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1. BBexenne

IToBepXHOCTHBIE COCTOSIHMSI B KBAHTYIOIIUX MAarHUTHBIX
TOJISIX M3BECTHHI elle HaumHas ¢ pabor Xaitkmaa 1960-x
ronoB [1] mo tpexmepHbIM MeTaiaM. C TOYKH 3pEHUS
KBa3MKJIACCUYECKOM TEOPUH OHU BO3HUKAIOT KaK "CKauylue
opOuTHI" 3JEKTPOHOB Y I'PaHUIBLI 00pa3ia B KBAHTYIOIIEM
MAarHUTHOM T10Jie, KOTJ1a IUKJIOTPOHHBIN panyc 3JeKTpOHA
CTAHOBUTCSl MEHbIIE, YeM ToJjuHa oOpa3na. HeTpymHo
3aMETHUTh, YTO MOBEPXHOCTHBIE COCTOSIHUS 00J1aJAF0T MEHb-
el Ha eIUHUIYY Pa3MEPHOCTBIO MO CPaBHEHHUIO C pa3Mep-
HOCTBIO 00BeMHO# cucTeMbl. Tak, OHU KBA3UABYMEPHBI JJIs1
TPEXMEPHOT'O METAJLIIA.

9.B. JlesitoB. UHCTUTYT 1s3uku TBepaoro tena PAH,

142432 YepHorosioBka, MockoBckast 00.1., Poccuiickas ®eneparust
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Cmampua nocmynuaa 3 okmsaopa 2006 e.

Brnarogaps mporpeccy trexunosoruu, B 1970-x rogax craigo
BO3MOXHBIM CO3[IaHUE BBICOKOTIOJBMKHBIX IBYMEPHBIX
cucteM. [1OBepXHOCTHBIE COCTOSHHSI B KBAHTYIOIIEM Mar-
HUTHOM II0JI€ B IBYMEPHOM CJIy4ae YKe SIBJISIFOTCS KBa3UOI-
HOMEPHBIMU U 60J1e€ TOYHO MOT'YT OBITh Ha3BaHbl KPAEBBIMU
COCTOSIHUSIMU.

OcoOblii MHTEpEC MPEJCTaBIsAET COOOH HCCIIeqOBaHUE
TPAHCIOPTA MO KPAeBbIM COCTOSIHUSIM B PEXHUME KBAHTO-
Boro spdexkra Xosaa, korga ypoBeHb depmu B oObemMe
oOpa3na JISOKUT B MIETU TOJBUXKHOCTH M TPAHCIOPT IO
KPaeBbIM COCTOSIHUSIM OKa3bIBAET CYILLECTBEHHOE BIIUSHME
Ha cBoicTBa cuctembl. Kak nenouncinennsiii (LIKSX), Tak u
npoousii (IKIX) kBaHTOBEIE 3¢ (deKThI XO011a (CYIIeCTBYeT
XOpOIIHH, XOTSI M CTapblii 0030p [2] HA PYycCKOM SI3BIKE)
peau3yroTcsl B BLICOKOTIOIBUKHBIX JBYMEPHBIX 3JIEKTPOH-
HBIX CHUCTEMaX, MOMEIICHHBIX B KBAaHTYIOIEE MAarHUTHOE
moJie, MpU HHU3KOHM TemmepaType (MOpsiIka TemIepaTypbl
skuakoro reusi). O6a apdexkra mposBISIFOTCS KaK IUIATO B
XOJUIOBCKOM CONPOTHBIEHHH Ry, = (h/e?)1/v, rae dpakrop
3QMOJIHEHHST V SIBJIIETCSI COOTBETCTBEHHO IIEJIBIM YHCIIOM
1,2,... WK pallMOHAJILHOU JIPOOBIO OMPE/IEICHHOTO BUA:
1/3,2/3,2/5,3/5,... duccunaTuBHAS. KOMIIOHEHTA TEH30pa
MAarHeTOCONPOTHBIIEHHSI R, IPH 3TOM oOpamiaeTcs B HyJIb.
HecmoTpst Ha TO, 4TO B 000MX pexuMax ypoBeHb Pepmu
JISKUT B CIIEKTPAJILHOM IIEJIH, TPOUCXOXK/ICHAE ITHX IIIeJIeh
KavyecTBEHHO pas3Hoe. LlesounciieHHbI KBAaHTOBBIN P dexT
Xoyuta oOBsCHSIETCS KBaHTOBaHMEM JlaHmay B cHekTpe
JIByMEPHOHN 3JIEKTPOHHOM CHCTEMBI B MAarHUTHOM TMOJIE, U
JUJIs1 €70 BOBHUKHOBEHUS JIEKTPOH-3JIEKTPOHHOE B3aNMMOIeH-
cTBHe HecylecTBeHHO. Haobopot, Bo3HukHOBeHne JJKOX
LEJIMKOM OTHOCSIT K MPOSIBJICHAIO 3JIEKTPOH-3JICKTPOHHOTO
B3aMMOJICUCTBUS.

Haxe B pexxume LIKDX, npu npeneOpekeHU 3JIEKTPOH-
9JIEKTPOHHBIM B3aUMOJCHCTBUEM, OJHOMEPHBIE KpaeBbIe
COCTOSIHUSI IEMOHCTPUPYIOT IIAPOKHUIA CHEKTP MHTEPECHBIX
¢usnueckux s¢dextoB. OOMUNA MOAXOM K HMX OIMMCAHUIO
COCTOUT B NMPHUMECHEHWH K KPaeBbIM COCTOSIHHUSM (opma-
JIu3Ma OIHOMEpHBIX kaHasoB Jlannayapa [3], anantupoBas-
HOTO JJISI CITy4yasi KPaeBBbIX COCTOSIHUM B ABYMEPHBIX CHCTe-
max Brortukepom [4]. TTocnenoBaTtenbHbIl yueT 3(dexkToB
9JIEKTPOH-3JIEKTPOHHOTO B3aMMOIEHCTBHSI, HEOOXOUMBIN B
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pexume JKIX, mo3BossieT OXUAAThb, YTO OJHOMEPHbBIC
KpaeBble COCTOSIHUS MPOSBAT 3 (HEeKThI, CBOMCTBEHHBIE OJTHO-
MEpHOU 3JIeKTPOHHOHU xuakoctu. CieqyeT OTMETHUTh, YTO
KpaeBble cocTostHUs B pexnme [JJTKDX — 3T0 enmnHCcTBeHHAS
mounaa peaju3anvs MOJEJIN OJHOMEpHOU xuakoctu Jlat-
THHKEPA [S], B KOTOPOU MpUOOpeTArOT SICHBIN (PU3NYECKUI
CMBICJI BCE MPEATIOJIOKEHU S 9TOM MOEIH, YTO TEOPETUUECKU
ObLTO IOKa3aHo B paboTax Bena [6].

B nanrOM 0630pe kpaeBbie cocTostHuS B pesknMax [IKOX
u JKOX OynyT paccMOTpeHBI OT/ENIbHO B pa3aenax 2 u 3
COOTBETCTBEHHO. DTO MO3BOJIAT CHAYAIa COCPEIOTOUUTHCS
Ha OTIMCAHUU OJTHOYACTUYHBIX 3¢ (pexToB B pexxume LIKDX u
JIMIIb 3aTeM — Ha 3QQeKTax, 00yCIOBICHHBIX MEXIJICKT-
pOHHBIM B3auMoaeicTBueM (pexum JKIX).

3a BCIO MOYTH BAINATHICTHIOIO UCTOPHIO HCCIIEIOBA-
HUSI KPAeBBbIX COCTOSIHMU B pPEXHUME KBAaHTOBOTO 3(dekTa
XoJua Tak ¥ He ObLIO OIyOJIMKOBAaHO 0030pOB HA PYyCCKOM
si3pike.  CymecTByrome paboThl HA AHTJIUHCKOM  SI3BIKE
M3PSATHO yCTapesu [7], a YUCI0 OpUTUHATIBHBIX MyOIUKAIAN
TOJIBKO B XypHaJIaX AMEPUKAHCKOTO (PH3MYECKOTO 00IIecT-
Ba JaBHO TepeBaWIO 3a Thicsiuy. [1o 3Toif mpuunHe Oe3Ha-
JIXKHO TBITATHCS TATh U3JI0XKeHue "ucropudeckoro” Tumna, B
KOTOPOM BHUMaHHE OBbLIO OBl OOpallleHO Ha TMOCJIeq0Ba-
TeJILHOCTDh TOJIyYeHUS! PE3yIbTATOB WM Pa3BUTHS Heid. B
JTAHHOM 0030pe OyIyT OMKMCAaHbI TOJIBKO OCHOBHBIC HAIIPaB-
JICHHSI UCCTICTOBAHUI U TBEPJIO YCTAHOBIICHHBIE PE3YJIbTATHI
C UX KpUTHYECKUM aHAJIM30M. B 3akirouenuu o63o0pa OymyT
chopMyIMpoBaHbl HanboJiee BaXKHbIC HAMPABIICHHUS [1AJIb-
HEHIINX ucciieJOBAHU.

2. KpaeBble cocTosiHus
B [IeJIOYHC/IEHHOM KBaHTOBOM 3¢ ¢dexTe Xoi1a

2.1. Henounciaennblii KBaHToBbI 3P PexT Xouia

Kak oTmMeuasnock BO BBEJICHUH, II€JIOYUCICHHBI KBAHTOBBIT
abdexT Xoa nposBIISETCS B TOM, YTO XOJUIOBCKOE COIPO-
THUBJICHHE NMPUHUMACT KBAHTOBAHHbIC 3HAYCHUS, KPAaTHBIC
h/e?, mpu cTpemsiueiica K HyJIO TUaroHajbHON (auccuia-
THBHOI1) KOMIIOHEHTE TEH30pa CONPOTHUBJICHUS. Takoe moBe-
JIEeHUE COMPOTHBJICHHUS OOBSCHSACTCS HAJIMYMEM IIeJieil B
CIIEKTpe ABYMEPHOMU JJIEKTPOHHON CHCTEMBI B KBAHTYIOIIEM
MarHuTHOM ToJie. PellieHne 3agaum O CHEKTpe HEeB3anMO-
JIeCTBYIOLINX 2JIEKTPOHOB B KBAHTYIOIIIEM MarHUTHOM I10JIe
BnepBble Obuio mano JI.JI. Jlamgay [8] u, HecMoTps Ha
IIIPOKYIO U3BECTHOCTD, MPUBOIUTCS 3[1€Ch BBUY €T0 AAJb-
HEHUIero Mcmoyb30BaHusl. Jpyrue BaxHble MOMEHTHI B
teopun LIKDX (Takme xak Teopusi pe3epByapa, poJib Oec-
MOPSJIKA W TEPKOJISIHNK, dKPAaHUPOBAHUE) JHOO UTPAIOT
HE3HAYUTENbHYIO POJIb B BOIIPOCE O KPAEBBIX COCTOSHUSIX U
3/1eCh HE pacCMaTPUBAIOTCS, JTMOO0 OYAYT BBOIUTHCS IO XOAY
W3JI0KEHUSI.

2.1.1. CnekTp HeB3aHMO/IEiiC TBYIOIINX JJIEKTPOHOB B MArHUT-
HoM noJste. OnpenesiuM ypOBHH SHEPIHH CBOOOJHOTO JICKT-
pOHa B TOCTOSIHHOM OJIHOPOJHOM MAarHMUTHOM moJjie [8].
BekTopHBII moTeHIMaNl BeibepeM B kKaiuOpoBke Jlanmay:
A = (—Hy,0,0) (mose H HampaBjieHO BIOJb OcH z). I'a-
MIJTbTOHUAH 3aMUIIETCS KaK
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rac Mg OpoOCTOThI MPEAINIOIAracTCa OTCYTCTBHUE CIIMHA U
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YTO NPUBOJUT K HIMPOKO HU3BECTHOMY YPABHEHHIO IS
TapMOHMYECKOT0 OCHUJIISTOpA
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HATA BEAYLIEro LEHTpa, /g = [ch/(eH)]l/2 — MAarHuTHas
unHA. YpapHenue (3) maeT ypOBHH SHEPTHH 3JEKTPOHA B
MAarHUTHOM IIOJIE:

e|lH 1
E= lelH hln+=), 4)

mc 2
re m — 30HHAsI Macca, ¢ — 3apsj 3JIEKTPOHA, 1 — HOMEpP
KBaHTOBOTO ypoBHs, n=0,1,2,... Jlpyrumu cioBamu,

3aga4a 00 3JIEKTPOHE B MATHUTHOM I10JIe CBOUTCS K 3a7a4e
00 ypOBHSIX pa3MEpPHOr'0 KBAaHTOBAaHMS B MapabOIMYeCKOM
NOTEeHIAasle. Y POBHY SHEPT UM SKBUIUCTAHTHBI U OTACJICHBI
NIPYT OT Apyra HUKJIOTPOHHOM IIeibio 7iw.. Takoe KBaHTO-
BaHNE Ha3bIBAETCS KBaHTOBaHMEM JlaHIay, a COOTBETCTBYIO-
IIFe YPOBHHU SHEPTHH HOCST Ha3BaHUe ypoBHel Jlanmay.

Hanuume cnmHa 37€KTpOHA MPUBOAUT K JOMOJHUTENb-
HOMY pacuierieHiio ypoBHel Jlanmay no criuHy (3eeMaHOB-
CKO€ pACILEIUICHHE), HAJIMYMEe W30CIHHA B JIBYXCIIOHHBIX
CHCTEMAaX — K U30CHHHOBOMY (CHMMETPUYHO-AaHTHCUMMET-
PUYHOMY) pacIlenieHuro. VMIMeHHO HajImuue Iesieif B CIieKT-
pE€ 3JIEKTPOHHON CHCTEMBI OTBETCTBEHHO 3a CYIIIECTBOBAHIE
pexuma LIKDX.

Br16op HampaiieHuit x, y moka (B ciydae HEOTpaHUYCH-
HOTO OoOpasma) mpousBoJieH. OUeBHIHO, YTO MOJIyYEHHOE
pellleHre He 3aBHCHT B TOM YHCJIE W OT BBIOOpa Kalld-
6poBku. (MoxxHO ObUIO OBbI pelIaTh 3a1ayy B LHEHTPAJIbHO-
CUMMETPUYHON KaJIuOpOBKE, A€ IBUKEHHE JIEKTPOHA pac-
KJIAIBIBAETCSl HA a3MMYyTaJIbHOE, OINMCHIBAEMOE BOJHOBOM
¢byukuumeii Tuna exp (i0m), rae 6 — a3uMyTaIbHBIA YO, U
paamaibHOE, 3a1aBaeMoe TeM ke ypaBHeHneM llIpénmarepa
TSI TApMOHMYECKOT 0 ocmuuisitopa (3).)

2.1.2. BBeaenne B 3ajauy rpanunbl odpasua. [1pu Hamuuum
TrpaHMIbI cama reoMeTpus 00pas3iia nmpeayiaraeT BbIAEJICHHOE
HamlpaBJieHWe — HANpaBJIeHWe BAOJb Kpas. PasymHblil
BBIOOP KaJIMOPOBKM COCTOMT B TOM, UYTOOBI COXpPaHUTH
pa3zesieHue nepeMeHHbIX (2) U BKJIFOUUTH KPAeBOU MOTEH-
nua Tojbko B ypaBHeHue (3). C moMOIIbIO COOTBETCTBYO-
IIETO BBIOOpA KAJMOPOBKU 3TO MOXKHO CAENATD JUIS JTF000H
reoMeTpun oOpasma — Kak IS OTPAHWYSHHOW C ABYX
CTOPOH TOJIOCKH (XOJUIOBCKHH MOCTHK, WU XOJUI-0ap B
WHOCTpaHHOU JInTepartype), Tak u s aucka (Kopbuno).

Urax, ypaBHeHHUe (3) OMUCHIBACT JBUKEHHE JJICKTPOHA B
napaboJInuecKOM MOTEHIHAajle, KOTOPBIA BO3pacTaeT [0
MePBOTO KBAHTOBAHHOI'O 3HA4eHHUs fiw./2 Ha PACCTOSHUH,
PaBHOM MArHUTHOU mymHe /gy = (chi/ eH)l/ ?. BBezenmue rpa-
HATIBI 00pa3na o3HayaeT BBEJACHHE B ypaBHeHHE (3) wieHa
tuna U(y). [Ipu 3T0M BO3MOXHBI 1Ba IPEICIbHbIX CIIydas:

1) notennuan xpas U(y) npu U3MEHEHHH ) HA PACCTOS-
HUM, PABHOM MarHUTHOM IJTMHE /f1, BO3pacTaeT Ha BEJIMUHHY,
MHOTO OOJIBIIYIO HUKJIOTPOHHON HEPTHH /i, UM CPABHU-
MYIO C HEl;
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2) moteHnuan kpas U(y) npu U3MEHEHHH ) HA PACCTOs-
HUM, PABHOM MarHATHOM IJTMHE /i1, BO3pacTaeT Ha BEJIMUHHY,
MHOT'0 MEHBIIYIO MUKJIOTPOHHON SHEPTHH /ic),.

B mepBoMm ciyuae moTeHIMAT SBJISIETCS PE3KUM M JUIS
pemieHus 3agaun o0 YpOBHSX SHEpruu BOJIM3M Kpasi HE0O-
xoauMo pemiath ypaBHeHue Hlpéaunrepa ¢ pealbHbIM Mpo-
¢dunem U(y), 4TO IPUBEAET K BCIUIBIBAHUIO YPOBHEH SHEPT UK
BOJIM3U TPAHUIBI ¥ 3HAYUTEIILHOMY YBEIIMUYCHHUIO PACCTOSI-
HUSL MEXAY HUMH (3TO MOXHO IOHSITH M U3 CAMMETPHH
BOJIHOBOHW (yHKIMM). Bo BTOpOM ciyuae KpaeBOil MOTEH-
[MaJ BBI3OBET IJIABHOE MOHSTUE JHA TMOJI30HBI TPU MPH-
OJIMKEHUH K Kparo, OCTABJISISL PACCTOSIHUE MEXIY YPOBHSIMHU
MOYTH HEM3MEHHBIM.

2.2. BeesieHHe KpaeBbIX COCTOSIHHIA

H TPAHCMOPT BAOJB Kpasi 06pa3na

Kax Oyner mokazaHo B paszpene 2.3.3, Ajsi MccieIoBaHUS
TPAHCHOPTA [0 KPAaeBbIM COCTOSHUSIM BIOJIb Kpasi odpasia
peasbHasT CTPYKTypa Kpasi HeBaxkHa. [103TOMY B JaHHOM
pasfesie MbI OCTAHOBHMCS Ha pAaCCMOTPEHNH neit, pa3pabo-
TAHHBIX JUIS MIPOCTEHIIIETro ciryyasi — OECKOHEYHO BBICOKOM
HNOTCHIUATIBHOMN CTCHKH.

2.2.1. Unes IN'anbnepuna. ["anmpnepun [9] BoepBbie paccMoT-
pen ciayvaii 6ECKOHEYHO BBICOKOW MOTCHIUAJIBHOW CTCHKH,
OTpaHUYUBAIOIIIEH 00pa3el B pexkruMe KBAHTOBOTO I dekTa
Xomna (puc. 1). OH BBeJl MOHSATHE TOKOHECYIIUX KPAaeBBIX
COCTOSIHMM Kak mepeceueHuil ypoBHell Jlannay u ypoBHS
®epmu y kpaeB oOpasma. [ToJIHOe YUCIIO KPAeBBIX COCTOSI-
HUH, TAaKUM 00pa3oM, paBHO (HAKTOPY 3aTOJTHEHUS — YUCITY
3aIl0JIHEHHBIX ypoBHe# JlaHaay, a uX 3JIeKTpOXUMHYECKHE
MOTEHIUAIbl PABHBI 3JIEKTPOXMMHYECKHM MOTECHIHAIAM
COOTBETCTBYIOLIMX KpaeB oOpasua. [ToncuntaeM TOK BIOJIb
obpasna: MIOTHOCTh TOKa Ha ypoBHe Jlanmay j = npev, rae
np=1 /21:1131 — IUIOTHOCTH COCTOSIHMM Ha ypoBHe Jlannay,
e — 3apsp eKTpoHa, v = (0E/0k)/h. Ilonnbli TOX Torma
BBIPA3UTCS B BUC

» k>
1:[ jdy:—J JIf dik =
3
e (R 0E e[t e
—o| S k=] aE=T . (5)
Hy

I1pu uncne n 3an0IHEHHBIX YpoBHEN JIaH1ay TOIHBIN TOK 1O
obpasiy 3anuiercst kak I = n(e/h)Ap, rae Ay — pasHOCTb
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Puc. 1. TTosenenue ypoueit Jlanmay y kpaeB obpasina B ciydae Oec-
KOHEYHO BBICOKOM noTeHuua bHoi crenku. (M3 padoTsi [4].)

D C a
1 gl lpe 4
| |
| |
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Puc. 2. (a) 'eomeTpust XOJIIOBCKOT'0 MOCTHKA C ABYMSI IIEpECEKAIOIIIMU
3aTBOpaMu. llepeuepkHyTble U MPOHYMEPOBAHHBIC MPSIMOYTOJbHUKH
0003HAYarOT OMMYECKHE KOHTAKTHI. 3allTPUXOBAaHHbIC 00JaCTH — 3a-
TBODBI, HAHECEHHBIC TIOTIepek 00pasna. CTPYKTYpa KPACBBIX COCTOSHUIA
mokaszaHna st GakTopoB 3amosiHeHust ¢ = | mox 3aTBopoM u b =2 B
OCTaJIbHOI YacTu 00pasna. (6) OTKIOHEHHE U3MEPEHHOT'O CONPOTHBIIE-
HUSl KaK Mepa BBIPDABHUBAHUS MEXIY KpaeBbIMU COCTOsHUsAMH. Ha
BCTaBKE IOKa3aHa 3aBUCHMOCTb [JIMHBI BBIPABHUBAHUS MEXIY CIHH-
PACIICIUICHHBIMEA KPAE€BBIMU COCTOSIHISIMEA OT TEMIIEPATYPBI, YTO TACT
npeacTasieHue o Macitabde BenuyuH. (M3 padots [10].)

MEXAY IEKTPOXUMUYECKIMH MOTEHIIMAIaMU KpaeB o0pas-
na. TakuMm oOpa3om, TOK OMpeAeTIseTCs] TOJIBKO Pa3HOCTHIO
9JIEKTPOXUMHUYECKUX MOTEHINATIOB KpaeB (APYTHMHU CIIO-
BaMU, KPAEBBIX COCTOSHUIA) M YMCIIOM 3aIOJHEHHBIX YPOB-
Helt Jlannay (YMciIoM KpaeBbIX COCTOSIHUI). MOXHO BBECTH
TOK 110 KPAEeBOMY COCTOSIHUIO (e/ /) {1, TOT1a CyMMa TOKOB I10
BCEM KPAEBBIM COCTOSHHSIM JACT MOJIHBINA TOK IO 00pasiy.

PaGoTra I"anbpnepuHa nMesia OCHOBHOM 11eJ1bI0 OOBSICHUTH
KBaHTOBAaHME XOJUJIOBCKOTO compoTubjeHus. Kpaesble co-
CTOSIHUSI OBLIM BBEJIEHBI ISl CITydasi UACaIbHOM CHCTEMBI
(mpu OTCYTCTBUM OeCHoOpsiIKa) U UTPAM B PACCYXKICHHUSX
CKOpee BCIIOMOTATEJIbHYIO POJIb.

2.2.2. ®opmammzm brorTukepa—Jlanmayipa. brottukep [4]
o0beuHIIT uiaeto [albrnepuHa O TOKOHECYIINX KPAaeBBIX
cocrosiHUsIX U popmaymsm Jlanmayapa [3] ¢ menpro yuera
paccessHUsS B OJHOMEPHBIX IPOBOJHHUKAX M IOKa3aj, YTO
3¢ (deKkThl ynpyroro u HEYmpyroro paccessHus B KpPaeBBIX
COCTOSIHUSIX M KOHTAKTaX MOJXHO y4YeCTb BBEICHHEM MaT-
publ k03(dunuenTos npoxoxaenus 1;;. Bel1 npepioxen
(dbopMaim3M pacueTa pa3IMYHBIX CONPOTHUBIICHHN IS 00-
pas3IoB, UMEIOLIUX MHOTO OMHYECKUX KOHTaKTOB (puc. 2). B
9TOM (opmMan3Me TOK /;, IEPEHOCUMBIN KPaeBbIMU COCTOSI-
HUSIMH, BBITEKAIOIIMMU U3 KOHTAKTA i, 3aaeTcs Hopmyioi

e
I;= 7 <”iﬂi + ; T ,“_/) ) (6)

TAe [; — DJEKTPOXUMHUUYECKUN MOTSHINAT KOHTAKTA i, 1; —
YHCJIO KPAEBBIX COCTOSIHMIA, BBITCKAIOIIMX M3 KOHTAKTa |i.
HeTtpyaHo 3amMeTuTh, 4TO B MPOCTEHIIIEM ciTydae obpasma ¢
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JIByMsl UJICAJIbHBIMA KOHTAKTAMH B OTCYTCTBHE PACCESHUS
MOJIHBINA TOK, TEKYIMI Yepe3 KOHTAKTHI, OyIeT 3a1aBaThCs
TEM e COOTHoIeHueM (5), KOTOpOoe BIEPBbIC OBLIO TOJTY-
vyeHo [abneprHbIM.

Cam BroTTukep mpemnoiarai ueroib30BaTh 3TOT Gop-
Mai3M I8 OOBSICHEHUSI TOYHOCTH KBAHTOBAHHSI XOJLIOB-
CKOT'0 CONPOTHBIICHUS B "OTKPLITEIX" 00pasuax, Hpucoeau-
HEHHBIX K Pe3epByapaM — OMHUYECKUM KOHTakTaM. OHAKO
BO3MOKHOCTH [AHHOTO (popMajin3dMa Topas3jio IHpe: OH
JIAeT CIOCOO PACUYETOB TPAHCIOPTHBIX XAPAKTEPUCTUK B
0o6Opasiax, MMEIOIIUX MHOIO KOHTAKTOB C DAa3HbIMH B
00I1IeM ClTydae 3JIeKTPOXUMHUIECKUMHE MTOTEHIIHATIAMHE.

2.2.3. DKcnepuMeHTaIbHAS MPOBePKa. DKCIIEpUMEHTAJIbHAS
npoBepka (popmanm3ima BroTTHkepa Oblia mpoBeleHA B
OCHOBHOM IpPU HM3MEPECHHUSX B TCOMETPUU XOJLIOBCKOTO
MOCTHKA (X0JII-0ap) C MepeceKarolMMU 3aTBOpaMu (CM.
puc. 2). B 3to0ii reomeTpun obpasen ¢ AByMsl TOKOBBIMU U
HECKOJIbKUMHU TIOTEHIIMAJIbHBIMU KOHTAKTAMH TEepPEeceKalicst
3aTBOPOM (OJHUM HJIM HECKOJBKHMH). MeXay TOKOBBIMHU
koHTakTamu (1—4 Ha puc. 2) 3a1aBajics TOK ¥ U3MEPSIOCH
najieHue HAaNpsDKEHUs MEXy HOTEHIMAJIbHBIMU KOHTAaK-
tamu (2— 3 Ha puc. 2). Ecim oOpasen HaxoAuTcs B YCJIOBHSIX
KBaHTOBOTO 3(¢dekta Xoyuta npu GakTope 3amOJIHEHUS,
paBHOM ABYM, TO MaJeHHE HAMPSKEHUS PABHO HYJIIO.
VMeHbIIAsl Telepb 3JEKTPOHHYIO KOHIEHTPAIUIO MO/
OJIHUM W3 3aTBOPOB (IJIs1 IPOCTOTHI BTOPOU MOKa paccMart-
puBaTh He OyJeM) A0 MEHBIIIETO 1eJIOro (akTopa 3aroJsiHe-
HUSl, PABHOTO €IWHMIE, TMOJYyYUM HEHYJIEBOE HAIpPsDKEHHE
MeXAy KOHTAKTaMHu 2—3, COOTBETCTBYIOIIEE COMPOTHBIIE-
HHIO Ry423 = (1/2)h/e?. Takoe NOBe/ICHUE JIETKO OOBACHUTh
B TEPMUHAX KPAEBbIX COCTOSIHUI: TIPU OTCYTCTBUU HATIPSIKE-
HUS HAa 3aTBOPE KOHTAKT 2 MOKUAAIOT JBA KPAeBBIX COCTOSI-
HUS 1 OHM K€ TMOCTYMaroT Ha KOHTakT 3. ITockobKy TOK
yepe3 NOTEHIMAIbHbIE KOHTAKTHI HE TE€UeT, UX JJIEKTPOXH-
MHYECKHE MOTEHIUAIbI PABHBI, YTO MPHUBOIUT K HYJIEBOMY
HanpspkeHnto Ups mipu ro6oM Toke. Ecim monm 3aTBOpOM
(baxTOp 3amoJIHEHUs paBeH |, TO OIMH U3 KPAEBBIX KAHAJIOB
OTpaXkaeTcs Ha TPAHUIIE 3aTBOPA, & BTOPOM MPOXOAUT, YTO
OPHUBOJIUT K O0Jiee CIIOKHOMY COYETAHHIO DJIEKTPOXUMUYE-
CKHUX TMIOTEHIIMAJIOB KOHTAKTOB.

IIpuBeaeM mpumep pacuera ¢ UCHOIb30BaHUEM (popma-
Jym3Ma brotrTtukepa (6) miist 3To# nmpocToit cutyanun (Takon
pacueT noHagoOUTCsl HaM B JaJIbHEHIIEM):

LIy = (14 + o) — 244y 111 KOHTAKTA 1,
0 =2u; —2u, nug KoHTaKTa 2, (7)
0=, + uy — 25 I KOHTAKTA 3,

— li4 =2y — 203 111 KOHTaKTa 4.

JUtst KaXX0ro KOHTAKTa B NMPAaBbIX 4acTsAX ypaBHeHHH (7)
CTOWUT PA3HOCTh TOKOB, BTEKAIOIMX B KOHTAKT M BBITCKAFO-
IMX M3 HEro, a B JIEBBIX YACTAX — TOK 4Yepe3 KOHTAKT
(paBHBIA HYJIFO ISl TOTEHIUATIBHBIX KOHTAKTOB M TOKY
yepe3 oOpasel 11 TOKOBBIX). [IpaBble yacT 115 IPOCTOTHI
3anucaHbl B eAuHUNAX [¢/h]. VickoMmas pa3HOCTh MOTEHIHA-
JI0B BeIpaxaetrcsi Kak Uiz = (i3 — ) /e. Pemiast cuctemy (7),
nosyunm I14 = 2(e?/h) Uz, 4TO COOTBETCTBYET NPUBE/IEH-
HOMY BbIIIIE 3HAYEHUIO COINPOTUBJICHHSA Rj423. OTMeTHM,
YTO TPH MOJYYSHUH 3TOTO PE3YJIbTATA MbI HCIIOJIb30BAIU B
KA4eCTBE MATPUILI KOAQOUIMEHTOB TPOXOXKACHHs u3 (op-
MyJibl (6) HaOOp HyJled W eQVHMII BBUAY TOTO, YTO OJIHU
KpaeBbIe COCTOSIHUSI MOJIHOCTBIO MPOXOIST IO 3aTBOPOM,
Jpyrue, HA000POT, MOJTHOCTHIO OTPAKAFOTCS.

B nanHO# reoMeTpun OBLIM CMOJEIUPOBAHBI U UCCIIEI0-
BaHbl pa3iauyHble 3P(PEeKThl, paccMOTpeHHble BroTTHKepOM
(00630p 3kcrIepUMEHTOB 1O TpoBepke popmanuzma BroTTu-
kepa cM. B [7]). Hanpumep, HeneaibHbIH KOHTAKT COOTBET-
CTBYEeT TOMY, YTO KpaeBble COCTOSIHUS MOKUIAIOT €ro ¢
pPa3HBIMH 3JICKTPOXMMHYECKUMHU TMOTEHIUAJaMH. Takoe
MOBEICHNE MOXHO CMOJIEIMPOBATDH, PACIIOIOXKUB OTCEKAIO-
WA 3aTBOP TOMEPEK TOPOXKKU, BEAYIIEH K HAeaTbHOMY
KoHTakTy. Ilpm ymeHblieHnH (axTopa 3amOJIHEHHS MOJ
3aTBOPOM OJIHO U3 KPAEBBIX COCTOSHHI OTpa)kaeTcs Ha
Kparo 3aTBOpa, MOJOOHO TOMY, KaK 3TO NPOUCXOIUT B
CUTYyalluy, MPEeACTAaBJIEHHOW Ha PHUC. 2, U ISl OCTaJIbHOU
yacTh oOpa3la JaHHBIA KOHTAKT BUJACH KAK HEW/ICaJIbHbBIU,
MIPUYEM CTETICHBIO €r0 HENAEATbHOCTH MOXHO YIPABJIISTD C
TMOMONIBIO 3TOTO 3aTBOpa (KOHTAKT MOXHO Ja)ke COBCEM
OTKJTFOUHTB).

2.2.4. Tpaucnopt nonepek kpasi. Coryuaii Majioro pa3oananca.
B o61acTu Mexy 3aTBOpaMu (CM. pucC. 2) OAWH U3 KPaeBbIX
KaHAJIOB BBIXOIUT HM3-TIOJ 3aTBOPA, & APYroi IMOIXOAHUT K
HEMY BJIOJIb TPAHUIIBI 3aTBOPA, M WX IJIEKTPOXUMHYECKHE
MOTEHIMAIBI B O0OIIEM ciiyuae pa3ianysbl. [1pu nagpHeem
JIBUXKEHUM BIIOJIb Kpasi 00pasna 3JIeKTPOXUMUYECKHE TIOTEH-
OMajgbl 3THX KAaHAJOB OyAyT HNPUXOAUTH B PaBHOBECHE
BCJIEJICTBUE IJIEKTPOHHOI'O TPAHCHOPTA MEXIY HUMHU, T.C.
norepek kpast oopasna. Takum oO6pa3zomM, MOKHO HCCIIE0-
BaTh 3 PEKTHI TPAHCIIOPTA MEXIY KPAEBBIMU COCTOSHUSIMH,
€CJIN UCKJIIOYUTh CMENINBAHUE KAaHAJIOB B KOHTAKTe, T.C.
UCIIOJIb30BATh BTOPOIl mepecekaroluii 3aTBOp Kak JETEK-
TOp KOHEYHOTO 3JIEKTPOXMMHUYECKOTO MOTEHIHANA Kpae-
BOT'O COCTOSIHMSI, KaK ITOKa3aHo Ha puc. 2.

Jlerko MOHATH, MOJB3YSCH Gopmanm3MoM BroTTukepa
(6), 4TO TPU HAJUYNM BBIPABHUBAHUS 3JIEKTPOXUMHYECKIX
MOTEHINAIOB KPAEBbIX COCTOSIHUM IBYX 3aTBOPOB U3MeEpsie-
MO€ CONPOTUBJICHUE OyIET onpeaeasaThes GopMytoit

h 24\
Ry =— {1 +exp (— —>] ) (8)
e leq
rae leq — (GeHoMeHoOruYecKas IJMHA BbIPABHUBAHUS

MEXy KpaeBbIMU cocTosiHusiMU. Popmyia (8) umeer mpa-
BUJIbHBIE ACHMITOTHKH: IPH OJIN3KO PACHOJIOKEHHBIX IPYT K
apyry 3atBopax (d < lyq) BTOpPOH WiIeH B KBaJpPaTHBIX
CKOOKaX CTpPEMHUTCSl K €IMHMIE, KaK U JOJDKHO OBITh IS
OJHOTO HENMPEPLIBHOTO 3aTBOPA, NMPHU JAJIEKO PA3HECEHHBIX
3aTBOpax (d > loq) BTOPOU WIEH IPEeHeOPEKHMMO Mall, 4TO
COOTBETCTBYET MOJHOMY BBIPABHUBAHHIO JJIEKTPOXMMUYE-
CKMX TOTeHnuasoB. TakuM o0Opa3oM, MO OTKJIOHEHHIO
BEJIMYUHBI U3MEPEHHOTO CONPOTHUBJICHUS OT /1/2e” MOKHO
CyZIUTb O IJIMHE BBIPABHUBAHUS loq (CM. pHC. 2).

ITo skcnepuMeHTAJIBHBIM JAHHBIM PAa3HBIX TPYHI (CM.,
Hanpumep, [10]) okaszanoch, 4YTO [JIMHA BbIPABHUBAHUS
MEXIy CIUH-PACIICIUICHHBIMA KPaeBbIMU COCTOSHUSIMU
mocturaeT 1| MM mpW HHU3KOW TeMrepaTtype (TemMmepartype
KHJIKOTO TeJUsl), a MEXy KaHaJIaMu, pa3fc/ICHHBIMU IIHAK-
JIOTPOHHOM 11eJibto, cocTaBJiseT nopsaka 100 mxm. [Togo06-
Hasl pa3HHUIA BBI3BAHA TEM, YTO BpallleHUE CIMHA MPH Iepe-
HOCe 2JIeKTpOHA 3aTPYIHEHO Ha Kparo oOpasia — B COBEp-
IIEHHBIX ~ TeTePOCTPYKTYpax  MATHUTHBIE  NPUMECH
OTCYTCTBYIOT ¥ 3a BpAII[CHUE CIIMHA OTBEYAIOT CIUH-OPOU-
TaJIbHOE U CBEpXTOHKOE B3aumopeiictus [11—13].

Cregyer OTMETHUTb, YTO TAKHE IKCIEPUMEHTHI AIOT
nHGOPMAIMIO O TPOIECCax BBIPABHUBAHUS TOJBKO NPHU
MaJIbIX BEJIMYMHAX pa3bajaHca (pa3HOCTU JJIEKTPOXMUMUYE-
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CKHX TOTEHIUAJIOB) MEXIY KPAeBbIMH COCTOSHHSIMH. DTO
npsMo caenyeT u3 Gopmyiisl (8), B KoTopol npu d < leg
(ciyuaif, Korja KpaeBble KaHAJbl CHUJIBLHO pa3dajlaHCHpPO-
BaHbI Ha BCed IMHE B3aWMOJIEHCTBHS) BTOPOW UJIEH B
KBaJpAaTHBIX CKOOKaX SIBJISETCSl 3KCIOHEHIIMAILHO MAaJIbIM
[0 CPaBHEHMIO C MEPBBIM, YTO HE MO3BOJISIET IIPOBECTH
Toynble u3Mepenus [10]. Onnako B pexume d > lq JIMHA
BBIPABHUBAHMSI TIOJTHOCTBIO OMPEEIISIETCS] TPOLIECCAMH TIPU
MaJbIX pa3zfajlaHcax: Ja)ke Mpu OOJIBINNX HAYaIbHBIX 3HAYE-
HUSAX pa30aJlaHC YMEHBINAETCS 10 Mepe YPAaBHOBEIINBAHUS
KpaeBbIX COCTOSHHIA U 32 BEJIMYUHY JJIMHBI BHIPABHUBAHUS
OKa3bIBAIOTCS OTBETCTBEHHBIMH KOHEYHBIE MPOLECCH ypaB-
HOBEIIUBAHUSI, UAYIIUE YK€ NMPU MajoM paszdajaHce. Dta
O0COOCHHOCTh — KJIFOUEBAs ISl TEOMETPUU XOJUIOBCKOTO
MOCTHKA C TIEPECEKAIOIINMH 3aTBOPAMU, B KOTOPOH TpaHC-
MOPT MEX]Ty KPAaeBBIMH COCTOSTHUSIMU PACCMATPUBACTCS KaK
MaJlasi MoIpaBKa K TPAHCIOPTY BIOJIb Kpasl.

Ho cux mop mpu omnpenejeHUd (HEHOMEHOJIOTHIECKON
IUIMHBI BBIPABHMBAHUSI DpeasibHasl CTPYKTypa Kpas OblLia
HeBaxkHa. [Ipexie 4eM mepeiTi K ONUCaHUIO0 OCOOSHHOCTEN
TPAHCIOPTa MEXJY KPAaeBbIMU COCTOSHHSIMHU TPH JIFOOBIX
paszbanaHcax MEXIy HUMHU, KOT1a MPOSIBIISIOTCS OCOOEHHO-
CTHU KpaeBOH CTPYKTYpbI, B pazzesie 2.3 mogpoOHO OnMIlIeM
CTPYKTYPY PEaJbHOTO (TPABJIEHOTO WJIHM 3JIEKTPOCTATHYE-
CKOT'0 B OOJIBIIIMHCTBE CIyYaeB) Kpasi oOpasia.

2.3. CTpykTypa Kpas B peajbHbIX 00pa3nax

2.3.1. Crpykrypa Kpasi npu 3JIeKTPOCTATHYECKOM KpPaeBOM
notenuuaje. Bonpoc o cTpyktype kpas mpud MOJEIHLHOM
9JIEKTPOCTATHIECKOM KPACBOM MOTEHIUAJIE YCIIEIITHEE BCETO
6pL1 paccmoTpeH B paborte WIkiosckoro, IlkmoBckoro u
I'masmana [14]. B ciiyyae msarkoro (3JIeKTpOCTaTHYECKOTO)
NOTEHIMATA THO JBYMEPHOW MOJM30HBI MOJHUMACTCS MO
Mepe TpuOJIMKeHUus: K kparo oOpasua u ypoBHu JlaHmay
CJIEIYIOT 3a JTHOM MOJ30HbI (puc. 3a). [Ipu 3TOM B Kax10i
TOYKE MOYHO BBECTH JIOKAJIbHBIA (PAKTOpP 3aIMOJHEHHS
(4ucio 3amOJIHEHHBIX YPOBHEW), KOTOpBIM Oyaer u3me-
HSATbCA 0 Mepe NPUOJIMKEHUS K Kparo 00pas3na oT 00beM-
HOT'O 3HA4YeHMsl A0 HyJs ¢ LIaroM eauHuna. M3meHenue
JIOKAJIbHOTO (haKTopa 3amoHEHHUs] MPOUCXOANUT MpH Tepe-
ceueHuu ypoBHeM Jlanaay ypoBust @epmu. ABTOPBI pabOTHI
[14] yunm 371€KTpOH-3JIEKTPOHHOE B3aMMO/ICHCTBUE B IpHU-
OymxeHnn cpenHero mois. Oka3asioch, 9TO OJHOMEpPHBIE
nepeceuenusi ypopaeid @epmu u yposseii Jlannay npeobpa-
3YKOTCSl B TOJIOCKM C KOHEYHOW IIMPUHOU (B HEKOTOPOU
obsactu yposenb Jlangay "mpukansiBaercsa" K ypOBHIO
®epmu (puc. 30)), B KOTOPBIX U MPOUCXOJUT TTOCTEICHHOE
M3MEHEHHeE JIOKAIBHOTO (haKTOPa 3aIOTHEHUS U Kpai 3JIeKT-
POHHOH CHCTEMBI IPEACTABISAET COOON YepeTOBaHHE MOJIO-
COK C)KMUMAaeMOU U HECKUMAEMOU 3JEKTPOHHOM KUIKOCTH.
[Mupuna mosocok ompenessieTcsi IHEPreTUUeCKON IIeIbio
MEX/Iy COOTBETCTBYIOIIMME ypoBHsIMHE JlaHOay.

2.3.2. CTpyKTypa Kpasi Ipd peajlbHOM KpaeBOM IOTeHUHAIe.
CrtpykTypa Kpasi, paccMOTpeHHasi B pazfjeie 2.3.1, Haubosee
0JIM3Ka K IKCIEPUMEHTAILHOM CHTYyaluu, HAOJIFogaeMoil B
pexume IHIKDX Ha TpaBJIeHOM U 3JIEKTPOCTATUYECKOM
Kpasx. OTO BBI3BAHO TEM, YTO PEaJIbHBIA KpaeBOU MOTEH-
)T MSTKAH — BCIIeCTBHE OOJIBIION aOCOTIOTHON BeJH-
YUHBl [UKJIOTPOHHON 3HEPIUU B MOJISIX, I'le HaOJroIaeTcst
HKD9X, xpaeBoii HOTEHIMAJI BCErAa BO3pAcTaeT Ha MarHuT-
HOM JUIMHE Ha BEJIMYMHY, MHOTO MEHBIIYIO, YeM IIUKJIOTPOH-
Has sHeprus. Hampsmyro kapTuHa TOJOC CKUMAEeMOU U
HECXKHMAaeMOH 3JIEKTPOHHOH XUIKOCTU NPOSIBIAETCS B

Puc. 3. CTpykTypa Kpas IpH IIIaBHOM KpaeBoM HoTeHnuase (13 paboTsl
[14]): (a) Oe3 y4eTa 371eKTPOH-3JIEKTPOHHOTO B3aUMOICUCTBHS, (0) peKOH-
CTPYKIMS Kpasi, BBI3BaHHAS B3aUMO/IeiiCTBUEM; (B) BU3YAIM3AIUS CTPYK-
TYpBI Kpasi peajibHOro obpasua (u3 pabotsi [15]).

9KCHEepUMEHTaX Mo BH3yanm3anuu. Hampumep, B pabote
[15] u3mepstach €MKOCTh MEX/y WIJIOH aTOMHOIO CHJIO-
BOTO MHKPOCKOTIA M JBYMEPHBIM 3JICKTPOHHBIM Ta30M
(A3T). Pe3ynbraT, 4eTKO JEMOHCTPUPYIOUIUN HaJIMYUE
CKAMAeMBIX U HEC)KUMAEMBIX MOJIOC Ha KParo, IPEACTABIICH
Ha puc. 3B.

2.3.3. Pacnpenenenne Toka B odpasue. Coodpasxennss Tay-
Jgeca. Ecnu kpail obpasna npeacraBisieT coboil uepeyro-
LIecs CKUMAEMble 1 HEC)KUMAEMbIE TIOJIOCKH, TO BHOBB BO3-
HUKAIOT BOIIPOCHI O TOM, TJIe IMEHHO TE€UET TOK U IIOYeMY TaK
xopoiro paboraer ¢popmanm3M BroTTHkepa, MOCTPOCHHBIN
Ha OCHOBE COBEPIIICHHO WHBIX NpencTaBiieHnid. OTBETH Ha
9TH BONPOCHI ObLIN 1anbl Taynecom B padoTe [16].

Be3muccunaTuBHble (IMaMarHUTHBIE) TOKM TEKYT TaM,
IIe eCTh TPaJMeHT NOTeHIHMana, Oyaromaps HEHYJIEeBOU
TPYIIOBON CKOPOCTH B 3TUX 00JIACTSX (CM. BBIBOJ COOTHO-
mreHus (5)), KOTOphle B peajlbHBIX 00pa3mmax IpeAcTaBIsSIOT
coboii:

® HEC)KUMAEMBbIE TTOJIOCKU Ha KaXXOM Kparo;

e 00beM (BCIIECTBHUE IEJIOYUCIICHHOCTH (PaKTOpa 3aI0JI-
HEeHUsl B 00beMe JIEKTPOHHAS KHUIKOCTh TJIOX0 IKPAHUPYET
KpaeBOH NMOTEHIMAJ U TPATUEeHT NOTEHINAIA SBJISETCS He-
HYJICBBIM Ha JOCTATOYHO OOJIBIIIUX PACCTOSHUSIX B 0ObeMe
o0pasna, B OTJIMYKE OT IPaJUeHTAa MOTSHIAIA B MOJICIbHOI
CUTYaINK, TOKa3aHHOMU Ha puc. 1);

e 00J1acTu ATMHHONIEPUOAHBIX (DIIYKTyaluii MOTeHIMAIa
B 00'beMe (HEOTHOPOTHOCTH, B KOTOPBIX BO3HUKAET TaKas e
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CTPYKTYpa CKAUMAEMBIX U HECKMMAEMBIX IOJOCOK, KaK ¥ Ha
Kparo).

B ycioBusix paBHOBecHs (TIPH PaBHBIX AJIEKTPOXUMUYE-
CKUX TOTEHIMAJIaX KpaeB oOpaslia) TOJHBIA TOK BIOJb
OJIHOTO Kpasi B TOYHOCTH PaBeH TOKY BJOJIb JPYroro Kpas,
HO 3TH TOKHU HAIPABJICHBI HABCTPEUY APYT APYTY BCIICACTBHUEC
pa3HBIX 3HAKOB TIpajJeHTa MOTCHIMAla Yy KpaeB (CM.,
HanpuMmep, puc. | u cootHorrerue (5)). To ke camoe MOKHO
CcKazaTb W Mpo TOK B oObeMe. KoJbIeBOil TOK BOKpYT
HEOTHOPOIHOCTEH TaKXKe HEe aeT BKJIaJa B CYMMAapHBINA TOK
mo obpasiy, KOTOPBI B pe3yIbTaTe OKa3bIBAECTCS PABHBIM
Hysro. IIpu BBeJCHNM HEPABHOBECHOCTHU (HAJIMYKE HEHYJIe-
BO# PA3HOCTH MEX/Y 3JCKTPOXHUMHUIECCKIMH MTOTCHI[HAIAMHU
KpaeB o0pasla) TOK, HAMpPaBICHHBIH B OJHY CTOPOHY,
MpeBBIIAeT OOPATHBIA KaK pa3 Ha BEJIMUYHHY, OMpeesise-
MYIO Pa3HOCTBIO JIEKTPOXUMHUYECKUX MOTEHIMATIOB KpacB
(cM. cootHomeHue (5)), YTO W OMpPaBIBIBACT NPUMEHEHUE
(dbopmanmmsma BroTTHKepa, 1yBCTBUTEIBHOIO JIMIIb K HHTE-
FPAJIbHBIM  XaPAKTEPUCTUKAM —  3JIEKTPOXUMHUYECKAM
MOTEHIUAIaM KpaeB U MaTpuIe KOIPPUIUEHTOB PACCESTHIS
"U3 KOHTAKTa B KOHTAKT".

AHaJIOTHYHOM SIBJISICTCS CUTYyalusl IIPU BBEJICHUH HEpaB-
HOBECHOCTH Ha OJHOM Kparo — MPHU IPUIOKEHAN PA3HOCTH
IEKTPOXUMHUYECCKUX MOTEHIIUATIOB MEKIY COCSOHUMHU CHKHU-
MaeMBIMU MOJIOCKAMI, TOKa3aHHbIMU Ha puc. 3. [TogHsTHE,
HAIpUMep, JIEBOW CXKUMAEeMO IOJIOCKH BBEPX IO SHEPTUU
O3HAYaeT YMEHBIIICHUE €€ IIUPUHBI M COOTBETCTBYIOIIECE
YBEJIMYCHUE IIMPHUHBLI HECKHUMAEMOU 10JI0CHl. "M30bITOU-
HBIiA" TOK ompeneisieTcss MMEHHO 3TOM 00J1acThIo, peBpa-
THUBIIEHCS U3 CXKUMAEMOM B HECKHMAEMYIO, U COOTBET-
CTBEHHO pAa3HOCTBIO JJICKTPOXMMHYECKUX IOTEHINATIOB
noyiocok. Mitak, orser Ha "um3Beunsiii" Bompoc o ToM, rie
TEYET TOK Ha KPar — MO0 CKUMAEMBIM MU HEC)KUMAESMBIM
MOJIOCKAM, CIIeAyeT cHopMyIMPOBATh TaK: TOK TEYET BE3[E,
rje ecTh TpaJueHT HOTEHNUaNa, a HepaBHOBECHbIH ("U30bI-
TOYHBIA") TOK TEYET MO TPAHUIIE CKUMAEMON U HECKUMAE-
Mol obJtacTeil 1 MOXeT ObITh MPUIUCAH JF000# U3 HUX (B
3aBUCUMOCTH OT TOTO, PACCMAaTPUBAEM MBI 3TH 00JIACTH 10
WM TTOCTIC BBEJICHUS] HEPABHOBECHOCTH).

B cBeTe 3TOrO OMpeeaeHIe KPAeBOrO COCTOSIHUS HOJIK-
HO OBITH C(HOPMYJIUPOBAHO 3aHOBO. B majbHeiilieM Mbl
OyJeM Ha3bIBATh KPAEBBIMU COCTOSTHUSIMU HMEHHO corcumae-
Mble TIOJIOCKH. DTO MO3BOJISIET YETKO OMPEACIUTD 3JIEKTPO-
XAMHUYECKHUI TOTEHIUAT KPACBOI'O COCTOSIHUS M COXPAHUTh
MPEEMCTBEHHOCTD C MPEIBIIYIIAM U3JI0KEHHEM, B KOTOPOM
KpaeBOe COCTOSIHHE ONPEILIISIIOCh KAaK [IePeceUCHre YPOBHS
Jlannay u ypoBus ®epmu.

Cka3aHHOE BBIIIIE OTHOCHTCSI K TOKY BJIOJIb Kpasi 00pasia.
Tox, TeKyIuii momnepek Kpasi ¥ BhI3bIBAIOIINIA YPaBHOBEIIIN-
BaHHE KPAaeBBIX COCTOSHHUI, ONpPEHESCTCS TYHHEIMPOBa-
HUEM Yepe3 HECKUMAaeMBbIe MoJIoChl U nuddy3ueit B cxumae-
MBIX MMOJI0CaX (IOCIeIHEEe OCOOCHHO AKTYaIbHO MPU CIIOXK-
HBIX MIepeCTPOiKax KpaeBoro cuekTpa (cM. pasmuedi 2.5)).

2.4. Ciyuaii cuIbHOro pasoasanca

MesK1y KPaeBbIMH COCTOSIHUSIMU

Kak yxe ormeuanocs B pazzeine 2.2, UcCIeOBAHUS B XOJLI-
Oap-reoMeTpUH MOAXOIAT TOJIBKO ISl ciydyasl ciaaboro
pazbananca. s m3MepeHuil B YCIOBUSIX CHJIBHOTO (TIpe-
BBIIIAFOIIETO BEJIMYMHY CIIEKTPAJIbHBIX IeJieil) pa3basiaHca
HEOOX0IMMO M30aBUTHCS OT LIYHTUPYIOIIEr0 KaHaJa, mpo-
XOJSIIero BAOJb Kpast obpasna. JIpyrumMu cioBaMu, HE0O-
XOJIMMO XOJLI-0ap-reOMETPUIO 3aMEHUTh TeomeTpueir Kop-
6uHO. BriepBble BapMaHT KOMOWHAIIMM T€OMETPHH KBa3H-

KopOuHO ¢ TEeXHHKOW MEepeceKarollero 3aTBopa, MO-BUIM-
MoMy, ObLT mpemyiokeH B pabore [17]. OxgHako mepBbie
9KCIEPUMEHTAIBHBIE PE3YIbTATHl YAAIOCH MOJIYYUTD JIHUIIb
JecsiTh JieT cmycts [18], 4To BBI3BAHO HEOOXOIMMOCTBIO
noadopa U3MEPUTEILHON METOIUKU JJIsI TOJIYUYSHUS YETKO
HHTEPIPETUPYEMBIX PE3yJIbTATOB (B MEPBOM BapUAHTE T€O-
MeTpud [17] 3Ta MeTOIMKA HE MOTJ1a ObITh IPUMEHEHA, YTO U
OCTAHOBMJIO MCCJICIOBAHMUS) M IKCTIIEPUMEHTAILHBIMU CIIOXK-
HOCTSIMH TIPH Takoro pojaa m3MepeHusix. K Tomy Bpemenn
ujes npuMeHeHus reomeTpur KopOuHo ObL1a OCHOBATEIBHO
3a0bITa, 1 aBTOpaM paboTsl [18] mpunuiock 3aHOBO pa3pada-
TBIBaTh FEOMETPUIO 00pas3a.

2.4.1. Metoauka 3kcnepumenta. OOpasenr B reoMeTpuu
kBa3u-Kopbuno (puc. 4) obmamaer ¢opmMoil KBajapaTa C
BBITPABJICHHON 00JIACTBHIO B MEHTPE, YTO MO3BOJISET UMETh
JIBE HE3aBHCHMBIE, TOMOJIOTMYECKU HE CBS3aHHbBIC TPAHUIIBL.
K nBymMepHOMY 3JIEKTpOHHOMY Tra3y ¢ o0eux TIpaHuIl
MOAXOAST OMMYECKHE KOHTAKTHI. MIMEHHO 3TH KOHTAKTBHI
3a7a10T 9JIEKTPOXUMHIECKHE ITOTEHIIMAbI TPAHUIl B KBAaH-
TYIOIIEM MAarHUTHOM TOJie. MeTaJuInuecKuit 3aTBOP OKpY-
’KaeT BHYTPEHHIOIO 00JaCTh, OCTaBJSIS HEMOKPBITOMN
ToJIbkOo T-00pasHyro 00J1acTh MBYMEPHOTO Ta3a MEXIy
BHEIIHEeW M BHYTpeHHeW rpaHunamu (puc. 4a). B pexume
KBaHTOBOTO 3 dekra XoJuia npu nejiomM GpakTope 3amosiHe-
HUS TIOJT 3aTBOPOM, MEHBIIIEM TeJIOTO (aKTOpa 3alOJTHEHUS
B T-06pa3Hoil 00JlacTH, YaCTh KPAE€BBIX COCTOSIHUN OTpa-
KaeTcs Ha TpaHMIEe 3aTBOpA M TEPEHAMPABJISACTCS BIOJb

1 2

il . |

I 3aTBOpHas !
mesb

X

_, b=1 _, b=2
hoy e D (]

N =3 v=4

Puc. 4. (a) Cxema oOpasna B reomerpunt kBa3u-Kopouno (u3 paboTsI
[23]). JKupHbIMH JMHHSMH IOKa3aHbl BHEIIHWA ¥ BHYTPEHHHI Kpas
Me3bl, NePeYepKHYThle MPSIMOYTOJILHHKHA C HOMEPAMH — OMUYECKUE
KOHTAKTbI, 00J1aCTh, BbIAEJICHHAS TEMHBIM IIBeTOM, — 3aTBOp. CTpyk-
Typa KpaeBBbIX COCTOSIHHI MOKa3aHa s ciaydasi (aKTOpPOB 3aIOTHEHHS
g =1 mox 3aTBopoM u v =2 BHe 3aTBOpa. (6) KomOuHammm pasHbIx
(baxropoB 3amoyHeHHs: (v =b + g) W KpaeBble COCTOSHUS B 00JacTH
3aTBOpHOI miesm (13 pabotsl [18]) — ynporieHHas cxema, Ha KOTOpOH
MOKA3aHbl TOJILKO COCTOSIHMS, B3aUMOJICHCTBYIOIINE B 00IaCTH 3aTBOP-
HOIl 11eu.
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3aTBOpa K JApyroi rpanune ob6pasmna. Ha BHyTpeHHel
rpauuie obpasua, He NOKpwIToil 3arBopoM ("muismka"
O6ykBel T), Bce KpaeBble KaHAJIbI OJlarogaps MakpOCKOTIHYE-
CKOMY pa3Mepy M HECKOJbKAM OMHYECKHMM KOHTAKTaAM
MOJIHOCTBIO ypaBHOBellleHbl. Ha BHelIHe# rpanuiie oopas-
na obJsacThb, He mokpbiTas 3aTBopoM ("Hoxka" Oyksel T),
KOTOpasi B JajbHeiiieM OyJeT Ha3bIBATHCS OO0JIACTBIO
3aTBOPHOM IIEN WM OOJACTBIO B3aMMOACHCTBHS, pa3Me-
POM MOpsIIKA HECKOJIbKHX MHUKPOH (MHOTO MEHBIIHM
JUTMHBI BBIPABHUBAHUS MPU HU3KOW TeMmepaType) He
AMeeT OMHUYECKMX KOHTAKTOB, YTO CHJIbHO 3aTPYJHSECT
ypaBHOBemuBaHue. Takum oOpa3zom, NpU NPHUIOXKEHUU
HANpsDKEHHs] K MapaM KOHTAKTOB HAa BHEIIHEH M BHYTPEH-
Hell TpaHuIax MeX/y KPaeBbIMH COCTOSIHUSIMH Ha BHEIITHEH
rpaHuie oOJIACTH 3aTBOPHOW INEJM MOSIBJISIETCS Pa3HOCTh
9JIEKTPOXUMHUYECKUX MOTCHIATIOB U BOSHUKAKOIIMIA B [ETIH
TOK IpPeICTaBysieT coOON TOK YPAaBHOBEIIMBAHUS MEXIY
KPaeBbIMHU COCTOSIHUSIMU.

Ilpu sxcnmepumeHTax B JAHHOW T€OMETPHH OCHOBHBIM
HUCTOYHHKOM WH()OPMAIUU O TPAHCIIOPTE SIBJISIFOTCS] BOJIBT-
amnepHble xapaktepuctuku (BAX) — 3aBucumocTh TOKa
MEX1y KpPaeBbIMU COCTOSIHUSIMU OT paszbajaHca (Hampsoke-
HUs) Mexay Humu. B cmiy ocobenHocteir Ha BAX (cm.
paznen 2.4.2) uaMepeHus AOJDKHBI TMPOBOAUTHCS TPH TIO-
CTOSTHHOM ToKe. VIMEHHO HEOCO3HaHHE HEeOOXOAMMOCTH
U3MEpEHHI Ha TMOCTOSIHHOM TOKE W JKCIepUMEHTAJIbHbIC
CJIOKHOCTH, BO3HHKAIOIIME INPU TAKUX H3MEPEHUsX, He
MO3BOJIMUIM HOJIYYUTh 3KCHEPUMEHTAJIbHBIE DPE3YJIbTAThI
paHee — J10 IKCIIepUMEHTOB [18].

Jnst monydenuss BAX B OOJIBIIMHCTBE ClTydaeB HEOOXO-
JTIIMO HCIOJIB30BATh YETBIPEXTOUYSYHYIO CXEMY C 3allaHUEM
Toka. TOK MeX/Ty OJTHUM M3 BHEITHUX ¥ OJTHUM M3 BHYTPCH-
HUX KOHTAKTOB, MOKAa3aHHBIX HAa pHC. 4, 3a/1aeTCs OT Kaju-
OpaTopa, a ¢ OCTaBIUeHCs Mapbl KOHTAKTOB CHUMAETCS pas-
HOCTH NOTeHuuasoB. (BcieacTsue Haiawumsi BBIIEJICHHOTO
HANpaBJICHUs, 33JAHHOTO MAarHUTHBIM IIOJIEM, CYIIIECTBYIOT
4eThIpe MPHUHIUIAAIBLHO PA3JIMYHBIX KOMOWHAIIMN KOHTAK-
TOB.) Micnosib30BaHMe TaKOM CXeMbI BMECTE C 005132 TeJIbHBIM
cpaBHeHreM BAX mpu pa3nyHbIX KOMOMHALUSAX KOHTAKTOB
MO3BOJISIET BBISIBUTH M HCKJIIOUYUTH BO3MOXXHOE BIIHSTHHE
HEeHJeaTbHOCTH OMHYECKIX KOHTAKTOB Ha 9KCIIEPUMEHTAJIb-
HBIE Pe3yJIbTATHL.

[IpenBapuTenbHbIE UCCIEIOBAHUS JBYXTOUYEYHOTO Mar-
HETOCONPOTUBJIEHUS MEXy KOHTAKTaAMHU Ha OJAHOM Kparo
HEOOXOAMMBI /IS OLIEHKM KauyecTBa KOHTAKTOB (BBICOKOOM-
HbIE, HEJIMHEWHBIE U KOPOMHO-KOHTAKTBI MOTYT OBITH JIETKO
UCKJIFOUEHBI 3THM cnocobom). MccrenoBanust OBYXTOYEU-
HOTO CONPOTHBJICHUSI MEXY KOHTAKTAMH Ha Pa3HBIX Kpasix
oOpa3na garoT HHPOPMAIHUIO O KOHIIEHTPAIIMH HOCUTEJICH B
00J1acTH 1LeJIM B 3aTBOPE, 4 U3MEPEHHSI MArHETOEMKOCTH —
0 (akTOopax 3amoJIHeHHUs, NOCTYHNHBIX IOJ 3aTBOPOM, H
CTEeNeHH OJHOPOJIHOCTH OJJIEKTPOHHOM cucTeMbl. Takas
KanmOpoBKa oOpasia, Jaroiasi 3HAaYeHAss MATHUTHOTO TIOJIST
W 3aTBOPHOT O HATIPSDKEHHU I, COOTBETCTBYIOIIIHE KaX IO mape
(bakTOpOB 3aNOJIHEHUS, U HOMEpPA HAJEHKHBIX OMHYECCKHX
KOHTAKTOB (B peajbHBIX 00paslax MX YuUCIO OOJIbIIe, YeM
Ha puc. 4), TPOBOIUTCS IPU KAXKIOM OXJIAXKACHUH 10 CHATHUS
BAX, obecrieunBast X HaJI€KHOCTb U BOCIIPOU3BOTUMOCTD.
ITosryyeHHBIE pPE3yJIBTATHI KAYECTBEHHO MOATBEPKIAIUCH
TaKkXke NPSIMBIMH HU3MEpEHUsIMU JByXxToueuHoii BAX c¢
3aJaHIEM HaIPSDKEHUSL.

JlaHHass TeOMeTpHsl TPEJOCTaBIISIET HCCIEI0BATEIIO
MHOXKECTBO cTerneHel cBo0o . MI3MeHsist pakTop 3amoJiHe-
HUSl B 00JIACTH 3aTBOPHOM IIIEJIH, C IIOMOIILI0 MATHUTHOTO

10JIS1 MOKHO U3MEHATH 00IIIee YNCII0 B3aUMOIEHCTBYFOIIUX
KpaeBbIX KaHAJIOB, a M3MeEHssl (BakTOp 3amOJIHEHUs O[T
3aTBOPOM, C TIOMOIIBIO 3aTBOPHOTO HANPSDKEHHUST MOXKHO
pa3zensiTh KaHajlbl Ha TPYMIbI, K KOTOPHIM IPHUKJIAIbI-
BAaeTCs PA3HOCTb 3JIEKTPOXUMHYECKHX IIOTEHIUAJIOB U
MEX/y KOTOPBIMH TeueT TOK (cM. puc. 4). B wacrtHocTH,
MOJHO HCCJIEAOBATh TPAHCIOPT MEXIy KPaeBbIMH KaHa-
JIaM#, pa3JejeHHbIMUA CIUHOBOW WM MHUKJIOTPOHHOU
IIEJIbIO, & B JIBYXCIIOMHBIX CTPYKTYpax — eIlle U CHUMMeT-
PUYHO-aHTUCUMMETPUYHBIM HJIA M30CIHUHOBBIM pacIIierie-
HUEM.

2.4.2. Tlepexox OT pexHMA MaJIOro pa3zdajaHca K PeRuMY
CHIIbHOIO pa3dajiaHca. B Toii xe paGote [18], rae BnepBbie
OB TPOBEJICHBI U3MEPEHHUsI TPHU CUJIBLHOM pasdajiaHce,
ObLIa MpPOJAeMOHCTpUpOBaHa TpaHchopmanusi BAX mpu
M3MEPEHMSIX Ha TIOCTOSIHHOM TOKe. BoJibT-aMmepHble Xapak-
TEPUCTUKH TpU BbICOKOW Temnepatype (4 K) sBisrorcs
JIMTHEHHBIMU C HAKJIOHOM, TOYHO COOTBETCTBYIOIIIEM PaBHO-
BECHOMY HAKJIOHY, MOJYYEHHOMY U3 OIOTTUKEPOBCKOIO
pacueta (7) M pa3HBIX KOMOWHAIIMNA OMHYECKMX KOHTAK-
TOB (pHUC. 5), YTO OOBICHSIETCS MAJIOH ITTMHON YpaBHOBEIIIH-
BaHMsS (MEHbBIICH MJIUHBI OOJACTA B3aMMOJICUCTBHS) MPHU
3TOU TemrmepaType.

IIpuBenem mpumep OIOTTHKEPOBCKOI'O pacyeTa B Teo-
MeTpun kBazu-KopOuHo 17151 pakToOpoB 3amorHeHus v = 4,
g = 2 B ciryuae oOpa3sia, moKa3aHHOTro Ha puc. 4. Y paBHEHHS
JUIS TOKOB 4epe3 KOHTAKThI 00pa3ia MOTYT ObITh BBIMUCAHBI

15
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Puc. 5. (a) BosnbT-aMnepHble XapaKTEPUCTUKU NPU BBICOKOW (TIOJIHOE
YPaBHOBEIINBAHKE) 1 HU3KOM (PEXKUM CHIBHON HEPABHOBECHOCTH) TEM-
nepaType IJIs TPAaHCIOPTa MeXy HUKJIOTPOHHO-PACIIEIIIEHHBIMUA Kpae-
BBIMH COCTOsIHHSIME (13 padoTsl [18]). (6) Tpanchopmamus BAX npu
YBEJIMYCHUH JUIMHBI 00JIACTH B3aHMMOJICHCTBHS JUIsSl TPAHCIIOPTA MEXKIY
LUKJIOTPOHHO-PACIICIUICHHBIMI KPAeBBIMU COCTOSHUSIME (M3 PAaOOTHI

[19)).
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rae I; — TOK, BTEKAIOIIMI B KOHTAKT I MJI BBITEKAFOIIMMI U3
HEro, [, — JJeKTPOXUMHYECKUN MOTEHIMAJ KOHTAKTa I,
{T:;} — sBHO BBIMUCAaHHAsI MaTpuna KO3()PUIIEHTOB TPO-
XOXJCHHUS 11l TPAHCIIOPTA MEX/1y KPACBBIMHU COCTOSIHUSIMU
B 00J1aCTH 3aTBOPHOM IIEJU. DJIEMEHTHI 3TOW MAaTPUIIbI HE
SIBJISFOTCS. HE3aBUCUMBIMHU — B CHJIy YCJIOBHSI COXPAHCHUS
TIOJIHOTO 3apsijia B 00J1aCTH 3aTBOPHOM 111N

T +Ty =1,
1.

(10)
Ty + T3

Beuny cummerpuunoctu 3agaun 153 = Ty41. CiegoBaTeabHO,
Bce KOA(DPUIMEHTBI MPOXOKIACHUSI MOTYT OBITh BBIPAXKCHBI
yepe3 eIMHCTBEHHbIN apamMeTp T = Th3.

ITycthb TOK TeueT Mex 1y KOHTakTaMu 4 1, a KOHTAKTHI 3
U 2 UCHOJIb3YIOTCS I U3MEPEHUS MAJICHUS HATPSKCHUS.
Torma Tok, Tekymwmii mo obpasmy, ectb Iy =1} = —I4, a
OTCYTCTBHE TOKAa 4Yepe3 MOTCHIMAIbHbIE KOHTAKTHI O3HA-
vyaeT, uto I, = Iz = 0. V3MepsieMoe mMajiecHUue HATPSKCHUS
SIBJISICTCSL  PA3HOCTBIO JJICKTPOXUMMYECKAX TOTEHINAIOB
KOHTakTOB 2 u 3, T.e. eUsy = u3 — p,. Pemas cucremy
ypaBHeHui (9) u yuutbiBasi cootHotenus (10), Haxoaum

(11)

PaBHOBECHBII HAKJIOH ITOJIy4aeTCsl IPY MOACTAHOBKE PABHO-
BecHOro 3Havenus 7' = 1/2.

ITpu monmxennn temnepatypsl 10 30 MK mimna BbIpaB-
HUBaHUS pe3Ko Bo3pacTtaet [10] u HacTymaeT pexuM CUIIbHOU
HEpaBHOBECHOCTH. BojbT-ammnepHasi xapakTepuCTUKa CTa-
HOBUTCS CUJIBHO HEJIMHEHHOW W HECUMMETPUYHOU (CM.
puc. 5) ¢ BBIPaXXEHHBIM MOPOTOBLIM IMOBEIECHUEM NPaBOMH
BETBU NIPH JIMHEHHOM XOJE IOCJIe MOpora W HEeJIMHEWHOU
JieBoii BeTBhIO. CxomHast Tpanchopmanusi BAX Habroma-
Jack [19] 1 npu HUBKOHM TemriepaType B cliydae U3MEHEHUS
JUTMHBI 00JIaCTH B3aMMOACHCTBUS (CM. puc. 5) (MeToamka,
MO3BOJISIFOILIAST 3TO peajM30BaTh, MOJPOOHO oOmHMcaHa B
pasznene 3.4.3).

2.4.3. NlnTepnperanusi HeJJMHEHHBIX BOJIbT-aMIEPHBIX XapaK-
Tepuctuk. O0bsicHUTHL noBeaeHne BAX, nogo6Hoe onucan-
HOMY B paszzeie 2.4.2, MOXHO TOJbKO C HOMOIIBIO TaK
Ha3bIBAEMOM MOJEIU MSITKOTo Kpas, B KOTOpOM Kkpail
MpeACTaBIIsIeT COOOH YepeayroIInecs: MOJIOCKH CKUMAEMOM
U HECKMMAeMOU 3JIeKTPOHHOU )uakoctu (puc. 6). s
(dakTopa 3amOHEHHS 2 B HENOKPBITOW 3aTBOPOM YaCTH
oOpasna B obsacTu B3aMMOJEHCTBUS BOJIM3M BHEIIHEH
IpaHUIbl €CTh [IBE CXKUMAEMBbIE IOJIOCHI, pPa3/ieJICHHbIE
HEC)KUMAEMOU TIOJIOCOH € JIOKAJIbHBIM (PAKTOPOM 3aroJIHE-
HUs 1. DIEKTPOXUMUYECKHUI MOTEHITUAI KX IOH COKUMAaeMOM
MIOJIOCHl ONPEAEISAETCS IEKTPOXUMUYECKUM MTOTEHIIUATIOM

Puc. 6. (a) Crpykrypa kpasi oOpa3nma B 00J1acTH B3aUMOJICHCTBUS
KPAaeBbIX COCTOSIHUIA B YCIIOBHUSIX PaBHOBECHS MpU (HaKTOpe 3aMOTHCHHS
2 B oObeme. [IBa ypOBHS QHEPTUH, PACIICIIIICHHBIE TI0 CIIUHY, BBIXOIST HA
Kpail © 00pa3yroT CTPYKTYPY CXHMAEMbIX M HECKHMAEMBIX MOJIOC.
(6) CrpykTypa kpas obpa3nma B 00JIACTH B3aUMOJICHCTBHS KPAeBBIX
COCTOSIHHI NPH TPHJIOKEHUH HATIPSHKEHHS MEKTY CKUMAEMBIMH T10JIOC-
kamu. [1pH NOJOXKUTEIHLHOM HANPSDKEHUH BCJICACTBHE OTPULATEILHOIO
3apsiaa 2JIeKTPOHA MOTEHIUAIBHBIA Gapbep MEXAy KPaeBbIMH COCTOSI-
HISIMH YMEHBIIIAETCS BIUTOTH 10 3HAYEHHUS, COOTBETCTBYIOIIETO CIIYIat0
IIOCKUX 30H. [IpH OTpUIATEILHOM HAMPSDKEHHH Oapbep pacreT u
nedpopmupyerest. (13 pabotsl [18].)

COOTBETCTBYIOILIETO (BHYTPEHHETO WJIM BHEIIHEr0) KOH-
TaKTa.

Ilpu TmpHIIOKEHUM HANPSDKEHUS K TMape KOHTAKTOB Y
pa3HBIX TPaHUI 00pa3na BO3ZHUKAET PA3HOCTDH JJICKTPOXH-
MHYECKUX TOTEHIIMAIOB MEX/y COKUMAaeMbIMU MOJIOCKAMHU B
00J1aCTH B3aUMOJICUCTBUS. DTa Pa3HOCTh MOTEHIMATIOB
MajJaeT Ha HECKUMAEMOW NOJIOCe, HAXOMSIUEHCA MEXIy
CKAMaeMbIMH, U BJIMsIET HA TPO(UIb IMOTEHNHAA B HEW.
Tak, mpu 0JTHOM 3HaKe HANPSDKEHUS TOTCHIUATIBHBIN Oapbep
MEXIYy KpaeBbIMH COCTOSIHUSIMH CTAHOBUTCS MEHBIIEC W
nCYe3aeT NPU HANPSDHKEHUH, PABHOM BEJIMYMHE COOTBET-
CTBYIOIIIEH CHEKTPaJIbHOU 1eH (CM. pUC. 6), YTO IPUBOIUT
K PE3KOMY BO3PACTAHUIO TOKA NPU 3TOM HAUPSDKEHUU U
MOJTHOMY YPaBHOBEUIMBAHUIO MEXKIy KpPaeBbIMH COCTOS-
HUSIMU TIpU OOJIBIIIMX Pa3HOCTSAX HoTeHIuaioB. [Ipu apy-
TOM 3HAKe MNPUJIOXKEHHOIO HAINPSIKEHUS! MOTEHLUAJIbHBIN
Gapbpep BO3pACTAET, YTO NMPUBOAMUT K TOSIBICHUIO CHJILHO
HeJmHenHo# BeTBu BAX.

2.4.4. CnexkTpanbHble HccaeqoBanus. Takum oO6pa3oM, aHa-
3 BAX B JaHHO# reoMeTpuu MO3BOJISET OINPEJEIUTh
BEJIMYMHY SHEPTeTUYECKON ILesH, pa3lesistoleil kpaeBble
COCTOSIHUSI MO TOJIOKEHUIO MOPOTOBOTO HAMPSDKCHUS HA
npasoii (mosioxuteabHoi) BeTBU BAX. Okazayioch, 4TO
BEJIMUMHA IIEJIU paBHA 00BEMHOMY 3HAYEHUIO PACIICTLICHUS
MEX/Iy COOTBETCTBYIOIIMMU YPOBHSMHU SHEPTUU. DTOT PakT
ObLI CHaYaja MPOJEMOHCTPUPOBAH IS LUKJIOTPOHHBIX
mesedd [18], 4To ompaBabIBaeT NMPUMEHEHUE MOJIETH MST-
KOTO Kpasi U 9KCIEPHUMEHTAIBHO MOATBEPKIAET MATKOCTh
TpaBjeHoro kpas B pexume L[KDX. Bce paccyxnaenus
oTHOCHTEIbHO BAX MOXHO OBLIO OBl MPOBECTH W JJIS
PE3KOro Kpasi, HO U3MEPEHHas 111eJib Obljia Obl 3HAYUTEIILHO
OoJibllie, YeM OOBbeMHOe 3HavyeHue (cM. pasaen 2.1.2, B
KOTOPOM BBEJIEHBI ONpENesIeHUs] ISl MSTKOIO M PE3KOro
kpast). JUIst TOCTATOYHO YHACTBIX 00pa3noB ObLIO MOKAa3aHO
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[20], uTO 1IENB MEXIY CHUH-PACIICIICHHBIMU KPAaeBbIMU
COCTOSIHUSIMU COOTBETCTBYET OOBEMHOMY OOMEHHO-YBEIIHU-
yeHHOMY (aktopy Jlanzge [21].

2.4.5. YcraHnoBjeHue paBHOBecusi Ha Kpaw. B paborte [22]
KpOMeE CIIEKTPOCKOMMYECKUX HCCICIOBaHUI OBLIO MpPOBe-
JICHO HUCCIICOBAHME IPOIECCA YCTAHOBJICHHUS PAaBHOBECHUS
npu pa3daaHcax, MPEBBIIIAOIINX BEIMUMHY CIICKTPAIbHON
eI B TPAHCHOPTE MEXAY IUKJIOTPOHHO-PACIICTICHHBIMU
KPaeBbIMH COCTOSHHUSIMH. JKCIIEPUMEHTAJIbHO HCCIIEI0-
BaJICSI HAKJIOH JIMHSHHOW YacTH NMPaBO# BETBH BOJIbT-aMIep-
HOU kpuBo# (mocie mopora) (puc. 7). Oxazajiock, 4TO NpU
CHJIBHOM pa3basiaHce MeXIy KPaeBBIMH COCTOSHUSIMHU
MOXeT OBITh IepepacipeiesicHa He BCSI Pa3HOCTh 3JIEKTPO-
XIMHIYECKIX MOTEHINATIOB, & TOJIBKO 9aCTh, MPEBBIIIAIOIAs
BEJIMUMHY CIEKTpaJIbHOH 11iesu. B aToi pabore Takxe ObLI
MoudupoBaH ¢dopmainiM BroTTukepa myTeM SBHOTO
BKJIFOUCHHUSI JIOKAJIbHOU XapaKTepUCTHUKHA TPAHCIOPTa
MEXIY KPaeBBIMU COCTOSIHUSIMHU (BMECTO MATPHIIbI HMHTET-
pasbHBIX K0a(pdumuenTos 7;;) — mapamerpa o, KOTOpPbIH
paBeH OTHOIICHHIO IIEPEHECEHHOH MeX Ty KPaeBBIMHU COCTOSI-
HUSMHU DPa3HOCTHU 3JIEKTPOXMMHUUYCCKUX IMOTCHIUAIOB H
pa3pelleHHON K IepepacupeieICHIIO PA3HOCTH AJICKTPOXH-
MHYECKHX IOTCHI[HAIOB.

IIposeMOHCTpUpYEeM BBeICHHE 3TOrO MapamMeTpa Ha
npuMepe oOpasmna, mpencraBieHHoOro Ha puc. 4. Ilpu Ha-
HPSDKEHISIX, MEHBIIAX TOPOTOBOTO, TOK B 00JIACTH 3aTBOP-
HOW ILENU MEXAYy KPAeBBIMU COCTOSHHSIMH MPAKTHYCCKH
OTCYTCTBYET. DTO O3HAYAET, YTO OHU MOKHAAIOT 00JIaCTh
3aTBOPHOU IIEIHM C HCXOJHBIMH 3JICKTPOXUMHUYCCKIMHU
MOTEHNHAIaMU i, W yi3. Ilpm HampspkeHmsX, OOJIBIIMX
MTOPOTOBOTO, BO3HMKAET TOK MEXIY KPaeBBIMH COCTOS-
HUSIMH, CJICTOBATEJILHO, TOJIBKO YaCTh MCXOIHOW Pa3HOCTH
IJIEKTPOXUMUYECKUX TOTCHIUANIOB, i3 — [t — eV, MOXET
OBITH TepepacipeesicHa. BeememM mapaMeTp o, OMHUCHIBAO-
Ui, Kakas 9acTh OT 3TOHM pa3HOCTH peajbHO HepeaaeTcs B
obJiactu 3aTBOpHOM 1ienn: o(py — 1y — eV )e/h. Ilapametp
o TpOCT mIsg WHTepuperanmmu. Tak, s KOMOWHAIMH
(akTopoB 3amosiHeHus v =4, g =2 TOJHOE YypaBHOBE-
LIMBAHHE COOTBETCTBYET MEPEPACIPEICIICHAIO BEIMIUHBI
Uy — 1, — eV, Ha 1Be paBHbIC yacTH, T.e. o = 1/2. KpaeBbie
COCTOSIHUS TIOKUAAFOT 00JIACTh B3aMMOJICHCTBHS C 3JIEKTPO-
XAMHUYECKUME TMOTeHUHanamMu p; + o(pus — iy —eVm) u
Uz — o(ps — 1y — eVin) coorBercTBeHHO. Toraa OIOTTHKeE-
pOBcKkasi cucrema ypaBHeHHid (9) MOXKeT OBIThH 3anmucaHa Kak

e e
L =4—-u —4-
1 h#l h.“27

e

e e
12:4*1#2*2*111*2 [+ oy — py —eVa)]

l/ h h
(12)
e e
=2 13=25 g,

e e
14:2zﬂ4—2z[ﬂ3—0f(ﬂ3—.“1 —eV)] .
Peiienne cucremsbl ypaBHeHu# (12) mjisi KOMOMHAIIMU KOH-
TaKTOB, UCIIOJIL30BAHHOM B pacyete (9), MPUBOMUT K COOTHO-
IIICHUTO

2—a h

Up—Vih=———51s.
4o €2

(13)

OTtmMmeTuM, 4TO cooTHoleHue (13) omucwhIiBaeT TOK MpHU
HAIpPSDKEHUH, MPEBbIIIatoeM moporosoe. Ciie0BaTebHO,
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Puc. 7. (a) HakJIOHBI JIMHEHHBIX yYaCTKOB BOJIbT-AMIICPHBIX KPHUBBIX
(CIUTOIIHBIC TMHUN) 7S PA3HbIX KOMOMHAINI KOHTAKTOB U UX HOATOHKA
(LITPUXOBBIE JIMHUK) C HOMOLIBIO €IMHOTO apamMeTpa o (13 paboTsr [22]).
BcraBka nmokasbIBaeT BHJL MOJIHOW BOJIbT-aMIIEPHOI KPUBOI NpH TpaHC-
MOPTE MEXAY KPAEBBIMU COCTOSIHUSIMU, Pa3/IeJIeHHbIMU IIUKJIOTPOHHOM
wesbto. (0) 'merepesuc Ha BAX npu TpaHcniopTe C IepeBOPOTOM CIIMHA 1
peakcanmoHHble KpuBble (13 paboTsl [23]).

MIPH MTOCTOSTHHOM HaKJIOHE JIMHEHHON MOJIOKUTEILHON BETBU
BAX, noka3zaHHo#1 Ha puc. 7, napameTp o SIBJISIETCS TIOCTOSH-
HBbIM, B OTJINYHE OT COOTBETCTBYIOIIETO OIOTTUKEPOBCKOTO
ko3 unuenta T, koTophlii npu HenmHelHOW BAX okasbi-
BAeTCsl TAK)KE HEJIMHEIHBIM.

DTOT eIMHCTBEHHBIN TAPAMETP ¢ SBIISETCS YHHUBEPCAIb-
HbIM — OH IIOJIHOCTBIO ONMCBHIBAET HAKJIOHBI JIMHEHHBIX
yyacTkoB BAX mpu 1r000i KOMOMHAIIMM KOHTAKTOB (CM.
puc. 7) ¥ 3aBUCUT TOJBKO OT (PM3UKH TPAHCIOPTA MEKIY
KpaeBbIMU COCTOSIHUSIME. YNCIIeHHOE 3HAYEHHE 0 TO3BOJISIET
CYJIITh O CTENEHHW YCTAHOBJICHUS PABHOBECHS] MEXIY Kpae-
BBIMU COCTOSIHUSIMH.

2.4.6. TpaHcnmopT ¢ mepeBOPOTOM CHHHA — YCTAHOBJEHHE
JMHAMHAYECKOll siepHoii moasipudamuu. TpaHCTIOPT MEeXAy
CIIMH-PACIIEIIJIEHHBIMI KPAeBbIMU COCTOSIHUSIMH J1OJIKEH
COMPOBOXIAThCS MIEPEBOPOTOM CIHMHA (CIUH-(DITAI) IJIEKT-
poHa. B ocHOBHOM crniuH-(Jiun oOecreunBaeTcsi CHMH-OpOu-
TaJbHBIM B3aumozeicTeueM [10], HO [IJIs 4aCTH 3JICKTPOHOB
OCYIIIECTBJISICTCS. TaK Ha3bIBaeMbIil (JIuI-(JION-IPOIecC —
3a CYET CBEPXTOHKOT'O B3aMMOJECHCTBUS OJHOBPEMEHHO
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MEePEBOPAYUBAIOTCS CIIMHBI 3JIEKTpOHA U simpa. Takoil mpo-
Iecc Jaxke MPpH OTHOCHTEJIBHO BBICOKMX TeMIepaTypax
MPUBOJUT K YCTAHOBJICHUIO OOJIACTH TWHAMUYECKOU TMOJIS-
pU3aIuy SIIEPHBIX CIIMHOB, B KOTOPOW CTaTHUeCKas siepHast
MOJISIPU3AIHs BHEITHIM MarHUTHBIM MOJIEM HEe3HAYMTEIbHA
[12, 13].

IIpouecc ycraHoBiIeHUS] TMHAMHUYECKON sIIEpHON TOJISI-
pu3anuu ObLT UCCIIEAOBAH B ClTydae CHJIbLHOTO pazbalianca B
pabote [23], raoe ucciegoBaiuch BAX s TpaHcmopTa
MEXy CIHUH-PACIICIIJICHHBIMI KPAEBbIMU COCTOSIHUSMH B
reoMetpuu kBa3u-Kopobuno. Ha BoJbT-aMIEpHBIX XapaKTe-
pUCTHKAaX B 3THX YCJOBHSX HaOJIOmaeTcs 3HAYMTESbHBIN
TUCTEpEe3UC, OCOOEHHO Ha JIeBOW (OTpUIATESIbHOW) BETBU
(eMm. puc. 7). CpasHenne ¢ BAX, moyiydeHHBIME B CIIydae
TpaHCIopTa 0e3 mepeBOpoTa ChuHA (UYepe3 MUKIOTPOHHYIO
IIeJIb) B TOM e TOJIE W MPH TOU e CTENEeHU Oecropsiaka,
[I0Ka3aj0, 4TO T'HCTEPE3UC HE CBSI3aH C MEJICHHOHM mepe-
3apsakoil oOpasma OT KOHTakToB. B pabote [23] ObuIO
MOKA3aHO, YTO THCTEpe3nC OOYCJIOBJIEH MMEHHO IWHAMH-
YEeCKOW TMOJIIpU3anueit saep B 00JIACTH B3aMMOJICHCTBUS
oOpa3na — BO3HHKAIOIee MPU 3TOM 3PPeKTHBHOE TOJIE
OBepxay3epa BJIMSET Ha BEJUYUHY CIIMHOBOTO pACLLEI-
JIeHHSI, KOTOpasl OmIpeneisieT MNOTEHIHAJbHBIN Oapbep
MEXIy KPaeBBIMHU COCTOSHHSIMH, YTO OTpakaeTcs Ha TOKe
IUIs BCEX DJIEKTPOHOB, & HE TOJIBKO TeX, BpAIlleHHWE CIIHMHA
KOTOPBIX 00YCIOBJICHO (IIHI-(IIOT-IPOIECCOM, UYTO U TIPH-
BOJIUT K 3aMeTHOMY THCcTepe3ucy BAX.

B paGore [23] ObLIu uCCHEAOBaHBI PEJIAKCAIIMOHHBIC
KpUBBIE (CM. BCTaBKHU PHC. 7), YTO TMO3BOJMIIO BBISBUTDH JBA
3Ha4YeHUs BpEeMEHHU pejlakcammu — mnopsaaka 25 u 200 c.
IlepBoe BpemMsi COOTBETCTBYET YCTAHOBJICHUIO OOJIACTH
JMIMHAMUYECKOW SITEPHOM TOJIIpU3alnU Ha y4acTKe TPaHC-
mopTa MEXJy KpPaeBbIMU COCTOSIHUSMH, BTOPOE — yCTa-
HOBJICHHIO CTAOMJIBHOTO Y4YacTKa MOJIIPU30BAHHBIX sJEp-
HBIX CIIMHOB B 00pa3Iiie BCJICICTBUE KOHKYpeHIH Tuddy3un
SIIEPHOTO CIIUHA U YXO/a CIIMHA U3 CUCTEMBI.

2.5. KpaeBble COCTOSIHHSI B IBOWHBIX KBAHTOBBIX fIMaxX
Bouiee CiOXHBIM OOBEKTOM [UISI UCCICAOBAHUIA SIBIISFOTCS
TYHHEJIbHO-CBSI3aHHbBIC [1BOMHBIC 3JCKTPOHHBIC CJIOU, WA
JIByXCJIOMHBIE CHCTEMBI, KOTOPBIC PEAM3YIOTCS OOBIYHO B
JIBOMHBIX KBAHTOBBIX SIMaX, pa3AeJICeHHBIX TYHHEJLHO-TIPO-
3payHbiM OapbepoM (puc. §), WM B MIUPOKUX KBAHTOBBIX
sIMax, TIe pa3IeiCHUe Ha CJIOU HMPOMCXOMUT U3-3a KYJIOHOB-
CKOT'O OTTaJIKMBaHUs. BciencTBrue TyHHEIMPOBAHUS MEXITY
CJIOSIMU IaKe OOBEMHBII CIHEKTP TAKUX CUCTEM JOCTATOYHO
CJIOXKEH.

IIpocTeimuM ciayuyaeM SIBISETCSI CHMMETPHUYHAS JTBO-
Hasl KBaHTOBas siMa. B CHMMeETpUYHOW CHUTyanmuu Iaxe B
HYJICBOM MarHMTHOM II0OJI€ CYIIECTBYET CHMMETPHYHO-aHTH-
CHMMETPHYHOE pacILICIUICHHe, KOTOPOEe BO3HHKACT H3-3a
CHSITHSI IBYKPATHOTO BBIPOXK/ICHUS YPOBHSI SHEPIUU B IBYX
OJIMHAKOBBIX TYHHEJIbHO-CBSI3aHHBIX KBAHTOBBIX sIMax. BbI-
POXJICHNE CHUMAETCsI OJ1aroaapsi 00pa30BaHUIO IBYX OOIIIX
9HEPreTUYECKUX TMOJ30H C CHMMETPUYHOW U aHTHCHMMET-
PHYHO# B IPOCTPAHCTBE BOJIHOBBIMU (DyHKIMsiMU. Pa3HOCTH
9HEPrUil ITHX MOA30H U HA3BIBACTCS CHUMMETPHYHO-aHTH-
CHMMETPHUYHBIM PACIIEIICHIEM.

B HecOaaHCHPOBAHHBIX JBYXCIOWHBIX CHCTEMAax Kax-
JIOMY CJIOIO COOTBETCTBYET CBOSI JISCTHHIIA ypoBHEl Jlanmay
[24]. B MsArkux cuctemax, rje nepeHoc 3apsiia Mex1y CJI0sIMHU
MPUBOAUT K 3HAYUTEIHLHOUN MEepecTpoiike YpPOBHEU SHEPTHH,
KBaHTYIOIIIEE MATHUTHOE IMOJIE CIIOCOOHO BBI3BATH THOPUIHU-
3aIMI0 CJIOEB ¢ 00pa3oBaHUEM OOIIMX IOJ30H, KaKk U B
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Puc. 8. (a) [Ipoduib qHa ABOMHHOMN KBAHTOBOM SIMBI C y3KMM TyHHEJIbHBIM
6apbepoM B CHMMETPUYHON W HECHMMETPHIHON CHTyarusix (13 paboTsl
[36]). (6) Tpanchopmarwst BOJIbT-aMIIEPHOI XapaKTEPUCTHKK TPAHCIIOP-
Ta MEX/Y CIUH-PACLICIIICHHBIMU KPACBBIMU COCTOSIHUSIMHU B JIBYXCJIOM-
HOM cUCTEeMeE NPU NMPUOIIMIKEHUU K TOYKe 00beMHOTO (ha30BOTr0 Mepexoia
W3 CUJIbHO HEJIMHEHHO! B OYTH JIMHEHHYIO 1 NCUC3HOBEHHE TUCTEpE3uca
(u3 paboTsl [33]).

CUIMMETPUYHOM cJIydae B HYJIEBOM MarHuTHOM moje [25].
OpnHako BBeAE€HME KOMIIOHEHTHI MATHUTHOTO MOJISI B TLIOC-
KOCTH JIByMEPHOHM CHCTEMBI JejaeT BOJIHOBBIE (DYHKIIMU
Pa3HBIX CJIOEB HEOPTOTOHAILHBIMU JTaXe [IJIs1 PA3HBIX OpOU-
TAJIbHBIX KBAHTOBBIX YUCE], YTO MPUBOIUT K 0Opa30BAHUIO
O0IIMX MOA30H MpHU BCeX (PaKTOpax 3aIlOJIHEHUs B JIFOOBIX
(KBAaHTYIOIIMX) MATHUTHBIX TOJsAX [26]. ns onucaHus
Takoro poaa 3(p(}eKToB MOJIE3HO BBECTH HOBOE KBAHTOBOE
YUCII0 — WM3OCIHMH, KOTOPBIA paBeH +1/2 as ayekTpoHa,
MIEJIMKOM TPUHAIEKAINETO OJTHOMY U3 DJIEKTPOHHBIX CIIOEB.
I'mOpuausanus cioeB U oOpa3oBaHUEe NOA30H MPUBOAST K
CMEIIICHUIO 3THX COCTOSIHUM [25].

Ha xparo oOpasna Ha obumit ypoBeHb depMu BBIXOIAT
KpaeBble COCTOSIHHUS, MPOMCXOSIINE B OOIIeM ciiydae OT
pa3HbIX YacTell KBAHTOBOM SIMBI WJIM TIOJI30H, B 3aBUCHMO-
CTH OT CHMMETPHH SIMbI. Y POBHU SHEPTHUH, PA3THMIAIOIIHECS
HOBBIM KBaHTOBBIM YHCJIIOM — H30CIUHOM, MOT'YT 00pa3o-
BBIBATH JOBOJIHO CJIOKHYIO CTPYKTYPY Ha Kparo U Jaxe
mepecekaThcs. B TakoM cityuae 3apaHee HEBO3MOXKHO TIpe/i-
CKa3aTh JIaXe CHCTEMATHKY KPAeBbIX COCTOSHIIA, HE TOBOPS O
TPaHCIIOPTE MeXJy HUMH. VcciemoBaHue 3TOro BOIpoca
Ype3BBIYAMHO BaXXHO Kak caMo Mo cebe, Tak W BBUAY
MHOTOYMCIICHHBIX 3KCIIEPUMEHTOB MO yBjeueHuro (drag)
MEXAY CJIOSIMHU, B KOTOPBIX BJIMSIHHE TPAHCHOPTA HA KParo
0OBITHO UTHOPHUPYETCSI.
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2.5.1. Tpanchopmauusi CTPYKTYpbl KPaeBbIX COCTOSIHMI TpH
¢azoBom mepexome B o0beme obGpazna. B cummerpmunom
ciaydyae K OUKJIOTPOHHOMY W CHMHOBOMY DACIIETUJICHHUSIM
JI0OABIIAETCSI CAMMETPHUYHO-aHTUCUMMETPUYHOE PACIIeTLIe-
HHE, KOTOPOE B CJIa0bIX MOJISIX OOJIbIIIE 36eMaHOBCKOTO, a B
CHJIBHBIX TIOJISIX MeHbIIIe [27 —29]. B mpoMeXyTOYHBIX TIOJISIX,
IJe 9TU pacuUlenjeHus AOJKHBI OblIM OBl CpaBHATHCH,
BCJIEJICTBHE AJIEKTPOH-3JIEKTPOHHOTO B3aUMOJCUCTBUS BO3-
HUKAaeT HOBasl, TAK Ha3bIBaeMas HAKJIOHHAS aHTHdeppomar-
HutHas (asa [30—32]. OO6beMHBIIH TIEepexoa B 3Ty ¢aszy u3
obyacTu cinabbix moJjeit Habiaromalsics B pabore [29], u3
obJiacTu cuIbHBIX — B pabote [28]. Takum oOpazom, MOXHO
OBLIO 0XMIATh OCOOECHHOCTEW B TPAHCIIOPTE MEXKIY Kpae-
BBIMH COCTOSIHUSIMHA BOJIU3M TOYKH 00BEeMHOTO (Hha30BOTO
mepexona.

Takne OCOOCHHOCTH B TpaHCIOpPTE HAOJIIONAJINCH B
pabore [33], rae ObLIO MPOAEMOHCTPUPOBAHO UCUE3HOBEHHE
HEC)KMMAEMOU TIOJIOCHI, Pa3Iesollell KpaeBble COCTOSIHUSI,
0 Mepe TPUOIMKEHHS K TOYKe 00beMHOT0 (a30BOro mepe-
xona (cM. puc. 8). McuesnoBenme Ha BAX rucrepesuca,
HAMEIOIIET OCS BIAJIN OT (pa30BOT0 MEPEX0/Ia U SBIISIOIIET OCS
XapakTepHbIM I TPAHCIIOPTAa MEXAy CIUH-pacClLeIIeH-
HBIMH KPAEeBBIMU COCTOSTHUSIMH, TAKXK€ YKa3bIBAET HA HCUE3-
HOBEHHE TMOTEHIUAJIBLHOTO Oapbepa MeXIy KpaeBbIMHU
COCTOSIHUSIMH 110 Mepe MPUOIMKEHUSI K TOYKe OOBEMHOTO
(a3oBoro mepexoja, Tak Kak TUCTEPE3NC CBSI3aH C BIUSHUEM
addexTuBHOrOo TONIST OBepxay3depa Ha MOTEHIUATLHBIN
Gapbep (cM. pazzen 2.4.6).

BaxxHBIM ClleICTBHEM 3TOrO HAOIIOACHUS SIBJISETCS TOT
(bakT, YTO CTPYKTypa KpaeBbIX COCTOSHHA COOTBETCTBYET
CTPYKTYpe 00BEMHOTO CIEKTpa U CIIEAYeT 3a Hell maxe Ipu
CJIOKHBIX TIEPECTPONKAX ITOTO CIEKTPA.

2.5.2. Peamm3anusi Tonosjornyeckux Aed)eKTOB B CTPYKType
KpaeBbIx coctosmmii. [Tpunnun [laynm e 3amperiaer kpae-
BBIM COCTOSIHUSIM II€PECEKATHCS, €CJIM OHU OMHCHIBAFOTCS
pa3nuYarolMMKCS KBAaHTOBBIMH 4duciaMu. Hampumep, Ha
puc. 9 mokaszaHO mepeceueHHre CHUH-PACIIEIUICHHBIX Kpae-
BBIX cocTOsiHUM. Takue nepeceueHns ObLIM Ha3BaHbI edek-
TaMd B TOMOJIOTUYECKON CTPYKType KPaeBBbIX COCTOSIHUM,
UM TomoJioTniueckumu aedexramu. Bo3aMoxHOCTD cyiect-
BOBaHHUsS 3THX Ae(eKTOB ObLIa MpeAcKa3aHa TEOPETHYECKU
[34, 35]. OkcnepumeHTaNIbHAS POOJIEMa 3aKJIIOYaeTCs B
peanu3anuy U HaOJIIogaeMOCTH Takux AedekToB. B yacTHO-
CTH, TIEpeceyeHusl Ha puc. 9 MOTYT HE OKa3bIBATh HUKAKOTO
BIIMSIHUSI HA TPAHCIOPT MEXAY KPAEeBBIMHU COCTOSIHUSIMU —
MPOCTPAHCTBEHHOE IepeceueHre He BJIMsIeT Ha MEePeBOPOT
CIMHA, KOTOPBI U ONpenessieT TPAHCHOPT MEXY CIHH-
pacHICILIEHHBIMHU KPaeBbIMU COCTOSIHUSIMU.

Tem He MeHee eIMHCTBEHHBIM CIIOCOOOM JI€TEKTUPOBA-
HUS TOTIOJIOTUYECKUX Ae(DEKTOB OCTAeTCsl TPAHCIIOPT MEXIY
KpaeBbIMU COCTOSIHUSIME, KOTOPBII yT0OHEEe BCETO MCCIIEH0-
BaTh B reometpuu kBa3u-Kopouno [18]. Hanmuue 3aTBOpa B
reomMeTpuu kBa3u-KopOMHO 1M0O3BOJISET, B TOM YHCIIE, H3Me-
HATb CUMMETPUIO KBAHTOBOW SIMBI IOJI 3aTBOPOM M COOT-
BETCTBEHHO JHEPreTUYECKUH CIEKTpP, a TOT (akT, 4TO CUC-
TeMAaTHKa KPaeBbIX COCTOSHUI COOTBETCTBYET CUCTEMATHKE
00BbEMHOTO CHEKTPA, MO3BOJISIET PeaTn30BaTh TOMOJIOTHYE-
ckue 1e(heKThl B CTPYKTYpe KPAeBbIX COCTOSIHUIA [36].

Eciu B o6nactu B3aUMOJEHCTBUS MEXOY KpaeBBIMU
COCTOSIHUSIMU SIMa HECUMMETPHUYHA, TO 3JIEKTPOHBI B Kpae-
BBIX COCTOSIHUSIX Y€TKO OMHMCHIBAIOTCS] OPHUEHTALIMEH CIUHA U
nzocnuHa. BOpOC ke 2JeKTPOHOB HM3-TOJ 3aTBOPA MOXET
MIPOUCXOIUTH JTUOO M3 M3OCIUH-TIOJISIPU30BAHHOTO COCTOSI-
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Puc. 9. (a) I[TpocTeifimii mpuMep TOMOJIOTHIECKUX 1ePEKTOB B CTPYKTYpe
kpaeBbIx cocTosinuii. (M3 padotsl [35].) (6) Cxema peanu3aiuu TOMOJIO-
ruveckux 1e)eKTOB B CTPYKTYpE KPAeBbIX COCTOSIHHIA. Boixomsiiue us-
MOJT 3aTBOPA KPAEBBIC COCTOSIHUSI PACIIECIIICHBI IO CIIUHY U HAXOJISTCS B
CMEIIAHHOM (CHMMETPUYHOM) M30CIHMHOBOM COCTOSHHHU (S — CUMMET-
PUYHOE COCTOSIHUE, t, b 0003HAYAIOT MPUHAIEKHOCTh COOTBETCTBEHHO
BEPXHEMY M HUKHEMY CJIol0). B o0sacTu B3aMMOACHCTBUS BCJICICTBHE
HCXOJHOU HECHMMETPUYHOCTH KBAHTOBOH SIMBI KDPAeBbIE COCTOSIHHS
pacCIIeIUieHbl KaK [0 COUHY, TaKk W mo m3ocmuHy. HeoOGxommmocThb
COXpaHEHUs] CIHHA W M30CIUHA MPUBOIUT K TMEPECTPONKE CTPYKTYPBI
KPaeBBIX COCTOSIHHIA Y TPAHUIL 3aTBOPA U UX IIEPECEUCHUSIM — TOIOJIOTU-
yeckuM gepexram. (U3 pabotsl [36].)

HUS1, MO0 U3 CMeIaHHOTO. B mocieiHeM cityyae BCIeCTBIE
COXpaHEHMs M30CHIHA TIPH BOPOCE JIEKTPOHEI OyIyT Tepe-
pacnpeaesiTbes MEXIY KPAaeBbIMU COCTOSIHUSIMHU, BBI3BIBAS
uX niepeceyeHus (cM. puc. 9) — Tonosorudeckue 1eQpeKTbl —
U PaBEHCTBO JJIEKTPOXMMHUUYECKAX MOTEHIHAIOB BCEX Kpae-
BBIX COCTOSIHMI B 00JIaCTH B3aUMOOCUCTBUS, YTO MpPO-
sBJIsieTCss B TOJIHON JmHeiiHOCTH BAX B HOpMajabHOM
marauTHoM mnoJie (puc. 10). BBenenue mosst B IUIOCKOCTH
CMEIIIMBAET COCTOSIHUSI B 00JIACTH B3aMMOJEHCTBHS IO
U30CIHHY, YCTpaHssl TONOJIOTHYecKue Ae(eKThl, YTO Mpo-
SIBJISIETCS. B BOSHUKHOBEHUM OOBIYHOM IJIsSi TAKOW CHUTYyAIlu
ciiibHOHenmnHeRHo BAX (cM. puc. 10). JanbHeliree yBean-
YeHHE TI0JIs B TUIOCKOCTH YMEHBINAeT CIEKTPaIbHbIC MIEJIN B
00beMe, UYTO MPUBOIUT K YMEHBIICHUIO IIEIH MEXKIY
KpPaeBbIMU COCTOSHMSIMU (KaK BUAHO MO YMEHBIICHHUIO
nopora Ha BAX) u oTpaxaercsi Takke Ha UX TOMOJIOTHYE-
ckoit ctpykrype. Takum 06pazom, B pabote [36] mpoaemMon-
CTPUPOBAHBI CYIIECTBOBAHHME TOIMOJOTHYECKUX NEe(DHEKTOB U
BO3MOXHOCTb YIPABJICHUS UX BO3HUKHOBEHHEM U HUCUE3HO-
BEHHEM.

[Tpumep BO3ZMOXHOTO BIUSHUS TOMOJOTUYECKUX edek-
TOB maeT pabota [37], B KOTOpO#H NpH NPEHU3MOHHBIX
A3MEPEHMSIX KOMIIOHEHT TEH30pa CONMPOTHUBIICHUS B PEXXUME
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Puc. 10. DxcriepuMeHTaIbHOE MPOSIBJICHUE TOMOJOTHYECKUX JIe(PEKTOB B
CTPYKType KpaeBbIX cocTosiHmi: (a) BAX oOpa3sma, He HMEIOILEro
TONOJIOTUYECKHX Je(PEKTOB B CTPYKTYpPE KPaeBbIX COCTOSHUI B HOPMaJIb-
HOM MarHuTHOM 1oJe; (6) Tpanchopmanus BAX npu BOSHUKHOBEHUH U
HCYe3HOBEHHUHN TOIOJIOTHIECKHUX Je()eKTOB B 00J1aCTU B3AaUMOJCHCTBHS —
smHeliHass BAX CKaukOM CTAHOBHTCS CHJIBbHOHENIMHEHHOM, a 3aTeM
MeJICHHO TNpeoOpasyercst B ciraboHenuHelHylo (M3 paboTsl [36]); (B)
CIIBHUT YPOBHS XOJUIOBCKOT'O IIJIATO HPH COXPAHEHNH GE3JUCCHITATHBHOTO
pexXuMa — Kak IpUMep BJIUSHUS TOIOJIOTMYECKUX Ne(eKTOB Ha TpaHC-
TOPT B IBYCJIOWHBIX CTPYKTYypax (13 paboTsr [37]).

LHKS3X B aBycioitHO# cuctemMe ObLT OOHAPYXKEH CIIBHUT
YPOBHSI XOJJIOBCKOTO IJIATO 0€3 MOSIBJICHUS JUCCUIIATUBHON
KOMITOHEHTBI CONMpPOTUBJIEHUSI (CM. puc. 10) B HEKOTOPBIX
o6actsx (pa3oBoit muarpaMMmsbl. Takoil CIBUT MOXeT 00bsiC-
HSTBCS TOJIbKO UCYE3HOBEHHEM YPABHOBEIIMBAHMSI HA KPAKO
B 3THUX 00JacTsIX (MOCKOJBKY MEXCIOEBOM TpaHCHOPT B
00beMe B 3TUX 00J1aCTSX 3amperieH [25]).

2.6. Ko/ljlekTHBHBIe BO30Y:K/IeHHsI HA KPalo

ITpakTruecku ¢ Hayasga U3y4EHUs TBYMEPHBIX 3JIEKTPOHHBIX
CHCTEM MPOBOJMJIACH HCCJIEIOBAHUS KOJUJIEKTUBHBIX BO3-
Oyxaenuii. Kak 1 B TpexMepHBIX, B JBYMEPHBIX CUCTEMAaX
KOJIJIEKTUBHBIE MOJBI B OTCYTCTBHE MArHUTHOTO MOJS
SIBJISIFOTCSL TUIA3MEHHBIMM KOJICOAHUSIMH — TIJIA3MOHAMU C
XapaxkTepHOU TJIa3MEHHOU 4acTOTOW. B kBaHTyrommeM mar-

Puc. 11. dosroxuBymme (IykTyanuu 3apsia Ha Kparo oOpasna B
IKDX — kpaeBble MarHeTOIUIa3MOHBI: (a) OCHOBHAsS (3apspKEHHAs)
Mopa, (0) HeiiTpanbnas moaa. (M3 padotel [43].)

HUTHOM 1oJie (T.e. B pexume LIKDX) Takue kosiebanus
Ha3bIBAIOT MArHETOIJIA3MOHAMH BBHAY 3aBUCHUMOCTH
CHEeKTpa OT MarHuTHoOro moJsi. HakoHen, nmpu Hajgmuuu
TPaHUIBl TOSIBJISETCS HOBAas BETBb MarHETOIIA3MEHHBIX
KoJieOaHU — KpaeBoi MarHEeTOIIA3MOH, CIEKTP KOTOPOTO
nmeet OeciieneBoit xapaktep. HecMoTps Ha TO, yTO Kpaesbie
MAarHeTOIUIa3MOHBI, KaK U JIFOObIEe TUIA3MEHHbIE KOJIeOaHus,
HE MEPEHOCST 3apsifl, OHU OKA3bIBAIOT CYLLECTBEHHOE BJIMS-
HHUE Ha TPAHCIOPTHBIE CBOHCTBA ABYMEPHBIX CUCTEM.

2.6.1. CnexTp KpaeBbIX MarHeromnjiasmMonos. Hanbousee nos-
HOE TEOPETUIECKOE UCCIIeTOBAHIE CIIEKTPOB KPAaeBbIX MarHe-
TOIJIA3MOHOB JIJIs Pa3JIMYHbIX SKCIEPUMEHTAIbHBIX [EOMET-
puil (IUCK, MOJIYIJIOCKOCTh, y3Kasl IoJioca, HaJuyue WU
OTCYTCTBHE METAJUIMYECKOTO 3aTBOpa) ObLJIO MPOBEJACHO B
pabote [38]. Bo Bcex ciryuasix CekTp oka3bIBaJics Oeciiierie-
BBIM H, KaK MPaBWJIO, OJIU3KUM K JIMHEHHOMY, @ ~ k. Jlist
CHCTEM C METAJUIMYSCKUM 3aTBOPOM JJICKTPUYECKUE TOJIS
9KPAHUPYIOTCSI Ha PACCTOSHUSIX IMOPSAKA PACCTOSHUS 10
3aTBOpPA, YTO MPUBOAUT K MOJHOCTHIO JIMHEHHOMY 3aKOHY
mucniepcnn. Hanmpumep, 71 TeOMETPHH TOJIYIIIOCKOCTH C
3aTBOPOM 3aKOH JHCIEPCHH 3aaeTcst Gopmyioit

o = 2ok \/7—; ,

IJIE G, — XOJUIOBCKAsl IPOBOAUMOCTS, d, [ — paccTosiHuE J10
3aTBOpa W IIMPHHA MOJIOCHI HAKOIUICHUS 3apsiia COOTBET-
cTBeHHO. TakuM 00pa3oM, KpaeBble MarHETOIIA3MOHBI
IPEICTABIISIIOT CO00M NONroXuByle (GIyKTyaluu 3apsiga
Ha Kparo oOpasna (puc. 11), gBMXKyIIuecs BIIOJIb Kpasi C
rpynnoBoii ckopocthio v = dw/dk. Ckopocth ux pacmpo-
CTPAHEHUS ONPEIEIISETCS XOJJIOBCKOM KOMIIOHEHTOM MpO-
BOJMMOCTH, & 3aTyXaHHe — JIUCCUMATUBHOW KOMIIOHEHTOM,
KOTOpasi CTpeMHUTCS K HyJIo B pexxnme [IKDX.

OueBUAHO, YTO UCCIIETOBAHUE KPAEBBIX MATHETOILIA3MO-
HOB MHTEPECHO Kak caMo 1o cebe, TaK U ¢ TOYKU 3PEHUs
M3YYeHHsI CJIOKHOW CTPYKTYpbl Kpas. Ha msrkom kparo
3apsi MOKET HAKAIIMBATHCS TOJIBKO B CKUMAEMBIX TOJIOC-
Kax, YTO MPUBOJUT (TEOPETUIECKH ) K 3aBUCUMOCTH CKOPOCTH
pacmpocTpaHeHus: BO3OYXICHUN OT peabHOU CTPYKTYPbI
Kpas (Hampumep depe3 IIUPUHY OOJIACTH HAKOIUICHUS
3apsna [ B popmyie (14)).

(14)

2.6.2. DkcnepuMeHTa/IbHOE HAO/II0IeHHe. DKCIIePHUMEHTAJIb-
HOE HAOJIFOICHHE KPACBbIX MAaTHETOIIA3MOHOB HAYUHAIOChH
C PE30HAHCHBIX UCCIIEJOBAHUN B YACTOTHOM Auanasoxe [39],
re ObLIO M0KA3aHO UX CYIIECTBOBAHUE, UCCIETOBAH 3aKOH
JUCTIEPCUY U 3aTyxaHue. TeM He MeHee YyBCTBUTEIbHOCTH
CIEKTpa K CTPYKTYpe Kpas B 9TUX paboTax He HAOJII0AaI0Ch.
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Puc. 12. (a) UccrnenoBaHwe CKOPOCTH DPACHPOCTPAHEHHs BOJHOBBIX
[aKeTOB KPaeBbIX MarHeTOIIa3MOHOB. Ha koHTakT 1 momaercst mpsimMo-
YIOJIbHBIA HMMITYJIbC HANPSDKEHUST OTHOCHTEJIBHO 3eMJIM (KOHTAKT 3).
M3MmepsieTcst aMILIUTY/1a HANIPSDKEHUS! HA KOHTAKTE 2 B 3ABUCUMOCTH OT
BpemeH. OCHOBHOI 3aTBOP CIIYKUT JUIsl U3MeHeHHs (hakTopa 3amoJiHe-
HUS B JIBYMEPHOM 3JICKTPOHHOM Ta3e M 3KPAHUPOBAHUS 3JICKTPUUCCKHX
TI0JIeH, TOTIOJTHATEIBHBIN — JUIsI HOAABJICHHS TApAa3UTHBIX CHTHAJIOB. (13
paboTsl [42].) (6) YcTaHOBJICHHE TOTEHIMANIA HA KPalo — pacnpocTpa-
HEHUE NAKETOB KPAEBbIX MAIHETOIJIA3MOHOB 110 KPAEBbIM COCTOSIHUSIM U
JaJIbHEHIlee UX pacupoCcTpaHeHue Briyor oopasna; Usp — NPUIIOKEH-
Hoe HanpsbkeHue (source-drain). (M3 pabotsr [41].)

Hpyroil moaxon 3akjroyaeTcsi B IPOBEACHUH BpEMSi-
pa3pelIeHHbIX UCCIeOBAHUI PACIPOCTPAHEHHS BOJTHOBBIX
MMAKETOB, COCTOSIINX U3 KPaeBbIX MarHeTOIIa3MoHoB [40 —
42]. B s>Tux skcnepuMeHTax (PakTUYECKH H3ydasiach CKO-
pOCTb YCTaHOBJICHHSI INOTEHIMAJla Ha Kparo oOpasma (B
CTPYKTYpPax ¢ 3aTBOPOM 3Ta CKOpocTh, v = dw/dk, oauHa-
KoBa ISl BceX k) — CKA4YOK MOTEHIMAJIA MPUKJIAIBIBAIICS K
OJIHOMY W3 TOTEHIUAJBHBIX KOHTAKTOB M HCCIIEIOBAIOCH
A3MEHEHHME NOTEHIHUAIa Ha JIPYIOM KOHTAKTE B 3aBHUCH-
MoOCTH OT BpeMmeHu. K IOCTOMHCTBAM MaHHOW METOIUKU
CJedyeT OTHECTU BBICOKYIO UYyBCTBUTEIBHOCTL (CBS3b
MeXOy HU3JIydyaTelleM M HCCIeAyeMON CHCTeMOW, ¢ OJHOM
CTOPOHBI, W HCCIIEAYEMOW CUCTEMOW W MPHEMHUKOM, C
JIPYroil CTOPOHBI, — HUeaJIbHAS), YTO BAXKHO TPU U3MeEpe-
HUSX BOJIM3M METAJUTMYECKOTO 3aTBOPA. 3aTBOP MO3BOJISLI
U3MEHSTH (HAKTOP 3AMOJHEHUS (YUCIJIO MOJIOCOK Ha Kparo) U
9KPAHUPOBAJI 3IJIEKTPUUECKHE IOJISL, CyXasl IOJIOCY Hako-
IJICHUSI 3apsia KPaeBOro MarHeTOIIa3MOHA 10 IIMPUHBI
KpaeBoit o0acti. KauecTBEHHBIH pe3yIbTAT 3TUX 3KCIEPH-
MEHTOB NPHUBEJICH HA pUC. 12: PU NPHUIIOKEHUN K KOHTAKTY
CKavKa MOTEHIIMAJIA BIIOJIb KPasi pACPOCTPAHSIOTCS BOJIHO-
Bble IAKEThl KPAeBBIX MArHETOIIA3MOHOB, YCTAHABJIKBAS
KkpaeBoit nmorteHnuan [41]. Hucio makeTtoB U UX CKOPOCTHU
OTPEACIISFOTCS] YUCIIOM U IIHPUHON CXUMAEMBIX ITOJIOC Ha
kparo. OTHOBPEMEHHO C YCTAHOBJIEHMEM IOTEHIIMATA Kpast
(xapakTepHOe BpeMs a;),‘) UJET pacTeKaHHWe TOKa B TIyOb
obpasna, KOTOpoe, OJIHAKO, IMPOUCXOOUT MpPH 3aMETHO
60bIIIX BpeMeHax (CKOPOCTh OMPEAesseTCs 3HaYeHUEeM
Oy, B pexxume HHKOX o, < 7,,). Takum oOpa3om, KoJIJIeK-
THBHBIE BO30YXJICHUS HA KPAIO SIBJISTFOTCS OTBETCTBEHHBIMU
3a YCTaHOBJICHHE MMOTEHIATIA KPasl.

2.6.3. HeiiTpajibHble MOABI — TeOPHsI H BO3MOKHOCTD JKCIIe-
puMeHTaIBHOr0 HalMoaenusi. KpomMe OCHOBHOM MOIBI Kpae-
BBIX BO30YXJCHUI, OMIMCAHHOW B paszeiie 2.6.2, BO3MOXHO
CyLIeCTBOBAHUE M APYTUX MOJ, B KOTOPBIX IJIOTHOCTb

7*

3apsiia U3MEHSIETCsl He TOJIBHO BJIOJIb Kpasi, HO U NEePIICH/IH-
Kynsipuo emy (puc. 116). Takue Mobl, KOTOpBIE ObLIU
Tpeacka3aHbl TeOpeTHUeCKH [43], Ha3BaHBl HEUTPATHLHBIMU
(BBUIY BO3MOJXHOW CpelHE HEHTpajbHOCTU 3apsja Ha
Kparo), WM aKyCTHUYeCKUMH MojaaMu. VX BO3HMKHOBEHHE
MOXHO TPEJCTABUTD, HAMPUMED, CICAYIOIIUM 00pa3oM.
KosnextuBHbIe BO30YKACHUS U3y4aroTCs B y3KOIl MMOJIOCKe
JBymMepHOTO rasa. Torga oObIYHbIE MOJIBI KPAE€BBIX MATHETO-
MJIAa3MOHOB, CYIIECTBYIOIINE Y KPaeB, He MOTYT paccMaTpH-
BaThCSl KaK HE3aBHUCUMBbIE — IIOJIS, CO3/aBaeMble UMH,
BJIMSIFOT JPYr Ha Jpyra U MoJbl 00pa3yroT eIMHOE HEUT-
pasbHOe BO30OyxaeHue. [Ipu HagMuUM PSIOM HECKOJIBKUX
TAaKUX TOJOCOK, KaK Ha MSTKOM Kparo, Mbl HOJYYHUM
OCHMJUISIIAIO 3apsiia BO30YKIeHUs B HAIIPABIICHNY, TIEPIICH-
JUKYJISIPHOM Kparo odpasna (puc. 110).

HeliTpanbHble MOJIbI HEBO3MOXKXHO OOHAPYXHUTH B 3KCIIE-
pUMEHTaX THIIa ONMCAHHBIX BBIIIE UMEHHO M3-3a CpeaHen
HEUTPAJIbHOCTHU 3apsiga 3THUX MOJ. Takue MONBITKU MpeS-
MPUHUMAJINCH, HAIPUMED, C TOMOIIbIO HHAYKTUBHOTO BO3-
Oy>KJCHUSI KpaeBOTO MarHeTomuia3MoHa [44] Ha TpaBJICHOM
Kparo Me3bl B IPEAIOJIOKEHAN €ro JAaIbHEHIIEro pacipo-
CTpaHEHUsl BIOJIb I'PAHMIBI TBYX (DAKTOPOB 3amoOJIHEHUS,
CO31aHHOM 3aTBOpOM. Ha Takoil rpanuiie kpaeBoi MarueTo-
IJIA3MOH JIOJDKEH OBbLT OBl pacHpoCTPaHSATBCS B y3KOU
T10JIOCE, YTO MOTJIO OBbI TPUBECTH K BO30YKICHUIO HEUTPAIIb-
HOU MOJBI B 3TOH 1oJioce. HecMoOTps Ha peKOpIHO BBICOKYIO
YYBCTBUTEJIHLHOCTh 3KCIEPUMEHTAJIbHON YCTAHOBKH, OIIpe-
JIEJICHHO CYJIUTh O HAJIMYAU HEUTPAJIbHOW MOJIbI 0Ka3aJIOCh
HEBO3MOXHBIM.

HccnenoBanue HeHTpajibHBIX MOJI Ba)XXHO HE TOJIBKO
caMo 1o cebe. DTH MOl OTBETCTBEHHBI 34 YCTAHOBJICHHE
MOTEHIMAJIA Ha KPato IIPH HepepacipeeIeHuu 3apsiia yepes3
HEC)KMMAaeMble T0JIOCHI IBYMEPHON CHCTEMBI, T.e. 34 TYH-
HEJIBHYIO TUIOTHOCTh cocTosiHui. B pexume LIKDX mnepe-
pacopezesieHue 3apsiia B OCHOBHOM OIIPEIeIsieTCsl OJIHO-
YACTHYHON MPOHUIIAEMOCTBIO TYHHEJIBHOTO Oaphepa U ee
3aBUCAMOCTBIO OT MPHJIOKEHHOTO HAINPSDKEHUs, KOTOpasi
JIaeT SKCIIOHEHIMAJIbHBIA BKJIAJ B TPAHCIOPTHBINA TOK (CM.
pasaen 2.4.3). TyHHeIbHAS TJIOTHOCTH COCTOSIHUM SIBJISICTCS
IPU 3TOM INPEIIKCIOHEHIUATILHBIM (HaKTOPOM, UTO AEIAeT
€e JKCHEePHUMEHTAJIbHOE ONpEeIeSIeHUe MPAKTUYECKU HEBO3-
MoxHbIM. TemM He MmeHee B pexume JJKOX Bcienctsue
MAaJIOCTH CHEeKTpajbHBIX Ieneil 3(dexTsl HeHTpabHBIX
Mo, kKak OymeT moka3zaHo B pasjaeie 3.4.4, cTaHOBSTCS
BaKHBIMH.

2.7. OcHOBHbBIE BBLIBOIBI

JUISl [eJIOYHCJIEHHOT0 KBaHTOBOro 3¢ dexra XoJia

WTak, nomBeaeM UTOT pe3yIbTATOB UCCIIETOBAHUS KPAEBBIX
coctosinuii B pexume LIKDX.

e B ycnosusix LIKDX kpaeBoit moTeHIMAa s peaibHbIX
CHCTEM MOXXHO CUHMTAThH TJIaBHBIM. Ha kparo cyiiecTByeT
CTPYKTYpa CKMUMAEMBIX U HEC)KHUMAEMBIX IT0JIOC JJIEKTPOH-
HOM KHMJIKOCTH, COOTBETCTBYIOIIAsl CUCTEMATUKE ypOBHEH
SHEpruy B 06beMe obpasna.

o dopmanuam broTTrkepa 4yBCTBUTEJIEH TOJBLKO K HHTE-
IrpajJbHBIM BEJIMYMHAM — 3JICKTPOXMMHUYECKUM HOTEHIIMA-
JIaM KpaeB U IIOJTHOMY PACCESTHIIO MEX/Ty KPaeBbIMH COCTOSI-
HUSIMH U TIO3TOMY MPABUJIHLHO OTHCBHIBAET TOK BIIOJb Kpas B
pexume LIKDX m mo3BoJisieT yuecTh mepepacipe/iesicHue
TOKa MEXJ1y KPAEBBIMU COCTOSIHUSIMH.

e B yclioBHSIX KaKk CHJIBHOTO, TaK U €1a00ro pasbasianca
MEXIY KPaeBBIMH COCTOSHHUSIMU YPaBHOBEIIMBAHUE MPOUC-
XOJIUT TMyTeM MepeHOoca IJIEKTPOHOB 4Yepe3 HeCKHMAaeMble
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MOJIOCHL. DTOT MPOLECC LEJIUKOM OIIPEIeseTCsS OAHOYACTHY-
HOU TYHHEJIbHOM MPO3PavyHOCTBIO Oaphepa B TAKHUX MTOJIOCAX
7 e 3aBUCHMOCTBIO OT BHEIITHUX ITapaMeTPOB.

e Ha kparo CymiecTBYIOT IOJITOXHUBYIIUE OecIielieBble
KOJUIEKTHBHBIE BO30YXKJIEHUS (KpaeBble MAaTrHETOILIA3MO-
HBI), CIEKTP KOTOPBIX COOTBETCTBYET CTPYKType IOJIOC
3JIEKTPOHHOM xuakoctu. Habmronath addextsl Bo30YxKae-
HUS HEUTPAJIbHBIX KOJUIEKTUBHBIX MO/ B ycioBusix LIKOX ne
MIPENICTABIISIETCS] BO3MOXHBIM.

e CTpyKTypa KpaeBbIX COCTOSHHMA [JI JBYXCJIOWHBIX
TYHHEJIbHO-CBSI3AHHBIX CHCTEM COOTBETCTBYET CTPYKTYype
00BEMHOTO CIIEKTPa U CIEAYET 3a Hel Take MPH CYIIEeCTBEeH-
HBIX IIEPECTPOMKAX ITOTO CIEKTPA, YTO MPUBOANT K BOZMOXK-
HOCTH BO3HUKHOBEHHUSI TOTOJIOTHMYECKUX JePEeKTOB B Kpae-
BBIX COCTOSIHHSIX. D(PPEKTHI TPAHCIIOPTA MEXKITYy KpaeBbIMU
COCTOSIHUSIMH  JIOJDKHBI  O0SI3aTEJILHO yUUTBIBATBHCS TIPU
aQHaJM3e TPAHCHOPTHBIX JKCIHEPUMEHTOB B [BYXCIIOMHBIX
CHCTEMaX.

3. KpaeBble cocTOsIHUSA
B IpoOHOM KBaHTOBOM 3¢ dekTe XoJu1a

Kax yxe ynoMmuHaJIOCh BO BBEJIEHUHU, HCCJIECIOBAHUS B
pexume npooHoro addexta Xos1a — 3TO UCCIIEAOBAHUS B
peXuMe CUIIBHOTO B3auMoJercTBusl. COOTBETCTBEHHO, IPH
M3YYCHUH KPAEBBIX COCTOSHUI TpeOyeTcs MOCIeTOBATEIb-
HBII y4eT B3aUMOJICHCTBUS, UTO JAeJIaeT 3a/1a4y Ype3BbIYAHO
cinoxHOU. Tak, MHOTUE 3KCIEPUMEHTAJIbHBIE PE3YIbTAaThI,
MOJIy4eHHBIC B 3TOM OOJIACTH, BCE €llle KAYT OOBSCHCHUS, U,
HA000pOT, MHOTHE TEOPETHYESCKHUE ITPEICKA3AHMS IO CHX TIOD
HE MMPOBEPEHBI IKCIEPUMEHTAIILHO. 3/1ech OyIyT MpencTaB-
JICHBI TOJIBKO T€ Pe3yJIbTAThI, KOTOPBIE TOCTOBEPHO YCTAHO-
BJICHBI 9KCIIEPUMEHTAIIBHO.

3.1. CoBpeMeHHO€E TOHUMAHHE

Jpo0HOro KBaHTOBOro 3¢ dexta Xosia

ITockombky pexxuM IpoOHOTO dhdekTa Xoma — 3TO PeKIM
CHUCTEMBbl MHOTHX CHJIbHO B3aMMOJEHCTBYIOIIUX YACTHII,
METOJa TOYHOT'O PELICHUs 3aJa4d C PeabHbIM FAMHJIBTO-
HHAaHOM HE CyIIecTBYeT. B3zammomelcTBUe mepecTpanBaeT
OCHOBHOE€ COCTOSIHME CHCTEMBI YACTHIl, 1 HOBOE OCHOBHOE
COCTOSIHUE HE MOXET OBITh IIOJIyYeHO KaK c1adasi mompaBka K
HEB3aMMOJICHCTBYIOIIEH CUCTEMEe HCXO/ISl U3 TEOPUH BO3MY-
meHuit. JJocTaToyHO paHO CTajo MOHSTHBIM, YTO HOBOE
OCHOBHOE€ COCTOSIHUE — 3TO HE BUTHEPOBCKUI KpHCTAJLI C
JaJbHUM TOPSAKOM (KOTOpPBIH ObLI Obl 3aNMHHUHTOBAH
MPUMECSIMH, B Pe3yJbTaTe 4Yero KOHEYHas XOJIOBCKAas
MPOBOJIMMOCTD OKa3aJiach Obl HEBO3MOJXKHOI), & COCTOSIHHE
CHUJIBHO B3aHMOJIEHCTBYIOIEN KBAaHTOBOW XuakocTh. Ilpnm
TEOPETUYECKOM ONMCAHUM TAKOW KBAHTOBOM >XMAKOCTHU
0Ka3aJIMCh MPOAYKTUBHBIME ABA MOAX01A: METOJ CPEIHETO
1oJist (Ha OCHOBE THIIOTE3bl O KOMITO3UTHBIX (PepMHOHAX) U
yragplBaHWe BOJHOBOW (YHKIIMHM OCHOBHOTO COCTOSHHS
(monxon Jladumua). Bropoii cioco® B Teopun apoOHOTO
KBaHTOBOro 3ddexra XoJiia oKa3aucs caMbIM IPOJTYKTUB-
HBIM — C HET'O MbI U HAYHEM.

3.1.1. Bapuammonnas ynxumus Jladgmmna. Jladmn [45] npen-
JIOKUJI HCTIOJIB30BATH JIJTs1 OTIMCAHWSI OCHOBHOT'O COCTOSIHUS B
pexume IKIX npu v = 1/3 BoIHOBYIO (DYHKIHIO BH/IAQ

_ ) \m |Zk|2
®,,(z) = H(z, —zj) Hexp _W ,

i<j

(15)

TJe z; = X; — 1y; — KOMIUIEKCHAas (B IJTIOCKOCTH) KOOPJIMHATA
YACTHIBL, /j — MArHUTHAS JJIIHA.

BosnoBas ¢ynknus (15) oGiamaet CIIeayrOUUMH J10-
CTOMHCTBAMU:

enpu m =1 sBISETCS TOYHOU BOJHOBOU (yHKIUCH
LEJIMKOM 3aIO0JIHEHHOT O HU3IIEro ypoBHs Jlannay;

® AHTUCUMMETPHUYHA IO EPECTAHOBKE MAPbI YACTUL] IPU
HEYETHOM m (BCIIECTBHC HAJIMYMS CTEICHHOTO MHOKHUTEIIS
(zi — z;)"), T.e. yuuTBIBaCT (PEPMHUOHHYIO CTATUCTHKY;

® CTPEMHUTCS K HYJIIO TPU MPUOTMKESHUN YaCTUI APYT K
Ipyry (Ioka3aTesib CTEHEHH /1 OINpeNeIsieT CKOPOCTh OOHY-
JICHUST), YYUTBIBAET AMHAMHYECKOE OTTAJKUBAHUE YACTHUII,

e SIBJISIETCS] TOYHOH JJISI CHCTEM C MaJIbIM YHCJIOM YaCTHUI]
(N =3-10), 4T0o HOATBEPKIAETCS YUCICHHBIM PACUETOM.

[IpeamnonoxusB, 4YTO BOJHOBAas (YHKIHMS OCHOBHOTO
coctosiHus umeeT Buf (15), JTaduun nposes BapualimoHHbIH
pacyueT 3HEPTUU OCHOBHOT'O COCTOSIHUS 111 IPOOHBIX (hakTo-
poB 3amonHenus: Buga v =1/2k+1), k=1,2,3,... (Tak
Ha3pIBaeMasi OCHOBHAs Ja(hIMHOBCKAsl TOCIEAOBATEIb-
HOCTb), HCIOJIb3YSI 711 KaK BapHAIIMOHHBIN mapameTrp. Okaza-
JIOCb, UTO

® DHEPrusi OCHOBHOI'O COCTOSIHHSI MHUHMMAaJjbHa IIPU
m=1/v=3,57,... 4 BITUX YCIIOBUSAX 3HAUYMTEIHLHO HIKE
9HEPIUH OCHOBHOT'O COCTOSIHHSI BATHEPOBCKOTO KPUCTATLIA;

e HJIeMEHTApHbIE BO30YXIEHHSI OTIEJIEHBI OT JHEPTUU
OCHOBHOT'O COCTOSIHUSI IIEJTBIO C XapaKTEPHBIM MaCIITA00M
suepruu 0,1e2/ely, Tae & — AUBNEKTpUYECKasi TPOHHUIIAE-
MOCTb;

e 3JIeMEHTAapHbIE BO30YXIEHUs HECYT 3apsifl e/m = ev;

e U3 BO30YXKIEHHH C JAHHBIM HEYETHBIM 7 MOXHO
CKOHCTPYUPOBATDH TOYEPHUE OCHOBHBIE COCTOSHHS C OOJIb-
UM HEYETHBIM 71, T.€. YACTHYHO OOBSCHSETCS MepapXxus
cocrosinuii B pexume JKIX.

IMociequuii pe3ysbTaT SBJISETCS HAMOOJIEe CIIOKHBIM
s moHuMaHus B Teopun JladauHa, U OH ke JaeT MyTh
MPOBEPKU TEOPHH — K3 HErO MUPSIMO CIEIyeT, YTO €CIIU
JKB3X mabmomaercs i "mareix" ApoOHBIX (AKTOPOB
samonHenust (v =n/5, n=1,2,3,4), T0 OH 00s3aTEILHO
JoJpked Habonathes 1 Ha "TpeThux". O6GpaTHOE, BOOOIIE
roBopsi, HeBepHO. JlaHHbBIA (aKT BCerga MOATBEPXKIACTCS B
9KCIEPUMEHTE: IO MepEe COBEPIICHCTBOBAHUS YHUCTOTHI U
OHOPOJIHOCTHU JABYMEPHOU CHCTEMBI CHAYaJa MPOSIBIISETCS
OKD2X ua "tperbux" apobsx, norom Ha "maTeix", 3aTeM
unyt "cenpMbie" u T.II.

Hpyroe npenckazanue reopun Jladumna, nomyckarolee
HE3aBHUCHMYIO IPOBEPKY, 3AKIIOYAETCS B TOM, YTO B TEOPUHU
3aJI05)KeHA CAMMETPUSI MKy OCHOBHBIMHU COCTOSIHUSIMH TSI
(axTopoB 3amoyHeHust v U 1| — v. B yacTHOCTH, OCHOBHOE
cocrosiaue st hakTopa 3amosHeHust v = 2/3 MoxeTr ObITh
MOCTPOEHO KaK OCHOBHOE COCTOSIHUE JUIS1 ABIPOK C PakTOpoM
3amosiHeHust v = 1/3 Ha (OHe IEeIUKOM 3amOJIHEHHOTO
HIDKHEeTo ypoBHsSl JlaHmay. DTO COCTOSHHE MOXET OBITh
MOCTPOCHO W KaK CIUH-MOJISIPU30BAHHOE, M KaK CIHH-HEIO-
JsipuzoBanHoe [46]. B ¢i1abbIx MAarHATHBIX MOJISIX SHEPTETH-
4ecKH 00Jiee BBITOIHBIM SIBJISICTCS CIIUH-HEMOJISIPU30BAaHHOE
OCHOBHOE COCTOSIHUE, B CHJIbHBIX — CHHH-TIOJISIPU30BAHHOE.
Takum oOpa3om, IpU yBETUYEHUH MArHUTHOTO IOJISL JOJI-
JKeH POM30MTH (ha30BbBIH MepeXo/1 U3 CIUH-HEMOJISIPU30BAH-
HOT'O COCTOSIHUS B CIIH-TIOJIIPU30BAHHOE.

Taxoit ¢azoBblil nepexon AEHCTBUTENIBHO HabJIIONAJICS
skcnepuMeHnTanbHo [47]. Ha pucynke 13 mokazaHo, kak
HcYe3aeT U BHOBb Bo3HUKaeT cocrosaue AKX must v =2/3
IOpH YBEJIMYEHUH MATHATHOTO mojsl. OOHM M3 TOCIETHUX
pe3yIbTATOB B 3TOM oOjacTh moJtyueHsl B padore [48], rie
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Puc. 13. ®a30Bblif nepexo U3 CIUH-HEMOJSIPU30BAHHOTO B CIIUH-TIOJIS-
PU30BAHHOE OCHOBHOE COCTOSIHUE IIPU YBEJIMYEHUU MATHUTHOT'O T1OJIS IO
U3MEPEHUSIM MCCUIIATUBHON KOMIIOHEHTBI IMPOBOAMMOCTH. B mpaBoit
4aCTH PUCYHKa [UIs pakTopa 3amosHenus v = 2/3 BHIHO HCUE3HOBEHHUE 1
BO3HUKHOBeHHUE cocTosiHus JIKDX ¢ 0/ITHOBpEMEHHBIM CYILIECTBOBAHUEM
NIByX COCTOSIHUI B HEKOTOPOU 00JIaCTH MATHUTHBIX MOJIEH 1 KOHIIEHTPA-
uil. B eBoit wacTu prucyHka MOHOTOHHO BO3pacTaeT MK st v = 1/3.
(U3 paborsr [48].)

HCCIIETOBAJICS XapakTep (pa3oBOTO Mmepexoaa B CPABHEHUH C
XapakTepoM Iepexoa B HAKJIOHHYIO aHTH()EPPOMATHATHYIO
(asy [30], Takke BLI3BAHHOTO 3JICKTPOH-3JICKTPOHHBIM B3aH-
MopeiicTBueM. CpaBHEHHE TO3BOJIMIO YTBEPXKIATh, UYTO
(dazoBbIii mepexon Mexay coctosHusmu JKOX mpowucxo-
QAT TyTEM 3BOJIFOIIMA JOMEHHON CTPYKTYPbI BOJIM3U TOYKH
nepexoma.

3.1.2. 'nnoTte3a 0 KOMNO3UTHLIX ¢epMuonax. pyrum nosu-
XOJIOM K OIUCAHUIO CHCTEMbI B pexxuMe ApoOHOTO 3ddekTa
XoJuta sBISIeTCS TUIIOTE3a O KOMITO3UTHBIX (pepMuoHax [49].
PaccMoTpUM TraMUJIBTOHHAH CHUCTEMBI B3aHMOJIEHCTBYIO-
IIUX 3JIEKTPOHOB!

N
H=— Z (pi+ E/C +Z =)+ Y Ur). (16)
i=1 i#j i=1
3mech MEepBbIA U TOCICTHUN WICHBI OMUCHIBAIOT JBUKECHIE
OJTHOTO 3JIEKTPOHA B MAarHUTHOM II0JI€ U BO BHEIIHEM
cKajapHOM mnoteHnuasie (cMm. paszaen 2.1.1), a BTopoi
ONKCHIBAET MAPHOE B3aUMOJEHCTBUE 3JIEKTPOHOB; My —
30HHAs Macca. [IOHSITHO, YTO TOYHO DPEIINTH YpaBHEHHE
Mpénuarepa nist OOJIBIIOrO YUCIIA YACTHUI] C TAKIM FaMHJIb-
TOHHAHOM HEBO3MOXHO.

Wnes meToa COCTOUT B TOM, YTOOBI 3aMEHHTH UJICH
B3aUMOJCUCTBUS (PUKTUBHBIM BEKTOP-TIOTEHIINAIOM, JIeicT-
BYIOIIIUM HA 3JIEKTPOHBI (BEKTOPHBIM, a HE CKaJSIPHBIN
MOTeHIMATl OepeTcsl ISl COXPAaHEHHs] aHTUCHMMETPHH II0
OTHOIIICHUIO K TEPECTAHOBKE MAapbl YAaCTHUI]), & 3aTEM 3TO
noje ycpeonums. Takum oOpa3om, 3ajada CBOJUTCA K
PACCMOTPEHUIO JIBMXKCHUS 00HOU YACTHUIIBI B CPETHEM TOJIC,
C03/1aBaEMOM BCEMH OCTAJIbHBIMU. MOJIENIbHBIA TaMUIIbTO-
HUAH 3aMUILIETCs KaK

2
+ (e/c)A — (e/c)(a(r
ey (P4~ /)’
2mb
rue <a(r)> U eCTb (DMKTUBHBIA yCpeTHEHHBIH BEKTOP-TIOTECH-

nuaj. 3aMeTHM, 4TO 3TOT TaMUJIbTOHUAH YK€ SIBIISETCS
OJHOYACTUYHBIM U JIOMYCKAaeT TOYHOE pellleHne (M3BECTHOE
kak kBaHToBaHue Jlanmay). BaxHO OTMETHTH, 4TO MpHU

HUAHy 110 CyTH O3Ha4aeT ''mpukpervieHue" K KaxIoMy
9JIEKTPOHY JIBYX KBAHTOB MAarHUTHOTO MOTOKA, HAMIPABJICH-
HBIX TMPOTUB BHEIHETO TMOJis, U PACCMOTPECHUE JIBHIKCHUS
OJHOH Takoll 4acTuis!l (KOMIO3UTHOTO (hepMHUOHA) B cpell-
HEM TI0JIe BCEX OCTAJIbHBIX YACTHIl M BHEIIIHEM MAarHUTHOM
moyie. B pe3ynbTaTe HOBBIE YACTHIBI ABMXKYTCS YXKE B
sddextuBHOM MarHuTHOM mnoje B* = B(1 — 2v), ais Hux
BO3HUKAIOT ypoBHHU JIaHaay, pa3aeieHuble "uKI0TpoHHon"
sHeprueit fieB*/(myc), n npobHbIil 3ddext Xomma MoxKeT
OBITH OIMCAH KakK IICJIOYMCIICHHBIA KBAHTOBBIA 3(dekT
Xomna 1t KOMIIO3UTHBIX (pepMuoHOB. DaKTOPHI 3aM0JIHE-
HUSl 3JIEKTPOHOB W KOMIIO3UTHBIX (PEPMHUOHOB CBSI3aHBI
cootHoweHueM p = v/(1 —2v), p=1,2,...

K nocrounctBaM TeopuM KOMIIO3UTHBIX (DEPMHOHOB
OTHOCATCS JIETKOCTh OOBSCHEHHS] HMEPpAPXUU YPOBHEH B
JAKB3X, jerkoctb BBeIeHUS CUHA (KaK JIOMOJHUTEIHHOTO
3eeMaHOBCKOTO PACIHICIJICHUs] YPOBHEH KOMIO3UTHBIX (ep-
MHOHOB) 1, CAMOE TJIABHOE, BBEJICHNE HOBOT'O XapaKTePHOTO
pasMepa — 00paTHOro GepMUEBCKOI0 UMITYJIbCA, KOTOPHIiA
MposIBJISIETCST B JKcnepuMeHTax 1o (okycuposke [50].
IMocnenuuit ¢pakT A0 CUX TOP HE MOJYYMJI OOBSICHCHHS B
pamkax Teopun JladmHa.

K HemocTaTkaM TeopuH KOMIO3UTHBIX (EPMUOHOB Clie-
JIyeT OTHECTH HEMPAaBWIbHBIA MacITad 3HEPruM BO30YXK-
nenuss B pexume JAKDX (T.e. HMKJIOTPOHHOW 3HEPTUU
KOMIO3UTHBIX (PEpPMUOHOB) M BBEACHUE HOBOTO MaciiTabda
sHeprun — oHeprun PepmMu KOMIIO3UTHBIX (DEPMHUOHOB,
KOTOpBI HHUKAK HE MPOSBWII cedsl KcnepuMeHTaitbHo. C
nepBoit mpobieMoit 06braHO "cripaBisroTcs", BBoast addek-
TUBHYIO MAacCy KOMIIO3UTHBIX (EPMHOHOB TakK, YTOOBI
MOBEJICHNE SHEPTUU BO30YXKIECHHSI COOTBETCTBOBAJIO TEOPUU
JlagpuHa (Jierko 3amMeTuTh, 4TO 3G(GEKTUBHAS Macca IMpU
9TOM 3aBHCHT OT MArHUTHOTO IOJISl KaK KOPEHb KBaJpat-
HbIi). K coxanennto, TaHHBINA CITOCOO HEBO3MOXKHO 000CHO-
BaTh B paMKaX MOJXOJa KOMIIO3UTHBIX (PEPMHUOHOB, YTO
JiesaeT 3Ty MOJENb, KaK MUHUMYM, HECAMOCOIJIACOBAHHOM.

Jaxe OpU KCHOJB30BAHMM B TEOPUU KOMIIO3UTHBIX
(bepMHOHOB 3HEpTUU BO30YXKICHMS, TOJIYYECHHOW B TEOPUU
Jladymnaa, ocTaeTcsl KaueCTBEHHOE PA3IMUNe MEXIy dTUMU
teopussmu. MmenHo, B ciyuae monaxonma Jladiwaa mom
(bepMU-ypOBHEM JISKUT TOJILKO SHEPTUSI OCHOBHOT'O COCTOSI-
HUS, B TO BpeMsl KakK ISl KOMIO3UTHBIX (PEPMHOHOB IOJ
(bepMHU-ypOBHEM  CYIIECTBYET HECKOJBKO 3aMOJHEHHBIX
YPOBHEH, T.e. UMeroTCs weau moa yposaeM Pepmu. OTcyT-
CTBUE WJIM HAJINYHE eJIel o1 ypoBHeM DepMu MOXKET ObITh
0OHAPYKEHO IKCIEPUMEHTAIBHO, U Pe3yJIbTAThI TAKOTO 3KC-
NEpUMEHTA CTaHYT CEpPbEe3HbIM CBUACTEILCTBOM JHOO B
MI0JIb3Y TUIOTE3bl KOMIO3UTHBIX (pepMUOHOB, TUOO MPOTUB
Hee. [loxa Takoro cBUACTENLCTBA HET, W EIUHCTBEHHON
3akoHYeHHON Teopmer JIKDX ocraercs meTon BOJHOBOH
¢dyrkuun Jladauaa, KOTOPBIA U OyIET UCMOJIB30BATHCS KAk
OCHOBHOW B HacTosimieM o003ope. TeM He MeHee BBUAY
MIPOCTOTHI ¥ KPACOTBHI TUMOTE3BI O KOMIIO3UTHBIX (hepMHO-
Hax Jajiee Mbl OyneM [aBaTb KOMMEHTApUU M HA 3TOM
npocToM "oaHoYacTUYHOM" SI3BIKE.

3.2. KpaeBble cOCTOSIHUSI — CJIy4ail pe3Koro moTeHmuasa

Jns BBEJCHUS KPAeBbIX COCTOSHMIA CHAaYajla PacCMOTPHUM
caMblil MPOCTOM ciyyall — ciiyuyail OECKOHEYHO PEe3KOro
KpaeBOro MoTeHHuajIa. DTOT CIyyall MHTEPEeCeH He TOJBKO
KaK CIoco0 MepBOHAYAILHOTO BBEJICHU ST KPAEBBIX COCTOSTHHN
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(xak g1 LHIKDX), HO ¥ € 3KCTIEpUMEHTAIBbHOM TOUKY 3PEHUS,
MMOCKOJIBKY MOXET OBbITh Pean30BaH ONBITHBIM ITyTEM.

3.2.1. TpaucnopTt BI0JIb Kpasi H CTPYKTYpPa KPaeBbIX COCTOSI-
Huii. Makgonanben [51] mokazas, 4To 3HEPTHsi OCHOBHOTO
coctosinus st JKOX nomHumaeTcs BBEpX MO Mepe MpH-
OJIMKEHUS K KParo CUCTEMbI C OECKOHEYHO PE3KUM KPACBBIM
MOTEHIIUATIOM M TIPH MEePECEUCHUN YPOBHS JJIEKTPOXIMUYE-
CKOTO NMOTEHIIMAaJla BO3HHUKAET KpaeBoe cocTosiHue. Hepas-
HOBECHBI TOK, kKak u B pexumme [HKDX, mMoxeT ObITH
3aMKCaH Yepe3 Pa3HOCTh JIEKTPOXUMHUUECKHUX MOTEHIIMAIOB
KpaeBbIXx coctostHuil: [ = (e*/h)Ap, taoe e* = ev — addek-
TUBHBINA 3apsa B 3ToM coctossuuu JJKOX. OmHako Takoe
OTHCAHNe TOAUTCS JIUIIB JIJISI IIPOCTHIX COCTOSTHUM U3 OCHOB-
HOW JaIMHOBCKON MOCIENOBATEIBHOCTH — (HAKTOPOB
samosiHeHus Buga v = 1/3,1/5,1/7,... das apyrux ¢daxro-
DPOB 3amoJIHEHMs] KapTHHA Ha Kparo obOpasma Oynmer OoJiee
cioxHoit. Hanpumep, st v =2/3 OCHOBHOE COCTOSIHHE
coryacHo Jladuuny [45] KOHCTpYUpYETCs KaK IbIPOYHOE Ha
(oHe IeTMKOM 3alOJHEHHOTO HIDKHEro ypoBHs Jlammay.
COOTBETCTBEHHO B 3TOM Ciyuae OyAyT COCYIIeCTBOBATh
[51] xpaeBble cOCTOSIHUS [J151 3JIEKTPOHOB € IIEJIBIM 3apsIOM
(o1 3anostHEHHOTO YpoBHs JIanmay) v 1151 ABIPOK C IPOOHBIM
TOJIOKHUTEJIBbHBIM 3apsoM (puc. 14). [ToHbIIA KpaeBoii TOK
OmpeesaeTcsl CYMMONM TOKOB BCEX KPAa€BbIX COCTOSIHHM.
Torma MOXHO BBECTH MATPHUILy K03(D(HUIIMEHTOB MPOXOK/Ie-
HUS W 3aBEpIIUTh, TaKUM o0Opa3oM, moctpoeHue (hopma-
mm3Ma brortukepa s JK9X [S1].

HecmoTpst Ha TOT (pakT, 4TO TaK MOCTPOCHHBIN popma-
JIU3M JaeT TPaBWIbHbIE PEe3yJbTATHI IJI COMPOTUBIICHUS
o6pasna B pexume JKIX npu pasinvHbIX KOMOMHAIMSIX
TOKOBBIX W TIOTEHIMAJBHBIX KOHTAKTOB, OCHOBHOE €ro
MpecKa3aHue — HaJMYUe CJIOXHON CTPYKTYPBI KpaeBbIX
cocTosiHUM Tpu (HAKTOpax 3arOJHEHHS, OTJIMYHBIX OT TaKO-
BBIX U3 OCHOBHOU JIA()JIMHOBCKOM MOCJIEI0BATEILHOCTH, —
TpebyeT He3aBUCUMOM SKCIIEPIMEHTAIBHON TpoBepku. [1psi-
Masi TpOBepKa B ONBITAX C IEPECEKAIOUM 3aTBOPOM
HEBO3MOJKHA BCJIEACTBHE MSTKOCTH MOTEHIMATA JJICKTPO-
CTATUYECKOTr0 3aTBOpa. EAMHCTBEHHOE 3KCIIEpUMEHTAIbHOE
yKa3aHUe Ha TaKyH CTPYKTYpPY IpelcTaBiieHo B padore [20],
KoTOpas OyJeT moapoOHO onucaHa B pasneie 3.4.2.

v=1/3 4~V

A ~ haoy

v=2/3
A~V

Puc. 14. Bo3HUKHOBEHHE KpAaeBBIX COCTOSHHMII B Cilydae OECKOHEYHO
pe3Koro Kpaesoro noreHiuaia s Gpakropos 3anonxenus 1, 1/3, 2/3.
(U3 paborsr [51].)

Taxue xe pe3yJbTaThl JOCTATOYHO €CTECTBEHHO BO3HU-
KaroT U B IO/IX0/1€ KOMITO3UTHBIX (PEPMUOHOB [52] — ypOBHU
Jlangay [ HUX, SKBHJIMCTAHTHBIE B 00BeMe oOpasla,
3arubaroTcsi BBepX BOJM3HM kpasi oOpasna. KommyectBo
YpOBHEH (T.e. KOJIMYECTBO KpPAaeBbIX COCTOSIHUII) Ompee-
JISeTCsl YucjaoM ypoBHel Jlannmay 11 KOMIO3UTHBIX (ep-
MHUOHOB, T.€. KOHKPETHBIM JAPOOHBIM (PaKTOpOM 3armoJiHe-
HHS, HApUMeEp OJHO coctosiue st 1/3 u aBa s 2/3, B
TIOJTHOM COTJIACHU C pe3ysibTaToM Maxkmonanbma [S1]. Pac-
YeT TOKa IO KPaeBbIM COCTOSIHHSAM [52] B 3TOM ciydae
HECKOJIbKO TpyIHEe (M3-3a pa3JInyusi XAMAYECKUX TTOTEHIIMA-
JIOB 3JIEKTPOHOB M KOMIIO3UTHBIX (PEPMUOHOB), HO TPUBOIUT
K TE€M K€ pe3yJIbTaTaM.

3.2.2. KoasekTHBHBIE MOJBI M TYHHEJIHPOBaHHEe B Kpaii.
Ba)kHBIM U UHTEPECHBIM SIBJISIETCSI BOIIPOC O KOJUICKTUBHBIX
BO30YXXIEHUSIX Ha Kparo cucteMsl B pexume JAKIX, rae, B
otsimuue ot curyanuu B LIKDX, MexaaekTpoHHOE B3aUMO-
JefiCTBAE MOJKHO YYMTBHIBATBHCS TMOCIEHOBATENBHO. DTO
OBLIIO ClIeIaHO TeopeTHiyecku B paborax Bena [6], koTopbIit
MpUMEHNJI K JaHHOU 3amade Momenb JlaTttuHmkepa [5]
OJHOMEPHOU B3aMMOJEHCTBYIOIIEN XUIKOCTH U TMOKa3al
HaJIMYKe Ha KParo KOJJIEKTUBHBIX BO30YXIeHUH ¢ Oecriese-
BBIM CIEKTpoM. DH3MUYECKU Takue BO30YXICHHS COOTBET-
CTBYIOT Pa3JMYHBIM MOJAM KpPaeBbIX MarHeTOIUIA3MOHOB.
CienyeT OTMETUTh, UYTO KPaeBO€ COCTOSIHUE B PEXHME
JAKDX — 310, MTO-BUIMMOMY, EAUHCTBEHHAS TOYHAS peaIu-
3a1us XUpajbHOW (HampaBJICHHOW) JATTHUHIKEPOBCKOU
JKHIKOCTH: Kpail co31aeT OJHOMEPHOCTb CUCTEMBI, 00BEM-
HBIE COCTOSIHMSI CO3/Iat0T OECKOHEYHBIN pe3epByap, HeoOXo-
UMBIH B MoJenn JIaTTUHIKEepa, MATHUTHOE TOJIE OIpee-
JISIET BBIJICJICHHOE HANPABJICHHUE, 0OCCIICUMBAIOIIECE XUPATh-
HOCTb OJJIEKTPOHHOUW JKHUIKOCTH. TakuMm oOpa3om,
HCcClIeJOBAHUE KOJUIEKTHUBHBIX BO30YXIEHHUH B pexXUME
JAK3X no3BosisieT u3y4aTh peIKuii IpuMep HeepMUEBCKOH
9JIEKTPOHHON XUIKOCTH.

DKCrIeprMeHTAJIbHbIE MCCIIEAOBAHNS B 3TOH 00JacTH B
OCHOBHOM CBOJISITCSI K aHAJIU3Y MPOIIECCOB TYHHEJINPOBAHHUSI
B Kpall IByMepHOW cucrtembl. JleHCTBUTENBHO, KaK ObLIO
nmoka3ano st oboux pexumon, JKIX u HKDIX [41, 42],
CKOPOCTB PACIPOCTPAHEHHSI KOJIJIEKTUBHBIX BO30YXIeHUH B
OCHOBHOM OIIPEJIENISIETCS XOJIJIOBCKOM IIPOBOJMMOCTBIO Oy
7 SIBJISIETCS MAJIOYYBCTBUTEIILHOW K CTPYKTYpe Kpas
0COOEHHOCTSIM BO30YXXIEHUSI KOJUIEKTHBHBIX Mox. Enun-
CTBEHHOE COOOILIEHNuEe O HAOJIIOACHUM MEJUJICHHBIX aKyCTH-
yecknx MoJn [53] Tak W OCTajoCh HEMOATBEPXKIECHHBIM W,
CKOpee BCEro, SIBJIsIETCS] HAOII0AeHeM OOBIYHOTO MATHETO-
IJ1Ia3MOHA, 00eXaBIIIero BOKpYr obpasina (Tak Ha3bIBaeMbId
round-trip).

C Japyroél CTOpPOHBI, KOJUJICKTUBHBIE MOJbI BO30YyX-
JAIOTCSl MPH TYHHEJMPOBAHMM B Kpail CHCTEMBI, M UX
BO30OYXXJCHUE OMpeAeNisieT OTKJINK CHCTEMbI Ha TYHHEIUPO-
BaHUE B Kpail, APYTUMH CIOBAMHU, ONPEAEISET TYHHEIbHYIO
IUIOTHOCTBh COCTOSIHWM. BeH [6] TeopeTmuecku mokasaj, 4To
TYHHEJIbHAS TIOTHOCTB cOoCcTOsHUi B pexxume JIKOX nmeet
Gecmenesoe nosenenne, D(E) ~ E'/¢~1 wro mpuBomut k
crenenndit BAX I~ [D(eV)dV ~ Ve, rae ans paxropa
3aI0JIHEHNUS U3 OCHOBHO JIA(DJIMHOBCKOH TOCIIEIOBATEIHHO-
ct v = 1/3 uMeeTcs yHUBEpCaIbHOE COOTHOLIEHHE g = 1/v.

HedepmueBckoe moBeleHHe, ¢ TOYKU 3peHHs (DYHKIIUU
pacrpeesieHUs IO UMITYJIbCAM MCXOIHBIX YACTHIL (IJIEKTPO-
HOB), TPOSIBIISETCSI B HMCUYE3HOBEHMU (DepMU-CTYNEHbKH B
¢yskuu  pacnpenesieHusi. CTyneHbka 3aMeHsieTcssi 00-
JIACTBIO KOHEUHO IIMPHUHBI, B KOTOPOH (YHKIHS pacipeie-
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Puc. 15. (a) Cxema dKcHepHMEHTa IO TYHHEJIMPOBAHHIO B Kpail ¢
HCIIOJIb30BAHNEM TEXHUKHM HAPOIIEHHOIO Ha CKOJIOBBIA Kpail Oapbepa.
(6) DxcnepuMeHTaIbHbIE MOKa3aTeau creneHd BAX (cuMBoubl) mpu
pasHbIX (AKTOpax 3amoJIHEHUsl Ha pPa3HbIX 00pasnax, MOJyYEHHBIX
METOJIOM HapallUBAHUS HA CKOJIOTBIA Kpaii, B CPAaBHEHUH C TeOpeTHYe-
CKOI1 3aBUCMMOCTBIO (ITpuxoBast uHus). (U3 pabotsl [57].)

JIHWs TUJIABHO CHAaJaeT 0 HYJsl, MPUYeM IIMpUHA ITOU
obytactu TeM Ooubllle, YeM cuiibHee B3amMmopeiicTsue. Ko-
HEeYHasl TeMIepaTypa TakKe BBI3BIBAET pa3MbIBaHue (HepMu-
CTYNEeHbKH, Tak 4YTO HedepmueBckue 3PPEKTH TODKHBI
HOPOSIBJISITBCSL TPU  TeMIepaTypax, MEHBIIUX HEKOTOPOM
XapaKTepHOU TeMrepatypsl. bblio nmokazano [54], 4To ume-
IOTCSl YHUBEPCAJbHBIE CKEHJIMHIOBbIE COOTHOLICHUS IS
TEMIEPATyPHOU 3aBUCHMOCTU TYHHEJIbHOUW MJIOTHOCTH CO-
crosiHmit M cooTBercTBeHHO BAX: I~ T8, ¢ Tem xe
YHUBEPCAJILHBIM MOBeIeHUEM g = 1/v I OCHOBHOM Jad-
JITHOBCKOM TOCJIEIOBATENILHOCTH. DTU PE3yJbTaThl ObLIN
MOATBEPXKIEHBI TAKXKE B MOAXO0JE KOMIO3UTHBIX (hepMHO-
HOB [55].

[Ipu sKCnepuMEHTATFHOM UCCIeIOBAHIH TYHHEINPOBa-
HUS B Kpail HEOOXOIMMO YJIOCTOBEPHUTHCS, YTO HEJIMHEMH-
HocTb BAX BbI3BaHa MMEHHO BO30YXIIEHHEM KOJIJICKTUB-
HbIX MOJ, a He aedopmanueid TyHHEIBLHOTO Oapbepa.
IMocnennee Bcerga umeer mecto B pexxume LIKDX Benen-
cTBUEe MSTKOCTH Kpas cuctembl. B JIKOX BBumy 3Haum-
TeJIbHO MEHBIINX (HA HECKOJIBKO TOPSIKOB) CIEKTPAIbHBIX
meje MOXHO TOMBbITATHCS PEAIM30BaTh Clyyald pe3Koro
KpaeBoro mnoreHunuaga. st 3Toro ObUla HPUMEHEHA TaK
Ha3bplBaeMasl TEXHHMKA HapallMBaHUSI HA CKOJIOTBIM Kpait
[56]. ITocne BbIpamMBaHUST BRICOKOTIOABIKHOU TBYMEPHON
CUCTEMBI ITPOBOIUTCSI CKOJI OOKOBOI MOBEPXHOCTH OOpasia

OpsIMO B YCTAHOBKE MOJICKYJISIPHO-JIyYEBON JMUTAKCUU B
YCIIOBUSIX BBICOKOTO Bakyyma. 3aTemM oOpaselr] MoBOpavu-
BaeTCsl CKOJIOM BBEpX, U AajIbHEHIee HapalllMBaHHE MpPO-
BOJIUTCSI HA CKOJIOTYIO IOBEPXHOCTh. [IpocTeiimii BapuaHT:
HapalBaeTcsl TYHHEJIBHBIN Oapbep, a 3aTeM — CHIIBHOJIE-
TUpOBaHHAsI 00J1aCTh ISl 00pa30BaHUsS TYHHEJIHLHOTO KOH-
takTta (puc. 15). B axcnepumenrax [56, 57] 6bLIM IpOIEMOH-
CTpUpPOBaHbI cTeneHHbIe BAX npH TyHHEIMPOBAHUY B Kpaii U
TEMIIEPATYPHOE CKAJIMPOBAHME 3TUX XapAaKTEPUCTHK C ITOKa-
3aTeJISIMU CTeNeHeH, OJIM3KUMU K IPEJICKa3aHHbIM [0, 54] nst
(axTopa 3anosHenuss v = 1/3. 3aBUCHMOCTH MOKa3aTeJsl
CTeneH! OT (GakTopa 3alOJHEHUS B Pa3HbIX IKCIEPUMEHTAX
1 Ha pa3HbIX o0pa3lax B CPaBHEHHU C TEOPETHUYECKH OXKH-
JTaeMOii 3aBUCUMOCTBIO MpuBeAeHbI HA puc. 15. Kak BugHO U3
PHUCYHKa, pa3jnyre pe3yJbTaTOB TEOPHH W J3KCIEPUMEHTA
3HAYUTEJILHO BHE OKpecTHOCTH v = 1/3, 4TO0, O-BUAUMOMY,
BBI3BAHO 00pa30BaHUEM Ha KParo CTPYKTYPhI CKUMAEMBIX U
HeckUMaeMbIX moJioc. IlonpoGHee 3TOT Bompoc Oyner
paccmoTtpeH B paznene 3.4.2.

3.3. KpaeBble cocTosiHUSI —

ciiy4yail peajibHOI0 NOTEHIHAJIA

OueBuAHON sIBIISIETCS MIESl MPUMEHUTD JJIsI UCCIIEIOBAHMS
KpaeBbIx cocTostHNM B pesknme JIKDX texnuky mepecekaro-
IIETO 3aTBOPA, KOTOPasi 0Ka3aaach MPOAYKTUBHOMN B peXXUMe
LHKS5X. OgHako Ha 3TOM NYTH BO3HUKAET YK€ YIIOMHUHAB-
masicss TPYIHOCTh: 3JEKTPOCTATHYECKHIA MOTSHIUA Tepe-
CEeKAIoLLEro 3aTBOPA HE MOXKET CUUTATHCS JKECTKUM J1axKe B
pexume IKIX. Takum obpa3zom, HEOOXOAUMO BBECTHU
KpaeBble COCTOSIHUS JUISl CIIy4asi MEJIEHHO HapacTAIOIETrO
KpPaeBOro MOTEHINAJIA U OMUCATH UX CTPYKTYPY.

3.3.1. CTpyKkTypa MSArKOro Kpast 4 TPaHCHOPT BJ0JIb Kpasi.
Ipu npubIMKEHUH K KPAFo B CiIydyae IUIABHOTO MOTEHIMAIA
MOJAHUMAETCSL THO [BYMEPHOW MOA30HBI U YMEHBIIACTCS
9JIeKTPOHHASI KOHIEHTpanus. TakuM o0pa3oM, MOKHO BBe-
CTH JIOKQJIbHBIH (DAaKTOP 3aIOJTHEHUS, KOTOPBIA OyIeT nu3Me-
HATBCA OT OOBEMHOTrO 3HAYCHHS 10 HYJIEBOTO IO Mepe
NpUOJIIKEHUsT K Kparo obpasma. B HEKOTOpBIX TOYKax
JIOKAJIbHBINA (pAKTOP 3aIMOIHEHUS TOJDKEH IPUHUMATH 3HAYE-
HUsl, paBHbIC IPOOHBIM (PaKTOpaM 3aMOJIHEHUs, MPU KOTO-
pbix Habmronaercs JAKOX. beenakkep [58] mokasaJ, 4yTo npu
YCJIOBHU JOCTATOYHON YACTOTHI CHCTEMBI U CYIIIECTBOBAHIS
JAKOX mpu Takux JIOKaJdbHBIX (DakTOpax 3amoJHEHHs Ha
Kparo BO3HUKAIOT HEC)KMMAEMBIC IOJIOCKM C KOHEYHOM
LIMPUHOM, COOTBETCTBYIOIIHE 3THUM (HAKTOPAM 3AIOTHCHHUS
(puc. 16). Taxum obpazom, xak u B ciayuae LIKDX [14],
msrkuit kpaid B pexxume JIKDX mpencraBisier coboit uepe-
JTYFOIIMECS] MTOJIOCHI CKAUMAEMOM U HEC)KUMAEMOM JJIEKTPOH-
HOM )xuakocTu (puc. 160).

OTar4ue OT HEJIOYUCICHHOTO CIIy4asi COCTOUT B TOM, YTO
TEelepb HEBO3MOKHO BBECTH CTPYKTYPY H30THYTHIX Ha KPArO
ypoBueit JlaHmay — BCE NPOMCXOMUT HA IIOCICIHEM U
€JIMHCTBEHHOM ypoBHe Jlanaay. M0oXHO JIMIIL CKa3aTh, YTO
B CKAUMAEMBbIX MOJIOCKAX IIeJTb OTCYTCTBYET, B TO BpeMs Kak B
HEC)KUMAEMBIX MMEETCs IIeJIb HA YPOBHE 3JIEKTPOXHMHUYC-
CKOrO IMOTEHIMAJIa MEXAYy OCHOBHBIM U BO30YXICHHBIM
cocrosiHUSIMA. Ha Kpasix xaXmIodl Hec)KnMaeMOW IOJOCKU
9Ta WIeNb CXJIOMbIBaeTCs. be3muccnmaTuBHbI TOK, Kak U B
ciyuae IHKDOX, mepeHOCHTCS OCHOBHBIM COCTOSIHHEM, W,
[IOCKOJIBKY B OTCYTCTBHME pPaBHOBeCHs "H3OBITOYHBIA" TOK
COCPEIOTOYCH y Kpash HeCKMMAeMOW OOJIACTH, OH MOXKET
OBITh OMICaH KaK KPaeBoil TOK.
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Puc. 16. TIJI0THOCTB 3JIEKTPOHOB IIPU MPHUOJIMKEHUH K Kparo o0pasia (a)
— ciyvail Msarkoro norexmmana. CxumaeMble (Oesible) 1 HECKHUMaEMBble
(luTpuxoBaHHbIe) 0o0sacTu obOpasma: (0) moJsioca ABYMEPHOTO Trasa B
pexume KBaHTOBOTO 3ddekta Xoia, (B) Ta ke 1Mojoca, nepeceyeHHast
3aTBOPOM, TIO/T KOTOPBIM HAXOUTCS] HECKIMAEMOE COCTOSIHEE C (paKTo-
POM 3aroJIHeHus1, MeHbIINM 00beMHOrO0. (3 paboTsr [58].)

Kak u B mes10unciIeHHOM citydyae, Terepb MOXKHO BBECTH
[58] ananor popmanuzma BrorTukepa:

e
LZ%(":‘M"’ZTt’./H;‘)v (18)

J#
rac ], — TOK, HepeHOCI/IMI)Iﬁ KpacBbIMU COCTOSHHSAMH,
BBITCKAKOIIIMMHU M3 KOHTAKTa i, H, — 3HCKTpOXHMH‘ICCKHﬁ

MOTEHIMA KOHTAKTa i, v; — MaKCUMaJbHBIA (pakTop
3aI0JIHEHUS JJIs1 HECKUMAEMBIX IOJIOCOK, BBITEKAIOIINX U3
KoHTakTa i. Jlerko 3amMeTuthb, uto popmyia (18) cogepxkur
dbopmyny BroTtukepa (6) kak YacTHBIA CIy4ail LEJIOTO V;,
paBHO Kak U pe3ysbTarT Makmonanpaa [51] mnst peskoro
KpaeBOro MOTEHIHAJa, BCIEACTBHE TOTO, U4TO e¢* = ev. DTO
1 ecThb IPOsIBJIEHUE TOro (paxTa, uTo popmain3mM brorTukepa
SBJISIETCS TOCTATOYHO OOIIMM HHTETpajibHbIM COOTHOILIIE-
HHUEM, He 3aBUCSILIUM OT JeTaJIeld CTPYKTYPBI Kpas.

Hdns mpoepku dopmann3Ma, KaK U B IEJIOYUCICHHOM
ciIyyae, HEOOXOIMMO MoINepek oOpasma MOMECTHTh Iepe-
CEKAIOIIUIl 3aTBOP U CY3UTh TEM CAMBIM MHOXECTBO BO3-
MOXHBIX (PAKTOPOB CUCTEMBI O] 3aTBOPOM 10 €AMHCTBEH-
HOW BEJIMYUHBI — 3HAUCHUS (PAKTOpa 3aMOJTHEHUS OJTHON U3
KpaeBbIx moJioc (puc. 160,B). Takue 3KCHEpUMEHTHI MOKa-
3aJIM IPEBOCXOTHOE COTJIACHE PE3yJIbTATOB pacueTa u u3Me-
penutit [59].

3.3.2. CTpykTypa Kpasi /151 peajIbHbIX KPaeBbIX MOTEHIHAJIOB.
Tenepb OCTaeTCsl JMILIb OTBETHTH Ha BOMPOC: IPU KAKUX
YCIIOBUSIX PEANIbHBIA Kpall CHCTEMBI MOXHO CYHTATL MSIT-
kuM? OTBET OBLI IaH B HECKOJILKUX pabOoTaXx, Ie YMCICHHBIN
pacueT KaK ¢ UCIIOJIb30BaHUEM BOJIHOBOH GyHKIMK Jladuna
[60], Tax m B mouxojae KOMIO3HUTHBIX (epMHOHOB [61]
1oKa3aj, YTO CTPYKTypa B BHUIE IMOJOC CXKHUMAaeMOH U
HEC)KMMAEMOU 3JIEKTPOHHOM KXUJIKOCTH BO3HHUKAET YK€ TP
LIUPHUHE Kpasi B 5 — 6 MaruuTHHIX JuiiH. HBIME clioBamMu, Bce

peasbHble TOTEHIUABI (HAIPUMEp MOTEHIUA TPABJICHOTO
Kpasi Me3bl KaK CaMblil paclpOCTPaHEHHBIHN CITyuail) yaoBJIe-
TBOPSIIOT 3TOMY YCJIOBUIO, U Jake MOTEHIHUAT CKOJOTOTO
Kpasi He MOXET CUMTATBCS PE3KHM, 4eM, TO-BUAUMOMY, H
OOBSICHSIFOTCSI OTKJIOHEHU ST 9KCIIEPUMEHTATBHBIX 3KCIIOHEHT
OT pacueTHbIX B paboTtax [56, 57].

ITonxon KOMHIO3UTHBIX (EPMHOHOB OKa3bIBAETCSl He-
yIAYHBIM JJISI aHAJIN3a MATKOTO Kpast, HOCKOJIbKY IPUBOIUT
B UTOTE K TeM ke cooTHormenusiM beenakkepa — broTtukepa
U CTPYKTYPE MOJIOC 3JIEKTPOHHON XKUAKOCTH [52, 61] 1, kpome
TOTO, COACPKUT CEPhe3HbIE TEXHUYECKUE TPYAHOCTH. [leii-
CTBUTEJIbHO, NIPH (PaKTOPaX 3aI0JIHEHHS B 00beMe, OOJIBIITNX
1/2 (nanpumep 2/3), 1 MeIJIEHHOM YMEHbBIIEHUH 3JIEKTPOH-
HOM IUIOTHOCTH K Kpar oOpasia HpUXOJAMTCS TMPOHTH
objacte JokasnpHOro (akropa 3anosnHenust 1/2. DToit
00JIACTH COOTBETCTBYET OECKOHEYHOE YMCIIO 3aIOJTHEHHBIX
ypoBHell Jlanaay i KOMITO3UTHBIX (DEPMHUOHOB, M COOT-
BETCTBEHHO BOJIM3M 3TOW 00JIACTH JIOJIKHO CYIIECTBOBATH
0OECKOHEYHOE YHCJIO KPAEBBIX COCTOSIHUHM, HANPABJICHHBIX B
MPOTHBOIIOJIOKHBIE CTOPOHBI U MOYTHU MOJTHOCTBIO KOMIICH-
cUpyromux apyr apyra [52, 61]. Iloka HeT HUKaKUX 3KCIEPH-
MEHTAJIbHBIX CBHJIETEJIbCTB B TMOJIb3y TakKOil KapTUHBI.
TaxkuMm 06pa3oM, MOIX0 KOMIIO3UTHBIX (PEPMUOHOB, Jar0-
KA MPOCTYrO PU3UUECKYIO KapTUHY U1 00beMa oOpasia,
MPUBOIUT K IOBOJILHO CJI0KHOM U He(hpU3UUECKOM KapTUHE HA
MSITKOM Kparo.

3.3.3. KoJtekTuBHBIE MOABI HAa MJaBHOM Kparwo. Kak yxe
6bL10 omucaHO B paszesie 3.3.1, Ha MJIABHOM KpParo IByMep-
HOU 3JIEKTpOHHO# cuctembl B pexxume JJKOX cyriecTByroT
MOJIOCKH HEC)KUMAEMOU 3JIEKTpOHHOU xuakoctu. Kpaesrie
KOJUIEKTHUBHBIE MO/JIbI BO3HUKAIOT y T'PAHMI] 3TUX IOJIOCOK
[60]. Kpome ToOTO, BClleACTBHE OJIM30CTH KpaeB TaKHX
MOJIOCOK (KakK APYr K JOPYyry, Tak M K KpasM COCETHHX
MOJIOCOK B CJy4yae HE OYeHb IJABHOI'O MOTEHIMAJA) U
NAJIbHOAEUCTBYIOLIETO XapakTepa 3JEKTPUYECKHUX IOJIEH,
3TH MOJIbI B3aUMOJICHCTBYIOT MEXTy co00it [62], B cBsI3M C
4eM KOJUIEKTHBHBIE BO30YyXIeHUSI Ha MSATKoM Kparo [IKOX
0oJiee BCero HAMOMHMHAKOT HEUTpPaJIbHbIE MarHETOIJIA3MOH-
HbI€ MOJIbI, BIEPBbIE NPEIJIOKEHHbIE ISl LEJIOYUCICHHOT O
ciyudasi [43]. B pesyabrare, Npu TYHHEJIMPOBAHUU B MSTKUN
kpait JKOX mnoxa3aTtenp cTeneHN TYHHEJIbHON IJIOTHOCTHU
COCTOSIHUH, a cllemoBaTesibHO, 1 BAX craHOBSITCS 3aBHCS-
IMAMU OT peaJibHOTO TpOoQUIIs KpaeBoro moteHnuaia [62],
XOTsl cTeneHHoe noseaeHne BAX ocraercs, 4To, MO-BUIU-
MOMY, U OBLIIO MPOJIEMOHCTPUPOBAHO B paboTax [56, 57].

3.3.4. TpancnopT nonepek Kpasi npu c;iadbom pazodaance. Kak
u B pexunme LIKDX, uccnemoBanmsi TpaHcmopTa IMoIepek
Kpasi mpu ciaboMm pasdajaHce MO3BOJISIIOT ONPEICIUTH
(heHOMEHOJIOTMYECKYIO JJIMHY BBIPABHUBAHUS MEXAY Kpae-
BBIMH COCTOSIHUSIMH. DTHU IKCIEPUMEHTHI MPOBOIUIINCHL B
TEOMETPHUH XOJJIOBCKOT'0 MOCTHKA (XOJUI-0ap) ¢ ABYMS mepe-
ceKaroImMu 3aTBopamu (cMm. puc. 2). B paborax [13, 63, 64]
YCTAHOBJIEHO, YTO JJIMHA BHIPABHUBAHUS MEXIY JPOOHBIMH
KPAeBbIMU COCTOSIHUSIMM HUMEET MOPSIOK JIECSITH MHKDOH,
4TO 3HAYUTEILHO MEHbIIIE, YeM B pexxume LIKDX. DToT dpakt
OOBSICHSIETCA TeM, YTO IpHU CJIA0BIX pa3zbdajlaHcax JJIMHA
BBIDABHUBAHUS OIPENEIsieTCs] B OCHOBHOM HapaMeTpaMu
TYHHEJILHOTO Oapbepa MEXIy KpPaeBBIMU COCTOSHUSIMH,
KOTOPBIA, B CBOIO OYepelb, 3aBUCHUT OT CIEKTPaJIbHOU
mwean. UMeHHo MamocTh mocienned B pexume JAKOX u
ompenessieT MajoCThb JJIMHBI BeIpaBHUBaHUS. OcoOeHHO
SICHO 3TO MPOJAEMOHCTPUPOBaHO B pabote [13], rae ucciemo-
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BaJIUCh MPOIECCHl AUHAMUYECKOMN s/IepHON MOJISIpU3aLUU U
VX BJIMSIHAE HA YCTAHOBJICHHE PABHOBECHUS MEXKIY KPaeBBIMHA
cocrostausiMu. [lone OBepxaysepa, BO3HUKAIOIIEE BCIIEM-
CTBHME MHAMUYECKOHN si/IepHON mousipuzanuu [12], Bauser
Ha CHMHOBYIO IIIEJIb, PA3JIEJISIOLIYI0 KPaeBble COCTOSHUS
[23], ¥ COOTBETCTBEHHO Ha MPOLECCHI YCTAHOBJICHUSI PABHO-
Becus (IUIMHY BBIPABHUBAHUS), TPUBO/S K CHJIBHOMY TUCTE-
PE3UCY IKCIIEPUMEHTAIBHBIX KPHUBBIX.

OTaenbHO CTOUT YHNOMSIHYTH 9KCIEPUMEHTHI Ha CyXKe-
HUsAX (KBAaHTOBBIX TOYEYHBIX KOHTakTax) [65]. B »aTux
9KCIIEPUMEHTAX CY)KEHUE B JBYMEPHOM 00JacTH CO31AeTCsl
C IOMOIIBIO IBYX 3aTBOPOB, PACIOJIOXEHHBIX OJIM3KO APYT
Kk 1pyry. CTpyKTypa MOJOC CKUMAEMON M HECKUMAEMOU
3JIEKTPOHHOUM JKUIKOCTH, CYIIECTBYIOIIAS y KaXJOro H3
3aTBOPOB, U OJIM3KOE PACIIOIOKEHHE 3aTBOPOB MO3BOJISIOT
B TaKMX CHUCTEMax HCCJIEJOBATH TPAHCIOPT MOIMEPEK Kpas.
K coxanenuto, u3-3a JaJbHOIEHCTBYIOLIETO XapakTepa
MoJIel 3aTBOPOB MPHIIOKEHHOE MOMEPEK Kpasi HANpPsDKEHHE
nebopMHpyeT JEKTPOHHYIO INIOTHOCTh MEXIY 3aTBOpaAMHU
[66] (vHBIME cllOBaMH, BHYTPU TOUYEYHOTO KOHTAKTa). IJTa
MEPEeCTPONKa 3JIEKTPOHHOM IJIOTHOCTU M SIBJISIETCS OCHOB-
HBIM 9KCIIEPUMEHTAJIBHBIM 3()(HEKTOM B TaKUX UCCIEIO0BA-
HUsX [65].

3.4. TpancnopTt nomnepek Kpasi Ipu CHJILHOM pa30aJjiance
Kax mokazano B pasgene 3.3.3, B 3KCIEpHUMEHTax IO
TYHHEJIMPOBAHUIO B MSITKUHN Kpail M YCTAHOBJICHHIO PaBHO-
BeCHsl Ha MSTKOM KpAaro MPH MaJbIX pa3daliaHcax HEeBO3-
MOYHO BBIICIUTh BKJIAJ OT KOJUIGKTHBHBIX MoJ. OgHAKO
caMa MSTKOCTh Kpasi JaeT CIoco0 BBIACICHHUS BKJIAIA
KOJIJIEKTUBHBIX MOJ B pEXHME CHJIBHOrO paszbajanca
MEX/Ty KPaeBbIMU COCTOSIHUSIMH.

Tounass GpopMa MOTEHIMAILHOTO Oapbepa, pas3aessro-
LIEro CKMMAaeMble IMOJIOChI, M3HaYaIbHO Hem3BecTHa. OnHa-
KO B YCIOBHSX CHJBHOIO pasbajaHca MEXAy KpaeBbIMU
COCTOSIHUSIMH 3TOT 0apbep MOXHO C XOPOIIeHl TOYHOCTHIO
CYUTATh TPEYrOJIbHBIM, & B TPEAETbHOM CiIydyae MOXHO
CMEJIO TMOoJIaraTh, YTO OJHOJJICKTPOHHASI MPOHUIAEMOCTH
Oapbepa OJIM3Ka K eIMHMIE. B 3THX yCIIOBHSX yXe HEBO3-
MOXHO TOBOPUTH O TYHHEJIHPOBAHMU MEXIY KPAeBBIMU
COCTOSIHUSIMH, HO MOXHO TOBOPUTH O TPAHCIOPTE MEXIY
HUMH, KOTOPBIA TENeph OMPEICIIIETCSl TOJIbKO dddekTamMu
BO30OYX/ICHUS KOJUIEKTUBHBIX MOJI. B 3TOM pexume mpen-
CTaBJISIFOT HHTEPEC HE TOJIBKO MPSMBbIE UCCIICAOBaHUS TPaHC-
opTa MEXIy KpPaeBbIMH COCTOSIHUSIMH, HO U IIPOILECCHI
YCTAHOBJICHUS] PABHOBECHSI HA KPAFO, IIOCKOJIBKY OHU TAKXKE
OTIPE/ICIISFOTCS. BO30YKACHHEM KOJUIEKTUBHBIX MO/,

WNubiMu cioBamMu, BBIIEIUTh 3()(EKTHI KOJJIEKTHBHBIX
MOJI MOXXHO B JIBYX MpEICJIbHBIX CJIyd4asx: BO-TEPBBIX,
KOT'[1a MTPHUJIOKCHHBIH MMOTEHIIMA HACTOJIBKO MaJl IO CpaBHe-
HUIO C TOTEHIMAIBLHBIM O0apbepoM, YTO He JePOPMUPYET €T 0,
U, BO-BTOPBIX, KOT/Ia MPIJIOKCHHBIN MOTEHINAT HACTOJIBKO
BEJIMK, 4TO YyXe Oouble He AedhopMHUpPYET ITOT Oapbep.
JIerko 3aMeTHTh, YTO BTOPOIi CiTydyall ¢ IKCIEPUMEHTATHLHON
TOYKH 3PEHHUS JIeTUe Peain3yeTcs U Jy4Ile KOHTPOJIUPYETCS.

3.4.1. MeToauka uccjenoBanumii. {75 vccieqoBaHusi TpaHc-
nopTa npu paszdajaHce, MPEBBIIIAIONIEM CIEKTPAJbHYIO
11eJIb, UCNOJIb30BAIACh reoMeTpus kBa3u-KopOuHno, no3so-
JIroIasi CO3/1aTh CHIIbHBIM pa3z0ajiaHC U IPOBOAUTD NPSIMBbIE
U3MEPEHUsI B 9TOM pexuMe (00 UCIOJIb30BAHUU ITOU reo-
meTpun B pexume LIKDX cMm. pasnen 2.4). Ha pucynke 17
MOoKa3aHa CTPYKTypa IMOJIOC CKUMAEMOW M HEC)KMMAaeMOU
3JIEKTPOHHOM XUJKOCTH B 00JAaCTU 3aTBOPHOH Lieau
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Puc. 17. (a) CtpykTypa [0JI0C CKUMAEMOI 1 HECOKUMAEMO 2JIEKTPOHHOI
KHUIKOCTH B paboueit obyactu oOpasna s (akTOpoOB 3aroJIHEHHUS
v=2/3, g=1/3 (u3 paborsl [68]). (6) [TpuMepbl JUHEHHOH U CHIBHO
HEJIMHEHHON BOJIbT-AMIEPHBIX XapPAKTEPUCTHK Ha oOpasuax ¢ pasHoit
LIAPUHON 06JIACTH B3aNMOACHCTBHS 1151 aKTOPOB 3amoyiHeHus v = 2/3,
g = 1/3 (u3 paborsr [20]).

Takoro obpasua st pakropos 3amnosHenus g = 1/3 nox
3aTBOpPOM 1 v = 2/3 BHe 3aTBODA.

IIpuBeneHHas cxema MOCTPOEHA MO JAHHBIM MAarHeTo-
PE3UCTUBHBIX M MarHeTOEMKOCTHBIX HccienoBaHuid. Tak,
HCCIIEIOBAHUSI MAarHETOCONIPOTHUBJICHHUS! B PEXUME KBAHTO-
Boro 3¢dekra Xoja MO3BOJISIOT HAUTH TOJIE, COOTBETCT-
Bylolllee, HapuMep, GpakTopy 3anosHenust v = 2/3 B Hemo-
KpPBITOW 3aTBOPOM 4acTH oOpasna. JlanbHeilme nsMepeHus
€MKOCTH MEXy IBYMEPHO! CHUCTEMOW W 3aTBOPOM IIpHU
MOHWKEHUH 3JIEKTPOHHOW KOHIIEHTPAIMKM MOJ 3aTBOPOM
MO3BOJISIFOT HAWTH 3HAYCHUs IPOOHBIX (PAaKTOPOB 3aIOJIHE-
Hust JIKDX, nposIBIISIOIIMXCS B JTAHHOM 00pas3iie U B TaHHBIX
MAaTHUATHBIX TIOJISIX TIPH TIOHVKEHUU 3JIeKTPOHHOW KOHIIEHT-
pamun. [TockoIbKy Py TPHOJIIDKEHAN K KPAKO TAKKE UMEST
MECTO IUUIABHOE IOHMKEHUE 3JIEKTPOHHOI KOHLEHTpPALMU
(em. pazgen 3.3), MBI MOXEM YBEPEHHO MoJjarath, 4To B
JIAaHHOM O0pasIie Ha Kparo BOZHUKHYT HEC)KUMAEMBIE TIOJIOC-
KH JJI51 TeX ke (DAaKTOPOB 3aT0JTHEHH ST, YTO HAOIIFOIAIACH TIPU
MOHIKEHUH 3JICKTPOHHON KOHIEHTPANUU TIOJT 3aTBOPOM.
Tax, B oOpasne u3 paboTtsI [20] miist pakTOpa 3aM0THEHUS B
obbeMe v =1 mnpu NpuOIMKEHUH K Kparo BO3HHKAIOT
HEC)KMMAEMbIe TOJIOCKH C JIOKAJIBHBIMA (pakTopamMu 3amoi-
Henus 2/3 u 1/3. Beibupas ¢dakTop 3amoyiHeHHsI MOJ
3aTBOPOM M3 3TUX JIBYX 3HAUCHHU, MbI BBIOUpAEM HECKHU-
MaeMyIo M0JIOCY, Ha KOTOPOI OyIeT U3y4aThCsl TPAHCIOPT.

Kax u B ciyuae LIKDX, OCHOBHBIM HMHCTPYMEHTOM
M3YYeHUs] TPAHCIOPTA SBJISIETCS MOJIyYEHHE BOJIbT-aMIIEp-
HBIX KpHUBBIX. VI3MepeHns: TpaHCIIOPTa Yepe3 HECKIMAEMYIO
MIOJIOCY MOTYT HMPOBOIUTHLCS ABYMsI CIOCOOAMU: TIpHU 3a/1a-
HUM TOKA W MPH 33IaHAU HampspkeHusl. BenencTeue ocoboit
yyBcTBUTENIbHOCTH LIKDX K KauecTBY 00pa3ioB 1 60JIbIION
CJIO)KHOCTU U3TOTOBJICHUS OMMYECKMX KOHTAKTOB K TaKUM
obpasnaM, sl OmpeAesieHds HAAEKHOCTH MOJyYaeMBbIX
pe3yJIbTATOB HEOOXOAMMO B KAXIOM ClIydae MPOBEPSTH
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coryjiacue JABYX YKa3aHHBIX crnocoboB wu3MmepeHus BAX,
HE3aBHCHUMO OIICHUBATH COMPOTUBJICHUE M KAUeCTBO KOHTAK-
TOB Ha OCHOBE MATHETOPE3UCTUBHBIX HCCIIETOBAHUM, HC-
MOJIB30BATh Pa3Hble 00pa3Nbl U UX PA3IMIHOE OXJIAXKICHHE,
CpaBHUBATD PE3yJIbTATHI C U3BECTHBIMIU s peknma [IKDX.

Kax u B pexume LIKOX, usamensis miuHy o006sacTu
B3aUMOJCUCTBUSL IO OTHOIIEHWIO K JJIMHE BBHIPABHUBAHUS
(xoTOpasi 3aBHCUT OT TEeMIEPATypbl © MATHUTHOTO TOJIS)
MEXIY KpaeBbIMU COCTOSIHUSIMH, MOXHO U3y4aTh TPAHCIIOPT
00 B pEXHME IOJHOTO YPaBHOBCIIMBAHUS (JIMHEHHbIC
BAX), 1160 B HEpAaBHOBECHOM peXUMe (CUJIbHO HEJIMHEH-
Hole BAX). IMpumepsl Kak JIMHEHHOW, TaK M HEJIMHEHWHOU
BAX pmns daxropor 3amosHenust v =2/3, g = 1/3 noka-
3aHbI Ha puc. 17.

3.4.2. YcraHOoB/IeHHEe PaBHOBeCHsI HA KPaKw H CTPYKTypa
KpaeBbIX cocTosiHuil. [IpsiMble McclenOBaHUS cmpYKIMYypbl
KOJUIGKTHBHBIX BO30YXXAEHUI Ha Kparo (B yCIOBHSIX, KOTAA
Taxkas CTPYKTypa NpeAnojaraercs CJIOXKHOI) Mallopealib-
HBI — JIJIsL 9TOTO MOTPeOOBAIOCH OBl HE3aBUCUMO U3YUYUTh
HECKOJIbKO MAarHEeTOIIAa3MOHHBIX MOJI, PACHpPOCTpPaHSIO-
muxcsst ogqHoBpeMeHHO [42]. OHaKo BO3MOMKEH HENpsMOUn
cnoco® uccnenoBanus. [Ipy ycTaHOBJICHUH paBHOBECHS Ha
Kparo TpH CHJIBHOM HadallbHOM pa3bajiaHce TPaHCHOPT
MOTIEPEK HEC)KUMAEMON MOJIOCKH UIET ¢ BO3OYXKIEHUEM TeX
JKE CAMBIX KOJUICKTUBHBIX MOJI, KOTOpBIE, B CBOIO OYepe/lb,
YCTAHABJIMBAIOT KPaeBOM MOTEHIWAT WM, TAKHM 00pa3oM,
BJIMSIFOT HA TPOIIECC YCTAHOBJIEHUs paBHOBecus [67]. [dan-
Hble 3(QeKThl HE YUMTBHIBAIOTCS OJHOYACTUYHOW Teopuei
Brortuxepa — beenakkepa. CienoBaTeapHO, CpABHUBAS IKC-
NepUMEHTAIbLHOE PABHOBECHOE COMTPOTHBIICHHE C PACCUATAH-
HBIM 110 BIOTTHKEpY, MOXKHO CYJUTh O BIUSHUN KOJUICKTHB-
HBIX BO30YXX/IEHHI HA Kpato.

B paborte [20] nccinenoBanoch yCTAaHOBJICHUE PABHOBECHS
Ha Kparo o0pasna ¢ HeJblo CPaBHEHUS! CTPYKTYPHI KpaeBbIX
COCTOSIHUH C o)uaaeMoit. [jist 3TOTo mcciieaoBajcs TpaHc-
HOPT dYepe3 HECKUMAeMbIe II0JOCHl, COOTBETCTBYIOIIHE
JIOKAJIbHBIM (paKTOpaM 3amosiHeHus Voo = & = 2/3, 1/3 npu
(axTope 3anosiHeHust B 00beme v = 1. Takoit ciocob uccie-
JIOBAaHUI TO3BOJISET U3y4YaTh MPOIECCHl YCTAHOBJICHUS PaB-
HOBECHSI TIPH OJHOM U TOHU e CTPYKTYpe MOJIOC B 00J1acTh
B3aUMOJICUCTBUS, IPU OJHOM U TOM Xe Oecropsiike, T.e. B
MAaKCHMAaJIbHO OJTMHAKOBBIX YCIOBUSIX, M3MEH IS JIUIIIb 3JICKT-
POHHYIO KOHLEHTPALUIO MOJ 3aTBOPOM, T.€. OCYIIECTBJISIS
KOHTAKT MEX/ly Pa3HBIMH CKUMAeMbIMU MOJOCKaMU. brot-
THKEpOBCKHU pacueT (cM. pasmeisl 2.4.2 u 3.3.1) maet s
06oux koMOuHanmii (aKTOPOB 3AMOJHEHHS OJUHAKOBBIC
PaBHOBECHBIC 3HAYCHUSI COMPOTUBIICHUS. OHAKO IKCIIEPH-
MeHT [20] moka3ai, 4To paBHOBECHBIE COMTPOTUBIICHUS PA3JIH-
YarOTCS: HAKJIOH PABHOBECHOM KPHUBOW [JIsI TpaHCIOpTa
yepe3 HECKMMAEMYIO IIOJIOCY C JIOKAJbHBIM (akTopom
3amosHeHus 2/3 0Ka3aics 3HAYUTEIIBHO MEHbUUM OKHUIAC-
MOTO, B TO BpeMs Kak /IS TPaHCIOPTa 4epe3 IMOJIOCy C
(baxTopom 3amnonHenus 1/3 — Gum3kum k Hemy. PasHuia B
HAKJIOHAX PAaBHOBECHBIX KPUBBIX YMEHBIIIAETCS C BBEJACHUEM
KOMITIOHEHTBI MAarHUTHOT O TOJISl B IJIOCKOCTH 00pa3ua.

OOHapyxeHHYI0 B 3KkcriepuMenTe [20] pa3HUIly HAKJIOHOB
HeJIb3sl CHHCATh HAa CONPOTHBJICHHE KOHTAKTOB, TaK Kak
U3MEpPEHHbIE CONPOTHBIICHHS MeHbULe PABHOBECHBIX, YTO B
TepMuHoJioruu (opmaiudMa BroTTUkepa COOTBETCTBYET
U30bIMOUHOMY TIEPEHOCY 3apsiia MEXAY KPAeBBIMU COCTOSI-
HUSIMH, MEXaHU3M KOTOPOTO B paMKax 3Toro dopmainMa
MPEIOKUTD 3aTpyaHUTEeIbHO. C Ipyroil CTOpoHbI, pakTop
3anoJiHeHus1 2/3 BbIIEIISIeTCs B JAHHOM 3KCIIEPUMEHTE JIHIIb
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Puc. 18. Cxema oOpasma AJIsl HCCIICIOBAHNS yPABHOBEIINBAHUS Ha KPAaro
pu 60JbInMX Macitabax . (M3 pabotsl [19].)

TeM, YTO JUIsl KPaeB IOJIOCKH 2/3 OXHMOAETCS CIIOXHAS
CTPYKTypa KOJUIEKTHBHBIX Moj [6, 51], B3aumomeicTBue
MEXy KOTOPBIMH M ompenesiseT "u36piTounoe" ypaBHOBe-
IIMBAHUE KpaeBbIX cocTosiHuil. Takum oOpa3om, 3KCIepH-
MeHT [20] BmepBbIe TPOAEMOHCTPUPOBAT HAIMYUE HECKOJIb-
KHX BETBEH KOJUIEKTUBHBIX BO30YXKICHUN Ha KPAIO CHCTEMBI
B pexxume IKDX npu dakrope 3amonnenus 2/3.

3.4.3. YcraHoB/ieHHe PaBHOBEeCHs HA Kpalo Ha 0OJIbIIMX
Macmitabax aiauH. B pabGote [19] uccnenoBanue BIMSHUS
KOJIJIEKTUBHBIX MOJ Ha MPOIECC YCTAHOBJICHUS] PABHOBECHS
Ha Kparo MPOBOJIJIOCH MPH M3MEHEHWH IIEeJIM B 3aTBOpE
(o6mactu B3amMopeicTBHS). 3amadueil MCCIIeIOBAHUS SIBJISI-
JIOCh OCYIIECTBJIEHHE TpaHCHOpPMAIMK CHIbHOHEJIMHEHHON
BOJIbT-aMIIEPHOW KpPUBOW B JIMHEHHYyt0 (cMm. puc. 17), He
MEHSISI COCTOSIHHSI JBYMEPHOW 3JIEKTPOHHON CHUCTEMBI B
obpasne. [l 3THX HUCCIENOBAHMUN CTPYKTypa oOpasna B
reomeTpuu kBasu-KopObuno Oblia moaupunupoBaHa
(puc. 18).

OOJyiacTh 1IeJIM B 3aTBOPE Y BHEIIHEW TpaHUIbI ObLIa
caeiaHa MaKpOCKOIUYECKH OouibIoid, okoyio 800 Mkm. B
9Ty 00JIACTh TOMEIIAJICSl IONOJHUTENBHBIA 3aTBOP, OT/Ie-
JICHHBII OT OCHOBHOTO IIEJISIMU IUPHHO# 10 5 MKM. Taxum
00pa3oM, U3MEpPEHHsST MOXHO OBbLIO MPOBOIUTHL B JBYX
peXuUMax:

1) IOTIOTHUTENBHBIA 3aTBOP 3a3eMJICH, 3JIEKTPOHHAS
KOHIEHTpAIus IO HUM paBHA KOHIEHTPAIIMU BHE 3aTBODA.
IIpu 3TOM 00JIACTH B3aUMOJICUCTBUSI KPAEBBIX COCTOSIHUI
nmeeT mupruHy 8§00 MKM;

2) IOTMOJHUTEBHBINA 3aTBOP HAXOIUTCS MOJ MOTEHIHUA-
JIOM OCHOBHOTO U Pa3fieJisieT KpaeBble COCTOSIHUS (LIMpUHA
3aTBopa 200 MKM, 9YTO JOCTATOYHO JJIs TOJIHOTO IpeKpalie-
HUSl TPAHCIIOPTAa MEXIY KPaeBbIMU COCTOSHHSIMH): OJHO
HJIET TOJ] 3aTBOPOM, JIpyroe — 1o ero kparo. CyIiecTByroT
JIBe 00JIaCTU B3aMMOJECHCTBHS KPA€BBIX COCTOSIHUH MO 5 MKM
LIMPUHON, pa3HECEHHbIE HA MaKPOCKOIMYECKOE PACCTOSHIE
1 moToMy He3aBucumble. [ToHas mmpuHa 061acTi B3aUMO-
JIeHCTBUSA B 3TOM CiIydae cocTaniseT 10 MKkM.

Taxum o0Opa3oMm, M3MEHsII HANpsDKEHHE Ha JIOMOJIHU-
TEJILHOM 3aTBOPE, MOXHO YIPABJISTH IMUPUHON 00J1acTH
B3aMMO/ICUCTBUS.

Tpanchopmanus BOJBT-aMIEPHBIX KPUBBIX IS (pak-
TOpoB 3amosHenus: v =2/3, g = 1/3 npu u3MeHeHHu pas-
Mepa obisiactu B3ammoneitcteus ot 10 mo 800 MM moka-
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Puc. 19. (a) Tpanchopmanus BAX npu yBennueHun o61acTi B3anMoaei-
crBust 11 (akTOpOB 3anosHeHns v = 2/3, ¢ = 1/3 npu ABYX CIIHHOBBIX
noJisipu3anmsx cocrosiHust v = 2/3 — SP (spin-polarized) u SU (spin-
unpolarized). (6) Tpanchopmanuss BAX mnpu yBequueHun o006J1acTH
B3auMoencTBust 1uist pakropos 3amonHenus v = 2/5, g = 1/3. Crutow-
Hble KPUBBIE COOTBETCTBYIOT MaJjoil AJHHE 0OJACTH B3aUMOJIEUCTBUS,
IITPUXOBBIE — MAKPOCKOIMYECKON AJIMHE OOJACTU B3aUMOICUCTBUS,
MYHKTHPHBIE — DPABHOBECHBLIM TEOPETHYECKHIM KPHBBLIM; ITyHKTHPHAS
KpHBasi, OTMEUSHHAsI KPY)KKaMU, — TJIABHBI pe3yJIbTaT KCIepUMEHTa.
Ha BcTaBke MOKa3aHO CKAJMPOBAHUE BOJIbT-AaMIICPHBIX KPHBBIX, HOJY-
YeHHBIX Ul Pa3HbIX IJIMH 00JACTH B3aUMOJEHCTBUS U IPOJEMOHCTPH-
poBaHa ux HesmHeRHOCTh. (M3 padoTsr [19].)

3aHa Ha puc. 19. Kax u oxwmmanoce, npu 3Tux Qakropax
3aI0JIHEHUS] KPUBBIE U3 CJIA0OHEIMHEHHBIX MPEBPAILAIOTCS
B JIMHEHHbIC, HAKJIOH KOTOPBIX COBHNAZAET C OKHUIAEMBIM W3
pacueta Brortukepa — beenakkepa. JInHEHHOCTD TEHTpATh-
HOT'O yYacTKa KPUBBIX O3HAYAET, YTO MPH MaJIbIX pa3daian-
cax JUIMHA YPaBHOBENIMBAHMSI HE TPEBBINIACT JJIMHBI 00J1a-
CTH B3aMMO/EHCTBUS, YTO MO3BOJISIET OLIEHUTH €€ MacITab B
10 MKM. DTO COOTBETCTBYET pe3yJibTaTamM padoT [63, 64],
BBITIOJTHEHHBIX TTPH MAJIBIX pa3dajiaHcax.

Haubonee HeOKMTaHHBIM PE3YIHLTATOM SIBJISIETCSI TPAHC-
(dopmarms KpuBBIX ISl (aKTOPOB 3amosiHeHust v =2/5,
g =1/3 (cm. puc. 19). Crnabonenuueitnas BAX, npoxozs-
1asi BBIIIE PABHOBECHOM pacyeTHOW KPUBOM, MO3BOJSET
OLICHUTH JUIMHY BBIPABHUBAHMS MEXAY KPaeBbIMHU COCTOS-
HUSIMA BenMYMHOHN, Oosbrieir 10 mxm. [lpm yBenmuenun
nmaHbl obnacty B3ammoeiictBust BAX ocraetcs ciaboHe-
JIMHEHHOM (CM. BCTaBKY puUC. 196), HO JIEXKUT Husce paBHOBEC-
HOU pacUETHOU KPHUBOW, YTO B TEPMHUHAX OJHOYACTUYHOU
kapTuHbl bBeeHakkepa — BroTTHkepa COOTBETCTBOBAJIO OBl
usdvimounomy (60oJiee 4eM Ha YETBEPTh) MEPEHOCY 3apsija.
Henuneitaple kpuBble 7151 00enX MUPHUH 00JIACTH B3aUMO-

JIEWCTBUS MOTYT OBITH CBEIEHBI K OJTHOM KPUBOU C TOMOIIBIO
pacTspkeHus (UJTU CXKATHUSI) TIO OCU TOKOB, TIPU 3TOM K03 Pu-
IUEHT MaciuTabupoBanus B 40 pa3 MeHbIIIE, YeM OTHOIIICHHE
JUTIH 00J1acTell B3aMOIeCTBHSI.

CilenyeT OTMETUTB, YTO IKCIIEPHUMEHTHI C KpaeBbIMHU
COCTOSTHUSIMHE 11151 PAKTOPOB 3aMOTHEHHUS], OTIIMYHBIX OT 2/3
u 1/3, no pabotsl [19] He npoBoamimch. Yem ke Tak
HHTEpEeCEH M 4eM BbimessieTcst (akrtop 3amosHeHus: 2/57?
PaccMOTpuM  CTPYKTYpYy CXKHMAaeMBbIX H HECKHMAEMBIX
MOJIOC B 00JIACTH B3aUMOJCUCTBUSI OoJiee MOAPOOHO (CM.
puc. 17).

Crpykrypa nojoc aisi GakTopoB 3amoiHeHust v = 2/3,
g=1/3uv=2/5 g =1/3 xauecrBenHo cxoxa. boee Toro,
TPAHCIIOPT UIIET Yepe3 OJHY U Ty K& HECKUMAEMYIO MOJIOCY,
COOTBETCTBYIOLIYIO JIOKAJIbLHOMY (hakTOpy 3amosHeHus 1/3.
OmHAKO IUPUHA CKAMAEMOW TOJIOCHI, OTIEJSIONEH 3Ty
MMOJIOCKY OT oObeMma oOpasma, B 3THX [OBYX CIIydasix
pasimuuHa. [Ipum oOMHAKOBOM KpaeBOM IOTEHIMAJE 3Ta
IIMPUHA OMPENEISIeTCS PA3HOCTHIO JIOKAJBHBIX (aKTOPOB
3amosiHenust: 2/3—-1/3=1/3 n 2/5-1/3 =1/15. Takum
00pa3om, o0beMHBIH (akTOp 3amosiHeHus: 2/5 HaxoauTCs
OYeHb OJIM3KO K HECKHMMAEMOHN MoJIoce, 4Yepe3 KOTOPYIo
ocyiecTBisieTcss Tpancnopt. CleoBaTeNIbHO, KOJUICKTHUB-
HbIE MOJBI B TAHHOM CJIyyae BO30YXIAIOTCS HE TOJBKO Ha
rPaHUIAX MOJIOCHI ¢ (hakTOpoM 3amoJiHeHust 1/3, HO U Ha
rpaHune o0beMHOro akropa 3amosHeHus 2/5, T.e. MbI
AMeeM peaM3alfi0 MSTKOW MarHeTOIUIA3MOHHOW MOJIbI
[43]. TIpu 3TOM BBUAY OCOOCHHOTO XapakTepa KOJUIEKTUB-
HBIX MOJ{ Ha TpaHuie 2/5 0XHUIaeTcsi WX 3HAYMTENbHOE
BJIMSIHUE HA TPOIIECCHl YCTAHOBJIEHUS paBHOBecus [67].

3.4.4. Tpancnopt 4epe3 HECKHMAEMYIO NOJIOCKY MPH CHJIBHOM
pasbanance. VccienoBaHue ypaBHOBEIIMBAHHS B padoTax
[20, 19] mO3BOJIUIIO IKCHEPUMEHTAJILHO MOKA3aTh BIIUSHUE
MSTKUX KOJIJIEKTUBHBIX MO/ Ha TPAHCHIOPT 4epe3 HecKUMae-
MYIO TOJIOCKY, HO €ro pe3yJbTaThl Majlo MOAXOMST IJIs
KOJIMYECTBEHHOTO aHaIm3a 3THX MoA. js atoro Golee
MOJIXOISIIIIAM SIBJISIETCSL MCCJIeJOBaHUE TPAHCIOPTA Ha
MaJIbIX JJIMHAX — (AKTUYECKH TOYECYHOTO BO30OYKICHUS
KOJIJIEKTUBHBIX MOJI.

PaccmoTpuM TOK, IEpeHOCUMBIN TOTIEPEK HECKUMAEMOU
MOJIOCHI, MPEICTABICHHON Ha puc. 17a, B 3aBHCUMOCTH OT
JUTMHBI BBIPABHUBAHUS:

- Lap
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Ipu Lap < leq bopMa BoJIbT-aMIIEPHOM KPUBOII HATIPAMYIO
OTpaXkaeT MOBe/ICHNE JIJIHBI BEIPABHUBAHHUS PU N3MCHCHUN
paszbasanca Mexay KpaeBbIMU COCTOSIHUSIMU. [{JIMHA BBIpaB-
HUBAHUS, B CBOIO OY€peIb, OTPAXKAET MOBEACHUE BEPOSITHO-
CTH IEePEXOfa MEXKIY KPACBBIMH COCTOSIHHSMH, log ~ W1,
KOTOpasi MOXeT OBITh 3alMUCaHa Kak MPOW3BEIECHUE OJIHO-
YACTUYHON MPOHUIIAEMOCTH MOTEHIMAILHOTO Oapbepa H
TYHHEJIBHON TUIOTHOCTH cocTosiuuit: w ~ To(V)D(V, T).
ITockonbpky mpu cuJbHOM pasbaliance, KaKk OTMEYaIoch B
pasnene 3.4, 6apbep MOXKHO CUUTATH TPEYrOJIbHBIM, OJHO-
YaCTHYHAS IPOHUIIAEMOCTb, KOTOPAsi MOXKET OBITh 3alHcaHa
kak exp (—C43/2/ V), npu cunbHOM pasbamance (GoMbIeM
JIPOOHO 111eJI) CTPEMUTCS K EAMHHMIIE.

Taxk Kak H3BECTHO, YTO JUJIsl APOOHBIX (hakTOPOB 3amoJTHE-
HUS IPH MaJIBIX pa3bajiaHcax AJIMHA BHIPABHUBAHUS COCTa-
Bisier mopsiaka 10 mMxM, B pabore [68] HMCIOIB30BAIUCH
00pasIip ¢ UPUHON paboueit o61actu B 0,5 MKM.

(19)
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Puc. 20. (a) [Tpumepsl BOJIBT-aMIIEPHBIX XaPAKTEPUCTHUK IS IIEJIBIX U
IpOOHBIX (HaKTOPOB 3amoJIHEHHs JIsi OOpas3sloB C MaJIOW INUPUHOH
paboueit obractu — 0,5 MkM. CHIIOIIHBIE KPHBBIE COOTBETCTBYIOT
9KCHEPUMEHTAJIbHBIM JAHHBIM, IITPUXOBbIE — PABHOBECHBIM TEOPETHYE-
CKHUM KpHBBIM. (0) JyiMHA BHIpAaBHUBAHUS JIJIs1 Pa3HbIX (PAKTOPOB 3aI0JI-
HEHHsI B 3aBHCHMOCTH OT BelWuuHbI pasbamanca. (B) Cremenuoe
MOBEJICHAE BEPOSITHOCTH TEPEX0Jd HA MSTKOM KDAo MPU H3MEHECHUH
pasbananca u Temnepatypsl. (113 paboTsr [68].)

Ha pucynke 20a mokazansl npumepbl BAX st messix n
NPOOHBIX (HAaKTOPOB 3aMOTHEHHS ISl 00pa3noB ¢ Majon
mupuHOi padoueir obsactu. Oriamune BAX miist apoOHbIX
(bakTOPOB 3aMOJIHEHHUS OT XOpoIIIo u3BecTHOI BAX B cityuae
nesoro (akTopa 3amOJIHEHUs 3aKJIIoYaeTcs B TOM, 4YTO
1) orcyrcTByeT mopor, 2) BAX cuiibHO HeJlMHEelHa BO BCeM
Mana3oHe HANpsDKEHWd W 3) MOYTH cuMMeTpuyHa. Taxoe
noBenenre BAX HaOroaeTcst 1uist BeceX IpOOHBIX (GaKTOPOB
3aII0JTHCHUSI.

Pe3ynbTaThl pacueTa JJIMHBI BHIPABHUBAHMS C IOMOILBIO
dbopmye (19) miis pa3HbIX GaKTOPOB 3aMOJTHEHHS TOKA3AHbI
Ha puc. 200. s nenbix GakKTOPOB 3aMOJHEHUS TTOBEICHHIE
leq COOTBETCTBYET U3BECTHOMY, BBI3BAHHOMY Jedopmanueit

MOTEHIMATIBLHOTO 0apbepa MEeXKAY KPACBBIMU COCTOSHUSIMH,
a Juis JpOoOHBIX (haKTOPOB 3aII0JIHEHUS OBEJEHHE /g B [68]
WCCIIEIOBAHO BIIEPBBIE.

3aBHCUMOCTH BEPOSITHOCTH MEPEX0/a B YKa3aHHBIX yCIIO-
BHUSIX OT pa30aJilaHca ¥ TEMIIEPATYPhl OTPAKAET 3aBUCHMOCTh
OT 3TUX MapaMeTPOB TYHHEJbHOW MJIOTHOCTH COCTOSIHUM.
IMocnenusis onpenensercs 3pdekTaMu KOJIEKTUBHBIX MO U
HMeeT CTereHHO! xapakTep. CTeneHHOe MOBEACHUE BEPOSIT-
HOCTH Tepexo/ia ObLIO MPOJEMOHCTPUPOBAHO B paboTe [68]
(puc. 20B), mpu 3TOM 3KCHEPUMEHTAJILHO OIpe/e/ICHHbIC
MOKAa3aTeJIN CTENEHH B 3aBUCHMOCTSIX OT HANPSDKCHUS U
TEMIIEPATyphl PA3IMYAOTCA Ha €OUHULNY (KaKk U JOJDKHO
OBITh MIPU BO30YKICHUH KOJUIGKTUBHBIX MO [6, 54]). 3Haue-
HUS TTOKa3aTeJiell CTeNeHn, KOTOPhIE B 3THX YCIOBUSX ObLIN
OTIpe/IeNICHbI BIEPBBIE, HYXXIAIOTCS B TEOPETHYECKOM OCMBbI-
CJICHUM. DTHU MOKA3aTEN M PA3IMIHbI JJIs1 PAKTOPOB 3aMOJIHE-
Hus v=2/3, g=1/3 u v=2/5, g=1/3, 4ro BBI3BaHO
BO30YXXJCHHEM KOJUJIGKTHUBHBIX MOJ W Ha TpaHule oObem-
HOro ¢akropa 3amoyiHeHHs v = 2/5, T.e. BO30yxAcHHEM
MSITKOM MarHeTONJIa3MOHHON MOJIBI.

3.5. OcHoBHbBIE BBIBOJBI

JUISI IPOOHOT0 KBaHTOBOro 3¢pdexra Xosna

WTak, monBeaeM UTOT pe3yIbTATOB UCCIETOBAHUS KPAEBbIX
coctosinuil B pexume JKIX.

e OcHOBHBIE pe3yibTaThl B oObsicHennn JKIX mosy-
YeHBI C TOMOIIbI0 Teopun Jladuna.

e ['mmoreza 0 KOMIO3UTHBIX (pepMUOHAX, HECMOTPS HA
KpacoTy M TNPOCTOTY, NOKa He SIBJISIETCS OKOHYATEIBHO
TMOATBEPKACHHON U TPeOYyeT KaK dKCIIEPUMEHTAJIbHBIX, TaK
¥ TEOPETHUYECKUX HCCIIETOBAHUH.

e Kpaif cuctemsl B yciioBusix apooHoro 3dgdekra Xoiuia
MPEICTABIACT COOOI UepeayIONTHECs MOJIOCKU CKUMAEMON U
HEC)KMMAaeMOM 3JIEKTPOHHOM KUIKOCTH.

e CKOpOCTh pacHpoCTpaHeHUs KOJUICKTUBHBIX BO30YXK-
IeHAR BAOJb Kpas oOpasla ompenessieTcsi B OCHOBHOM
XOJUUIOBCKOW TPOBOJAMMOCTRIO U, Kak u B pexkume L[KDX,
SIBJISIETCS] MAJIOYYBCTBUTEJIBHOM K CTPYKTYpE Kpasi.

o JI1s1 KXpaeBbIX COCTOSIHUM BJIMSIHUE TYHHEJIbHOW IUIOT-
HOCTHU COCTOSIHUM, ONpeAeIsieMO KOJIJICKTUBHBIME 3(dek-
TaMmu, HauboJiee OTYETIMBO HAOIIOTaeTCsl B IBYX MpPEIeIIb-
HBIX CJIyYasix: OECKOHEYHO BBICOKOTO Oapbepa, KOTOPBIN He
neopMUpYyeTCsl TPUTIOKEHHBIM TOTEHIMAIOM, U OecKo-
HEYHO Y3KOIro Oapbepa, KOTOPBIA SBISETCS IOJHOCTHIO
MIPO3PAYHBIM JIJIs1 OJTHOYACTUYHOI'O TYHHEJIUPOBAHMUSL.

e BinsiHEe TYHHEJIBHOW IUIOTHOCTA COCTOSIHUU MpO-
SIBJISIETCS. BO Bcex 3(ddexrax, CBSI3aHHBIX C TPAHCIOPTOM
MEXJy KpaeBbIMU COCTOSIHUSIMH, — KaK IpPU MPSIMOM
WCCJICMTOBAHUY TPAHCIOPTA, TAK U MPH MCCIICTOBAHUN ypPaB-
HOBELLIUBAHUS MEXIY KPAEBBIMU COCTOSIHUSIMHU.

4. 3akouenne

KpaTko HaMeTUM BOIPOCHI, UCCIIEIOBAHUE KOTOPBIX MPEJI-
CTaBJISIETCST BAXKHBIM JUJIS1 JAJBHEUIIIEr0 Pa3BUTHSI PACCMAT-
puBaemMoit o0sactu GU3KMKH.

I'paghen. B mocnennee Bpems ObLIN CO3aHbI IByMEPHBIE
CTPYKTYPHI Ha OCHOBE TpadeHa — TOHKUX (OTUH-IBA MOHO-
CJI0s1) TUIEHOK TpaduTa HAa TMOBEPXHOCTH OKCHIIA KPEMHUS
[69]. B Takux cTpyKTypax, B KOTOPBIX JOCTUTHYTA BBICOKAS
MOJIBUXKHOCTb, yoke HaOJro1aics KBaHTOBBIN adekt Xoa.
Oco0bIii MHTEpeC K Tpad)eHy BbI3BAH MPEANOJIOKCHUEM, YTO
CIIEKTP IS HOCUTEJeW B JABYMEpPHOU MOA30HE SIBIISETCS
JITHEHHBIM, YTO JTOJDKHO CKa3aThCsl HA MHOTUX (PH3MUYECKUX
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cBolicTBax. MccneoBaHue KpaeBbIX COCTOSIHUM B rpadeHe —
COBEPIICHHO HOBAsl M OTKPHITAsl OOJIACTb.

Pexoncmpykyus kpas. Bompoc o BIMSHAU 3JIEKTPOH-
9JIEKTPOHHOTO B3aUMOJICHCTBUS HAa CTPYKTYPY KpaeBbIX
COCTOSIHUI BpeMsi OT BPEMEHHM BHOBbH IOJHUMAETCS B
TeopeTHueckux nyoukanusx. Tak, B padotax [70] mpecka-
3aHa JOCTATOYHO CJIOXKHAS IIEPECTPOKA IIEKTPOHHOH IIIOT-
HOCTH Ha Kparo (PEKOHCTPYKIUS Kpasi): HAJINYUE JIOKAIbHOTO
MaKCHMyMa Ha CaMOM Kparo, Pe3KOoTo MaJeHHs IIIOTHOCTH
MPAKTUYECKH 10 HYJIS U MOCJIEAYIOIIEr0 €€ MOCTENEHHOTO
BO3pacTaHusl 10 OObEMHOIro 3HAueHus. Takas CTpyKTypa
HHUKOTJa He Habyroganach 9KCepuMeHTaIbHO. Bo3MoxkHO,
OJHAKO, YTO €e MOXHO CO3[aTh HCKYCCTBEHHO, MOAOOHO
TOMY, KaK 3TO OBLIO CIIEJIAHO IS peaTi3aliy TOMOJIOTHYe-
ckux nedekToB. OTKPBITBIM TaKXKe OCTAeTCs BOIPOC O
PEKOHCTPYKIIUH Kpasi B TpaeHOBBIX 0Opa3iax.

BaaroapapHoctu. ABTOp BBIpaxkaeT 0JaroJapHOCTH
B.T. JonromoJyioBy 3a MIJIOJOTBOpPHBIE OOCYXJCHUS BO
BpeMsi HamucaHus aaHHoro o63opa u [I.E. ®enbamany 3a
[EHHbIE 3aMEYaHusl, CIIOCOOCTBOBABIINE MMOHUMAHUIO MHO-
IMX TeopeTuyeckux pabotr. Pabora BbINOJIHEHA NMpU HOI-
nepxke POOU, nporpamm PAH, nporpammser "Tocymap-
CTBEHHAS TOJJIEPXKKA BeIyIIMX HaydHbIXx Koa", donma
COMEUCTBUS OTEYeCTBEHHOW Haykum u [lpe3mmeHTckoro
rpaHTa MOACPKKU MOJIOABIX yueHbIXx MK-4232.2006.2.
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