha0Op MHUHUMYMOB M MAaKCHMYMOB, Pa3feiéHHBIX CEIJIO-
BBIMU TOYKaMH. DKBUMOTEHIMAIHN, IPOXOISIIHE Yepe3 Ce/l-
JIOBbIE TOYKH, OOpa3yroT CETKY, SUYCHKU KOTOPOU ompene-
JISIFOT TMPOCTPAHCTBEHHBIM MaciiTad MOTEHIMANIA U 3a/Iaf0T
OeCKOHEUHBIH Kjactep. Bce ocranbHble 3KBUMOTECHIUAIH,
OKPYXKAFOIIIEe MUHIMYMBI UJIH MAKCUMYMBI, SIBJISTFOTCS 3aM-
KHYTBIMU M COOTBETCTBYIOT JIOKQJIM30BAHHBIM 3JICKTPOHAM.

B ¢ukcnpoBaHHOM MATHUTHOM IIOJIE TIO Mepe yBeJmde-
HUS KOHIIGHTPAIMHM 3JICKTPOHOB CHAvajla 3aIOJTHSIOTCS
MHHAMYMBI TIOTEHIMAA U YPOBEHb XUMHYECKOTO IMOTEH-
nyajga pacroJiaraeTcsl B MOJIOCE JIOKAJIM30BAHHBIX COCTOSI-
HUA, 3aTeM XUMHUYECKHN ITOTEHIMAN TIEPECeKaeT YPOBEHb
SHEprud OECKOHEYHOrO KJacTepa U BHOBb IEPEXOIUT B
MOJIOCY JIOKAJTM30BAHHBIX COCTOSIHUM, TPAEKTOPHUU KOTOPBIX
OKPYXKAIOT MAKCHMYMbI IIOTCHIHAJIA.

IIpuunHa, OPUBOISINAS K IOSIBICHUIO KBAaHTOBAHHBIX
3HAYCHHUN XOJUIOBCKOIO KOHIAKTAaHCA, BBICHEHA B pabote
[57]. B anexkTpuueckoM moje, MapauleJbHOM ILIOCKOCTH,

Puc. 13. (a) CxemaTuueckoe n300paxeHre IABHOTO Xa0THYECKOTO T10-
TEHIMaJIa B OTCYTCTBHE BHEIITHETO 3JIEKTPUYECKOTO TOJISL. 3HAKAMHE + U —
0003HaYeHbI COOTBETCTBEHHO MAKCHUMYMbI 1 MUHHMYMBbI ITOTCHIUAJA.
CTpesikaMu TOKa3aHo JABIKEHHE Beaylero neHrpa. (0) Kapruna mias-
HOTO TIOTEHINAIIA TIPH HAJIMYAH 3JIEKTPUICCKOTO MOJIsl. TEMHBIM IIBETOM
BBI/TEJICHBI 00JIACTH IPOTSHKEHHBIX COCTOSIHUM, IEPEHOCSIINE TOK.

KapTUHA 3KBUIOTEHIMAIbHBIX JIMHUI CYIIECTBEHHO H3Me-
HsieTcst (puc. 130), MOCKOJIBbKY MEXIY CeJIOBBIMA TOUYKAMU
nosiBIsieTCsl pa3HocTh dHepruit AW = ¢ER, rie R — paamyc-
BEKTOP, COSNUHSIONMINI COCeTHHE CEJIOBbIE TOYKU. Bo3HU-
KaroT TOJIOCHI MPOTSIKEHHBIX COCTOSIHUI (TEMHBIE 00JIacTH
Ha puc. 130), HampaBJICHHbIC B CPETHEM HOPMAJILHO 3JICKT-
pUYECKOMY TIOJIIO. B COOTBETCTBHM C pPAacCMOTPEHHUEM,
MpOBEAEHHBIM B pasznenie 3.4, Mo MoJioce MPOTSDKEHHBIX
COCTOSIHUM, €CII OHM 3aIOJIHEHBI, MEPEHOCUTCST TOK Al =
= AW(e/h). Cymmupys Bce TOKH B mpeiejiaXx eIUHUYHOU
JUIMHBI ¥ IO BCEM 3aIlOJIHEHHBIM KBAaHTOBBIM YPOBHSIM,
TIOJIyYUM BBIDAKEHHE Gy, = Ve’ /h, Tie, KaK U B ypABHEHUH
(1), v— umciio 3anoJIHeHHBIX KBAHTOBBIX YPOBHEH.
PaccmaTpuBaemast Moens 001a4aeT OYEBUIHBIM HEIO-
CTATKOM: TIepeXOonHas 00JacTh MEXIy IJIATO 3aBHCUT OT
BEJIMYHMHBI JIEKTPUUECKOTO 110JIs1. KpoMe Toro, ncnoib3oBa-
HHUE JIOKAJILHOTO COOTHOIICHUSI MEXIy TOKOM U JJIEKTpUYe-
CKUM I0JIEM BO3MOXHO TOJIBKO IPU pa3Mepax, CylIeCTBEHHO
MPEBBIIIAIONINX Pa3Mep NEPKOJISIIUOHHON CETKH.

4.6. DxpaHHpOBaHHE XA0THYECKOr0 NOTeHHHAaIa

OOcyxnasimecss B pazaenax 4.1—-4.4 xaoTuueckue MOTEH-
[UaJbl, BOOOIIEe TOBOPs, HE COBMAJAIOT C 3aTPaBOYHBIM
MOTEHIMAJIOM, CYIIIECTBOBABIIIUM B OTCYTCTBHE IBYMEPHOTO
3JeTpOHHOrO ra3a. B mimHHOBOJIHOBOM mpenene (g — 0)
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Puc. 14. (a) VumrocTparnust perenust cucTeMsl (23) 1u1st [BYX 3HAYCHHH XUMUYECKOTO HOTEHIHANA, [i) U [y, fly > [, D(&) = (On/0¢) u — OHOYACTHYHAS
IUIOTHOCTh cocTosiHmit. (6) TepmoamHaMuveckasi IJIOTHOCTb COCTOSIHMNA Dy, Kak (YHKIUS SHEPIMU IO H3MEPEHHUSIM JHEPruM aKTHBAIMM Ha
Si-MOSFET (100) B okpectHOCTH (akTopa 3anojHeHus v =238 upu B = 6,7 Tn, Dy — TepMOAMHAMMYECKAS] TUIOTHOCTh COCTOSIHUII B HYJIEBOM

MarHuTHOM moJie (1o pe3yabTaTtaM padboTsl [61]).

JIMHEMHOE 3KPAaHUPOBAHUE 3JICKTPOHHOM CHCTEMOM OIpene-
JisieTcst 3 PEKTUBHOM TUAIEKTPUYECKON TPOHUIIAEMOCTBEO

)= 1+2). 22)
q
TJIe ¢s — OOpaTHBIN painyC 3KpaHUPOBAHUS,
ong 1
qs = 2me? o ,
ay er
Dy, = Ong /Ot — TepMOIMHAMHUYECKAs TUIOTHOCTh COCTOSI-

HUM, 2 XUMUYSCKAN TMOTEHIMA [ OTCYUTBIBACTCS OT JIHA
JIBYMEPHO# MOI30HBI.

W3 ypaBHeHus (22) MOXHO 3aKJIFOYUTh, YTO €CJIH ILIOT-
HOCTh COCTOSIHMI HA YpPOBHE XMMHYECKOTO IOTEHIIHAJA
paBHA HYJIIO, TO B YCJIOBHSIX KBaHTOBOro 3ddekra Xoiuia
MIPH HYJIEBOW TEMIEpaType IUIABHBIE TOTSHIINABI C HE0OIb-
IO aMIUTMTYAON BOOOIIe HE OYAYT BUAOU3MEHSITHCS TPU
MOSIBJICHAW JIBYMEPHOTO 3JIEKTPOHHOTO Tra3a. DTOT BBIBOJ
HeBepeH [58]. JeHCTBUTEIBHO, JIEKTPUIECKOE TOJIE CIABU-
raet TMOJIOKCHUE MHUHMMYyMa MATHUTHOW mapaboJibl (CM.
pazzen 3.1). CienoBatesibHO, BTOpAs MPOU3BOJIHAS OT TIO-
TEHIMAaJIa 10 KOOPAMHATE ONPEACIIIET U3MEHEHHE HIEKTPOH-
HOH MJIOTHOCTH, YTO U MPUBOAMT K CBOEOOPA3ZHOMY IKPAHH-
pPOBAHUIO MOTEHIMAA.

IIpu koneyHol TemmepaType Ha BEpPXHEM KBAHTOBOM
YPOBHE MOSIBJISIFOTCS 3aHSTHIE 3JIEKTPOHHBIE COCTOSIHUS, a HA
HIDKHEM — COOTBETCTBEHHO, MycThle. YNCIIO U MEPBBIX, U
MOCJIEIHUX 3ABUCHUT KaK OT TEMIEPATYPBI, TAK U OT MOJIOXKE-
HUSI XUMUYECKOI'0 MOTEHIMAJIA, TO3TOMY T€PMOAMHAMMYE-
CKasl TUIOTHOCTh COCTOSIHMH OKAa3bIBA€TCS KOHEYHOW Taxe
TaM, T/ie U3HavaJIbHO OoHa ObLia HyjeBou. [losBisercs mo-
MOJIHUTEIPHOE TEMITEPATYPHO-3aBUCSIIECE IKPAHUPOBAHUE.

OcoOEHHO WHTEpEeceH W MNPAKTUYECKHM BaKEH Cclydai
HEJIMHEWHOTO KPAaHUPOBAHHUS, MPU KOTOPOM XapaKTepHas
aAMIUTATY 14 TUIABHOTO XaO0THYECKOTO MOTEHIIMAJIA SBIISIETCS
CPaBHUMOI C 3HEPreTUYECKOHN MIETBI0 MEXAY COCeTHUMH
KBAaHTOBBIMH YpPOBHSIMHU WJIM Jaxe TNpeBbImaeT e€¢ [59].
Hauném ¢ moTeHnmaia, MMEIOIIETO OTHOCUTEILHO HEOOIb-
myro ammumtyay, |U| < E. — Er, tne E. u Ef — cOOTBeT-
CTBEHHO SHEPTHMHU MYCTOTO U 3aIMOJTHEHHOTO COCETHUX KBaH-
TOBBLIX YPOBHEHl B 3JIEKTPOHHOU cucteme 0e3 Oecrnopsiaka.
TepMoauHAMIYECKAsI INIOTHOCThH COCTOSIHUM, OTIpeIeIeHHAS

Ha MPOCTPAHCTBEHHOM MaciuTade, CyIIeCTBEHHO MPEBbIIIa-
IOIIEM XapaKTePHBI MacIITad XaOTHYECKOTO MOTEHIHUANA,
siBiIsieTcsl DyHKIMeH IpUHBI KBAHTOBOTO ypoBHS. [Tocmen-
HSIs 3aBUCUT OT SKPAaHUPOBAHMS U, CJIETOBATEIbHO, OT Tep-
MOJIUHAMHUYECKON MIIOTHOCTU COCTOSIHUM. JIJ1s1 HaXOXICHUS
9THX BEJIMUUH CJIEAYET PEIIUTh CUCTeMy ypaBHeHu [60]:

U,
Dlh:Dlh(rnu)v F:F<Zq 7[)7 (23)

€q

rjae Dy, — TepMoauHaMu4ecKasi INIOTHOCTb COCTOSIHUAM, I —
HIMPUHA KBAHTOBOTO YPOBHS, €, — JAUIJIEKTPHYECKas NPO-
HUIAEMOCTb.

Pe3ynbTaT pereHns kaueCTBEHHO MOKa3aH Ha puc. 14a.
Ilpr ymaneHUW XUMHUYECKOTO MOTEHIUATIA OT CePeIHHbI
ypoBHs Ef IUpUHA KBAHTOBOTO YPOBHS I’ BO3pACTaeT MPO-
MOPIMOHANBHO |Er — pi|. Yke B mepBbIX sKcriepuMeHTax [61,
62] 3Ta 3aBUCUMOCTB TIposiBuia cedst (puc. 140) kak ucue3Ho-
BEHHE BIIUSHUS TOJIOXKEHMS] XMMHUYECKOTO MOTEHIMANIa Ha
BEJIMYMHY W3MEPEHHOH TEePMOJMHAMMUYECKOW MJIOTHOCTH
COCTOSIHUH B OKPECTHOCTH LEJIOYUCICHHOTO (haKTOpa 3amo-
Henusi. CieryeT OTMETUTh, YTO NMPU 00pabOoTKe pe3yIbTaTOB
9TUX HKCIEPUMEHTOB TEPMOAMHAMHYECKAs] MJIOTHOCTH CO-
CTOSIHMI ObLTa 3aMeHeHa BeJnuuHOU OF,/Ons, 4TO momyc-
TUMO, TOJIBKO €CJIM I'DAHUIA MEXIY JIOKAJIU30BAHHBIMU U
JIENIOKAJIM30BAHHBIMU COCTOSHUSIMA CaMa HE 3aBHCUT OT
IIUPUHBI KBAHTOBOT'O YpOBHs. boJiee neTalbHbIe U3MEPEHUS
TEPMOJMHAMUYECKON TMJIOTHOCTH COCTOSIHMH C TOMOIIBIO
IKCIIEpUMEHTAILHONW TEXHUKH, 0OCYX1aeMOM B pa3jeie 5, u
CpaBHEHHE SKCIIEPUMEHTAILHBIX U TEOPETHYESCKUX PEe3yIbTa-
TOB TIpoBeIeHHI B [60)].

Teneps nepeiiiéM K pacCMOTPEHHIO CIIydasi, B KOTOPOM
aAMIUTATY1a TUIABHOTO TOTEHIMANIA 3HAYUTEILHO IPEBBI-
maeT YHEPreTHYECKYIo elb. bymeM mpeanosiarats moJHOE
OTCYTCTBHE KOPOTKOJEHCTBYIOIIUX KOMITOHEHT IIOTEHIIN-
ama, Tak 4YTO 0e3 IUIABHOTO IOTEHIHAJIA 3JIEKTPOHHBII
CHEKTP MPeCTaBIIsiI Obl cO00# Habop J-pyHKIuit. B obna-
CTSIX IIEJIOUYHCICHHOT O 3aIIOJTHEHN S, KaK 00CYKIaJI0Ch BBIIIIE,
9KpAaHUPOBAHUE 3aTPABOYHOrO MOTEHIHAJA 3JIEKTPOHHON
CcUCTeMOM OyaeT clabbIM U UM MOXHO TIpeHeOpeyb. OqHaKO
TaM, rJe KBAHTOBBIA YPOBEHb HOXOAMT OO XUMHYECKOTO
MoTeHuajaa (B 00JaCTIX YaCTMYHOTO 3aIOJTHECHUS), JJICKT-
DPOHBI HJIM ABIPKHU MOJHOCTHIO 9KPAHUPYIOT BCE I'PATUCHTHI
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Puc. 15. (a) CxeMa npOCTPaHCTBEHHOT O MOBEICHUS KBAHTOBBIX YPOBHEI B
Xa0THIECKOM MOTEHIHae 600 aMIuTiTy abl. L TprxoBbIe rOpU30H-
TaJIbHBIE JIMHUU YKa3bIBAIOT JHEPIHU KBAaHTOBBIX yPOBHEH B HIeabHOM
(6e3 Xxa0THYECKOT 0 IMOTEHINAIIA) JIEKTPOHHOM crcTeMe. JKupHble JIMHIN
COOTBETCTBYIOT YAaCTHYHO WJIM LEJMKOM 3aIlOJHCHHBIM KBaHTOBBIM
ypoBHsM. (0) OmHOvYacTHYHAs IJIOTHOCTH COCTOSIHUM, COOTBETCTBYIO-
masi puc. a.

MOTEHIMAIA U KBAHTOBLI YPOBEHb CTAHOBUTCS ILJIOCKUM.
IIpocTpaHCTBEHHOE NOBEAEHUE 3JIEKTPOHHOIO CIIEKTpa B
3TOM Clly4ae Ka4eCTBEHHO JEMOHCTpUpYeET puc. 15a, a oxHo-
YaCTUYHAS IJIOTHOCTh COCTOSIHMU IMoOka3zaHa Ha puc. 150.
MaxkcuMyMbl OJHOYACTUYHOM IJIOTHOCTU COCTOSIHUN OO0JIb-
1€ HE COBHAJAIOT C OXUIAEMbBIM IIOJIOXKEHUEM ISl Uje-
QJIbHOW 3JIEKTPOHHOM CHCTEMBI U, SIBJISISACH NPUBS3AHHBIMU
K YPOBHIO XMMHYECKOTO MOTEHIMANA, JBIUKYTCS BMECTE C
HIM [63].

[IpsiMOTO 2KCIEPUMEHTALHOTO TOKA3aTEIbCTBA Tpe-
JIO)KEHHON KapTHHBI O CUX MOP HE IMOJYYeHO, HO €CTh KOC-
BEHHbBIE CBHU/IETEJIbCTBA [64] €€ cripaBeINTMBOCTH.

5. DddexThl, 00ycI0B/IEHHbIE
MeK)JIeKTPOHHBIM B3aHMO/IeiicTBHEM

5.1. OTpunartenbHasi TepMOIUHAMHYECKAS TNIOTHOCTH
COCTOSIHMIA
Topasmo 60.bIIHe BO3MOKHOCTH JIJTSI HCCIIETOBAHUSI TEPMO-
MUHAMUYECKON TIOTHOCTU COCTOSIHUH MPEeTOCTaBIISIOT
TPEXIIIEKTPOIHBIE CHCTEMBI, TaKUe, HAIIpIMep, Kak m300pa-
€HHasl Ha BcTaBke puc. 8. Kpome 3aTBOpa M IBYMEPHOTO
9JIEKTPOHHOTO Ta3a TaKWe CHCTEMBI COAECPKAT MeTaJLInye-
CKHUil BCTpoeHHbI 3s1ekTpo (back electrode), ajekTpoxumu-
YeCKHM TOTEHIIMA KOTOPOTO COBMAMAET C DJIEKTPOXUMUYE-
CKUM IOTEHIMAJIOM JBYMEPHBIX 3JIEKTPOHOB (pHC. 16).
Ilyctp Ha eguHUITY MIIOIIAAN 3aTBOPA TAKOU TPEXIIIEKT-
pOIHOM crucTeMbl, U3HAYAJILHO HAXOMBIIIEICs B paBHOBEC-
HOM COCTOSIHUM, J00AaBJICH MOJIOKHUTENIbHBIA 3apsa AQ.
JonomauTenbHbli 3apsia AQ>peG, MOSBUBIIMICS B ABYMED-
HOM 3JICKTPOHHOM Ta3e, HAaXOJAUTCS U3 PEIlIeHHs CTaHAapT-
HOW 321241 3JIEKTPOCTATUKHU:

AQ
1+ (DthXW4Tt€2/CL)_l ’

AQspEG = — (24)

[/Ie € — CTATHYECKasl AUIJICKTPUIECKasi IPOHUIACMOCTb.

Eciu TepMoIuHAMEIYECKAsI IIOTHOCTh COCTOSHUU TI0JI0-
JKUTEJIbHA U KOHEYHA, TO ABYMEPHBIN 3JEKTPOHHBIN ra3 He
MOJIHOCTBIO 3KPAHUPYET HOPMAJIBHYIO KOMIIOHEHTY JJICKT-
puueckoro mous (AQxpeg < AQ) M 3JEKTpUYEcKOoe MoJIe
MPOHUKAET CKBO3b Hero (puc. 16a). I1pu HyseBoW TepMoau-
HaMU4ecKOH TiIoTHOCTH cocTosiHul AQopeg = 0 (puc. 160),
a npu OECKOHEYHO OO0JIBIION BemunuHe Dy, OCYIIECTBISETCS
MIOJIHOE SKpaHUpoOBaHue (puc. 168).

Bce Tpu ciry4yast nmpeactaBiieHBI Ha puc. 17a. B HysieBom
MarHuTHOM TII0JIe EMKOCTh TPEXIIEKTPOTHON CHCTEMBI

3ateop a 3atop 6
T - oG ; -
3aTBOp - B 3aTBOp r

—

IDEG —— oEGLtiti il

Puc. 16. PacnpeniesieHne JONOJIHUTEIBHOIO 3JIEKTPUYECKOrO TOJIS B
TPEXUIEKTPOIHON cUCTEMEe IpU JOOABJICHUU HOJIOKUTEIBHOIO 3apsiaa
AQ nHa 3aTBOD. (a) KoHneunasi repmoimHamMuyeckas INOTHOCTb COCTOSIHUIA
B IBYMEPHOH 9JIeKTPOHHOH cucTeMe. DIeKTpHUIeCKoe ToJIe y 3aTBopa £
NpeBBIIAET 10Jie £y, NPOHUKIIIEE Yepe3 IBYMEPHDIN JJIEKTPOHHBIN ra3
(2DEG). (6) HyneBast TepmoaumHammueckasl IUIOTHOCTb COCTOSHUIA,
E = E,. (B) beckoneuno Gosbluasi TepMOANHAMUIECKAS TJIOTHOCTh CO-
crosiumid, E, = 0. (r) OTpunarenbHas TepMOJMHAMMYECKAs TJIOTHOCTh
COCTOsAHMH, E;, HATIPABJIEHO NPOTUBOIIOJIOXKHO E.

MEHBIIIE TEOMETPHYECKON EMKOCTH, OMIPEIeIIEMON PACCTOSI-
HUEM OT 3aTBOpa A0 IBYMEPHOTO 3JEKTPOHHOro raza. B
KBaHTYIOIIEM MATHUTHOM IIOJIe B MAKCHMYMaX ILTIOTHOCTH
COCTOSITHUN E€MKOCTh COBHAJaeT C TeOMETPHYECKOW, a B
caMBbIX IIIyOOKHX MUHIUMYMAaX yOBbIBAeT A0 3HAUCHUH, OTpe-
JIeJsIeMBIX PACCTOSIHUEM MEXAY 3aTBOPOM U BCTPOCHHBIM
3JIEKTPOIOM.

IIpy BHUMATENBLHOM pacCMOTpPEHUU pHC. 17a MOXKHO
3aMEeTUTh, YTO B HEKOTOPBIX O0JIACTSX U3MEPEHHAsI EMKOCTh
MPEBBIIIAET TE€OMETPUUECKYIO. boiee spko 3TOT 3dekT
BbIpaXkeH Ha puc. 170, B3siTOM U3 pabotsl [66], B KOTOpOU
IPOBEJECHbI M3MEPEHUs NPOU3BOJHOM OT NPOHMKAIOLIETO
4yepe3 ABYMEPHBIII CJI0i 3JIEKTPUYECKOT 0 TOJIS IO 3JIEKTPHYE-
CKOMY TIOJIFO B IPOMEKYTKE MEXIY 3aTBOPOM H IJIEKTPOH-
HbIM Ta3oM. OOHAPYKEHO, YTO ITHU MOJISI MPOTUBOTOJIOKHO
HAMpPaBJICHBI, TAK )Ke KaK MOKa3aHo Ha puc. 16r. Pe3ynbTaThl
9TUX W aHAJOTUYHBIX [67] 3KCIEPUMEHTOB JOJDKHBI OBITH
MHTEPIPETUPOBAHBI KAk OOHAPYKEHUE OTPHUIATEIILHON Tep-
MOJIMHAMHYECKOW TUIOTHOCTH COCTOSIHUM, 3aBUCSINEH OT
(akTopa 3amoTHeHusI.

Cpasy ke BO3HHKAET BOIIPOC: KaK 3JICKTPOHHAS CHCTEMA C
OTPHIATEILHON TEPMOIMHAMIYECKON TNIOTHOCTBIO COCTOSI-
HUH, T.e. C OTPUIATEILHON CXUMAeMOCTbIO, MOXET OBITh
ycToitunBoii? OTBET COCTOUT B TOM, UTO paccMaTpuBaeMasi
9JIEKTPOHHAsI CHCTeMa He 3aMKHyTa — OHAa B3aWMOJEH-
CTBYET ¢ KOMIIEHCUPYIOIIUM 3aPSIOM, dJIEKTPHIECKOE MOJIe
KOTOPOTO M 00eCIeunBaeT CTAOMIBHOCTD.

HeTr Hukakux COMHEHUH B TOM, 4TO OTpHUIATEJbHAs
TePMOAMHAMHUYECKAS] TJIOTHOCTH COCTOSIHMH OOYCJIOBJICHA
B3aUMOJCUCTBUEM MEXIy 3JieKTpoHamMu. OCHOBHOU BKJaj
BHOCHT 0OMeHHOe B3aumoaeiictsue. JleiicTBuTeabHO [68], B
crcTeMe, IOJIHOCTBIO MOJISIPU30BAHHOMN 110 CIIMHY, OOMEHHAas!
9HEPrus Ha HUXXHEM KBAHTOBOM YPOBHE, MPUXOASIIASICS HA
OJMH 3JIEKTPOH, UMEET MacIITad, onpeAessseMblil CpeIHUM
PACCTOSIHUEM MEX]y 3JIEKTPOHAMU.

M3MeHeHne XMMHIYECKOTO MOTEHIHAA CKJIAIbIBACTCS U3
MU3MEHEHHUSI SHEPT UK HEB3aMMO/ICHCTBYIOIUX YacTHIl (0Ju3-
KOrO0 K HYJI0O B MakKCHMyMe IUIOTHOCTH COCTOSHHIA) U
OTPHIIATENILHON 3Hepruu B3ammopaeicTusi. [loaTomy Tep-
MOJIMHAMUYECKYIO TJIOTHOCTH COCTOSTHHI MOYXHO OIICHUTD,
YUATBIBASI AJIEKTPOH-TILIPOYHYIO CHMMETPHIO, KaK

% -1 _ 75 V1/2(1 _ V)1/2 (25)
E),u lEL )
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Puc. 17. (a) EMKOCTB TpéXaNekTpoTHOl CTPYKTYPHI (CM. BCTaBKy pHC. 8) B 3aBHCHMOCTH OT HANPSsKEHNs Ha 3aTBOPE B MATHUTHBIX MOJIsX B = 0 (kpuBas
1), B=5Tn (xpuBasg 2) u B=9 Tn (xpusas 3). Temnepatrypa T = 30 MK. Ilpsimas moka3pIBacT BLICOKOYACTOTHBIA mpenen EMKOCTH Chigh.
(6) ITpousBoaHas OT MPOHUKAIONIETO Yepe3 ABYMEPHBIN CJION JIEKTPUYECKOTO MOJIS MO IEKTPUYECKOMY IMOJIFO B IPOMEXYTKE MEXIY 3aTBOPOM H

3JIEKTPOHHBIM ra30M B 3aBUCUMOCTH OT (pakTOpa 3anosHenus, B = 7,5 Ta,

(ITo maHHBIM paboOTHI [66].)

T = 1,2 K. ITyHKTUPHOIi KPHBOH IOKA3aH pe3yJIbTAT Pacu€Ta COrJIacHo [65].

KauectBeHHO ypaBHeHue (25) BIOJIHE COTJIACYETCS C pe-
3yJibTaTaMu, pUBeAEHHBIME Ha pHc. 176. KomnuecTBeHHOE
corjacue [65] TOCTUTHYTO C TOMOIIBIO MOJTYIMIIUPUYECKOTO
BbIpakeHus [69] miis sHeprum B3ammojeicTBus. CooTBeT-
CTBYOIIAsl KpuBasl (MIyHKTUPHASI KpuBasi HA puc. 170) oueHb
XOPOIIIO COTJIACYETCS C IKCIEPUMEHTAJBHBIMU Pe3yJIbTa-
Tamu 1ipu pakTopax 3anosHenus, Menbiux 0,5. [TocieqHee
HE OYEHb YAMBHUTEJIBHO, MOCKOJIbKY OOHAPYXKEHO, YTO NPHU
0oJ1ee BBICOKMX (paKTOpaX 3aMOJTHEHUS CIIMHOBAS TOJIsIpU3a-
1Us He SIBJISICTCS MOJIHOM (cM., Hanpumep, [70]).

5.2. CuunoBas menab. CKIPMHOHBI

Haunbonee ymoOHBIM O0OBEKTOM ISl M3yUEHUS] JHEPreTHYe-
CKOMl IIeNH, CBSI3AHHON C M3MEHEHHWEM HAINPABJICHUS IMPO-
eKIUH CIIMHA JJIEKTPOHA HAa MAarHUTHOE IOJIe, OKa3aJINCh
reTeporepexo/ sl U KBaHToBble siMbI GaAs/AlGaAs. Ha ux
OCHOBE CO3JaHbl BHICOKOCOBEPIIIEHHbIE CTPYKTYPBI, IMEFO-
e MPOCTOW 3HEPTreTUUYECKUI CIEeKTp M ciaboe CIUH-
opOuTaNbHOE B3aMMOJCHCTBHE. YK€ MepBbIE JIKCIEPHU-
MEHTBl IO M3MEPEHUIO JHEPruM akTuBanuu npu axTope
3anojiHeHus v = 1 (puc. 18a) mpoaeMOHCTpUPOBAJIU, YTO
HabIroaeMasi SJHEpreTHYecKasl IIejlb CYIIECTBEHHO MPEBBI-
LIAeT BEJIMYUHY (g B ¢ g-hakTOpOM, TUIHYHBIM JJIs1 O0BEM-
HOr0O MaTepuaa.

ITooOHBIN pe3yabTaT SIBJSETCS BIOJHE OXHUIAEMBIM,
MOCKOJIbKY TIEPEBOPOT CIIMHA CBSI3aH C M3MEHEHUEM OOMEH-
HOW SHEPTHH, 3HAYUTEJILHO MPEBBIIIAOIIIM 36€MaHOBCKYIO
sHepruto [72, 73]. JelcTBUTEIBHO, IPH TEPMUUYECKOM BO3-
OyXJIeHM BO3HHMKAIOT MApbI, COCTOSIIHE U3 3JIEKTPOHA C
OTPHIIATENLHOM MPOEKIMeil MATHUTHOTO MOMEHTA Ha BHEIII-
Hee MarHUTHOE TOJIe W MyCTOTO MEeCTa Ha MCXOJHO 3amoJi-
HEHHOM KBaHTOBOM ypoBHe. Takue 00pa3oBaHUs CIOCOOHBI
MEPEHOCUTh TOK TOJIBKO B TOM CIIydae, €CIU JJIEKTPOH C
MePEeBEPHYTON MPOEKIUEH CIIMHA U ITyCTOE MECTO JIBHXKYTCS
HE3aBHUCHMO, T.€. HAXOIATCS Ha OOJBIIOM, B mperelie Oec-
KOHEYHOM, PACCTOSIHUU APYTr OT apyra. Ilapa ayeKTpoH-—
myctoe MecTo (cM. pasnen 3.1) umeeT 6eCKOHEUHO OOJIBIION
HAMITYJIbC, TIO9TOMY OXHIaeMOe 3HaueHHe YHEPTUU aKTHBa-
nuu pu HaKkTope 3anoJHeHus v = |

1 n\'? e2
AE, == B = —. 26
=5 mlelg+ (5) 5 (26)

CornacHo (26), oxugaeMasi CIMHOBASI SHEPTETUYECKAs 1IEIIb
pH (hakTope 3amoHeHus v = 1 B MATHUTHOM TIOJIE BEJTHYH-
Hoit 8 Ti cocraBaseTr AE; = 2E, ~ 190 K, 4yT0 3HaYNTEILHO
MIPEBBIIIAECT U3MEPEHHbIE 3HAUCHHUSI.

AHAJIOTHYHBIE TaHHBIE TOJIYYeHbI U APYTUMU METOIAMH.
Hanpumep, Ha puc. 1806 npeacTaBiieHbl pe3yIbTaThl U3Mepe-
HUS CKAYKa XMMHUYECKOT 0 MOTEHIMAJIA C TOMOIIbIO MATHUTO-
€MKOCTHBIX METOI0B. XOTs Pe3yJIbTaThl, IPEICTABICHHBIE HA
puc. 18a u 6, YUCIEHHO HECKOJIBKO PACXOSATCS, IO MacIITaly
SHEPreTUYECKOW I1eJI U 1o Buay €€ (DyHKIIMOHAJIbHOW 3a-
BUCHMOCTHY OT MarHUTHOTO I0JIS1 OHU COBIIAJIAIOT.

N3 pucynka 1806 MOXHO cielaTh emé OJWH BaXXHBII
BbIBOJI. ITOCKOJIbKY TipsiMasi, MPOBEACHHAS 11O TOYKaM, Ha
BCTaBKE 3TOr0 PHUCYHKA C XOPOIIEH TOYHOCTHIO COOTBET-
CTBYET LIMKJIOTPOHHOHN Macce, MOXXHO YTBEpXKIATh, 4YTO 00-
MEHHBI BKJaJ B CIHHOBOE pacIIeIlUieHHe Npu (akTope
3anojiHeHust v = 2 oTcyTcTByeT. IlocienHee HeynUBHUTENb-
HO, TIOCKOJIbKY COOTBETCTBYIOIIMIA BKJa MPOMNOPIHOHAIECH
oTHoueHuto [11]

n—n)

) 27
P (27)

rle 7y U 1) OTBEYAIOT 3aIOJIHEHUIO JBYX CIHMHOBBIX IOJ-
ypOBHEHN o1HOTO ypoBHS Jlanaay.

Takum 00pa3oM, IKCHEPUMEHTAIbHO HECOMHEHHO yCTa-
HOBJICHO, YTO BCJIE/ICTBUE JICKTPOH-3JICKTPOHHOTO B3aMMO-
JIEHCTBUS CIIMHOBBIC YHEPIETUYCCKUE INEH CUJIBHO YBEJIH-
YeHBbI TI0 OTHONIICHUIO K 36EMaHOBCKOMY pacillellicHuo. B
COOTBETCTBHU C TEOPETHYCCKUMU OXUIAAHUSIMU OOMEHHOE
YBEJIMUCHUE CIIMHOBOM CIIEKTPAJIbHOM IIEJIN 3aBUCHUT OT (hak-
TOpa 3amOJIHEHUS: OHO SIBJISETCSI MAKCHMAJIbHBIM TIPU He-
YETHBIX (PAKTOPAX M MiCUe3aeT MPU YETHBIX.

OO611yI0 6J1aTONOJTYYHY IO KAPTUHY OMPAYaroT ABa 00CTO-
SITENILCTBA. BO-TIEPBBIX, 3TO MPOTUBOpPEUAIAST TEOPETHYEC-
KAM OXHIAHUSIM (YHKIIMOHAIBHAS 3aBUCUMOCTD CIITHOBOT O
pACIIEIUIEHHS OT MAarHUTHOTO MOJISI HA HEYETHBIX (haKTOpax
3amonHeHnsi. OHA OKa3asaach ropasuo OJmke K mMpsiMo Hpo-
TMOPIMOHAIBHOM, YeM K KOpHeBoil. HeGo b0 OTKIIOHEHHE
OT MPOMOPIMOHAIBHOCTH ObLIIO OOHAPYKEHO TOJIBKO B [74].
Bo-BTOpBIX, pacIICIUICHHEe MO CPABHEHUIO C OXUIAEMBIM
OBLIO CIIMIIIKOM MaJIo.

Bosuukiio xenanue oObsICHUTDL "HenpaBuiibHyr0" QyHK-
MUOHAJIBHYIO 3aBUCHMOCTD BIIMSIHUEM CIIyYalHBIX ()aKTOPOB
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Puc. 18. (a) CnimHOBas 3HEpreTHYECcKas 11eJb, ONPEACIEHHAS 10 SHeprun akTuBanmu. Kpyxku coorBeTcTBytoT v = 1, kBaapatsl — v = 3. lllTpuxosoit
JIMHMEH TMoKa3aHo 3eeMaHoBckoe pacuiervienue. ([To ganHeiM padoter [71].) (0) Ckauok XMMHYECKOTO MOTEHNIHAjda Hpu v = |, U3MEpEHHBIi

MarHuToéMKOCTHBIME MeTonamu; 7= 30 MK. Ha BcraBke moka3aHbl aHAJIOTHYHBbIE M3MEPEHHs [JIs IMUKJIOTPOHHOW mienu. ITyHKkTHpHast KpuBas

cooTBeTCTBYeT 3aBncumoctn AE, oc B'/2. (TTo pesynbTaTam paboTsr [24].)

[75]. Takux (pakTOpPOB AEHCTBUTEJIBLHO JOCTATOYHO: OCTAKO-
IIANCS B IBYMEPHOM 3JIEKTPOHHON CHCTEME XAOTHYECKHI
MOTEHIMAJ; KOHEYHas IIHPUHA 3JIEKTPOHHOW BOJHOBOM
(GbyHKIIMM B HANIpaBJICHWH, HOpMaJbHOM mHTepdeiicy; Heo-
HOPOJIHOCTH JJIEKTPOHHOH KOHIeHTpanu. Hactopaxusaer,
OJHAKO, BOCIIPOM3BOAMMOCTH IPSIMO MPONOPIUOHAILHON
3aBUCHMOCTH Ha PAa3JMYHBIX 00pa3lax W MpH Pa3HbIX Me-
TOJax wW3MepeHus. BO3MOXKHO, BaXHbIM HEYUTEHHBIM B
Teopun (PaKTOPOM SIBJISIETCSI TO OOCTOSITEJILCTBO, YTO B
MAaTrHUTHBIX MOJISIX, TJ€ MPOBOISATCS U3MEPEeHuUsl, OOMeHHas
9HEPIus ueajbHON CHCTEMBI PaBHA IUKJIOTPOHHON SHEPIUU
WJIH JTa)XKe MPEBBIIIAET €.

dopmanbHO ypaBHeHHE (26) Tpe/IcKa3biBaeT CYIIECTBO-
BaHME KOHEYHOU SHEPreTHUECKOM 1IeJI IpH (PaKTOpe 3a10J1-
Henusi v = 1 gaxe toraa, koraa ¢akrop Jlanne g = 0. Ipu
TaKoOM YCJIOBHHU IIOJIHASI CIIMHOBAS MOJIIPU3ALUsl HEOCYIIe-
CTBUMA U TIEPEHOCSIIUMU 3JIEKTPUYECKUA TOK BO30YXKIe-
HUSIMA HE MOTYT OBITb PACCMOTPEHHBIE BBIIIE HAphbl U3
3JIEKTPOHA C NMEPEBEPHYTOU MPOEKIHMENH CHOMHA U IMYCTOrO
Mecta. COOTBETCTBYIOIIAS TEOPETHUUECKAS 3a/1a4a PACCMOT-
peHa B pabote [76], Tae moka3aHo, YTO B 3TOM ClIydae MpHu
KOHEYHOU TeMIepaType pOXKIAIOTCS TOKOIEPEHOCSIIe
Mapbl CIMHOBBIX CTPYKTYP (OJTHA U3 KOTOPBIX CXeMAaTHIECKU
n3o0paxeHa Ha puc. 19a), I3BECTHBIX KaK CKHPMUOH W aHTH-
ckupmuon. ClielyeT IMeTh B BUJLY, YTO XOTSI H300pakeHNe
Ha puc. 19a BBITISAIUT MOXOKHUM HA PEHIETOYHYIO MOJIENb,
CIIMHOBASI CTPYKTYpa Peain3yeTcs B 3JIEKTPOHHOM XUIKOCTH
¥ IMEET YBEJIMIEHHYIO (B CKHPMHOHE) HJIM YMEHBIIICHHYIO (B
AHTUCKMPMHUOHE) 3JIEKTPOHHYIO IUIOTHOCTb, TaK UTO KaXIasi
W3 ITUX CTPYKTYP HEPEHOCHT €IMHUYHBIA 3JIeKTPUYECKUIA
3apsim.

DHeprusi aKTHBAIIMU TAapbl CKUPMHUOH — AHTUCKHPMHIOH
BJIBOE€ MEHbIIIE, YeM 3aJaHHasl ypaBHeHUeM (26) mpu HyJe-
BoM (akrtope Jlanme. IIpocTpaHCTBEHHBIH pa3Mep CKHP-
MHOHA NIPU yBEJIMYCHUH g-(PaxTopa yMEHBIIAeTCs, a dHEp-
TUSl aKTUBAIIMY BO3pacTaeT NpH yBeandeHnu paxropa Jlanae
BIJIOTH JO €r0 HEKOTOPOTO KPUTHYECKOTO 3HAYCHUS g, IPU
MIPEBBIIEHNN KOTOPOTO CKHPMHUOHBI HE CYIIECTBYIOT.

[IpsiMoro goxazaTesnbeTBa CYyHIECTBOBAHUS CKHPMHOHOB
B YCJIOBUSIX KBAHTOBOTO 3(dekTa X0JIIa OKa He MOJYyYEHO.
Haunbonee ybenurenbHble KOCBEHHBIE CBHIETEILCTBA MIPUBE-
JeHbl B pabotax [77, 78], B KOTOpBIX UCCIEAOBAH sICPHBIN
MAaTHUTHBIH pe3oHaHc Ha aapax /' Ga, BECTPOEHHBIX B 6apbep
u3 Aly 1 Gag9As, orpaHMYMBaOIIUI KBaHTOBYIO My GaAs ¢
BBICOKOTMOIBHXKHBIM 3JIEKTPOHHBIM Ta3oM. M3mMepsiin uzme-
HEHHE YaCTOTHI SIIEPHOTO MarHUTHOTO pe30HaHca, 00yCI0B-
JICHHOE BJIMSIHAEM CIIMHOB 3JIEKTPOHHON CHCTEMBbI, — CIBHT

X 0,6 0,8

1,0 1,2 1.4 1,6 1,8

v

Puc. 19. (a) CxemaTtuyeckoe H300pa)KCHHE CIIUHOBOTO COJIMTOHA —
ckupmuona. (6) Cmeur Haiita xax ¢ynknust daxropa 3amosTHEHHS
(971eKTpOHHAS IUIOTHOCTh (DMKCHPOBaHA, M3MEHSIETCSI MATHUTHOE MOJIe
IPU YCJIOBMU HACBIILIEHUS TeMIlepaTypHOil 3aBucuMocTH). CruloriHas
KpUBasi COOTBETCTBYET HEB3AaUMO/ACHCTBYIOIIUM 3JIeKTpoHaM. [TyHKTHp-
Hasi KpUBasi OTBEYaeT CKUPMHUOHAM (AHTHCKUPMHOHAM), COACPKAIIMM
3,6 271eKTPOHOB ¢ nepeBEpHYThIM ciuHOM. (ITo maHHBIM padoThI [77].)

Haitra (Knight snift) — B 3aBucmMoctu oT (akTopa 3a-
MOJTHEHUs B OKpecTHOCTH v = 1. Benmmumna capura K ompe-
JIeJSIeTCsl CTENEHBIO TOJISIPU3ANUKN JJIEKTPOHHONH CHCTEMBI
(puc. 190), paBHOW eAWHHUIIE IPU IIEJTOUUCIICHHOM 3aI0JIHE-
HUU M OBICTPO crajaroiieil B 00e CTOPOHBI OT BEJIUYUHBI,
COOTBETCTBYIOIIIEH IeIOYUCIICHHOMY 3amnoisiHeHuto. Iloa-
roHka (NMyHKTHpHAas KpuBas Ha puc. 190) Teopermyeckoi
3aBUCHMOCTH K 9KCIIEPUMEHTAJIbHBIM JAHHBIM MOKA3bIBAET,
YTO KaXXbI{ 3JIEKTPOH C MEPEBEPHYTHIM CIIUHOM IEpeBOpa-
YMBAET CIUH €lI€ Yy TPEX 3JIEKTPOHOB, YTO MOXET OBITh
UHTEPIPETUPOBAHO KAK IOSBJIEHHE CKUPMHOHOB Majoro
pa3Mepa, BO3MOKHO, BBICTPOEHHBIX B PelETKy [79].

5.3. KyJioHoBckasi meJsib

Vike Ha paHHEl! CTaJ WM WCCIIETOBAHUN TYHHEJIUPOBAHUS B
JNIBYMEPHYIO 3JIEKTPOHHYIO CHUCTEMY IpPH H3MEPEHUSX Ha
oOpa3nax Jajeko He PeKOPIAHO BBICOKOTO KauecTBa OBLIO
obHapyxkeno [80, 81], uTo BBeJicHHE KBAHTYIOILIETO MATHUT-
HOTO TIOJISI yMEHBIIIAET BEPOSATHOCTh TyHHeIupoBauus. [pu
9TOM TYHHEJIUPOBAHHE B JIBYMEPHBIH SJIEKTPOHHBINA ra3
OCYIIECTBJISIJIOCh U3 TPEXMEPHOTO 3JIeKTpoaa u 3¢ QdeKT
rcYe3all IPH MOBBIILICHAN TEMIIEPATYPHI.

Boree sipkuii pe3ynbTaT moJiyueH B paborax [82, 83], rue
HCCIIEIOBAHO TYHHEIMPOBAHUE MEXIY IBYMS HICHTHYHBIMU
KBaHTOBBIMH SIMaMH, B KaXIOH M3 KOTOPBIX HAXOIMJICS
BBICOKOTIOJABMIKHBIN JIBYMEPHBIN 3JIEKTPOHHBIN Ta3. SMbl
pasaens TYHHEJIbHO IPOHUIIAEMBI Oapbep, IMpUHA KOTO-
pOro Ha pasHBIX 00pa3nax BapbUPOBAJACh B JOBOJILHO
GobIIUX TIpejienax, oT 175 mo 340 A.
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SU, MBIO 0 5 IOU, MBIS
Puc. 20. (a) TyHHEIbHBIN TOK /iy, B 3aBUCHMOCTH OT HAIIPSDKEHUS] MEXKTY
KBaHTOBbIMU simamu, B = 8 Ti, T = 0,6 K. Crutomisasi KpuBas COOTBET-
cTByeT 06pasily ¢ mupuHoil 6apbepa 175 A, mrpuxosas — 340 A. Bo
BTOPOM CJIy4yae 3HayeHusl TOKa JJIsl yI0OCTBAa CpaBHEHMs YBEJIMYEHBI B
3,6 pasa. (Hdauubie paboter [83].) (0) Cepusi KpuBBIX, OTBevarolas
MHTEpBaJly MarHUTHBIX mosieit ot 8 To mo 13 Tu. dnst HaryisimHOCTH
KpuBBIe cABUHYTHI IO BepTukaiu. (ITo pesynbratam paboTsl [82].)

Puc. 21. TyHHeIbHAS IJIOTHOCTH COCTOSIHUI B 3aBUCHMOCTH OT YHEPIHH,
OTCUYMTAHHOIN OT YPOBHSI XUMHYECKOr0 MOTEHIHMANA, H (pakTopa 3amoJ-
HEeHHsI Ha ABYX 00pasmax pasiMYHOrO KA4eCTBA B MATHUTHOM IIOJIE
(a) B=4 Tx, (6) B= 6 Txn. (danusle pador [89, 90].)

YacTh TOJIyYEHHBIX SKCIEPUMEHTAJIBLHBIX KPUBBIX I10-
kazaHa Ha puc. 20. Kax u 1moj0oxeHO, TYHHEJIbHBIH TOK
AHTHCUMMETpPUYEH B 3aBUCUMOCTH OT Hampsokenuss U
MEXy KBaHTOBbIMH simamu (puc. 20a). HeoxumaHHBIM
SIBJISIETCSL TO, YTO TYHHEJIbHBIH TOK CHJIBHO TOJAaBJIeH B
HEKOTOpOM uHtepBasie |U| < A BOJIM3M HyJIEBOTO HANPSDKe-
aus. Kak BugHO u3 puc. 200, mmpuHA 3TOTO HHTEpBaja
BO3pACTAeT MPH YBEJIMYCHUU MATHUTHOTO MOJsL. DPPEeKT
HabromaeTcss mpu (pakTopax 3amoJIHEHUs, KaK OOJBIINX,
Tak W MEHBIIHMX E€IWHUIIBI, OJHAKO TOJHOCTBHIO HCUYE3aeT
[IPH MTOBBIIIEHIN TEMIIEPATYPhI MU B HYJIEBOM MarHUTHOM
moJe.

Bo Bcex paboTax [80— 84] mogaBiieHNE TYHHEJIBHOTO TOKA
cy1a0o ¥ IJIaBHO 3aBHCENIO OT (pakTopa 3anosiHeHus. Hanbo-
Jiee BEPOSTHON NPUYMHON MOJABJICHUS TYHHEJIBHOTO TOKa
SIBJISIETCSL AJIEKTPOCTATHYECKOE B3aumojeicTaue. JeicTBu-
TEeJIbHO, MPOIECC PACCACBIBAHUS 3apsiia B 3JIEKTPOHHOM cH-
cTeMe B KBaHTYIOIIEM MAarHUTHOM IIOJI€ SIBJISIETCS. MeJICH-
HBIM U BO BPEMsl TYHHEJUPOBAHUS UM MOXHO IpeHeOpeyb.
Kaxk ynayieHue 3JeKTpOHA M3 3JIEKTPOHEHTPATIBHOTO CIOS,
TaK ¥ BHEJPEHHE JJIEKTPOHA B M3HAYAJIBHO IJICKTPOHEUT-
PpasIbHBINA CII0M TPEOYIOT JIOMOJIHUTEIHHOM SHEPTUH, 3a/1a10-
et macirab 4.

ITonaByieHre TYHHEJLHOTO TOKA MOXET OBITh HHTEPIIPE-
THPOBAHO KaK MOSIBJICHUE KYJIOHOBCKOW Ieyu (MHOTIA Ha-
3bIBAEMOM IICEBJIOINIEbI0) B TYHHEJIBHOW IJIOTHOCTH CO-
crossauii. Crabasi 3aBUCHUMOCTb OT (haKkTopa 3armoJHEHHS
O3HAYAEeT, UTO IIeJIb MPUBS3aHA K YPOBHIO XMMHIYECKOTO TI0-
TEHIIMAJIA U CIBUTAETCS BMECTe ¢ HUM. TeopeTHiecKu Kyjo-
HOBCKasl IeJIb B YCIOBHUSIX KBaHTOBOTO 3¢ ¢dexta Xoyma B
IIIPOKOM Juana3zoHe (HakTOPOB 3AMOJTHEHHSI, OTBEYAIOIINX
METAJUTNYECKONH MPOBOJUMOCTH, PACCMOTpPEHa B OOJBIIOM
yuciie nyosukammii (cM., Hanpumep, [85—87]). IIpoaemon-
CTPUPOBAaHA BO3MOXXHOCTH CYIIECTBOBAHUS OKCIIOHEHIIH-
aJIbHO MAJIOW TYHHEJIbHOW IUIOTHOCTU COCTOSIHUM B MHTEP-
BaJie S3Hepruil A, KOTOPHIM, OTHAKO, 3HAYUTEIILHO MPEBOCXO-
IUT HaOJIroJaeMblil B 9KkcriepuMenTe. Haunbostee agekBaTHoe
TEOPETUUECKOE OTMCAHUE Pe3yibTaToB padot [80, 81] maHo B
crathbe [88].

UcknrountenbHO MHPOpMATHBEH puc. 21, HA KOTOPOM,
B YACTHOCTH, IPEKPACHO BUIHBI KYJIOHOBCKAS ILIEJIb, 4 TAKXKE
YBEJUUYEHUE CHMHOBOHM ILEJIM B OKPECTHOCTH HEYETHBIX
(bakTOpPOB 3aMOJIHEHUS W OCHUJUISIIIMUA CIIMHOBOTO PacCIlel-
nenust. VI3 pucynka 21 MOXKHO U3BJIeUb ¥ YHUKAJILHYIO, TOKA
HE HAIIIEAIIYI0 TEOPETUUECKOr0 00BSICHEHUST HHPOPMAIIHIO:
Ha TYCTBIX W IEJMKOM 3aIOJHEHHBIX KBAHTOBBIX YPOBHSIX
OOHAPYKUBAIOTCS PEILTUKU KYJIOHOBCKOW IIIEJIH, OXHUIaB-
IIeHcst TOJbKO Ha (hepMU-ypOBHE.
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KyJioHOBCKAS ITIe]Th HHOTO MPOUCXOXK IEHHsI 0OHAPYKEHA
B paborax [91, 92] npu uccieqoBaHUU TPEXIIEKTPOIHON
CUCTEMBI, TIOJ00HON cUcTeMe, U300pakEHHOW HAa BCTaBKE
puc. 8. OmHa U3 map UCXOOHBIX IKCIEPUMEHTATIBHBIX KPH-
BBIX, oOpabaTteiBaBIuXxcs B [91, 92], npuBeneHa Ha puc. 22a.
Crenyetr oOpaTUTh BHUMAaHME Ha IEHCTBUTEIHHYIO KOMIIO-
HEHTY TOKa 4epe3 CTPYKTYPY, 3aBUCSIIYIO KaK OT BEJTUYMHBI
€MKOCTH, TaK ¥ OT TYHHEJIbLHOTO COIPOTUBIICHHS. 3aMeTHAS
JIEHCTBUTEIIbHAS YACTh UMEETCS corjlacHoO padoTam [80—83],
IpH BCEX HCCICOOBAHHBIX (DAKTOpAX 3aMOJIHEHHS, HO B
OKpecTHOCTH (paKTOpa 3amoJiHeHus v = 1, B Toil obOjacTy,
rae oOpas3el HaXOAUTCS B IUIJIEKTPUIECKOM COCTOSIHIM, OHA
yBesnueHa. JlefcTBUTeIbHAsI KOMIIOHEHTA TOKA UMEET JBY-
ropObIi BUJI, YTO CBS3aHO C NMPOBAJIOM B EMKOCTH. DPdekT
AMeEET CHJIbHYIO 3aBHCUMOCTH OT (haKTOpa 3amoJHEHUS, U
NP APYTrUX NEJTOYUCICHHBIX (akTopax 3aloJIHEHUS OH He
0OHapyXKeH.

ITo mBYM W3BECTHBIM KOMIOHEHTAM TOKa 4Yepe3 CTPYK-
TYPY MOXHO BBIYHACIIATH KaK TYHHEJbHBIN TOK, TAK U ITaICHIE
HANpsDKEHWs] Ha TYHHEJIbHOM Oapbepe. COOTBETCTBYIOIIAS
3aBUCUMOCTD IpHuBeaeHa Ha puc. 226. Kakx BumHO, 3Ta 3a-
BHCHMOCTH OKa3aJIach OJIM3KOMU K MapaOOoTHIeCKOM.

CornmacHo Tteopuu [93, 94] TyHHenbHas IUIOTHOCTH
cocrosiunit D(¢) NpU paccMaTpUBAEMbBIX YCJIOBHSX HMEET
BH]

D(¢) = D, +ale —pyf, (28)

4YTO NPUBOOUT K CJ'ICZ[y}OH.lCﬁ 3aBUCUMOCTU TYHHEJIBHOTO
TOKa OT HAIIPSIKCHU !

Tun = VJ

—00

DnD(e) [f(e = eViun, T) — f (e, T)] de. (29)

3neck Dy, — IUIOTHOCTb COCTOSIHMM B 3JIEKTPOJE U3 TPEX-
MepHoro Metaiuia, f(e T) — (GyHKIUS pacrupeneeHus
®epmu — upaka. [loaronka Beipaxenuit (28), (29) npu
Dy, = const ¢ UCTIOJIB30BAHUEM OJTHOT'O TIOJITOHOYHOTO Mapa-
metpa, Doy, moKka3aHHast Ha puc. 220 CILIONIHOW KPHUBOW,
XOPOIIIO OMHUCHIBAET IKCIIEPUMEHTAIbHBIC PEe3yJIbTATHI.

5.4. ITonockoBsbie ¢a3bl

Emé omun 3¢dext, 00yCIOBICHHBIN B3aMMOJAEHCTBUEM
MEeXJy 3JIEKTPOHAMH, OOHAPYXKEH B JBYMEPHBIX 3JIEKTPOH-
HBIX CTPYKTYPaxX PeKOPIHO BBICOKOTO KayecTBa C MOJBIIK-
HocThIo okouio 107 em? B! ¢!, B Takux cTpykTypax o6Ha-
PYXXEHO HEOObIYHOE MOBENEHHE Ryy B OKPECTHOCTH CBOUX
MAaKCHMYyMOB Tpu (akTopax 3amoiHeHust v=M—+1/2>5/2.
ITpumep 3kcnepuMeHTaIbHON 3amucu U3 paboTsl [95] npu-
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Puc. 22. (a) [eiicTBuTenbHass 1 MHUMAasi KOMIIOHEHTHI TOKa B TPEXUIEKTPOIHON CTPYKType, MOJOOHOI NOKa3aHHOM Ha puC. §, B 3aBUCHMOCTH OT
(baxropa 3anossenus npu T = 30 MK, B = 14 Tu, U = 4,2 MB, 0/2n = 73 T'n. (6) DxcniepuMeHTaIbHbIC 3HAYCHUS (KBAIPATHI) U II0ArOHKA (CILIOLIHAS]
kpuBasi) hpopmyt (28), (29) BoabT-amnepHoii 3aBucumoctu ipu B =13 Tinu T = 60 MK. (Janusie padbotsr [92].)
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Puc. 23. (a) 3aBUCHMOCTH CONPOTHUBJICHUs OT MarHUTHOTO TOJISI HA Te-
TEPOCTPYKTYPE ¢ MOABUKHOCTLIO 9 x 10 cm? B~! ¢! mpu TemnepaType
25 mK. Ha aByx 3anmcsx (CILUTOIIHAS M IITPUXOBAasi KPUBBIE) HAIIPAB-
JIEHUsl TOKa B3aMMHO nepreHIukyIspHbl. (ITo nmanHbiM pabotsr [95].)
(6) TyHHenbHAs MJIIOTHOCTb COCTOsIHWET B moje B =2 Tu. Ilpu Bcex
HCCJIeIOBAHHBIX (DaKTOpax 3aIOJHEHHs XOPOILIO BHIHA KYJIOHOBCKas
1IeJTb Ha YPOBHE XUMHUYECKOTO noTeHImana. (Janabie paboTs [90].)

Ben€H Ha puc. 23a. Kak BUAHO U3 pUCYHKA, IPU HU3KUX
Temmepatypax, 7 < 150 MK, B MakcumyMmax AMCCUIIATHB-
HOT'O CONPOTHBJICHUSI HAOIIOAAIOTCS MO0 CIOXKHAS CTPYK-
Typa, JUOO0 BO3PACTAIOUINI C MOHMXEHHEM TEMIIEPATYpPhI
UK CONpOTUBIIeHUS. Pe3ynbTaT npu paxTopax 3amoaIHeHus
BbIIIIE 7/2 3aBUCUT OT HAIIPABJICHUS TOKA: IIPU TOKE, HAIIPAB-
JICHHOM BJ10JIb KpUCTaJLIOTpaduueckoro Hanpasienus [110],
CONPOTHUBJICHHE OTHOCUTENIbHO HeBesMKo (=~ 50 OMm), a npu
CMEHE HaNpaBJIeHUs TOKA Ha NEPHEHIUKYJsIpHOE HaOJIro-

naercsi ropa3no Oojiee BBICOKHNA MUK CONPOTHUBJICHUS
(~ 1000 OM). OcOOEHHOCTH AUCCUIATUBHOIO COMPOTHUBJIC-
HUsSI HE CONPOBOXIAIOTCS MOSIBJIICHHEM JIOTOJHUTEIbHBIX
IJIATO HAa XOJUTOBCKOW KOMITOHEHTE. AHAJIOTHMYHAS CTPYK-
Typa HaOJIOAEeTCS U B OKPECTHOCTH MAKCUMYMOB R, TIPH
(axTopax 3anosHeHus 5/2 m 7/2, ogHAKO B 3TOM cliyyae
AHU30TPONHSI AUCCUMIATUBHON KOMITOHEHTHI COMTPOTHBIICHHS
OTCYTCTBYET.

Teopernueckre cooOpaxkeHUsi, OOBSICHSIOIME OOHApY-
JKEHHBIH 3P QPeKT, MOSBUIUCH Aaxe panblie (cMm. [96, 97]),
4YeM ObLI BBINOJIHEH dKcniepuMeHT. [Ipu M > 1 omHOpoaHAS
CHCTEMA C TIOJTYEeIbIM (GaKTOPOM 3anojHeHust v = M + 1/2
OKa3bIBAETCSl SHEPIETUYECKU HEBBITOJHOM, MOITOMY BEpX-
HUH U3 3aI0JIHEHHBIX KBAHTOBBIX YPOBHEU HA OJIHOM 4acTU
ILTOCKOCTH 00pa3ia npuodperaer GpakTop 3arOJHEHHS Vv =
= M + 1, a Ha npyroit — v = M. ®opma u pazmepsnl obac-
Tell ¢ pa3aINYHBIME (PAKTOPAMU 3aTIOJTHECHUSI OMIPEICIISIFOTCS
KOHKYPEHIIUEH MEX Ty OOMEHHBIM B3aUMOICHCTBUAEM, TIOHH-
JKAIOIUM 3JHEPTHIO OCHOBHOTO COCTOSIHUSL 3JIEKTPOHHOUN
CHCTEMBI TPU TMOSIBJICHUU IICJIOYNCICHHOTO 3arOJIHEHUS, U
KYJIOHOBCKO#1 sHeprueit. [1pu cpemHeM dakTope 3alOTHEHHUS
v= M+ 1/2 ontumanbHOi KoH(puUrypanueit B mpubImie-
Hun XapTpu—Doka oka3bIBae€TCsl CUCTEMa MapaUIeIbHBIX
MOJIOC € XapaKTepHOU IMMPUHON MOPSAKA MUKIOTPOHHOTO
pamuyca. DIeKTpOHHAS CHCTEMa CHIOHTAHHO TePsieT CAMMeT-
puro ¢ 00pa3oBaHMUEM BOJIHBI 3apsiioBON IUIOTHOCTH. Ofn-
HAKO ecli (haKkTop 3aroIHEeHNs OJIN30K HEe K MOJIYIEIOMY, a
CKOpee K IIeIOMY 3HAYEHHIO, TO BO3MOXHO TIOSIBJICHHE
M30TPOIHONW HEOJTHOPOJTHOM (Pa3bl U3 OTIEIBHBIX OCTPOB-
KOB, 00pa3yrolMx HEeYTO BpoJe Kpucrtaia. Hakonem, B
OKPECTHOCTU UEJIOUUCIICHHOTO 3aMOJIHEHHSI TEOPETHYECKH
OXUJAEeTCs] BOSHUKHOBEHUE BUTHEPOBCKOTO KpHCTAIA, T.C.
CIIOHTAHHOE TOSIBJICHUE CHJIbHOM MOIYJISLIUK 3JIEKTPOHHON
IJIOTHOCTH ¢ MAaKCUMyMaMH, 0Opa3yroIUMH NPaBHJIbHYIO
(IpeanoIOKUTEILHO TPEYTOJIbHYIO) PEIIETKY, U OJIM3KOU K
€JMHUIIE BEPOSITHOCTbIO OOHAPYXXUTH OAMH 3JIEKTPOH B
OKPECTHOCTHU KaXJI0I'0 MaKCUMyMa.

ITonob6Hast KapTHUHA COTJIACYETCS C AHU30TPOIMEN TUCCH-
IIATUBHOI KOMIIOHEHTBI TEH30pa CONpOTHUBJIEHUS. JIr06o-
MBITHO OTMETHTh, YTO B pAMKaX TAKON KAPTUHBI PEICKA3bI-
BaeTCs TaKXkKe CYIIECTBOBAHUE KYJIOHOBCKOM MU B Cliyvae
TYHHEJIMPOBAHUS HA YPOBEHb XUMUYECKOTO TIOTEHIIMAJIA TIPU
6osibux (paktopax 3amoiHeHus. llenb mmeer oOMeHHOE
MIPOUCXOK/ICHUE, U TIPH MOJIYIIEJIOM 3aMOJTHEHUN OHA PaBHA

In (Mry)

COMA4+17 (30)

AEg:%m(HE) + ho

I's
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ITpu PuxkcupoBaHHOM (akTOpe 3am0IHEHUS] BTOPO YJieH B
npaBoil yactu (30) mponopuroHajIeH MAarHUTHOMY IIOJIO.
[leb XOpOIIO BhIpaXkeHa B TYHHEJIBHBIX CHEKTPAaxX pabOThI
[90] (pumc. 236), XOTs TMOJEBbIE 3aBUCUMOCTH TYHHEJIHLHOUN
IIeJIN TTOKA U3YYESHBI HETOCTATOYHO.

ITpubmmxenne Xaprpu—Poka naér nuipb rpydoe omnu-
canne cutyanuu. B psime padot [98 — 101] mpocTpancTBEHHOE
pacmpezeseHne obyacTelt ¢ pa3HbIMA (DaKTOpaMH 3aIloJIHe-
HUSl PACCMOTPEHO B TEPMHHAX, TPAJUIIMOHHO HCIOJb3Yye-
MBIX ISl OMICAHUS JXUAKUX KPUCTAJUIOB, M MIPH BBIXOJE 3a
pamku npubimkenuss Xaprtpu—Poka oOHApYXKeHO emié
OoJbliiee n300mIMe peann3yeMbix pas. Hanpumep, paccMoT-
peHHasl BBIIIE CTPYKTYypa U3 COHANPABJIEHHBIX ITOJIOCOK
MOXET PacCMaTpPUBATBCS KaK CMEKTHK, a €CJIU MOJIOCKU He
CTPOTrO mapajuleJbHbl U MPH COXPAHEHUH MPEHMYIIeCTBEH-
HOTO HAINPABIICHUS B MOJOCKOBOM CTPYKType HPUCYTCTBYET
Oecriopsiok, TO Takasi (¢a3a COOTBETCTBYET HEMATHKY.
Bo3MoskeH pa3phIB MOJIOCOK ¢ 00pa30BAHUEM HOJIOCKOBOTO
kpucrasuia (stripe crystal) u T.1.

OpHa u3 Bepcuit pa3oBoil IuarpaMMBbl, IPeIJIOKEHHAS B
paborte [96], npuBeneHa Ha puc. 24a. [To mMepe MOHMKXEHUS
TEeMIIEpaTyphl OObIYHAS U30TPOIHAS )KUIKOCTh B 3aBUCUMO-
cTu OT (haKTOpa 3aIOJHEHHUS 3aMEHSeTCs IMO0 MOoJIOCKaMU
HEMAaTHUKa, JIN00 rekcaTukoM (da3oit, TpoMeKyTOUHOM Mex-
Iy KPUCTAJIJIOM U3 OCTPOBKOB M HEYMOPSIIOYECHHBIM PACIIO-
JIOKEHUEM TeX JXe OCTpOoBKOB). [lanbHeiilliee MOHUXKEHHE
TEMITEPATYPBI IPUBOTUT K OOPA30BAHUIO UJTH BUTHEPOBCKO-
T0, WIH TOJIOCKOBOT'O KPUCTAJIA, M TOJIBKO B OKPECTHOCTH
MOJIYIEJIOTo (hakTopa 3aIMOJTHEHUS] COXPAHSIETCS HEMATHK.

K coxaennro, sKkCriepuMeHTaJIbHbIE BO3MOXXHOCTH HC-
CJIEIOBAHMSI TTOJIOCKOBBIX (ha3 CHIbHO orpaHmieHbl. [Toka
HET METOJIOB, MO3BOJISIIONINX JIETAILHO UCCIEIOBATH MPO-
CTpPaHCTBEHHYIO CTPYKTYpY ¢a3. OcHoBHas wHGbOpPMAIUS
MOJIyYEHA TIPU U3YYSHUU aHU30TPOIIHH 3JIEKTPOCOPOTUBIIE-
Hus. [lpu s3ToM oOHapyxkeHO (puc. 240), 4TO TOSIBJICHHE
KOMITOHEHTBI MAarHUTHOTO TIOJISL, TAPAJUIEIbHON IpenMyIIe-
CTBEHHO HAYAJIbHON OPHEHTAIMH IIOJIOCOK, U3MEHsIeT aHW-
30TPONHIO, T.€. U3MEHSET X OpUECHTanuto. BBenenne KoM-
MOHEHTHl MATHUTHOTO TIOJISl B HANPABJICHUU, MEPICHINKY-
JISPHOM OPHEHTAIMH IOJOCOK, CTAOUIIM3UPYET HCXOIAHYIO
anm3oTponuto. Hakorer, npu GpakTopax 3anojHeHus 5/2 u
7/2, HAKJIOHSISE MATHUTHOE IOJIE, MOXHO TOOUTHCS MOSIBIIC-
Hus aHuzotponuu [102]. [TpomyckaHue MOCTOSHHOTO TOKA

T .
a 9/2
M3otponnas
(baza
Hematuueckast
ey )
(baza %
&)
%%
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Momnoc- | 4, %
KOBBII '7/\%’:1
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Puc. 24. (a) da3oBas quarpaMma Jiisi OCHOBHOT'O COCTOSIHUS TOJIOCKOBBIX
dba3 npu xoneunoit temmepatrype. (ITo pesyabratam pabdboTwr [96].)
(0) BiusiHue HAKJIOHA MAarHUTHOTO T10JIS1 HA JUCCUIIATUBHYIO KOMIIOHEH-
Ty CONpPOTHBJIEHUS Rgis. MATHUTHOE TIOJI€ HAKJIOHSIETCS OT HOPMAJH B
HapaBJICHAN, NapaUIeJIbHOM H3HAYAJIBHOM OPHEHTAIUH IIOJIOCOK.
ITyHkTHpHAs KpUBasi COOTBETCTBYET TOKY BJ10JIb ocH [110], a crutomiHas
KpHBasi — TOKY B HEPINEHAUKYISIPHOM HanpasieHud. ([JanHbie paboThl
[102].)

2*

nopsiika 1 MKA Takke MOXET BIUSTh HA aHU30TPONHIO U
TPaHUIIBI YCTONYMBOCTH Pa3iuuHbIX a3 [103].

B cMexTnueckoii paze mpoTekaHne TOKa JOJDKHO BBI3BI-
BaTh JBIDKCHUE BOJIHBI 3apSIOBOI IJIOTHOCTH B HANpaBJie-
HUH, TIEPIICHIUKYJISIPHOM HAMPABJICHUIO TOJOCOK, U MIPUBO-
JIUTh K HECTAIMOHAPHBIM 3PdekTam. Bo3MOKHO, UMEHHO
JIBIDKCHUE BOJIHBI 3apsIOBOI ILUIOTHOCTH HAOJIFOIATIOCH B
paborte [104], X0Tst HaIEKHOI CBSI3U OOHAPYKEHHOTO B 3TOU
paborTe 1myma ¢ JBUKEHUEM MOJIOCKOBOM (ha3bl HE TOJIYUEHO.

6. Llesiounciennnblii kBanToBblil 3pdexkT Xosu1a
B 9K30THYECKHX /IBYMEPHBIX JIEKTPOHHBIX
cucTeMax

6.1. I'pacpen

Hau6osiee U3BECTHBIM U TMOMYJISIPHBIM U3 3K30THYECKHUX
JIBYMEPHBIX 3JICKTPOHHBIX CHUCTEM, HECOMHEHHO, SIBJISIETCS
HEJTaBHO BBEIEHHBIN B MCCIICAOBATEIBCKYIO MPAKTHKY Tpa-
¢den [105]. DTOT MaTepua mpeacTaBisieT cOO0N MOHOCIION
rpaduTa (puc. 25a) ¢ KPUCTATUITMIECKON PEIIETKOM, KOTOpas
MOXET OBbITh MpEeACTaBJeHA B BUIE JBYX TPEYTOJBbHBIX
MoApeI€ToK. B cBOOOTHOM COCTOSTHUM MOHOCIION CBOPAYH-
BAeTCsl B CBUTOK, MOITOMY €r0 YKJIAJILIBAIOT HA JUIJICKTPH-
YeCKYIO0 TOJJIOKKY (Hampumep, SiO;), 4TO MO3BOJISET CIE-
JIATh Ha OCHOBE Irpad)eHa MojaeBoi TPAaH3UCTOP U YIPABIISITH
IJIOTHOCTBIO 3JIEKTPOHOB B MOHOCJIOE. BOJIBIIIMHCTBO dKCTIe-
PUMEHTOB BBLITNIOJHEHO Ha rpadeHe ¢ MOIOXKKON M3 OKHUC-
JICHHOTO KPEMHHSL.

INepBonauanbHO 0coOOOe BHUMaHUE K rpadeHy ObLIO BbI-
3BAHO €ro 3JICKTPOHHBIM CHEKTPOM, MMEIOIIMM BHUJ JIBYX
CONpHKacaroIMXcsi KoHycoB (puc. 256). [lis Hac Oyner
BaXXHBIM, YTO CIEKTP CHJIbHO OTJIMYAeTCsl OT KBaIpaThd-
HOTO U, CJIeIOBATEJIbHO, KBAHTOBBIE YPOBHU B MarHUTHOM
noje, B oryinune OT (4), HE SKBUIUCTAHTHBI. [pyras ot-
JINYUTENIbHAS YepTa 3JIEKTPOHHOIO cHeKkTpa rpagdena odyc-
JIOBJICHA HAJIMYMEM JIBYX SKBUBAJICHTHBIX KPUCTAJIIIMYECKUX
noapeméTok. I[1pu pukcupoBaHHOM HANPABJICHUN UMITYJIbCA
BOJIHOBAST QYHKIIUS 3JIEKTPOHA MOXET OBITh IPEJCTABJICHA B
BUJIC JIMHEHHONW KOMOWHAIINY BOJTHOBBIX (DYHKIIU, OTHOCS-
muxcsi K oxHoW w3 moapeméTtok. IlomoOGHas cutyanus
OOBITHO OTMUCHIBAETCS C TIOMOIIBIO JIOTOJIHUTEILHOTO KBaH-
TOBOTO YHuCIIA (IICEBIOCIUHA 7).

V rpadena Ha rpaHmIle MepBOi 30HBI BpuiTIOIHA ecThb
JBa HAbopa To4ek, B KOTOPbIX ¢(p) = 0. B cxeme pacimpen-
HBIX 30H MOXHO TOBOPHTH O NBYX JOJIMHAX C 3aKOHOM
JTUCTIEPCUH, COOTBETCTBYIOIIUM JHEPTETUIECKOMY CIIEKTDY,
CXEMaTHUYHO TIPEJICTaBJICHHOMY Ha puc. 250.

B ciyuae HemapaOoJIMYECKOTO 3JEKTPOHHOTO CIEKTpa
JUUISL HAXOXKJICHHUSI CUCTEMbl KBAHTOBBIX YPOBHEH B MAarHWT-
HOM T0JIe YA0OHO UCXOIUTDH U3 KBA3UKIIACCUYECKOTO YCIIO-
BHs KBaHTOBaHUS bopa—3omMmepdenbaa, koTopoe TpedyeT
[22], 4TOOBI KBAHTOBAHUE ILJIOIIAIU JIEKTPOHHONH OPOUTHI B
HMITYJIbCHOM TIPOCTPAHCTBE YAOBJIETBOPSIIO COOTHOILICHUIO

Sy = (n—&-l) h()B.

> - (31)

IMpumenur (31) k 3JIGKTPOHHOMY CHEKTpY TpadeHa
e(p) = xc*|p|, momyuum

x¥271/2
sn:iKn+l) hei} .
2 e

3/1ech 3HAKy IUIFOC OTBEYAIOT 3JIEKTPOHHBIE KBAHTOBBIC
YPOBHH, a 3HAKY MHUHYC — JIbIpouHble. COOTBETCTBYIOIINI
CHEeKTp IOKa3aH B JIEBOW 4yacTu puc. 26a. Tak BBIISAUT

(32)
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Puc. 25. (B uBere onnaiin.) (a) Cxema KpUCTAJIJIMYECKOW PELIETKH
rpacdeHa. Pa3HbIM BETOM MOKA3aHBI [BEe JKBHBAJICHTHBIE TPEYTOJILHBIC
nonpemiéTku. (0) Dmeprermyeckmit crekTp rpadena (omHa U3 ABYX
JIOJINH); ¢ — MPOEKIHs ICeBJOCIIHHA.

Puc. 26. (B usete onaiin.) (a) CxemMaTuieckoe n300paxeHue IIOTHOCTH
COCTOSIHHI B 3aBHCHMOCTH OT JHEpIru¥ (B JICBOM YacTH pPHCYHKa — B
COOTBETCTBUU C ypaBHeHUEeM (32), B mpaBoil — B coOTBEeTCTBHUH C (33).
DJIEKTPOHHBIE U JBIPOYHBIC KBAHTOBBIE YPOBHM IOKa3aHbl Pa3HBIMU
nBeTaMu. (0) DKCriepuMEHTAJIbHBIE PE3YJIbTATHI JJI51 XOJLIOBCKOI KOMIIO-
HEHTBI KOH/IAKTAHCA U JTUCCUIIATUBHOW KOMIIOHEHTHI TEH30pa MAarHeTO-
conpoTusiieHus B rpadene npu B = 14 Tnu T = 4 K. (Ilo pe3ynbratam
pabortsl [106].)

CIIEKTP TIPU HPEHEOPESIKEHUH TOJUHHBIM M CIHMHOBBIM Pac-
mwerieHussMu. OiHako B rpadeHe JOJIMHHOE pacllierlieHue
CPaBHHUMO C IIUKJIOTPOHHBIM (CM., Hanipumep, [107]) u ciekTp
(32) umeer Bun

o= | (n+

COOTBETCTBYIOIINI MpaBoil yactu puc. 26a. KBaHTOBBIE
YPOBHH YETHIPEXKPATHO BBIPOXKIEHBI (IBAKIBI MO CIHUHO-
BOMY WHCKCY U JIBaXIbI IO TOJUHHOMY). Kaxpif n3 HAX
COCTaBJIEH M3 JBYX coceqHuX ypoBHed Jlammay. Omun u3
KBAHTOBBIX YPOBHEW, OTBEYAIOIIMN HYJICBOW 3HEPIUU, CO-
CTaBJIEH W3 KBAHTOBOTO TMOJYPOBHS IJISI DJIEKTPOHOB W
TAaKOTO € MOAYPOBHS s AbIpok. IloaTomy ycimoBme
KBAaHTOBAHUS PUHUMAET BUJT

4

1 1\ heBce*27'?
Sy ) BT (33)

e

ns = t4ny <N—|—%> . (34)

Kak Bumno u3 puc. 260, 3KCnepuMEHTabHbIE KpPHUBbIC
COrJIacyroTcs ¢ ypaBHeHuem (34).

V4€T CIMHOBOTO PACIEIUICHHsI YPOBHEH, KOTOPBIM MbI
JI0O CHUX HOp HpeHeOperajiy, CIoCOOeH 3aMETHO M3MEHHTH

3aBUCUMOCTHU XOJUIOBCKO#M M TUCCHIIATUBHON MPOBOIMMOC-
Tell BOJMU3M TOYKM HYJIEBOI IJIOTHOCTU HoOcuTesiel Toka. B
OKPECTHOCTH JTOW TOYKH MOSIBJISETCS JIOMOJIHUTEIBHOE
IIATO Oy, =0 NpHU KOHEYHOM 3HAYEHMH IUCCHIATUBHOIO
konmakTanca [108]. Emé onna crieruduueckas 0COOEHHOCTh
9JIEKTPOHHOT'O CIEKTpa TpadeHa B KBAHTYIOIIEM MATHUT-
HOM TI0JIe — OOJIBIIIOW IHEPTEeTUUECKUN MHTEPBAT MEXIY
KBaHTOBBIMH YPOBHSIMH C MHUHHMAJIbHBIMH HOMEpaMH —
nucrnoib3oBaHa B pabote [109], B koTopoit Habmromacs
[IEJIOYHCIIEHHBI KBaHTOBBIN 23((dexT Xoiuta mpu KOMHAT-
Hoit Temmiepatype (7 = 300 K) B MarHuTHOM T0JIE BEITMYH-
Hott 29 To.

6.2. /IBymMepHbIii O TyMeTaJL1

DTOT pazdes u paszen 6.3 OCHOBBIBAIOTCS Ha pe3yJIbTaTax
HCCIENOBAHUN 3JEKTPOHHOTO raza B KBAHTOBBIX sMax
oxgnoro tuna (HgTe B HgCdTe ¢ opueHTanueid moBepxHo-
cru (013)), HO ¢ pa3jMuHO# MmMHMpUHONW. MBI HAa4YHEM C
pPacCMOTpEHUS IUPOKUAX KBAHTOBBIX $IM, IMUPUHONH 18—
21 uM (puc. 27a). DJIEKTPOHHBIN CIEKTP B TaKO#l KBaHTO-
BOIf IM€ MMeeT THIHYHBI OJIyMeTalIHIecKHil XapakTep >,
uTO i Hanpasienus [031] cxeMaTHUECKHM MOKa3aHO Ha
puc. 27B. MMeeTcst 37MeKTPOHHBIA MHUHUMYM B LEHTpE
NIByMepHOH 30HBI BpuinirosHa (00yCIOBJIEHHBIH MUHUMY-
MoM 1iepBoii 30ubl (hl) TsDKEIBIX IBIpOK B Touke I') m nBa
IBIPOYHBIX MaKCHMyMa (CBSI3aHHBIE C MAKCHMYMaMH BTO-
POt 30HBI TSDKEIBIX JbIPOK (h2)), CABUHYTHIX B k-IIpOCTpaH-
ctBe Broab ocu [031] Ha paccrostame mopsiaka 0,3 Hm !
OTHOCHUTEJIBHO IIEHTpa 30HbI bpuiuttosHa. DKcnepuMeH-
TaJbHBbIE 3HAYEHUS] MACC MJIOTHOCTH COCTOSIHMM COCTaB-
0T my, ~ 0,15mqy, me =~ 0,025my, Tae my — mMacca CBO-
6omHoro anektpona [110, 111].

Kak u B TpéXMepHBIX MOJyMeTalIaX, CyLIECTBYeT 00-
JIACTB SHEPruil A, B KOTOPOil 3JICKTPOHHAS U TLIPOYHASI 30HbBI
MEePEKPBIBAKOTCS, H, IO TEX MOP MOKA XUMHUICCKHHA MOTSHITAAT
JIOKUT B IIpefesiaX 3ToWd oOJIaCTH, B IBYMEPHOW CHCTEMeE
CYIIECTBYIOT KaK 3JICKTPOHBI, TaK W ABIPKU. VX MIOTHOCTH
YPaBHUBAFOTCS B TOUKE 3aPsITOBON 3JIEKTPOHEHTPATIHHOCTH
OpU  KOHUEHTPALUH Mgy = pro ~ 5 x 1010 em™2. Dmeprus
MEPEKPBITHS] ¥ XUMHUYECKUH TOTEHIMATI B TOYKE JJIEKTPO-
HEUTPAJIBHOCTH OMPEeAeIsIoTCs IPPEKTUBHEIMUA MaccaMu U
KOHIIEHTparnuel Hocutesen 3apsima. OTCUNTHIBAs BCE dHEP-
TUH OT JTHA 30HBI IPOBOAMMOCTH, TIOJydaeM

Heo = Pho = Ho &se Me _ (4 = o) gsh gvh Mn
T o’ 2mh ’

(35)

I7ie gs U gy — CTENECHU CIIMHOBOTO U JIOJUHHOTO BHIPOXKICHUS
coOTBeTCTBEHHO. [ToTuepKHEM, YTO 3aTBOPHOE HAIIPSIKEHHE
3a7aT He 3HAYCHUSI KOHIICHTPAIUi 3JIEKTPOHOB U JBIPOK, a
HX PA3HOCTh, B TO BpEMsI KAk COOCTBEHHO 3HAYCHUS KOHIICHT-
pamuii, coryiacHo ypaBHeHHUIO (33), onmpenesIsitoTCs 3JIEKTPOH-
HBIM CIIEKTPOM.

B KBaHTYOIIIEM MAarHUTHOM TI0JI€ BEPXHUN U3 YaCTHYHO
3aIOJIHCHHBIX 3JICKTPOHHBIX KBAHTOBBIX YPOBHEH U HUKHUN
W3 YaCTHYHO 3AaIOJIHCHHBIX JBIPOYHBIX B OOIEM cllydae He
COBIIAJIAFOT 10 SHEPTUU. B COCTOSTHUM paBHOBECHUS TaKasl CH-
Tyanusi HEBO3MOXHA, U TIPOUCXOIUT PEKOMOUHAIUS 3JICKT-
POHOB U JBIPOK JI0 TeX MOP, MOKA M0 KpaiHell Mepe oJIuH 13
YACTHYHO 3aIMMOJTHEHHBIX KBAHTOBBIX YPOBHEHN MOJIHOCTBIO HE
OTYCTOIIUTCS. XAMUYECKHUI TTOTEHIIMAIT TIPH 3TOM OCIHJIIN-
pPYeT, CTAHOBSICH JTUOO MPUKOJIOTHIM K YACTHYHO 3ATMOJIHEH-

3 TosyMeTaJUIMYecKhii XapakTep JBYMEPHOTO 3JIEKTPOHHOIO CIEKTpa
MOXET OBbITh PeaIN30BaH TAKXKE B IIUPOKUX KBAHTOBBIX SIMaX U3 TOTO K¢
Martepuaja ¢ opueHTanuer mosepxuoctu (112) umu (100).
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Puc. 27. (a) 3aBuUCHMOCTb IHA 30HBI NIPOBOJMMOCTH M IOTOJIKA BAJEHTHOW 30HBI OT IUIyOMHBI B IMpoKoil kBaHTOBOIl ssme HgTe B HgCdTe.
(0) OxcnepuMeHTANIbHBIE 3aBUCUMOCTH THCCUNATUBHOM U XOJUIOBCKOM KOMIIOHEHT TEH30Pa MAarHETOCOIPOTHBJIEHUS] OT HAaNpPSDKEHHs Ha 3aTBOPE,
npu B=2Tn, T=0,19 K. B HyJleBOM MarHuTHOM IIOJIe TOYKA 3apsIOBOW 3JIEKTPOHEHTPAILHOCTH COOTBETCTBYET HANPSDKCHHUIO HA 3aTBOPE

Vy = —1,2 B. (B) CxemaTuyeckoe u300paxeHue 3JeKTPOHHOTIO CIIEKTPA.

HOMY KBAaHTOBOMY YPOBHIO, JIMOO PACIIOJIOKECHHBIM B cepe-
JIMHE MEX /Y EJTMKOM 3aMOJTHEHHBIM M OJIM)KAUIITUM ITYCThIM
ypoBHSIMH. PexoMOMHAINS 3JIEKTPOHOB M JBIPOK HE OKa3bI-
BACT BJIMSIHUSI HA CHEKTpP, MOCKOJIbKY KBaHTOBAas sMa, IO
KpaiiHeli Mepe B caMOoM rpyOOM NpHOJIMKEHHUH, SIBIISETCS
xéctkoii [112]. VcinoBusi KBaHTOBAHUS JJ15I CIIEKTPA C OTCYT-
CTBHEM BBIPOXKICHUS CXOXH CO CIpaBeJIMBBIMU IJIsl Tpa-
(ena:

ng = i}’l()N. (36)
Kak Bumgno u3 puc. 276, yciaosue (36) B moyiHOW Mepe
MOATBEPKAAETCS IKCIIEPUMEHTOM, MPUUEM KaXKAbIN N3 KBAH-
TOBBIX YPOBHEH OKa3bIBAETCS HEBBIPOXICHHBIM. Takas
KapTHHA BIOJIHE COTJIACYETCSI C Pe3yIbTATOM PacuéTa JIeKT-
pouHoro cnekTpa [113], KOTOpBIA OKa3bIBAETCS CHJILHO
OTJIMYAIOIIUMCS OT IPOCTHIX MepeceKaromuxcs Beepos Jlan-
Jlay W 3aBHUCSIIMM OT BEJMYMHBI MArHUTHOTO ToJIst. ClIOX-
HBII XapakTep CIeKTpa OOYCJIOBJIEH CHUJIbHBIM CHHH-OPOU-
TaJIbHBIM B3aUMOJECHCTBHEM B pAacCMAaTPUBAEMOM CHCTEME.
OpmHako Bce OCOOCHHOCTH CIEKTpa MPAKTHYECKU HE MPo-
SIBJISIFOTCS HA CTPOSILIMXCA 1O pe3yJibTaTaM 3KCHepUMEHTa
BEEPHBIX AMarpaMmax, MoJOOHBIX M300paxEHHBIM Ha
puc. 106.

HecmoTpst Ha cxoxecTb puc. 266 u 276, Mexay rpade-
HOM U JBYMEPHBIM IOJYMETAJUIOM HMEETCs CYILECTBEHHOE
pazJyiume: B TOUKE 3apsIOBOI 3JIEKTPOHEHTPaIbHOCTH Tpa-
(eHa (C TOYHOCTBIO IO CIHMHOBOTO PACHICIUICHHS]) YPOBEHb
XAMIYECKOTO MOTEHIMAJIA COBIAJAeT C KBAHTOBBIM YpPOB-
HEM, a B ABYMEpPHOM IMOJIyMeTaJUle OH pacHojlaraercss B
SHEpreTHIecKoif men. Yncna 3JIeKTPOHOB U ABIPOK B TOUKE
3apsAI0BOM JIEKTPOHEUTPATBHOCTH HE SIBISIOTCS (PUKCUPO-
BAHHBIMU WM HU3MEHSIFOTCS OT 3HAYEHHS, TUIMYHOTO [IJIst
HYJIEBOTO MATHHTHOTO TMOJIS, O HYJISI B CHJILBHOM IIOJIE.
[TosTomy B mociieiHeM ciydae p,, = 0, a p, IMeeT aKTHBa-
IUOHHBIN XapakTtep [114] ¢ HeOXKUAAHHO MaJIbIM 3HAYEHUEM
AKTHBAIIIOHHON 9HEPTUH, OTPaKAFOILINM CJIOKHOCTH JICKT-
ponHoro crextpa [113].

6.3. KBaHTOBBIii X0.IJIOBCKHIi CIIMHOBBIIi H30.1TOP

Tenepp oOpaTuMcsi K paCCMOTPEHUIO CBOMCTB TO# ke
KBaHTOBOM SIMBI, UTO U B pa3jiesie 6.2, HO UMEIOIIeH ropas3io
MEHBUIYIO IUUPUHY. Y MEHbIIEHHE IIUPUHBI KBAHTOBOH SIMbI
MPUBOJIUT CHAYasIa K NCYC3HOBEHHIO TIEPEKPBITUS 30H TSIKE-
JIBIX JBIPOK, @ 3aTEM IIPH KPUTUIECKOH IIIMPUHE SIMBI B 6,3 HM
— K nepeceueHuto 30H el u hl B Touke I' 30HbI bpusttosHa.
IlepeceueHne 30H OOYCJIOBJIEHO BJIUSHUEM OKPYXKAIOLIETO
kBaHTOBYIO siMy HgCdTe, B KOTOpOM MOPSIAOK CIICTOBAHUS
aTOMHBIX 30H uHoM, ueM B HgTe. Cama 30Ha el coaepxur
JIBa CIIMHOBBIX COCTOSIHUSI ATOMHBIX S-OopOwWTaliedf, B TO
BpeMsi kak 30Ha hl obOpa3oBaHa p-opOWUTaIIMHU C IPOEK-
musiMu crimHa +3/2.

PaccMOTpUM 37IEKTPOHHBIN CIIEKTP B HEKOTOPOU OKpPeCT-
HOoCTH TOYKH I ipW mmpuHe siMbl, OJU3KON K KPUTHIECKO.
Bmamm ot xpas nBymMepHO# 3JIEKTPOHHOU CHUCTEMBI CHEKTP
JTOJDKEH ONUCHIBATHCS TAMUJIbTOHHAHOM, B KOTOPOM YYTEHO
cMemmBanne 30H el m hl BcieacTBHe CHIBHOTO CIUH-
OpOUTAJIBHOTO B3aUMO/JICHCTBUSI, OOYCIOBJICHHOTO MPUCYT-
cTBUeM p-opOuTasnieii. ITlpu KpUTHYECKOW IIMPUHE MBI
3JIEKTPOHHBIN CIEKTP MOI00CH CHEeKTPY IpadeHa, 3a UCKIIFO-
YeHHEM TOTO YTO MepeceueHre 30H B CIyyae paccMaTpHuBae-
MOT'0 CIIEKTpa MPOUCXOTUT B Touke I', 1 mo3TOMY OH SIBJISI-
eTcsl OAHOAOJIMHHBIM. [lpu mmprHe KBAaHTOBOM SIMBI, Kak
MEHbIIICH (HEMHBEPTUPOBAHHBIA CIEKTP), TaK U OOJIbIIICH
(MHBEPTUPOBAHHBINA CHEKTP) KPUTHUECKOH, B CHJILHO Hema-
paboIMYecKOM CIIEKTpEe UMEETCsI SHEpreTuyeckas 1eib. B
cilyyae HEMHBEPTUPOBAHHOTO B TOYKe I criekTpa BOJHOBBIC
(byHKITMY B 30HE MPOBOJAUMOCTH MOCTPOCHBI U3 S-OpOUTaIeH,
a B BaJICHTHON 30He — M3 p-opOuTajieil u cnocod ux mo-
CTPOCHHUSI HE MEHSIETCSI C BO3PACTAHUEM BEJIMYMHBI BOJTHOBO-
ro BekTopa. HampoTuB, npy MHBEPTUPOBAHHOM B TOuke I
CIIEKTPE BOJHOBBIE (DYHKIIUU B 30HE MPOBOJIUMOCTH IMTOCTPO-
€Hbl W3 p-opOuTalieil, a B BaJIEHTHOW 30HE — W3 S-OpOH-
TaJiell, TpuI€M Ccrocod UX MOCTPOSHHS U3MEHSETCSI C BO3-
pacTaHueM BeJIMYMHBI BOJIHOBOTO BeKTOpa. SIcHO, 4TO, pac-
TOJIOKUB YPOBEHb XMMHYECKOTO MOTEHIHAIA B IIpeaeax
SHEPreTUYECKON IIeNH, B KaXIOM M3 pacCMaTpPUBAEMBIX
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CJIy4aeB Mbl OyJIeM UMETb JIEJI0 C U30JISTOPAMHU, OJITHAKO 3TU
M30JISITOPBI  OyIyT TOMOJIOTHYECKH HEIKBUBAJICHTHBIMH.
Ecnu mepBblii U3 HUX (C HEMHBEPTUPOBAHHBIM CIIEKTPOM)
XOpOIIIO HAM M3BECTEH KaK OOBIYHBIA JBYMEpPHBIH H30JIs-
TOP, TO CBOHCTBA BTOPOTO (JIBYMEPHOT'O TOIOJIOTHYECKOTO
U30JI5ITOpa) cleAyeT oOCyIUTh MOAPOOHO, MOCKOJIBKY OH
JIEMOHCTPUPYET TaK Ha3bIBAEMbI KBAHTOBBIM CIHHOBBIN
a¢pdext Xosa.

KBaHTOBBIl cClIMHOBBIN 3 HEeKT X0J1a COCTOUT B CYIIe-
CTBOBAaHUHU MUCKPETHOIO KOHIAKTAHCA, COMPSHKEHHOTO C
MOSIBJICHHEM Ha OOKOBBIX TPAHSX CIHUH-MOJISIPU30BAHHBIX
9JIEKTPOHOB Jake€ B OTCYTCTBHE BHEIIHETO MATHUTHOTO
moJIsl.

Ilepeitném K paccMOTpPEeHHIO TPOCTPAHCTBEHHO-OT PAHU-
YEHHOT'0 IBYMEPHOTO JIEKTPOHHOrO rasa. IlycThb 1y ompe-
JIeIEHHOCTHU TPaHUIA pacmoJiokeHa mpu x = 0, Tak 4To ra3
3aHUMAaeT NOJynpocTpaHcTBoO X = 0. [Ipu HEeMHBEpCUOHHOM
XapaxkTepe CHeKTpa HapylleHHe TPAHCISIMOHHOW CUMMET-
pUH BJIOJIb OCH X CaMo IO ce0e He MPUBOAUT K MOSIBICHHUIO
JIOTIOJIHUTENIbHBIX KBAHTOBBIX COCTOSIHUN B 0O BEMHOM CIIEKT-
panbHoii menu. MHave neso o6CTOUT B Cilyuae MHBEPCHOTO
cnexktpa. OTCYTCTBUE TPAHCISLUOHHON CUMMETPUU NIPUBO-
JIUT K HeOOXOIMMOCTH U3MEHUTD cMeluBanue 30 el m hly
TPaHUIBI IBYMEPHOTO 3JIEKTPOHHOT O ra3a. B pe3ysibrate Ha
TPaHUIE BO3HUKAET OJTHOMEpPHOE OeCIIesIeBOE COCTOSHHE C
BOJIHOBOH (pyHKIMEH, oOpataroieiicss B HyJb npu x = 0 u
UMEIOIIEH aMIUTUTYIy, OIUCHIBAEMYIO CYMMOHN ABYX 3KC-
TOHEHT, 3aTYXAIOIIMX C BO3pPACTAHMEM X Ha Pa3JIMYHBIX
Maciradax.

ITogoOHOe cocTOsiHME MOXKET BO3HHMKHYTb TOJBKO B
okpectHocTH Touku I 30HBI Bpuiitosna, B koTopoil mnpu
k = 0 0HO UMeeT YeTBIPEXKPATHOE BEIPOXKICHUE: TBOMHOE 110
MPOEKIIUH CITUHA ¥ TBOWHOE 10 KOMOWHAIINU ATOMHBIX 30H.
Hac unTepecyeT 3aBUCHMOCTH SHEPTHU KPAEBOT'O COCTOSTHIS
OT KOMIIOHEHTBI HMMITYJbca K), OCTAlOLIEHCS y TPAHULEI
XOPOIIUM KBAaHTOBBIM YHCJIOM.

OJTHOMEpHBI raMUIIbTOHUAH, OIUCHIBAIOIINNA UCKOMYIO
3aBUCUMOCTb, uMmeeT BHI [115]

Hegge = Akyo* . (37)
Hnst HgTe-kBanToBoit simbl mapametrp 4 = 0,36 3B 1M, a
ckopocTh v=A/li=55x 10" cm ¢~'. Vxe uz dopmbl
raMHJIbTOHUAHA BHJIHO, YTO TPYNIOBASI CKOPOCTD DJIEKTPO-
HOB C IIOJIOKUTEJIbHON MPOEKLUEH CMHa He 3aBUCUT OT UX
SHEPIUU U SIBJISETCS] MPOTUBOIOJIOXHOM 1O 3HAKY TPYMIIO-
BOH CKOPOCTH 3JIEKTPOHOB C IPOTUBOIOJIOKHO HAIIPABJICH-
HOU mpoeknuei cnuHa. KpaeBoe cocTosiHME MMEET OIHO-
MepHBbIi rpadgenonogobOHbIl ciekTp. Hanpasienue o6xona
rpaHunpl o0pasna (1Mo 4acoBOW CTpeJIKe WJIM NMPOTHUB Het)
peryjaupyeTrcs napamMeTpamMy HCXOJHOT0 OOBEMHOIO ra-
MUJIbTOHUAHA, & B ypaBHeHUH (37) — 3HAKOM mapamerpa A.

Takum 06pa3oM, GUKCHPOBAB YPOBEHb XMMHYECKOTO I1O-
TEHIMAJIa B IIeJIU O0BEMHOTO CIIEKTPA, MbI MIEPECEUEM €To Y
KaXJIOTO Kpasi IBYMsI OJTHOMEPHBIMHU KPaeBbIMH KaHAJIAMH,
TIEPEHOCSIIMMU JIEKTPOHBI BO B3AUMHO MPOTHBOMOJIOKHBIX
HAIPABJICHASX W CO B3aMMHO MPOTHBOIOJIOXHBIMH IPOEK-
[USIMH CITUHA.

Ecim oOpasen uMeeT MpsIMOYTOJIbHYO OPMY ¥ OMHUYe-
CKHME KOHTAKTBl, TO cCHTyanusi emeé OoJiee HAIIOMHHAET
TaKOBYIO TIPU NEJIOUYUCIEHHOM KBaHTOBOM 3¢ dexTe Xoa.
[Tycts BHAUAIe IMEETCs BCETO JBA KOHTAKTA: HCTOK U CTOK C
Pa3IMYHBIMU XHMHYECKUMU MTOTeHIMadaMu. Ha kaxmoit u3
CTOPOH 00pasna, COeOUHSIOINX KOHTAKTBI, BO3HHUKHET
nepeHoc 3apsina u cnuHa. OIHAKO YPOBHH XHMHYECKOTO
notennuaa co cnuaoM "eepx" ("Buuz") OyayT pasiuyuHbI-
MH Ha pa3HBIX CTOPOHAX, MO3TOMY HA KpasiX BO3HHUKHET

HEPaBHOBECHAS! CIIMHOBAS 3aCEJEHHOCTH, TPONOPLIUOHAb-
Hasi TOKY. B TO jxe BpeMsl 3JIeKTpuUecKre TOKH, POTEKAIO-
1IFe M0 Pa3sHbBIM CTOpPOHAaM o0pasna, OJMHAKOBBI IO BEJIH-
YMHE M COHANpABJICHbI. JIByXKOHTAKTHBIN KOHJIaKTaHC 00-
pasua, BeIYUCIICHHBIN 110 BroTTukepy (cm. pasaen 3.4), paBeH
2¢2/h.

Bosee mHTEpecHa cuTyanmsi, B KOTOpoi oOpasern obJia-
JIaeT TaKKe MOTEHIMaJbHBIMUA KOHTAaKTaMu. B aToM cityuae
KakK JABYXKOHTAKTHOE COIPOTHUBJIEHHE, TaK U Pa3HOCTb IIO-
TEHIMAJIOB MEXIY KOHTAKTaMH 3aBHCST OT YUCIIA U PACIIO-
JIO)KEHWsI TOTEHIMAJIBHBIX KOHTakTOB. Hampumep, ecim ¢
KaXI0M CTOPOHBI MMEETCSl TOJBKO OJHA Mapa TAKUX KOH-
TAaKTOB, TO H3MEPEHHOE MEX/Ty COCETHUMHU KOHTAKTAMHU I1a-
JIeHIe HATIPSKEHHS COOTBETCTBYET CONPOTHBIICHHIO /1/2¢2,
a JBYXKOHTAKTHOE CONPOTUBIICHUE MEXIY CTOKOM U HCTO-
KoM paBHO 3/1/2e”. TIpuBeIéHHBIE 3HAYEHUS JIETKO BBIYHC-
JIroTCs Takke B popmanusme BroTTukepa.

OxugaemMasi KApTUHA KPAeBBIX COCTOSIHUNA MMEET HEKO-
TOPOE CXOJICTBO C TAKOBOM B CiIyyae IIeJOYNCIEHHOTO KBaH-
ToBoro 3ddekra Xoia, 4eM U OOYCIOBICHO MOSBIICHUE
TepMHUHA "KBAHTOBBIN XOJIJIOBCKUM CIIMHOBLIN U30aTOp".

Heo6xomuMo oTMETUTD, 4TO MPUBEACHHBIC BBIIIE pac-
CYXXIEHHSI CIPAaBEJIMBBI TOJBKO B OTCYTCTBHE pPACCESHUS
Ha3aJ, CONPSHKEHHOTO ¢ nmepeBopoToM cnuHa. [Ipu Hu3KOU
TeMIEepaType W OTCYTCTBHM MArHUTHBIX NpPHUMECEH Takue
TIPOIECCHI MPEANOJIAratoTCSl MaJIOBEPOSTHBIMH.

B skcniepumente [116] (puc. 28) gelcTBUTEILHO HAOIIO-
JTaJIOCh IOBEJICHNE COMTPOTHUBIICHN S, TOX0XKee Ha IPeACcKa3bl-
BaeMoe (cM. BbIme). [Ipy HaIMYMK OBYX TOTEHIMAIBHBIX
KOHTaKTOB C KaXIOH CTOPOHBI MPSIMOYTOJBHOTO 00pa3ma
COINPOTHUBIIEHUE MEXTYy KOHTAKTAMHU OJHON CTOPOHBI NEH-
CTBUTEILHO COCTABIANO /i/2¢? HE3aBUCUMO OT INMPHHBI
obpa3na. Takoe 3HaueHHE CONPOTHBJICHUSI HAOJIIOIAJIOCH
TOJIKO B KBAaHTOBOMU SIME C MHBEPTUPOBAHHBIM CIEKTPOM.
HeoxunnanHo oxaszajioch, 4TO UIsl HAOJIFOIEHUS HYXHBI
OYeHb KOPOTKHE 00pa3Ipl, AMMHON nopsiaka 1 Mxm. [Touemy
MEXJly OJHOMEPHBIMHM KaHAJaMH UAYT YacTble MPOIECCHI
paccestHusI, OCTAJIOCh HESICHBIM.

ITpn HaJIOKEeHMU KBAHTYIOIIETO MATrHUTHOTO TOJISI HA
JIBYMEPHYIO 3JIEKTPOHHYIO CHCTEMY B COCTOSIHUM KBAHTO-
BOT'O XOJUIOBCKOI'O CIMHOBOI'O M30JIITOpA IOCJIEIHEE OJI-
J)KHO pa3pylIaThCs, IOCKOJIbKY UCXOQHAS CHMMETPHUS Kpae-
BBIX KAHAJIOB OTJIMYAETCS OT CHMMETPUU KPAeBbIX KAHAJIOB B
COCTOSIHUM TIEJIOUYUCIIEHHOTO KBaHTOBOTrO 3ddekra Xoia.
OxkcnepumeHT [116] moaTBepxkaaeT 3TOT BHIBOJL.

7. 3akaouenue

CdopmypyeM HeEpelEHHbIE BOIIPOCHI M OMPEIEINM BO3-
MOKHBIE HAIIPABJICHUS JAJIbHEHININX MCCIIeT0BaHN B 00Jia-
CTH IIEJIOYUCIICHHOT'O KBAHTOBOTO 3pexTa XoJa.

1. Onpenenenne TEOPETHUUECKOTO Mpefesia 4Yucia BOC-
MPOU3BOAUMBIX 3HAKOB B KBAHTOBOM 3 dekTe XoIuia.

2. Pa3zperiienue mpoTUBOpeUnst MEXIy TEOPHUEH U IKCIIe-
PUMEHTOM, Kacarolerocsi (QyHKIUOHAILHON 3aBUCHMOCTH
CIMHOBOM IIeJIM OT MATHUTHOTO TIOJIsI TPpH (PUKCHPOBAHHOM
(hakTOpE 3aMOJIHCHHUS.

3. OObsicHeHHE CYIIECTBOBAHUSl PEIUINK KYJIOHOBCKOMN
IIeJIA HA KBAHTOBBIX YPOBHSIX BBIIIE M HIXKE YPOBHS XUMUYe-
CKOTO TIOTEHIIHAJIA.

4. Busyanmzanus CTpYKTYPBhI TOJIOCKOBBIX (a3.

5. MccnemoBanue KBaHTOBOTO 3ddekTa XoJiia B 3K30THU-
YECKHUX IBYMEPHBIX JIEKTPOHHBIX CUCTEMAX.

BesycnoBHO, mpuBenEHHBIA BHIIIE MEPEUYEHb OTPAXKAET
BKYCHI U MHTEPECHI aBTOPA M HE SIBJISETCS] YHUBEPCAJIbHBIM.
U BcE e OH MOXeT OKa3aThCs MOJIE3HBIM KaK HAIIOMUHAHKE
0 HEMOJIHOTE HAILIMX 3HAHWIA B 3TOM 00J1acTH.
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Puc. 28. (a) PesynbraTel maMepenuil u3 pabotel [116]: / — KkBaHTOBas siMa C HEMHBEPTHPOBAHHBIM CHEKTPOM, 2—4 — KBAHTOBBIE SIMBI C

MHBEPTUPOBAHHBIM CIIeKTpoM. B cityuax / u 2 jumHa 06pa3noB 20 MKM, a B ciryuax 3 u 4 juimHa o0pa3noB 1 MKM, HO MX IIMPUHA Pa3JIMYacTCs B JIBA
paza. T = 30 MK. (0) CxemaTuueckoe n3o0paxxenue oopasua aJis IByXKOHTAKTHBIX U3MEPEHUi, fi; < U,. Ha BcTaBKax moKa3aHbl CIEKTPbI KPACBBIX
KaHAJIOB U MX 3allOJIHEHHE HA MPOTHBOIOIOXHBIX Kpasx 00pasia; rOpH30OHTAIbHBIE CTPEJIKU YKA3bIBAIOT HAIMPABICHHE CKOPOCTH JJIEKTPOHOB, a

BEPTUKAJIBHBIC — Z-TIPOCKIUU CIINHA.
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